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LDHA induces EMT gene transcription and
regulates autophagy to promote the metastasis
and tumorigenesis of papillary thyroid carcinoma
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Abstract
Papillary thyroid carcinoma (PTC) is one of the most common kinds of endocrine-related cancer and has a
heterogeneous prognosis. Metabolic reprogramming is one of the hallmarks of cancers. Aberrant glucose metabolism
is associated with malignant biological behavior. However, the functions and mechanisms of glucose metabolism
genes in PTC are not fully understood. Thus, data from The Cancer Genome Atlas database were analyzed, and lactate
dehydrogenase A (LDHA) was determined to be a potential novel diagnostic and therapeutic target for PTCs. The
research objective was to investigate the expression of LDHA in PTCs and to explore the main functions and relative
mechanisms of LDHA in PTCs. Higher expression levels of LDHA were found in PTC tissues than in normal thyroid
tissues at both the mRNA and protein levels. Higher expression levels of LDHA were correlated with aggressive
clinicopathological features and poor prognosis. Moreover, we found that LDHA not only promoted PTC migration
and invasion but also enhanced tumor growth both in vitro and in vivo. In addition, we revealed that the metabolic
products of LDHA catalyzed induced the epithelial–mesenchymal transition process by increasing the relative gene
H3K27 acetylation. Moreover, LDHA knockdown activated the AMPK pathway and induced protective autophagy. An
autophagy inhibitor significantly enhanced the antitumor effect of FX11. These results suggested that LDHA enhanced
the cell metastasis and proliferation of PTCs and may therefore become a potential therapeutic target for PTCs.

Introduction
Papillary thyroid carcinoma (PTC) is the most common

endocrine malignancy1–3. Although the 10-year overall
survival (OS) rate of PTC is >95%, in some cases, PTC
show dedifferentiation, which increases invasiveness and
results in a poor prognosis4. However, the molecular

mechanism of the pathology of PTC is still unclear and
there are only a few treatment options available for PTC5.
Therefore, biomarkers and potential therapeutic targets
are needed to improve the diagnosis and treatment of
PTC patients.
Metabolic reprogramming is common in tumors and

has been accepted as one of the main hallmarks of all
cancers6,7. Even when oxygen is sufficient, tumor cells
prefer to use aerobic glycolysis to produce ATP, which is
known as the Warburg effect8,9. Lactate dehydrogenase A
(LDHA) is an enzyme that catalyzes the final step of the
Warburg effect by converting the pyruvate and NADH to
lactate. This leads to an acidic microenvironment for the
tumor, contributing to epithelial–mesenchymal transition
(EMT) and metastasis10,11. Upregulated LDHA has been
reported in many types of tumors and is significantly
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correlated with poor prognosis12,13. The reduction in
LDHA significantly inhibited cellular transformation and
markedly delayed tumor formation14–20. In a breast can-
cer model, LDHA knockdown attenuated glycolysis and
decreased tumor growth significantly by impacting
mitochondrial physiology21. The suppression of LDHA
attenuated the progression of glioblastoma through the
downregulation of the Warburg effect16. In mouse models
of lung cancer, targeting LDHA significantly inhibited
tumorigenesis and tumor progression20. However, the
molecular mechanisms of how LDHA contributes to
tumor progression and tumor metastasis in PTC have not
yet been investigated.
Dysregulation of histone modification, such as methy-

lation, acetylation, and phosphorylation levels, occurs in
various cancers, including PTC22,23. Histone acetylation is
a reversible dynamic process that is achieved by histone
acetyltransferases (HATs) and histone deacetylases. In
recent years, an increasing number of studies have
focused on histone acetylation for its role in changing the
nucleosomal conformation and modulating chromatin
structure and gene expression in cancers24. HATs transfer
acetyl-coenzyme A (acetyl-CoA) to the terminus of his-
tone amino acids and relax the structure of chromatin,
which increases the accessibility of DNA and promotes
gene transcription. As a key glucose metabolite, acetyl-
CoA fuels the mitochondrial TCA cycle for ATP pro-
duction through oxidative phosphorylation. Low intra-
cellular acetyl-CoA decreases histone acetylation, which
links glucose metabolism with chromatin remodeling25,26.
Studies have shown that the absence of LDHA, an enzyme
involved in glucose metabolism, decreases intracellular
acetyl-CoA levels and diminishes histone acetylation27.
However, whether LDHA affects histone acetylation levels
in thyroid carcinoma is still unknown.
As one of the most important sensors of cellular energy,

AMP-activated protein kinase (AMPK) coordinates var-
ious cellular pathways to maintain the balance of energy
and nutrition metabolism28,29. As a metabolic sensor,
AMPK allows for adaptive changes in metabolic coordi-
nation, cell growth, apoptosis, and autophagy30. It has
been reported that the activation of AMPK, directly and
indirectly, inhibits tumor growth by blocking the MAPK
and PI3K-AKT signaling pathways28,29. The activation of
AMPK reverses the Warburg effect from aerobic glyco-
lysis to oxidative phosphorylation, but the relationship
between LDHA and AMPK signaling has not been
clarified.
Autophagy is a process of the cell that removes dys-

functional or unnecessary components31. Studies have
shown that autophagy is a tightly regulated process and
defects in autophagy have been closely associated with
many human cancers32,33. It can be induced under
stressful conditions, such as low cellular energy charge or

the deprivation of essential nutrients34. As an enzyme
involved in energy metabolism, LDHA was reported to
induce prosurvival autophagy in tamoxifen-resistant
breast cancer35. However, the functions of LDHA and
autophagy in PTC are still largely unknown.
Although previous studies have shown that targeting

LDHA attenuates tumor progression and metastasis,
the molecular mechanism is still largely unknown.
Here, we showed that the reduction in LDHA leads to
the deregulation of intracellular acetyl-CoA, which
reduces the histone acetylation of EMT-related genes in
PTCs. In addition, the reduction in LDHA inhibited cell
proliferation and promoted cell apoptosis via the
AMPK pathway. Furthermore, we applied the combi-
nation of FX11 (a drug-like small molecule inhibitor of
LDHA) and the autophagy inhibitor hydroxy-
chloroquine (HCQ) in PTCs and found that HCQ could
significantly enhance the effect of FX11 on PTCs
in vitro and in vivo.

Materials and methods
Clinical data and tissue samples
Tissue microarrays including samples from 185 patients

with complete medical record information were used in
this research. All of the patients were diagnosed with PTC
at Tianjin Medical University Cancer Institute and Hos-
pital from January 2013 to June 2013. Twenty-eight
matched fresh tissues of PTCs and adjacent normal
thyroid follicular tissues were collected. Total RNA was
extracted from 20 matched tissue samples, and total
protein was extracted from eight matched tissue samples.
The research was performed with the approval of the
Ethics Committee of Tianjin Medical University Cancer
Institute and Hospital. Informed consent was obtained for
experimentation with human subjects.

Immunohistochemistry (IHC)
The tissue microarrays of the PTC patients were subjected

to immunohistochemical staining for LDHA according to a
standard protocol. The signal was visualized with the DAB
Substrate Kit (MaiXin Bio, China). The staining scores were
evaluated by two experienced pathologists as follows:
staining score= staining intensity+ percentage of positive
tumor cells. The staining intensity was regarded as 0 (no
staining); 1 (weak, light yellow); 2 (moderate, light brown); or
3 (strong, brown). The percentage of positive cells was
regarded as 0 (<5%), 1 (5–25%), 2 (25–50%), 3 (51–75%), or
4 (>75%). The specimens were divided into four levels:
scores of 0–1 (−), a score of 2 (+), scores of 3–4 (++), and
scores of more than 5 (+++). High expression levels of
LDHA were defined as scores of 3–4 (++) and >5 (+++).
For Ki-67 staining, positively stained cells were counted in
five files and the total number of positive cells was
calculated.
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Total RNA extraction and quantitative real-time PCR
Total RNA from thyroid cancer cells and fresh tissues was

isolated by TRIzol reagent (Invitrogen, Carlsbad, USA), and
cDNA was reverse transcribed with Prime Script RT Master
Mix (Takara, Kyoto, Japan). Quantitative real-time PCR was
performed with SYBR Premix Ex Taq II (Takara, Kyoto,
Japan) and specific primers. The sequences of the primers
are shown in Supplementary Table 3.

Western blotting
Proteins from cells and tissues were extracted with

radioimmunoprecipitation assay buffer (Solarbio, Beijing,
China) according to the protocol. The concentration of
protein samples was quantified by the BCA assay. Samples
were run on 8–12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis gels and transferred to
polyvinylidene difluoride membranes. Then, the cells
were incubated with primary antibodies and peroxidase-
conjugated anti-mouse or anti-rabbit IgG antibodies.
Finally, the cells were visualized with ECL plus reagents
(Cell Signaling Technology, Danvers, MA, USA).

Cell culture
One normal thyroid follicular epithelial cell line (Nthy-ori

3–1), four PTC cell lines (K-1, KTC-1, TPC-1, and B-CPAP),
one anaplastic thyroid carcinoma cell line (CAL-62), and
one medullary thyroid carcinoma cell line (TT) were used in
this study. Nthy-ori 3–1, K-1, and TPC-1 cells were pur-
chased from the American Type Culture Collection (USA),
and the other cell lines were purchased from the Chinese
Academy of Sciences (Shanghai, China). All the cell lines
were cultured in Roswell Park Memorial Institute Medium-
1640 medium or Dulbecco’s Modified Eagle Medium
(Gibco, USA) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin and maintained in
a humidified atmosphere with 5% CO2 at 37 °C.

Transfection and lentiviral infection
For TGFβR1 and AMPK knockdown, three synthesized

duplex RNAi oligos purchased from Sigma-Aldrich were
transfected into cells using RNAiMAX (Invitrogen). RFP-
LC3 plasmid was got from GeneChem (Shanghai, China)
and transfected with Lipofectamine 3000 reagent
(Invitrogen, USA).
Lentivirus vectors for LDHA knockdown and over-

expression (shLDHA and OE-LDHA) were purchased from
GeneChem (Shanghai, China). Polybrene (Sigma-Aldrich,
Germany) was used to increase the efficiency of infection.
Puromycin (2 μg/ml) was added to select the infected cells.

Reagents, drugs, and antibodies
The following primary antibodies were used in the

research: anti-FLAG, anti-LDHA, anti-Smad3, anti-
phospho-Smad3 (anti-p-Smad3), anti-E-cadherin, anti-

N-cadherin, anti-Slug, anti-AMPK, anti-phospho-AMPK
(anti-p-AMPK), anti-mTOR, anti-phospho-mTOR (anti-
p-mTOR), anti-ULK1, anti-phospho-ULK1 (anti-p-ULK1
(Ser 555)), anti-LC3B, anti-p62, anti-cleaved caspase 3,
anti-Ki-67, anti-Tri-Methyl-Histone H3 (Lys27), and anti-
Tri-Methyl-Histone H3 (Lys36) (Cell Signaling Technol-
ogy, USA). Anti-β-actin (GeneTex, USA). The LDHA
inhibitor FX11 was purchased from Sigma-Aldrich
(Darmstadt, Germany). HCQ was purchased from Sell-
eck Chemicals (Houston, USA).

Transwell of migration and invasion assay
Cell migration and invasion assays were performed with

polycarbonate membrane filter inserts with 8-μM pores
(Merck Millipore, USA) in 24-well chamber plates. The
transwell chambers were precoated with (invasion assay) or
without (migration assay) Matrigel (BD Biosciences, USA).
In brief, the bottom chamber was filled with 500 μL of
culture medium containing 10% FBS, and the upper
chamber was filled with 200 μL of 2 × 104 cell culture
medium without FBS. The cells were incubated for 24 h with
5% CO2 at 37 °C. Then, cells at the bottom surface of the
membrane were fixed in 4% polyoxymethylene for 30min
and stained with 0.1% crystal violet for 20min. The mean
numbers of five preselected microscopic fields were counted.

Wound-healing assay
After LDHA knockdown and overexpression, 5 × 106

cells were seeded in six-well plates. Then, the plates were
scratched with 10 μL pipette tips and incubated at 37°C
and 5% CO2 for 24 h. The wounded areas were observed
and photographed under an inverted microscope.

RNA-seq analysis
Total RNA was extracted with TRIzol reagent (Invi-

trogen, USA). cDNA libraries were generated and
sequenced on an Illumina NovaSeq 6000 platform. RNA-
Seq reads were trimmed using Trim Galore (v0.5.0). The
trimmed data were aligned to the human hg19 genome
using STAR (v2.7.0 f), and the aligned bam files were
sorted by name using the parameter -n. We used HTSeq
software (v0.11.2) and the hg19 annotation file from
GENCODE (v19) to count the reads for each gene using
the parameters -r name -f bam and BioMart to retrieve
the corresponding gene names. Finally, the read counts
were normalized with the trimmed mean of M-values
(TMM) method for differential expression analysis using
edgeR (v3.26.8). Sequencing data were deposited in the
Gene Expression Omnibus (GSE167971).

Gene Ontology (GO) analysis and gene set enrichment
analysis (GSEA)
The Database for Annotation, Visualization and Inte-

grated Discovery (DAVID) web tool was used to perform
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GO analysis. Significant enrichment was defined as p <
0.05. GSEA was performed with the GSEA stand-alone
desktop program. Significantly enriched molecular func-
tion terms were defined by p < 0.05.

Acetyl-CoA assay
For the measurement of cytosolic acetyl-CoA, cells were

lysed on ice for 10 minutes. The lysates were spun down
at 20,000 × g for 10 minutes at 4°C. Then the supernatants
were measured with an acetyl-CoA assay kit (Sigma-
Aldrich, Germany).

Chromatin immunoprecipitation (ChIP)-Seq data analysis
ChIP-Seq data were downloaded from the Gene

Expression Omnibus (GSE120177). ChIP-Seq peaks were
generated by the peak-finding algorithm model-based
analysis for ChIP-Seq v1.4.2. IGV tools v2.4.5 was used to
visualize the ChIP-Seq tracks. The total H3K27ac ChIP-
seq signal is expressed in units of RPM per bin. Homer
was used to merge and stitch the peaks within 12.5 kb.

ChIP-qPCR
ChIP was performed with the Simple Chip Enzymatic

Chromatin IP Kit (Cell Signaling) according to the man-
ufacturer’s instructions. The primers for qPCR are listed
in Supplementary Table 3.

ADP/ATP ratio
The ADP/ATP ratio was measured with a commercial

ADP/ATP kit purchased from Sigma-Aldrich (Darmstadt,
Germany) according to the manufacturer’s instructions.
In brief, the cells were incubated with ATP reagent for
1 min, and then luminescence was read for the ATP assay.
Then, the cells were incubated for an additional 10 min,
and luminescence was read as the background before
measuring ADP. Finally, ADP reagent was added and
incubated for 1 min, and luminescence was read to cal-
culate the ADP/ATP ratio according to the manu-
facturer’s instructions.

Cell viability and colony formation assay
A total of 1000–1500 cells per well were seeded in 96-

well plates. Next, cell viability was assessed with Cell
Counting Kit-8 (CCK-8) according to the protocol. For
colony formation assays, 500–1000 cells per well were
seeded in six-well plates and cultured for 2 weeks. Then,
colonies were fixed with 100% methanol for 20min and
stained with 0.5% crystal violet for 15 min.

Cell apoptosis analysis
Cells were collected with trypsinization and washed

with phosphate-buffered saline (PBS). Cell death was
detected by an Annexin V apoptosis detection kit (R&D
Systems, USA). In brief, 1 × 105 cells were incubated with

Annexin V-APC and PI for 15min at room temperature
in the dark. Stained cells were measured with a FACS-
Calibur flow cytometer (BD Biosciences). The data were
analyzed by FlowJo software (version 10.0.7).

Measurement of LDHA activity
To detect intracellular LDHA activity, an LDHA assay

kit from Sigma-Aldrich was used according to the man-
ufacturer’s protocols. The LDHA of the samples was
calculated using a standard LDHA calibration curve.

Quantification of RFP-LC3 puncta formation
Cells expressing RFP-LC3 were treated with LDHA

knockdown or FX11. Then cells grown on coverslips in a 24-
well plates and fixed with 4% paraformaldehyde for 20min
at room temperature and then washed with PBS. Slides were
mounted with Fluoromount-G™ Mounting Medium (Them
Fisher) and examined by fluorescence microscopy. The
percentage of cells with punctate RFP-LC3 fluorescence was
calculated by counting the number of the cells with punctate
RFP-LC3 fluorescence in RFP-positive cells.

Animal studies
All of the animal studies were approved by the Ethics

Committee of the Tianjin Medical University Cancer
Institute and Hospital and were carried out in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. A total of 2 × 106 control
or stable LDHA knockdown B-CPAP cells were injected
into 5-week-old female BALB/c nude mice via the tail vein
(each group, n= 5). To monitor metastatic tumor growth,
an IVIS (in vivo imaging system) spectrum (Caliper Life
Science, USA) was used to detect the fluorescence
intensity of green fluorescent protein every 5 days.
Approximately 12 weeks later, the mice were killed, and
the lungs and livers were collected and analyzed by
hematoxylin and eosin (H&E) staining.
To establish a xenograft tumor model, suspensions of 2 ×

106 control or stable LDHA knockdown B-CPAP cells were
injected into 5-week-old female NSG mice (each group, n=
5). Tumors were measured every 3 days. The tumor volume
was calculated using the formula V= 0.5 × larger dia-
meter × (smaller diameter)2. Suspensions of 2 × 106 B-CPAP
cells were injected into 5-week-old female NSG mice and
the mice were randomly divided into four groups (each
group, n= 5). Nine days later, the mice were treated with 2%
DMSO, FX11 (3mg/kg), HCQ (60mg/kg), and FX11 com-
bined with HCQ once daily for 3 weeks. Tumors were
measured every three days. All of the mice were purchased
from SPF Biotechnology (Beijing, China).

Statistical analysis
All data were analyzed with Statistical Product and

Service Solutions Ver. 25.0 (IBM, USA) and GraphPad
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Prism Ver. 7.0 (CA, USA). The data are presented as the
mean ± SD of at least three independent experiments. The
Chi-square test and multivariate Cox regression analyses
were used to estimate the significance of the clin-
icopathological characteristics of the patient tissue
microarray samples. Kaplan–Meier analysis was per-
formed to evaluate survival curves. All data were analyzed
with Student’s t test (***p < 0.001, **p < 0.01, *p < 0.05).

Results
Bioinformatics analysis identifies LDHA as a candidate
target gene for PTCs
To explore the potential targets of glucose metabolic

enzymes in PTC (Fig. 1A), we first analyzed glucose meta-
bolic gene expression data in PTCs from The Cancer
Genome Atlas (TCGA) database. In total, 52 normal tissues
and 486 PTCs with clinical medical records were included in
our research. The analysis revealed the global view of the
relative expression of glucose metabolism genes in primary
tumors versus normal tissues (Fig. 1B). PKM2, IDH2, HK2,
and LDHA were significantly higher in PTCs, whereas HK1,
SUCLG1, and others were higher in normal tissues (Fig. 1C
and Supplementary Fig 1A). Among them, we mainly
focused on those increased in PTCs because their inhibitors
have already been established. Based on the preferential use
of lactate rather than glucose is a hallmark of many kinds of
cancer, but the function of LDHA is still elusive. Therefore,
in this research, we focused specifically on the effect and
mechanism of LDHA in PTCs.
Analysis of the TCGA database showed that LDHA

expression levels were much higher in classic PTCs
(CPTCs) than in normal tissues, and the tall cell variant
PTCs, which are known to have a more aggressive clinical
behavior, had a higher LDHA expression level than
CPTCs (Fig. 1D, p < 0.001). In addition, LDHA expression
levels were significantly higher in patients in stage III/IV
than those in stage I/II (Fig. 1E, p < 0.001). Patients in the
T3 and T4 groups had higher LDHA expression levels
than those in the T1 and T2 groups (Fig. 1F, p < 0.001).
Moreover, LDHA expression levels were significantly
higher in patients with lymph node metastasis (N1 group)
than those without lymph node metastasis (N0 group)
(Fig. 1G, p < 0.001). We also found that LDHA expression
levels were much higher in patients with extrathyroidal
extension than those without extrathyroidal extension
(Supplementary Fig 1B, p < 0.001). Overall, these results
revealed that LDHA is highly expressed in PTC patients,
especially in those with later stages of the disease.

High expression levels of LDHA are associated with
aggressive clinicopathological features and poor
prognosis
Next, we determined the expression of LDHA at both

the mRNA and protein levels and found that they were

much higher in PTC tissues than in paired normal tissues
(Fig. 2A, B). The densitometric analysis of western blots is
shown in Supplementary Fig 2A. To further explore the
correlation between the expression of LDHA and clin-
icopathological features, 185 human specimens were
subjected to immunohistochemical analysis (Fig. 2C). We
found that LDHA was mainly located in the cytoplasm of
PTCs. Univariate analysis showed that T stage, N stage,
and TNM stage were significantly correlated with high
LDHA levels (p < 0.05) (Supplementary Table 1).
The median follow-up of the 185 patients was 65 months

(range from 9 to 72 months). Among these patients, 30
experienced recurrence or persistent disease, and 21 died of
cancer-related death or other reasons. Several factors, such
as age, sex, TNM stage, multifocality, and LDHA expression
level were included in the Cox proportional hazards model.
The multivariate COX regression analysis showed that
TNM stage (hazard ratio (HR)= 4.950, 95% confidence
interval (CI)= 1.299–18.864, p= 0.019) and LDHA
expression level (HR= 4.848, 95% CI= 1.890–12.44, p=
0.01) were independent factors of recurrence-free survival
(RFS). In addition, TNM stage (HR= 5.414, 95% CI=
1.389–21.096, p= 0.015) and LDHA expression level (HR=
5.545, 95% CI= 2.026–15.175, p= 0.001) were independent
factors of OS (Supplementary Table 2).
As the Kaplan–Meier curves showed in Fig. 2D, E,

patients with higher LDHA expression levels had shorter
RFS and OS than patients with lower LDHA expression
levels. Overall, patients with high LDHA expression have
a poor prognosis, thus indicating that LDHA is a potential
prognostic marker for PTCs.

LDHA promotes the migration and invasion of PTC cells
in vitro and in vivo
Poor prognosis is closely related to metastasis, and the

high LDHA level has been shown to be correlated with
lymph node metastasis, as mentioned above. Thus, we
investigated whether LDHA affected the migration or
invasion of PTC cells. We detected the expression of
LDHA in different cell lines by western blot and qPCR
assays. Compared with those in Nthy-ori 3–1 cells, the
protein and mRNA levels of LDHA were higher in B-
CPAP and TPC-1 cells and lower in KTC-1 cells (Sup-
plementary Fig 3A, B). Then, we knocked down LDHA in
B-CPAP and TPC-1 cells and found that the migration
and invasion abilities of these cells were significantly
decreased (Fig. 3A, Supplementary Fig 3C, D). Moreover,
the ectopic expression of LDHA promoted the migration
and invasion of KTC-1 cells (Fig. 3B and Supplementary
Fig 3D). Western blot and qPCR assays were used to
confirm the efficiencies of the knockdown and over-
expression of LDHA (Supplementary Fig. 3E, F).
Furthermore, to explore the effect of LDHA in vivo, we

established a lung metastasis model by directly injecting
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Fig. 1 Bioinformatics analysis of enzymes involved in glucose metabolism and identifies LDHA as a candidate target for PTCs. A Simplified
scheme of glucose metabolism. B Fold change of glucose metabolic genes in primary tumor tissue versus normal tissue. C Representative glucose
metabolic genes that were upregulated in primary PTC tumors. D LDHA expression was higher in CPTC and TCV-PTC tissues than in normal tissues.
E LDHA expression levels of patients in stage III/IV PTC were higher than those in stage I/II. F Patients in stage T3 and T4 had higher LDHA expression
levels than those in stage T1 and T2. G Patients with lymph node metastasis (N1) had higher LDHA levels than those without lymph node metastasis
(N0). All *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2 The expression of LDHA in PTCs and Kaplan–Meier estimates of the probability of OS and RFS in PTC patients. A Expression levels of
LDHA mRNA in 20 paired normal tissues and primary tumor tissues. B Expression levels of LDHA in eight paired normal tissues and primary tumor
tissues. C LDHA was found to be mainly located in the cytoplasm of PTCs. Representative IHC images of weak staining, moderate staining, and strong
staining were shown. D, E Kaplan–Meier survival analysis showed that high LDHA levels were significantly associated with poor RFS and OS in PTC
patients. All *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3 LDHA promotes the migration and invasion of PTC cells in vitro and in vivo. A B-CPAP cells were transfected with two different LDHA
knockdown plasmids. Representative images of migration/invasion are shown. B Representative images of migrating/invading KTC-1 cells expressing
LDHA. C In vivo bioluminescence images of B-CPAP cells transfected with the LDHA knockdown plasmid. D The mean fluorescence intensity of the
LDHA knockdown group was significantly lower than that of the control group. E Representative images of lung metastatic foci. The number of lung
metastatic foci was significantly lower in LDHA knockdown group than in control group. F Representative images of liver metastatic foci. The number
of liver metastatic foci was significantly lower in LDHA knockdown group than in control group. The data are presented as the mean ± SD. All *p <
0.05, **p < 0.01, ***p < 0.001.
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B-CPAP cells into the tail veins of mice (Fig. 3C). The
IVIS images showed that the mean fluorescence intensity
of the LDHA knockdown group was significantly lower
than that of the control group (Fig. 3D). Additional H&E
staining of the isolated lung and liver tissues confirmed
that there were significantly fewer metastases in the
LDHA knockdown group than in the control group
(Fig. 3E, F). In brief, both the in vitro and in vivo results
demonstrated the roles of LDHA in promoting PTC
invasion and metastasis.

LDHA promotes the proliferation and inhibits the
apoptosis of PTC cells in vitro and in vivo
In addition to metastasis, tumorigenesis is also an

important risk factor for poor prognosis. CCK-8 assays
(Fig. 4A and Supplementary Fig 4A) and colony formation
assays (Fig. 4D and Supplementary Fig 4B) revealed that
LDHA knockdown in B-CPAP and TPC-1 cells sig-
nificantly inhibited cell proliferation, whereas over-
expression of LDHA in KTC-1 cells significantly
promoted cell proliferation (Fig. 4B and E). Next, we
applied the LDHA inhibitor FX11 to PTC cells, which
significantly inhibited the activity of LDHA (Supplemen-
tary Fig 4C, D). CCK-8 (Fig. 4C and Supplementary 4E)
and colony formation (Fig. 4F and Supplementary Fig 4F)
assays showed that LDHA inhibition significantly inhib-
ited cell proliferation. Furthermore, we examined the
effect of LDHA on cell apoptosis by flow cytometry.
LDHA knockdown and FX11-induced cell apoptosis
(Fig. 4G, H and Supplementary Fig 4A, G, H).
Moreover, to evaluate the effect of LDHA on tumor-

igenesis in vivo, we generated xenografts with B-CPAP
cells stably knocking down LDHA. Compared with those
of control group tumors, the volumes and weights of
LDHA knockdown tumors were significantly decreased
(Fig. 4I–K). In addition, xenografts isolated from LDHA
knockdown mice showed significantly more apoptotic
cells and fewer proliferating cells, as measured by cleaved
caspase 3 and Ki-67 with IHC staining, respectively
(Fig. 4L). Overall, LDHA played an important tumorigenic
role in promoting PTC cell growth in vitro and in vivo.

LDHA promotes EMT and sustains the normal
mitochondrial function of PTCs
To assess the function of LDHA in PTCs, we performed

transcriptome analysis through high-throughput RNA-
Seq of control and LDHA knockdown cells. Tran-
scriptome analysis revealed that 283 genes were upregu-
lated, whereas 1556 genes were downregulated, including
ZEB1, CDH2, and TGFβR1 (Fig. 5A). Global pathway
analysis revealed that mitochondrial chain assembly, cell
migration, and cell mitophagy were significantly enriched
in the upregulated genes, whereas apoptotic process, cell
growth, and cell migration were significantly enriched in

the downregulated genes (Fig. 5B). Further analysis of the
RNA-Seq data showed that the downregulated genes were
involved in the EMT process and the upregulated genes
were related to the mitochondrial respiratory chain
complex (Fig. 5C, E). The representative genes were
confirmed by qPCR (Fig. 5D, F). In summary, these results
revealed that LDHA plays critical roles in the EMT pro-
cess and maintains the normal function of mitochondria
in PTCs.

LDHA promotes the transcription of genes involved in the
EMT process
Then, the molecular mechanism by which LDHA

knockdown inhibits the migration and invasion of PTCs
was determined. Recently, it has been demonstrated that
H3K27ac marks active promoters and enhancers and is
thus an indicator of gene expression36. Previously, we
performed a ChIP-Seq analysis of H3K27ac modification
in PTC23. An integrative analysis of transcriptome data
and ChIP-Seq H3K27ac modification data was performed.
Approximately 76.1% of downregulated genes overlapped
with the ChIP-Seq H3K27ac data (Fig. 6A). GO analysis
showed that these genes were mainly enriched in cell
division, microtubule-based movement, and regulation of
cell growth (Fig. 6B). EMT-relative genes, including
CTNNB1, RHOB, and TGFβR1 had strong H3K27ac
signals (Fig. 6C). Then, we verified the representative
genes through ChIP-qPCR of H2K27ac and found that
LDHA knockdown significantly decreased the transcrip-
tion levels of CTNNB1, RHOB, and TGFβR1 (Fig. 6D).
Decreased histone acetylation may be due to the low

intracellular acetyl-CoA level, which links metabolism with
chromatin remodeling25,26. Because the production of
acetyl-CoA relies on normal mitochondrial function, we
measured the intracellular acetyl-CoA levels in LDHA
knockdown cells. LDHA knockdown significantly decreased
the intracellular acetyl-CoA level (Fig. 6E and Supplemen-
tary Fig 5A). The total H3K27ac level decreased after LDHA
knockdown (Fig. 6F and Supplementary Fig 5B). In addition
to H3K27ac, we also detected the levels of other epigenetic
markers, including H3K27me3 and H3K36me3. We did not
observe changes after LDHA knockdown (Supplementary
Fig 5C), while ChIP-qPCR analysis of H3K27me3 and
H3K36me3 showed that the transcription levels of
CTNNB1, RHOB, and TGFβR1 were significantly decreased
after LDHA knockdown (Supplementary Fig 5D, E). Fur-
thermore, western blot analysis revealed that the epithelial
marker E-cadherin was negatively regulated by LDHA, while
TGFβR1, the EMT-related transcription factor Slug and
mesenchymal markers, including N-cadherin and vimentin,
were positively regulated (Fig. 6G, H and Supplementary
Fig 5F).
To investigate whether LDHA regulates the EMT pro-

cess through TGFβR1 signaling, we transiently transfected
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Fig. 4 LDHA promotes the proliferation and inhibits the apoptosis of PTC cells in vitro and in vivo. A–C CCK-8 assays and D–F colony
formation assays showed that LDHA knockdown or inhibition significantly suppressed cell proliferation in B-CPAP cells and that the overexpression of
LDHA promoted cell proliferation in KTC-1 cells. G, H Flow cytometry indicated that LDHA knockdown or inhibition significantly induced cell
apoptosis in B-CPAP cells. I Five representative tumors from LDHA knockdown cells are shown. Tumor volumes J are presented with growth curves,
and tumor weights K were measured. L Representative IHC images of cleaved caspase 3 expression and Ki-67 staining in xenografted tumor
specimens of control and LDHA knockdown mice are shown. The data are presented as the mean ± SD. All *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5 Discovery of LDHA regulated genes in PTC. A Volcano plot of the gene expression changes that occurred after LDHA knockdown in B-CPAP
cells assayed by RNA-Seq. B Summary of the significantly enriched pathways in B-CPAP cells after LDHA knockdown. C Heatmap from the RNA-Seq
data showing the differentially expressed genes involved in the EMT process. D qPCR analysis of representative genes related to the EMT process
after LDHA knockdown. The expression data were normalized to that of Actin in GFP knockdown cells. E Heatmap of the RNA-Seq data show that the
differentially expressed genes were related to the mitochondrial respiratory chain complex. F qPCR analysis of representative genes related to the
mitochondrial respiratory chain complex after LDHA knockdown. All *p < 0.05, **p < 0.01, ***p < 0.001.
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KTC-1 cells with siRNA to inhibit the transcription of
TGFβR1 (Supplementary Fig 5G). Our results showed
that TGFβR1 knockdown abolished the positive effects of
LDHA on cell migration and invasion (Fig. 6I). Addi-
tionally, the increased expression of E-cadherin and
decreased expression of Slug, N-cadherin, and vimentin
were partly blocked by TGFβR1 knockdown (Fig. 6J).
Taken together, these results indicated that LDHA
induced EMT-related genes transcription to promote the
migration and invasion of PTC cells.

LDHA regulates tumorigenesis and autophagy through the
AMPK signaling pathway
GSEA of data from the TCGA database showed that

LDHA was correlated with AMPK signaling, autophagy,
and apoptosis in PTCs (Fig. 7A, B and Supplementary Fig
6A). As a metabolic checkpoint, AMPK is involved in the
tumorigenesis and progression of many kinds of can-
cers30. Thus, we further explored whether the AMPK
signaling pathway plays an important role in the mole-
cular regulation by which LDHA alters PTC cell
tumorigenesis.
First, we examined the ADP/ATP ratio, which is known

to signal AMPK signaling, and found that LDHA knock-
down increased the ADP/ATP ratio, while ectopic LDHA
expression decreased the ratio (Fig. 7C, D and Supple-
mentary Fig 6B). Furthermore, western blot analysis
showed that when LDHA was knocked down or inhibited,
the phosphorylated AMPK level was increased (Fig. 7E, F
and Supplementary Fig 6C, D). As the key downstream
target of AMPK signaling, mTOR is involved in cell
growth, cell proliferation, and cell survival processes37.
LDHA knockdown or inhibition decreased the phos-
phorylation level of mTOR. ULK1 is another node at
which AMPK regulates a specific cellular process,
autophagy30. Western blot analysis demonstrated that
when LDHA was knocked down or inhibited, the ULK1
phosphorylation level increased and autophagy was acti-
vated, which was indicated by the decrease in p62 and the
increase in LC3BII/I (Fig. 7E, F and Supplementary Fig
6C, D). To further validate the activation of autophagy, we

overexpressed RFP-LC3 in PTC cells and found that
LDHA knockdown or inhibition significantly increased
LC3 puncta (Supplementary Fig 6E, F). At the same time,
ectopic LDHA expression inhibited AMPK signaling,
which was indicated by the upregulation of the phos-
phorylated level of mTOR and the downregulation of the
phosphorylated level of ULK1. In addition, the over-
expression of LDHA led to the inhibition of autophagy,
which was indicated by the increase in p62 and the
decrease in LC3BII/I (Fig. 7G).
Furthermore, we investigated the function of LDHA

mediated by AMPK signaling. Colony formation (Fig. 7H
and Supplementary Fig 6G) and CCK-8 (Fig. 7I and
Supplementary Fig 6H) assays showed that the knock-
down of AMPK significantly reversed the positive effects
of LDHA on cell proliferation. Flow cytometry showed
that AMPK knockdown abolished the inhibitory effects of
LDHA on cell apoptosis (Fig. 7J and Supplementary Fig
6I). In addition, the downregulation of phosphorylated
mTOR and the upregulation of phosphorylated ULK1
were partly rescued by incubation with AMPK siRNA.
Meanwhile, the activation of autophagy induced by LDHA
knockdown was partly blocked by AMPK knockdown
(Fig. 7K and Supplementary Fig 6J).

The combination of FX11 and HCQ synergistically inhibits
tumorigenesis in vitro and in vivo
Western blot analysis showed that HCQ inhibited the

autophagy induced by LDHA knockdown (Fig. 8A and
Supplementary Fig 7A). Autophagy is activated by LDHA
knockdown and plays protumor and antitumor roles in
cancers38. Then, we combined the autophagy inhibitor
HCQ, which inhibits autophagy by preventing lysosomes
from degrading and recycling the materials engulfed in
the autophagosome, with FX11 in PTCs. We found that
FX11 and HCQ alone could induce cell apoptosis to some
extent, while their combination led to a better response
(Fig. 8B and Supplementary Fig 7B). Western blot analysis
also indicated that FX11 combined with HCQ sig-
nificantly upregulated the cleaved caspase 3 levels (Fig. 8C
and Supplementary Fig 7C).

(see figure on previous page)
Fig. 6 LDHA promotes the transcription of genes involved in the EMT process. A Venn diagram illustrating the overlap between genes from the
RNA-Seq data after LDHA knockdown and genes from the ChIP-Seq data of H3K27ac modification in B-CPAP cells. B Summary of the significantly
enriched pathways of the downregulated genes bound by H3K27ac. C RNA-Seq peaks of CTNNB1, RHOB, and TGFβR1 treated with LDHA
knockdown, as well as H3K27ac binding peaks, are shown. D ChIP-qPCR was performed with B-CPAP cells using H3K27ac and IgG antibodies to
determine the expression levels of CTNNB1, RHOB, and TGFβR1. E Intracellular acetyl-CoA levels were measured in B-CPAP cells treated with LDHA
knockdown. F H3K27ac levels were decreased after LDHA knockdown in B-CPAP cells. G, H Western blot assays showed the changes in TGFβR1,
phosphorylated Smad3, E-cadherin, N-cadherin, and Slug in B-CPAP cells with LDHA knockdown and in KTC-1 cells expressing LDHA. I Transwell
assays indicated that the knockdown of TGFβR1 partially reversed the increased migration and invasion ability of KTC-1 cells expressing LDHA. The
data are presented as the mean ± SD. J KTC-1 cells stably expressing LDHA were infected with siRNA targeting TGFβR1. Western blotting was used to
detect the expression levels of TGFβR1 and the phosphorylation levels of Smad3, E-cadherin, N-cadherin, and Slug. All *p < 0.05, **p < 0.01, ***p <
0.001.
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Moreover, to determine the effect of the combination of
FX11 and HCQ in vivo, 20 female BALB/c nude mice
were subcutaneously injected with B-CPAP cells and
treated with FX11 and HCQ (Fig. 8D). The results showed
that the tumor weights and tumor volumes were sig-
nificantly inhibited by FX11, while the combination of
FX11 and HCQ resulted in greater tumor suppression
(Fig. 8E and F). Neither FX11 nor HCQ led to significant
weight loss in the mice (Supplementary Fig 7D). IHC
staining of tumors showed that the combination of FX11
and HCQ could significantly increase the expression of
cleaved caspase 3 and decrease the expression of Ki-67
in vivo (Fig. 8G and Supplementary Fig 7E). Overall, HCQ
could significantly enhance the antitumor effect of FX11
in vitro and in vivo.

Discussion
In this study, we determined that in addition to energy

supply, LDHA was also involved in glucose metabolism,
maintaining the production of acetyl-CoA. Some acetyl-
CoA goes to the TCA cycle to produce ATP, whereas
some acetyl-CoA participates in histone 3 lysine 27
acetylation. When LDHA was knocked down or inhibited,
the intracellular acetyl-CoA level was decreased, leading
to EMT-related gene transcription inhibition. Meanwhile,
protective autophagy was activated via AMPK signaling
due to the downregulation of LDHA, and the inhibition of
autophagy augmented the antitumor effect of FX11 in
PTCs (Fig. 8H).
EMT is thought to occur in the process of thyroid

cancer invasion and metastasis, especially in PTC39.
LDHA leads to EMT-like changes to promote cell
migration and invasion in various cancers15,40,41. In this
research, we integrated gene expression data with geno-
mic mapping of the H3K27ac binding profile to assess
how alterations in histone acetylation by LDHA knock-
down affect the transcriptomic landscape of PTCs. We
found that by regulating the intracellular acetyl-CoA level,
LDHA gained the H3K27ac mark at the regulatory
regions of EMT-related genes. Histone acetylation
requires acetyl-CoA as a substrate, with glucose being a
critical source. Low acetyl-CoA levels after LDHA

knockdown suggest two possibilities: (1) less citrate can
be exported from mitochondria for acetyl-CoA regen-
eration owing to enhanced TCA cycle activity27; and (2)
LDHA downregulation leads to an impairment in mito-
chondrial function, which induces an inability of the
metabolic pathway to synthesize sufficient acetyl-CoA42.
However, the detailed molecular events following LDHA
and acetyl-CoA merit further research. In addition, the
loss of H3K27ac can further recruit more repressive
marker (H3K27me3) and evict active marker (H3K36me3)
from EMT gene promoters, consequently modulating the
transcription of EMT genes. In addition to H3K27ac,
recent research also showed that the epigenetic mod-
ification of histone lysine residue lactylation could also
stimulate gene transcription directly43. The relationship
between LDHA and the lactylation of EMT-related genes
also needs to be further explored.
The exploration of the biological function of LDHA sug-

gested that the inhibition of LDHA suppressed tumor
growth in vitro and in vivo, which is consistent with the
findings of the previous studies13,20,44. In addition, FX11, an
inhibitor of LDHA, has been determined to have preclinical
efficiency in prostate cancer, osteosarcoma, pancreatic can-
cer, and lymphoma17,19,45,46. Our data also showed that
FX11 had an antitumor effect on PTCs in vitro and in vivo.
However, in a pancreatic cancer model, research revealed
that FX11 as monotherapy had no effect on tumor growth.
This was owing to the sensitivity to LDHA inhibition in
pancreatic cancer depending on the status of TP53, with
TP53 wild-type patients showing complete resistance to
FX11 and TP53 mutant patients showing a therapeutic
response47. As a downstream target of TP53, TIGAR could
lower glycolytic flux and reduce the sensitivity of cancers to
reactive oxygen species-related apoptosis48,49. Of note, the
expression of TIGAR was higher in wild-type TP53 but
lower in mutant TP53. This may be the potential mechan-
ism by which pancreatic cancer shows different responses to
LDHA inhibitors. However, whether the correlation
between TIGAR and TP53 exists in PTCs needs to be fur-
ther investigated.
We observed that autophagy was induced by LDHA

inhibition. In recent years, autophagy has been found to

(see figure on previous page)
Fig. 7 LDHA regulates tumorigenesis and autophagy through the AMPK signaling pathway. A, B Gene expression data acquired from the
TCGA database were subjected to GSEA v2.2.0; the results showed that LDHA expression was correlated with AMPK signaling and autophagy-related
pathways. C, D The ADP/ATP ratio assay showed that LDHA knockdown increased the ADP/ATP ratio in B-CPAP cells, whereas overexpression of
LDHA decreased the ADP/ATP ratio in KTC-1 cells. E–G Western blotting was used to detect phosphorylated AMPK, phosphorylated mTOR,
phosphorylated ULK1, p62, and LC3BII/I in B-CPAP cells treated with LDHA knockdown or FX11 (10 μM for 24 h) and in KTC-1 cells treated with LDHA
expressing. Colony formation assay H and CCK-8 assay I showed that AMPK knockdown partially attenuated the inhibited proliferation induced by
LDHA knockdown in B-CPAP cells. J Flow cytometry indicated that AMPK knockdown partially reversed the apoptosis induced by LDHA knockdown
in B-CPAP cells. K B-CPAP cells stably knocking down LDHA were infected with siRNAs targeting AMPK. Western blotting was used to detect
phosphorylated AMPK, phosphorylated mTOR, phosphorylated ULK1, p62, and LC3BII/I expression levels. The data are presented as the mean ± SD.
All *p < 0.05, **p < 0.01, ***p < 0.001.
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play a dual role in the development and progression of
tumors50. On the one hand, it suppresses tumorigenesis
by inducing cancer cell death and inhibiting cell survi-
val38. On the other hand, it can protect cells from
undergoing programmed cell death, which provides proof
for why the inhibition of autophagy could enhance the
effect of other agents31,51,52. In PTC cells, it showed that
vemurafenib not only inhibited the proliferation of cancer
cells but also induced a high level of autophagy and the
inhibition of autophagy augmented the efficiency of
vemurafenib53. Similarly, we combined FX11 with HCQ,
which is under clinical trials, in PTC cells and found that
the inhibition of autophagy augmented the antitumor
effect of FX11 in vitro and in vivo. This finding indicated
that the autophagy induced by LDHA knockdown may
play a protective role in PTC cells.

Conclusion
In summary, for the first time, our research showed that

LDHA is a potential biomarker and a valuable therapeutic
target for PTCs. Moreover, FX11 combined with HCQ
augmented the antitumor effect in PTCs, which shed light
on this combination strategy in the treatment of PTCs.

Author details
1Department of Thyroid and Neck Cancer, Tianjin Medical University Cancer
Institute and Hospital, National Clinical Research Center for Cancer, Key
Laboratory of Cancer Prevention and Therapy, Tianjin’s Clinical Research Center
for Cancer, Tianjin 300060, China. 2Department of Medicine, Columbia Center
for Human Development, Columbia University Irving Medical Center, New
York, NY 10032, USA. 3Department of Diagnostic and Therapeutic
Ultrasonography, Tianjin Medical University Cancer Institute and Hospital,
National Clinical Research Center for Cancer, Key Laboratory of Cancer
Prevention and Therapy, Tianjin’s Clinical Research Center for Cancer, Tianjin
300060, China

Author contributions
X.H., X.S., W.Z., D.L., L.H., J.Y., J.Z., S.W., and X.W. contributed to manuscript draft
and data analysis. X.R., X.Z., and M.G. critically revised the manuscript. All
authors read and approved the final manuscript.

Funding
The research was partially supported by grants from the National Natural
Science Foundation of China (Grant nos. 81872169), Tianjin Key Research and
Development Program Science, Technology Support Key Projects (Grant no.
17YFZCSY00690), Tianjin Municipal Science and Technology Project (Grant no.
19JCYBJC27400), and Beijing-Tianjin-Hebei Integration Project (no. J200004).

Data availability
The data sets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Conflict of interest
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41419-021-03641-8.

Received: 3 December 2020 Revised: 9 March 2021 Accepted: 15 March
2021

References
1. Kitahara, C. M. & Sosa, J. A. The changing incidence of thyroid cancer. Nat. Rev.

Endocrinol. 12, 646–653 (2016).
2. La Vecchia, C. et al. Thyroid cancer mortality and incidence: a global overview.

Int. J. Cancer 136, 2187–2195 (2015).
3. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics. 2018. CA Cancer J. Clin 68,

7–30 (2018).
4. Ito, Y. et al. Overall survival of papillary thyroid carcinoma patients: a single-

institution long-term follow-up of 5897 patients. World J. Surg. 42, 615–622
(2018).

5. Ruan, X. et al. Antitumor effects of anlotinib in thyroid cancer. Endocr. Relat.
Cancer 26, 153–164 (2019).

6. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell
144, 646–674 (2011).

7. Pavlova, N. N. & Thompson, C. B. The emerging hallmarks of cancer Meta-
bolism. Cell Metab. 23, 27–47 (2016).

8. Warburg, O. On respiratory impairment in cancer cells. Science 124, 269–270
(1956).

9. Warburg, O. On the origin of cancer cells. Science 123, 309–314 (1956).
10. Hirschhaeuser, F., Sattler, U. G. & Mueller-Klieser, W. Lactate: a metabolic key

player in cancer. Cancer Res. 71, 6921–6925 (2011).
11. Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the

Warburg effect: the metabolic requirements of cell proliferation. Science 324,
1029–1033 (2009).

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

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

14. Fantin, V. R., St-Pierre, J. & Leder, P. Attenuation of LDH-A expression uncovers
a link between glycolysis, mitochondrial physiology, and tumor maintenance.
Cancer cell. 9, 425–434 (2006).

(see figure on previous page)
Fig. 8 HCQ enhanced the antitumor effect of FX11 in vitro and in vivo. A B-CPAP cells with stable LDHA knockdown were treated with the
autophagy inhibitor hydroxychloroquine (HCQ). Western blotting was used to detect p62 and LC3BII/I levels. B Apoptosis of B-CPAP cells exposed to
10 μM of FX11 for 24 h with/without HCQ (10 μM for 24 h) was detected by flow cytometry. The data are expressed as the mean ± SD. C B-CPAP cells
were exposed to FX11 (10 μM for 24 h) with/without HCQ (10 μM for 24 h), and western blotting was used to detect cleaved caspase 3 levels. D FX11
(3 mg/kg) with/without HCQ (60 mg/kg) was given to mice bearing papillary thyroid tumors for 21 days. Tumor weights were measured on day 30 E,
and tumor volumes F are presented with growth curves. The data are presented as the mean ± SD. G H&E staining and representative IHC images of
cleaved caspase 3 expression and Ki-67 staining of xenografted tumor specimens from the FX11 with/without HCQ groups are shown. All *p < 0.05,
**p < 0.01, ***p < 0.001.

Hou et al. Cell Death and Disease          (2021) 12:347 Page 17 of 18

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-021-03641-8


15. Xie, H. et al. LDH-A inhibition, a therapeutic strategy for treatment of her-
editary leiomyomatosis and renal cell cancer. Mol. Cancer Ther. 8, 626–635
(2009).

16. Li, J. et al. Suppression of lactate dehydrogenase A compromises tumor
progression by downregulation of the Warburg effect in glioblastoma. Neu-
roreport 27, 110–115 (2016).

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

18. Miao, P., Sheng, S., Sun, X., Liu, J. & Huang, G. Lactate dehydrogenase A in
cancer: a promising target for diagnosis and therapy. IUBMB Life. 65, 904–910
(2013).

19. Xian, Z. Y. et al. Inhibition of LDHA suppresses tumor progression in prostate
cancer. Tumour Biol. 36, 8093–8100 (2015).

20. Xie, H. et al. Targeting lactate dehydrogenase–a inhibits tumorigenesis and
tumor progression in mouse models of lung cancer and impacts tumor-
initiating cells. Cell Metab. 19, 795–809 (2014).

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

22. Qin J, Wen B, Liang Y, Yu W, Li H. Histone modifications and their role in
colorectal cancer (Review). Pathol. Oncol. Res. 26, 2023–2033 (2020).

23. Cao, X. et al. Targeting super-enhancer-driven oncogenic transcription by
CDK7 inhibition in anaplastic thyroid carcinoma. Thyroid. 29, 809–823 (2019).

24. Gurard-Levin, Z. A. & Almouzni, G. Histone modifications and a choice of
variant: a language that helps the genome express itself. F1000prime Rep. 6, 76
(2014).

25. Takahashi, H., McCaffery, J. M., Irizarry, R. A. & Boeke, J. D. Nucleocytosolic
acetyl-coenzyme a synthetase is required for histone acetylation and global
transcription. Mol. Cell 23, 207–217 (2006).

26. Mews, P. et al. Acetyl-CoA synthetase regulates histone acetylation and hip-
pocampal memory. Nature 546, 381–386 (2017).

27. Peng, M. et al. Aerobic glycolysis promotes T helper 1 cell differentiation
through an epigenetic mechanism. Science 354, 481–484 (2016).

28. Lin, S. C. & Hardie, D. G. AMPK: sensing glucose as well as cellular energy status.
Cell Metab. 27, 299–313 (2018).

29. Herzig, S. & Shaw, R. J. AMPK: guardian of metabolism and mitochondrial
homeostasis. Nat. Rev. Mol. Cell Biol. 19, 121–135 (2018).

30. Mihaylova, M. M. & Shaw, R. J. The AMPK signalling pathway coordinates cell
growth, autophagy and metabolism. Nat. Cell Biol. 13, 1016–1023 (2011).

31. Das, C. K., Banerjee, I. & Mandal, M. Pro-survival autophagy: an emerging
candidate of tumor progression through maintaining hallmarks of cancer.
Semin. cancer Biol. 66, 59–74 (2020).

32. Skarkova V, Kralova V, Vitovcova B, Rudolf E. Selected aspects of chemoresis-
tance mechanisms in colorectal carcinoma-a focus on epithelial-to-
mesenchymal transition, autophagy, and apoptosis. Cells 8, 234 (2019).

33. Levy, J. M. M., Towers, C. G. & Thorburn, A. Targeting autophagy in cancer. Nat.
Rev. Cancer 17, 528–542 (2017).

34. Brisson, L. et al. Lactate dehydrogenase B controls lysosome activity and
autophagy in cancer. Cancer Cell 30, 418–431 (2016).

35. Das, C. K., Parekh, A., Parida, P. K., Bhutia, S. K. & Mandal, M. Lactate
dehydrogenase A regulates autophagy and tamoxifen resistance in
breast cancer. Biochim. Biophys. Acta Mol. Cell Res. 1866, 1004–1018
(2019).

36. Kundaje, A. et al. Integrative analysis of 111 reference human epigenomes.
Nature 518, 317–330 (2015).

37. Wang, Z., Wang, N., Liu, P. & Xie, X. AMPK and cancer. Exp. Suppl. 2016,
203–226 (2012).

38. Yun CW, Lee SH. The roles of autophagy in cancer. Int. J. Mol. Sci. 19, 3466
(2018).

39. Hardy, R. G. et al. Snail family transcription factors are implicated in thyroid
carcinogenesis. Am. J. Pathol. 171, 1037–1046 (2007).

40. Zhang, Y., Lin, S., Chen, Y., Yang, F. & Liu, S. LDH-Apromotes epithelial-
mesenchymal transition by upregulating ZEB2 in intestinal-type gastric cancer.
OncoTargets Ther. 11, 2363–2373 (2018).

41. Jiang, F., Ma, S., Xue, Y., Hou, J. & Zhang, Y. LDH-A promotes malignant
progression via activation of epithelial-to-mesenchymal transition and con-
ferring stemness in muscle-invasive bladder cancer. Biochem. Biophys. Res.
Commun. 469, 985–992 (2016).

42. Pourshafie N, et al. Linking epigenetic dysregulation, mitochondrial impair-
ment, and metabolic dysfunction in SBMA motor neurons. JCI insight. 5,
e136539 (2020).

43. Zhang, D. et al. Metabolic regulation of gene expression by histone lactylation.
Nature 574, 575–580 (2019).

44. Zhuang, L. et al. Lactate dehydrogenase 5 expression in melanoma increases
with disease progression and is associated with expression of Bcl-XL and Mcl-
1, but not Bcl-2 proteins. Mod. Pathol. 23, 45–53 (2010).

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

46. Qing, G. et al. Combinatorial regulation of neuroblastoma tumor progression
by N-Myc and hypoxia inducible factor HIF-1alpha. Cancer Res. 70,
10351–10361 (2010).

47. Rajeshkumar, N. V. et al. Therapeutic targeting of the Warburg effect in pan-
creatic cancer relies on an absence of p53 function. Cancer Res. 75, 3355–3364
(2015).

48. Lee, P., Vousden, K. H. & Cheung, E. C. TIGAR, TIGAR, burning bright. Cancer
Metab. 2, 1 (2014).

49. Wanka, C., Steinbach, J. P. & Rieger, J. Tp53-induced glycolysis and apoptosis
regulator (TIGAR) protects glioma cells from starvation-induced cell death by
up-regulating respiration and improving cellular redox homeostasis. J. Biol.
Chem. 287, 33436–33446 (2012).

50. Dikic, I., Johansen, T. & Kirkin, V. Selective autophagy in cancer development
and therapy. Cancer Res. 70, 3431–3434 (2010).

51. Fitzwalter, B. E. & Thorburn, A. Recent insights into cell death and autophagy.
FEBS J. 282, 4279–4288 (2015).

52. Das, C. K., Mandal, M. & Kögel, D. Pro-survival autophagy and cancer cell
resistance to therapy. Cancer metastasis Rev. 37, 749–766 (2018).

53. Wang, W. et al. Targeting autophagy sensitizes BRAF-mutant thyroid cancer to
vemurafenib. J. Clin. Endocrinol. Metab. 102, 634–643 (2017).

Hou et al. Cell Death and Disease          (2021) 12:347 Page 18 of 18

Official journal of the Cell Death Differentiation Association


	LDHA induces EMT gene transcription and regulates autophagy to promote the metastasis and tumorigenesis of papillary thyroid carcinoma
	Introduction
	Materials and methods
	Clinical data and tissue samples
	Immunohistochemistry (IHC)
	Total RNA extraction and quantitative real-time PCR
	Western blotting
	Cell culture
	Transfection and lentiviral infection
	Reagents, drugs, and antibodies
	Transwell of migration and invasion assay
	Wound-healing assay
	RNA-seq analysis
	Gene Ontology (GO) analysis and gene set enrichment analysis (GSEA)
	Acetyl-CoA assay
	Chromatin immunoprecipitation (ChIP)-Seq data analysis
	ChIP-qPCR
	ADP/ATP ratio
	Cell viability and colony formation assay
	Cell apoptosis analysis
	Measurement of LDHA activity
	Quantification of RFP-LC3 puncta formation
	Animal studies
	Statistical analysis

	Results
	Bioinformatics analysis identifies LDHA as a candidate target gene for PTCs
	High expression levels of LDHA are associated with aggressive clinicopathological features and poor prognosis
	LDHA promotes the migration and invasion of PTC cells in�vitro and in�vivo
	LDHA promotes the proliferation and inhibits the apoptosis of PTC cells in�vitro and in�vivo
	LDHA promotes EMT and sustains the normal mitochondrial function of PTCs
	LDHA promotes the transcription of genes involved in the EMT process
	LDHA regulates tumorigenesis and autophagy through the AMPK signaling pathway
	The combination of FX11 and HCQ synergistically inhibits tumorigenesis in�vitro and in�vivo

	Discussion
	Conclusion
	Acknowledgements




