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Abstract

Activity of transcriptional co-activator with PDZ binding domain (TAZ) protein is
strongly implicated in the pathogenesis of human cancer and is influenced by tumor
metabolism. High levels of lactate concentration in the tumor microenvironment as a
result of metabolic reprogramming are inversely correlated with patient overall sur-
vival. Herein, we investigated the role of lactate in the regulation of the activity of
TAZ and showed that glycolysis-derived lactate efficiently increased TAZ expression
and activity in lung cancer cells. We showed that the reactive oxygen species (ROS)
generated by lactate-fueled oxidative phosphorylation (OXPHQOS) in mitochondria
activated AKT and thereby inhibited glycogen synthase kinase 3 beta/beta-trans-
ducin repeat-containing proteins (GSK-3p/-TrCP)-mediated ubiquitination and deg-
radation of DNA methyltransferase 1 (DNMT1). Upregulation of DNMT1 by lactate
caused hypermethylation of TAZ negative regulator of the LATS2 gene promoter,
leading to TAZ activation. Moreover, TAZ binds to the promoter of DNMT1 and is
necessary for DNMT1 transcription. Our study showed a molecular mechanism of
DNMT1 in linking tumor metabolic reprogramming to the Hippo-TAZ pathway and
functional significance of the DNMT1-TAZ feedback loop in the migratory and inva-

sive potential of lung cancer cells.
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1 | INTRODUCTION

A fundamental property of cancer cells is to reprogram energy
metabolism in order to couple glucose consumption to macromo-
lecular biosynthesis, thus facilitating the survival of rapidly prolif-
erating tumor cells.>? Tumor cells show enhanced glucose uptake
and convert pyruvate into lactate under normoxic conditions. This
phenomenon of aerobic glycolysis referred to as the Warburg ef-
fect not only gives growth advantages to tumor cells, but also has a
profound effect on the tumor microenvironment.® The high levels of
lactate accumulation in the tumor microenvironment are correlated
with distant metastasis and poor prognosis in a variety of cancers
including lung cancer.*® We previously showed that lactate, besides
contributing to extracellular acidosis, is emerging as a key signaling
molecule that plays a crucial role in senescence suppression and im-
mune escape.®”

Aberrant DNA methylation pattern characterized by ge-
nome-wide hypomethylation and localized CpG island promoter
hypermethylation has been detected in all types of cancer.®’ The
hypermethylation of site-specific CpG island in the promoter of
tumor suppressor genes (TSG) catalyzed by DNA methyltransfer-
ases (DNMT) can lead to tumorigenesis by silencing transcription
of TSG. In mammals, three types of DNMT have been identified.
It is generally believed that DNMT3a and DNMT3b have de novo
methyltransferase activity, whereas DNMT1 has a preference for
methylation of hemi-methylated sites, and is referred to as the
maintenance DNA methyltransferase. However, mounting evi-
denceindicates that DNMT1 is also an active de novo methyltrans-
ferase.'®! Accordingly, there are considerable studies showing
upregulation of DNMT1 in cancer. Overexpression of DNMT1
was significantly correlated with hypermethylation of promoters
of p16'N*42 fragile histidine triad (FHIT) and retinoic acid receptor
B (RARP) TSG in non-small cell lung cancer (NSCLC) patients.lz'13
In addition, upregulation of DNMT1 is strongly associated with
metastasis and poor prognosis in clinical manifestation.*

A recently identified signaling pathway, the Hippo pathway,
has emerged as an important regulator of cancer progression and
metastasis.’>'® The mammalian core components of the Hippo
pathway consist of a cascade of kinases that includes mammalian
STE20-like protein kinase 1/2 (MST1/2) kinases, the large tumor
suppressor 1/2 (LATS1/2) kinases and their downstream effec-
tors, transcriptional co-activator with PDZ binding domain (TAZ)
and Yes-associated protein (YAP). The Hippo pathway culminates
in phosphorylation of YAP/TAZ by LATS1/2 and subsequent
cytoplasmic retention and degradation. Conversely, non-phos-
phorylated YAP/TAZ can enter the nucleus to induce gene ex-
pression by binding to the TEAD family of transcription factors.
Numerous studies showed that LATS1/2 exert tumor-suppressive
effects and TAZ functions as a critical driver of tumor forma-
tion and development.’'? As TAZ activity is strongly implicated
in the pathogenesis of human cancer, a large number of signal-
ing pathways have been identified to modulate TAZ activity and
function.?° Our laboratory has contributed to studies that have
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shown that lactate-induced TAZ activation plays a critical role in
tumor evasion of immune response;” however, the mechanism of
regulation TAZ activity by lactate is not completely established.
In the present study, we show a feedback loop between DNMT1
and LATS2/TAZ in lung cancer cells. Upregulation of DNMT1 by
extracellular lactate leads to inhibition of TAZ negative regulator
of LATS2 kinase to subsequently activate TAZ activity; in turn,
TAZ positively activates transcription of DNMT1. Our studies elu-
cidate the mechanism underlying tumor metabolic reprogramming
in the regulation of TAZ activity in immune evasion as well as in

cell migration.

2 | MATERIALS AND METHODS
2.1 | Primer and siRNA sequences

All cloning and DNA construction of primer sequences are shown
in Table 1. All RT-PCR primer sequences are shown in Table 2.
Sequences of siRNAs are listed in Table 3.

2.2 | Supporting materials and methods

Cells, transfection, antibodies, plasmids, reagents, cloning and DNA
construction and extended experimental procedures can be found
in Data S1.

3 | RESULTS

3.1 | Glycolysis-derived lactate is a key driver of
TAZ upregulation in lung cancer cells

Publicly available data from two lung cancer patient cohorts (Gene
Expression Omnibus [GEO]: GSE101929) and (GEO: GSE19804)
showed that the expression of lactate dehydrogenase A (LDHA)
correlated inversely with levels of LATS2, raising a possibility that
downregulation of LATS2 may contribute to lactate-induced activa-
tion of TAZ. To address this hypothesis, we examined the effect of
lactate on expression of several key components of the Hippo path-
way in H1299 and A549 lung carcinoma cell lines (Figure 1A; Figure
S1A). Cells were starved and subsequently incubated with various
concentrations of lactate for 3 hours. Concentrations of lactate
used in this study are physiologically relevant because lactate levels
in tumor can reach up to 40 mmol/L.?! Exogeneous lactate induced
a dramatic dose-dependent increase in TAZ expression and activity
in both cell lines. Lactate-induced TAZ activation is supported by
the parallel increase in TAZ target gene CTGF expression. In con-
trast, lactate had no overt effect on both levels of steady-state and
phosphorylated form YAP. Importantly, lactate triggered a robust
induction of synthetic TEAD reporter (8xGTIIC-Luc), a readout of
TAZ/YAP activity in vivo (Figure 1B). This induction was dependent
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Gene
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Primer (5' >3')

Forward: GGGGTACCGCATGGGCC
TCTATACACTGTGAGATT

Reverse: CTAGCTAGCGATGTACCAA
ACGGAGAGAGGCGATAC

Forward: GGGGTACCGTACAATCAT
GGCTCACTGCAACCTCT

Reverse: CTAGCTAGCGATGTACCAA
ACGGAGAGAGGCGATAC

Forward: GGGGTACCTTTGTATATG
GTGTAAGGTAAGGGTCC

Reverse: CTAGCTAGCGATGTACCAA
ACGGAGAGAGGCGATAC

Forward: GGGGTACCTGCTGTCATA
TCCAAGAAATCATTGCC

Reverse: CTAGCTAGCGATGTACCAA
ACGGAGAGAGGCGATAC

Forward: GAGTATACACATGCTTT
GTAGCTAGTACCAAG

Reverse: CTTGGTACTAGCTACAA
AGCATGTGTATACTC

Forward: AGTAGTTTGGACTATGGG
CACGCGATACAACGAC
Reverse: GTCGTTGTATCGCGTGCC
CATAGTCCAAACTACT

Forward: GGGGTACCTGATCCACCC
GCCTAGACCTCTCAAAG
Reverse: CCCAAGCTTTCGGACCTA

TABLE 1 Primers used for PCR
amplifications

TTTGACTGGCTGCTATCT

DNMT1-CHIP NM_001379.3

Forward: CTGGGTATAGAAGTGGCATGG

Reverse: ATTTGCTGGCTATACGACCTT

DNMT1-CHIP NM_001379.3

Forward: GCCTCTCCGGTTCAAGTGATCT

Reverse: AGCCCAGGAGTTTTAGACCAGC

Abbreviation: DNMT1, DNA methyltransferase 1.

on TAZ activity, as depletion of TAZ by siRNA abolished the effect of
lactate. Crucially, suppression of YAP failed to affect the lactate-in-
duced activity of 8xGTIIC-Luc (Figure 1B), again indicating that TAZ
rather than YAP is the target of lactate signaling. A hallmark of TAZ
regulation is its phosphorylation by LATS1/2 to drive cytoplasmic
sequestration and degradation. Consistently, we found that lactate
exposure caused a reduction in both TAZ phosphorylation and the
levels of LATS2, whereas the amount of LATS1 remained unchanged
(Figure 1A), suggesting lactate-induced TAZ activation might in-
volve a LATS2-dependent arm. Therefore, transfections were done
to generate cells with increased levels of LATS2; overexpression of
LATS2 markedly reduced lactate-induced TAZ expression compared
with control-vector-transfected cells (Figure 1C; Figure S1B). These
data together suggest that LATS2 inhibition is required for the in-
duction of TAZ activity by lactate in lung cancer cells.

Metabolic features of the Warburg effect are a hallmark of can-
cer, where most tumors drive glucose toward lactate for rapid energy
production. To show the biological relevance of TAZ activation in-
duced by lactate, we first evaluated whether the metabolic status of

lung cancer cells influences TAZ expression. As shown in Figure 1D,

glucose stimulation dose-dependently increased the expression of
TAZ and the target gene CTGF (Figure S1C). In contrast, the levels
of LATS2 protein were significantly decreased by glucose addition.
Accordingly, glucose treatment also induced the 8xGTIIC-Luc re-
porter in a dose-dependent method in both H1299 and A549 cells
(Figure 1E). To validate the effect of glycolysis on TAZ activation in a
lactate-dependent method, we used an RNA interference approach
to knock down LDHA, which directs the conversion of pyruvate into
lactate and sustains aerobic glycolysis. Depletion of LDHA dramati-
cally elevated LATS2 expression, and diminished glucose-induced TAZ
activation (Figure 1F and Figure S1D). To further confirm the involve-
ment of glycolysis in TAZ activation, we treated cells with glycolysis
blocker 2-deoxy-p-glucose (2-DG), a competitive inhibitor of hexoki-
nase. As expected, extracellular lactate level, an indicator of glycol-
ysis, was markedly decreased in the presence of 2-DG (Figure 1G),
notably, 2-DG treatment significantly attenuated glucose-stimulated
TAZ and CTGF expression (Figure 1H; Figure S1E), reinforcing the key
role of glycolysis-derived lactate for induction of TAZ activity.
Elevated lactate has been associated with the acquisition of an

aggressive and invasive phenotype. To confirm the importance of
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TABLE 2 Primers used for RT-PCR
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Gene GenBank accession no. Primer (5' >3')
LATS2 NM_014572.2 Forward: GGGACAAAGGCGGAAAGGA
Reverse: GCTTAGCCTCTCCATCGGAC
DNMT1 NM_001379.3 Forward: AGGAGGGCTACCTGGCTAAA
Reverse: GCTTAGCCTCTCCATCGGAC
OCT4 NM_002701.6 Forward: GAGAACCGAGTGAGAGGCAACC
Reverse: CATAGTCGCTGCTTGATCGCTTG
Nanog NM_024865.4 Forward: AATACCTCAGCCTCCAGCAGATG
Reverse: TGCGTCACACCATTGCTATTCTTC
Notch1 NM_017617.5 Forward: GTGACTGCTCCCTCAACTTCAAT
Reverse: CTGTCACAGTGGCCGTCACT
SOX2 NM_003106.4 Forward: TACAGCATGTCCTACTCGCAG
Reverse: GAGGAAGAGGTAACCACAGGG
CD133 NM_001145847.2 Forward: AGAGCTTGCACCAACAAAGTACAC
Reverse: AAGCACAGAGGGTCATTGAGAGA
CD44 NM_000610.4 Forward: TGGCACCCGCTATGTCCAG
Reverse: GTAGCAGGGATTCTGTCTG
CD117 NM_000222.2 Forward: GGCGACGAGATTAGGCTGTT
Reverse: CATTCGTTTCATCCAGGATCTCA
CD24 NM_013230.3 Forward: ACTGGAACTTCAAGTAACTCCTCCC
Reverse: AGACTGGCTGTTGACTGCAGG
B-actin NM_001101.5 Forward: CCTTCCTGGGCATGGAGTCCT

Reverse: GGAGCAATGATCTTGATCTTC

Abbreviation: DNMT1, DNA methyltransferase 1.

TABLE 3 Sequences of siRNA
Gene

siDNMT1
siLDHA
siLDHB
siGPR81
siYAP
siTEAD1
siTEAD4

GenBank accession no. Target sequence (5'-3’)

NM_001379.3 GCAATGAGACTGACATCAAA
NM_001165414.1 GCCAUCAGUAUCUUAAUGATT
NM_002300.7 AAGAUUGUAGUGGUAACUGCATT
NM_032554.3 CTGCTAGACTCTATTTCCT
NM_001130145.3 GACATCTTCTGGTCAGAGA
NM_021961.6 GCCCUGUUUCUAAUUGUGGTT
NM_003213.4 CCCATGATGTGAAGCCTTT

Abbreviations: DNMT1, DNA methyltransferase 1; LDHA, lactate dehydrogenase A; LDHB, lactate

dehydrogenase B.

lactate-induced TAZ activation, we next assessed the effect of ma-
nipulation of TAZ levels on lactate-induced migration and invasion
in lung cancer cells. We first used overexpression approaches to de-
termine whether TAZ is sufficient to induce cellular mobility. Indeed,
introduction of TAZ into H1299 cells led to an increase in cell mo-
tility in wound-closure assays as well as invasiveness judged by the
cell numbers that invaded the Matrigel-coated chamber (Figure S1F).
The increased migratory and invasive potential of lactate-treated
cells was lost after TAZ silencing (Figure 1l). In concert with the ob-
served increases in motile and invasive responses induced by lactate,
a similar upregulation of epithelial marker E-cadherin accompanied
by a decrease in mesenchymal markers fibronectin, Vimentin and

N-cadherin expression was induced in a TAZ siRNA-sensitive method

(Figure 1J; Figure S1G). In addition to enhanced migration and in-
vasion, TAZ activation also enables other key attributes of cancer
cells including aberrant cell proliferation and acquisition of cancer
stem cell traits. Consistently, we found that overexpression of TAZ
in H1299 cells significantly increased colony formation (Figure S1H),
and cell proliferation (Figure S1l). Previous studies reported that
expression of Oct4, Nanog, CD133,22 CD44,2° CD117,%* Notch1,%?
SOX2%¢ and CD24% correlate with stemness potential in lung cancer
cells. Strikingly, gRT-PCR analysis confirmed upregulation of these
lung cancer stem cell signature genes in TAZ-overexpressing cells
(Figure S1J). Furthermore, we evaluated the potential correlations
among LDHA, TAZ and their associations with patient survival. We

found that LDHA and TAZ expression were negatively associated
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FIGURE 1 Glycolysis-derived lactate is a key driving transcriptional co-activator with PDZ binding domain (TAZ) upregulation in lung
cancer cells. A, Expression levels of several key components of Hippo pathway in cells were analyzed by western blotting. B, Relative
luciferase activities were measured when cells were cotransfected with synthetic TEAD reporter 8xGTIIC-luc in combination with siRNA
against either YAP or TAZ. ***Difference from control cells, ##difference from control siRNA-transfected cells, ns, no statistical difference.
C, Western blot shows TAZ and CTGF expression in cells after transfection with LATS2 cDNA. D, Western blot examines LATS2, TAZ and
CTGF expression in cell lines after treatment with glucose. E, Glucose stimulation dose-dependently increased synthetic TEAD reporter
8xGTIIC-luc activity. F, Western blot shows LATS2 expression in both cell lines after transfection with lactate dehydrogenase A (LDHA)
siRNA. G, Cells were treated with 2-deoxy-p-glucose (2-DG) and then extracellular lactate concentration was measured by Lactate
Colorimetric/Fluorometric Assay Kit (Biovision). ***Difference from control cells, ### difference from 2-DG-treated cells. H, Western blot
shows LATS2, TAZ and CTGF expression in cells treated with 2-DG. |, Transwell chamber images (upper panel) and quantitative analysis
(lower panel) show that the increased potential for the invasion of lactate-treated cells is lost after TAZ silencing. J, Western blot shows
expression levels of epithelial-mesenchymal transition markers and Snail after transfection with TAZ cDNA and siRNA. All, *P < .05;

*p < 01; ***P < .001; "¥p < 001. (Western blotting quantitative analysis of Figure 1 is shown in Figure S1.)

with overall survival and first progress survival in patients with
NSCLC in the combined data sets (www.kmplot.com; Figure S1K).
Together, these data support the proposition that TAZ activation

regulated by the Warburg effect controls lactate-mediated migra-
tory and invasive phenotype and are clinically associated with pa-

tient outcomes.
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3.2 | DNA methyltransferase 1-dependent
methylation is required for lactate-induced LATS2
suppression

As the ability of lactate to activate TAZ requires LATS2 inhibition, we
next dissected the molecular mechanism by which lactate regulates
LATS2 expression in lung cancer cells. We first measured the mRNA
levels of the LATS2 gene; qRT-PCR results showed that lactate de-
creased mRNA levels in a dose-dependent method in both H1299 and
A549 cells (Figure 2A). The promoter activity of LATS2 was also meas-
ured using dual luciferase report assay. Consistent with mRNA expres-
sion, lactate significantly decreased LATS2 promoter activity in both
cell lines (Figure 2B). A feature closely linked to transcriptional inhibi-
tion is focal DNA methylation of the gene promoter, and hypermeth-
ylation of the LATS2 gene promoter has been reported in breast cancer
and leukemia.?®?? To address the possibility that diminished expres-
sion of LATS2 arose from its promoter methylation, we then examined
the relationship between the methylation profile of the LATS2 pro-
moter and its expression in human lung cancer cases from The Cancer
Genome Atlas (TCGA) databases. We found that expression levels of
LATS2 inversely correlated with the methylation status of LATS2 pro-
moter (R = -.3854, P < .0001) (Figure 2C). Intriguingly, no correlation
was found between LATS1 levels and its promoter methylation.

To determine the direct involvement of methylation in the de-
creased expression of LATS2 induced by lactate, cells were treated
with demethylating agent 5’-aza-2'deoxycytidine (5'-aza) in the pres-
ence of lactate. 5'-Aza resulted in a considerable increase in LATS2
expression in a dose-dependent way, which was paralleled by the
reduction of TAZ and CTGF (Figure 2D; Figure S2A). To further
address this issue, we carried out methylation-specific PCR (MSP)
analysis around the area of CpG islands from -648 to -748 in the
promoter of LATS2 in H1299 cells. We detected lactate-induced
hypermethylation at this location (Figure 2E); importantly, hyper-
methylation status was lost after the addition of cells with 5'-aza,
indicating that methylation is clearly responsible for downregulation
of LATS2 expression induced by lactate.

DNA methylation is typically mediated by DNMT. To explore
the molecular basis of lactate-induced hypermethylation of the
LATS2 gene, we investigated the possible implication of DNMT in
LATS2 promoter methylation. Figure 2F shows that lactate dose-de-
pendently increased DNMT1 levels, but did not cause discernable
change in the levels of DNMT3a and DNMT3b in both cell lines
(Figure S2B). In agreement with this, DNMT1 level was found to be
inversely correlated with LATS2 expression in the GEO database, as
no obvious correlation was observed between the levels of DNMT1
and LATS1 (Figure 2G). To further confirm the key role of DNMT1 in
LATS2 methylation, we analyzed LATS2 expression following DNMT1
knockdown. Validated DNMT1 siRNA effectively downregulated
DNMT1 and also caused a dramatic increase in the levels of LATS2
in tandem with a decrease in TAZ and CTGF expression (Figure 2H;
Figure S2C). Surprisingly, there was still a lactate effect on LATS2 ex-
pression because even DNMT1 knockdown was efficient, suggesting

that DNMT1 is unlikely to be the only driving factor responsible for
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reduction of LATS2 levels by lactate. Further studies using transient
transfection with DNMT1 cDNA showed that overexpression of
DNMT1 strongly inhibited LATS2 expression, which also led to TAZ
activation as shown by elevated levels of TAZ and CTGF (Figure 2lI;
Figure S2D) and activity of TEAD reporter (8xGTIIC-Luc) (Figure 2J).
In addition, cells with DNMT1 overexpression showed significant re-
duction in the promoter activity of the LATS2 gene (Figure 2K), sug-
gesting that DNMT1 is a key methyltransferase that silences LATS2
expression through selective methylation of the LATS2 promoter.
To further validate these findings, MSP was carried out in H1299
cells to determine the methylation status of the LATS2 promoter
after DNMT1 silencing. Levels of methylation were significantly at-
tenuated by knockdown of endogenous DNMT1, whereas DNMT1
overexpression resulted in a large induction of LATS2 promoter meth-
ylation (Figure 2L). Similarly, bisulfite sequencing analysis confirmed
transfection of DNMT expression vector induced hypermethylation
of the LATS2 promoter at the same CpG islands compared with con-
trol vector (Figure 2M). Interestingly, analysis of GEO data indicated
that LDHA expression was positively correlated with DNMT1 and
negatively correlated with LATS2 expression (Figure 2N). In summary,
these results indicate that lactate-induced LATS2 suppression is due

to transcription silencing by DNMT1-dependent methylation.

3.3 | Lactate oxidation facilitated by
monocarboxylate transport 1 contributes to lactate-
induced DNMT1 upregulation

To further explore the mechanism of DNMT1 regulation by lac-
tate, we first investigated whether GPR81, a G-protein-coupled
receptor for lactate,”% is required for induction of DNMT1 by
lactate. Surprisingly, lactate-induced DNMT1 levels were signifi-
cantly decreased when H1299 cells were transfected with GPR81
expression vector (Figure 3A; Figure S3A). In contrast, knockdown
of endogenous GPR81 dramatically enhanced the induction of
DNMT1 by lactate (Figure 3B; Figure S3B), suggesting that the
GPR81 receptor functions as sink for lactate and the levels of ex-
tracellular lactate might play a key role in the regulation of DNMT1.

As cancer cells use exogenous lactate for metabolic purposes,
and monocarboxylate transport 1 (MCT1) is a key transport protein
for the uptake of lactate into cells,>* we used MCT1 inhibitor a-cy-
ano-4-hydroxycinnamate (CHC) to manipulate lactate transport.
No difference of MCT1 expression level was observed in control
and CHC-treated cells. In contrast, CHC (5 mmol/L) diminished lac-
tate-induced DNMT1 expression and suppressed TAZ activation as
shown by increased LATS2 levels as well as decreased TAZ and its
downstream target CTGF expression in both cell lines (Figure 3C;
Figure S3C), suggesting that lactate-induced DNMT1 required
MCT1-facilitated uptake of lactate into the cell. Inside cells, lactate
dehydrogenase B (LDHB) catalyzes lactate into pyruvate, which
then fuels the tricarboxylic acid cycle (TCA) and oxidative phos-
phorylation (OXPHOS).* We therefore aimed to characterize the
contribution of LDHB and OXPHOS in the regulation of DNMT1.
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FIGURE 2 DNA methyltransferase 1 (DNMT1)-dependent methylation is required for lactate-induced LATS2 suppression. A, LATS2
mRNA was measured by gRT-PCR in cells with the indicated lactate treatment. B, LATS2 promoter luciferase activities were measured

after treatment with lactate. C, Expression levels of LATS2 inversely correlated with the methylation status of LATS2 promoter. D, In cells
treated with demethylating agent 5'-aza in the presence of lactate, western blot shows LATS2, transcriptional co-activator with PDZ binding
domain (TAZ) and CTGF expression. E, methylation-specific PCR (MSP) analysis around the area of LATS2 CpG island in H1299 cells treated
with lactate and 5'-aza. M, methylated; UM, unmethylated. F, Western blot examines DNMT1, DNMT3A/3B expression in cells treated

with lactate. G, Gene Expression Omnibus (GEO) DataSet analysis with lung cancer patients shows that DNMT1 expression was inversely
correlated with LATS2 expression, but there was no obvious correlation with LATS1 expression. H and |, Western blot analysis of LATS2,
TAZ and CTGF after transfection with DNMT1 siRNA (H) and DNMT1 cDNA (1). J and K, Either 8xGTIIC-Luc (J) or LATS2 promoter (K)
relative luciferase activities were measured after overexpression with DNMT1 cDNA. L, H1299 was transfected with DNMT1 cDNA or
siRNA, and MSP was used to analyze the methylation of the LATS2 promoter. M, Sequencing of the amplified bisulfite-treated DNA (BSP)
analysis of DNMT1-induced methylation of CpG islands in the LATS2 promoter (from -648 to -748) compared with control vector. Open
circles indicate unmethylated CpG sites, whereas solid circles indicate methylated CpG sites. Data are shown as results of 10 clones. N, GEO
DataSet analysis of the correlation of LDHA expression with LATS2, LATS1 and DNMT1 expression in lung cancer patients. All **P < 0.01,
***P < .001. (Western blotting quantitative analysis of Figure 2 is shown in Figure S2.)
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FIGURE 3 Lactate oxidation facilitated by monocarboxylate transport 1 (MCT1) contributes to lactate-induced DNA methyltransferase
1 (DNMT1) upregulation. A and B, After transfection with GPR81 cDNA (A) or GPR81 siRNA (B), western blot was carried out for analysis
of DNMT1 levels. C, Western blot analysis of DNMT1, LATS2, transcriptional co-activator with PDZ binding domain (TAZ), CTGF and MCT1

in cells treated with lactate in the presence of a-cyano-4-hydroxycinnamate (CHC). D, Western blot analysis of DNMT1, LATS2, TAZ and
CTGF in cells transfected with lactate dehydrogenase B (LDHB) siRNA following lactate treatment. E, Cells were treated with lactate, then
oxygen consumption rate (OCR) was analyzed using Agilent Seahorse instrument (Agilent). FCCP, p-trifluoromethoxy carbonyl cyanide
phenylhydrazone. F, Cells were either pretreated with CHC or left untreated, and then western blot analysis of DNMT1, LATS2, TAZ, p-TAZ
and CTGF in cells in the presence of lactate or methyl pyruvate (MP) was carried out. (Western blotting quantitative analysis of Figure 3 is

shown in Figure S3.)

Silencing of LDHB caused significant reduction of DNMT1 pro-
tein levels induced by lactate (Figure 3D; Figure S3D). To further
confirm the potential involvement of OXPHOS, we analyzed the
oxygen consumption rate (OCR), an indicator of cellular OXPHOS,
in lactate-treated cells. Lactate treatment resulted in higher OCR
measured in H1299 cells after serial addition of oligomycin, FCCP
(p-trifluoromethoxy carbonyl cyanide phenylhydrazone), antimycin
A and rotenone (Figure 3E). Consistent with the above findings,
methylpyruvate, a membrane permeable form of pyruvate, also
increased DNMT1 expression and TAZ activation even in the pres-
ence of MCT1 inhibitor CHC (Figure 3F; Figure S3E). Together, these
data showed the significance of lactate oxidation and OXPHQOS in
the regulation of DNMT1 expression as well as TAZ activation.

3.4 | Lactate inhibits GSK-3p/p-TrCP-mediated
ubiquitination and degradation leading to DNMT1
upregulation

It has been established that DNMT1 protein levels are post-tran-
scriptionally regulated by the AKT/GSK-3p/B-TrCP ubiquitylation
pathway.'® We questioned whether the ubiquitin-proteasome sys-
tem also plays arole in lactate-induced DNMT1. We first measured
DNMT1 protein half-life upon lactate treatment. Indeed, protein

synthesis inhibitor cycloheximide (CHX) chase assay confirmed
lactate treatment prolonged DNMT1 protein half-life compared
with untreated H1299 cells (Figure 4A; Figure S4A). Moreover,
graded overexpression of -TrCP diminished endogenous DNMT1
levels and TAZ activation in a dose-dependent method (Figure 4B;
Figure S4B). Strikingly, immunoprecipitation assay (IP) confirmed
that DNMT1 ubiquitylation was reduced after lactate treatment
(Figure 4C). This finding of reduction in ubiquitylation of DNMT1
by lactate promoted us to ask whether lactate also regulates the
activity of the AKT-GSK-3p pathway. We found that lactate was
able to stimulate AKT activity as indicated by enhanced phospho-
rylation of AKT and GSK-3f in a dose-dependent way (Figure 4D;
Figure S4C). AKT phosphorylates and inactivates GSK-3p which
attenuates DNMT1 phosphorylation and recruitment of B-TrCP. In
line, ectopic expression of wild-type GSK-3p markedly decreased
DNMT1 expression and increased LATS2 expression accordingly
(Figure 4E; Figure S4D). In contrast, treatment with GSK-3p inhibi-
tor elevated lactate-induced DNMT1 levels (Figure 4F; Figure S4E),
suggesting that the AKT-GSK-3p pathway is required for induction
of DNMT1 protein levels induced by lactate. This conclusion was
further potentiated by ectopic AKT expression; it showed that
overexpression of AKT dose-dependently increased DNMT1 lev-
els (Figure 4G; Figure S4F), and a consistent result was obtained
with AKT inhibitor LY294002. LY294002 significantly diminished
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FIGURE 4 Lactate inhibits glycogen synthase kinase 3 beta/beta-transducin repeat-containing proteins (GSK-3p/B-TrCP)-mediated
ubiquitination and degradation leading to DNA methyltransferase 1 (DNMT1) upregulation. A, Cells were treated with cycloheximide (CHX)
for the indicated time in the presence or absence of lactate. Western blot was used to determine DNMT1 protein levels. B, After cells were
transfected with p-TrCP cDNA, western blot showed DNMT1 protein decreased in a dose-dependent way. C, Cells were treated with lactate
after which cell lysates were immunoprecipitated with anti-DNMT1 antibody and then western blotted with anti-ubiquitin. Normal IgG was
used as a negative control. D, Expression levels of p-AKT and p-GSK-3p were analyzed by western blotting. E and F, Western blotting shows
the levels of DNMT1, transcriptional co-activator with PDZ binding domain (TAZ) and LATS2 after overexpression with GSK-3p cDNA (E)
and treatment with GSK-38 inhibitor (F). G and H, Western blotting shows the levels of DNMT1, TAZ and LATS2 after overexpression with
AKT cDNA (G) and treatment with LY294002 (H). I, Cells were treated with LY294002, after which cell lysates were immunoprecipitated
with anti-DNMT1 antibody and then western blotted. Normal IgG was used as a negative control. J, Levels of phosphorylation of AKT and
GSK-3p induced by lactate were markedly decreased in the presence of CHC. (Western blotting quantitative analysis of Figure 4 is shown in

Figure S4.)

DNMT1 levels accompanied by increased LATS2 levels (Figure 4H;
Figure S4G). IP assay also showed that ubiquitination of DNMT1
was attenuated in LY294002-treated H1299 cells (Figure 4l). In
addition, levels of phosphorylation of AKT and GSK-3f induced
by lactate were markedly decreased in the presence of CHC
(Figure 4J; Figure S4H), firmly supporting the involvement of the
MCT1-facilitated transport of lactate in the regulation of the AKT/
GSK-3p/B-TrCP pathway and DNMT1 accumulation.

3.5 | Lactate-induced ROS regulates AKT and
TAZ activity

We further explored the mechanism by which lactate regulates AKT
activity. Once exogenous lactate enters cells, it must be converted to
pyruvate and go through OXPHOS in the mitochondria. Given that mi-
tochondria ROS activated the AKT pathway in our previous study,?
we then explored whether extracellular lactate might increase intracel-
lular ROS levels. The fluorescent probe DCFH-DA was used to detect
endogenous ROS. Immunofluorescence showed that lactate exposure
caused a marked increase in fluorescent signal in dose-dependent
way (Figure 5A). To explore whether the increased ROS levels during
lactate-fueled OXPHOS were responsible for AKT activation, we then
used the antioxidant N-acetyl-1-cysteine (NAC) to inhibit the lactate-
induced increase in ROS, and it showed that both p-AKT and p-GSK-3

levels were attenuated and both DNMT1 levels and TAZ activation
were inhibited in a dose-dependent way (Figure 5B; Figure S5A). In line
with the role of ROS in activating AKT, treatment of cells with hydro-
gen peroxide (H,0,) induced AKT and GSK-3p phosphorylation and
increased DNMT1 and TAZ expression levels (Figure 5C; Figure S5B).
Furthermore, analyses with MitoTracker Green FM (Invitrogen), which
measures mitochondrial mass, indicated that lactate treatment did not
alter mitochondrial mass. In contrast, staining cells with mitochon-
drial potentiometric dye MitoTracker Red CMXRos (Invitrogen), which
measures actively respiring mitochondria and therefore mitochondrial
ROS,% showed a significant increase in fluorescent intensity in the
presence of lactate (Figure 5D).

To further determine whether lactate-induced AKT activation was
dependent on mitochondrial ROS, we took advantage of routinely
used ROS enzyme superoxide dismutase 2 (SOD2), which converts
superoxide into hydrogen peroxide (H,0,) in mitochondria, and mito-
chondrial targeted catalase (MCAT), which is targeted to mitochondria
for decomposing H,0,. Increasing concentration of SOD2 levels as
shown by blotting of mitochondrial fraction significantly augmented
lactate-induced AKT and TAZ activation as indicated by increasing lev-
els of p-AKT, TAZ and CTGF (Figure 5E; Figure S5C). Both AKT and
TAZ activation was dramatically mitigated when cells were transfected
with MCAT in a dose-dependent method (Figure 5F; Figure S5D).
Taken together, our results provide strong evidence for a central role
of lactate-induced H,0, in the activation of AKT and TAZ.
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FIGURE 5 Lactate-induced reactive oxygen species (ROS) regulates AKT and transcriptional co-activator with PDZ binding domain
(TAZ) activity. A, H1299 cells were treated with lactate and positive control (Rosup, a compound mixture for oxidative stress). ROS levels
were analyzed by fluorescent probe DCFH-DA. (Original magnification x 100. Scale bar, 200 pm). B, Western blotting shows expression
levels after treatment with N-acetyl-1-cysteine (NAC) in the presence of lactate. C, Cells were treated with H,0, and protein expression
levels determined by western blot analysis. D, H1299 cells were treated with lactate, mitochondria were labeled with MitoTracker Green
FM (Invitrogen), and ROS in mitochondria were labeled with MitoTracker Red CMXRos (Invitrogen) and photographed under a fluorescence
microscope (original magnification x 100. Scale bar, 200 pm). E and F, H1299 cells were transfected with either superoxide dismutase 2
(SOD2) expression plasmid (E) or plasmid mitochondrial targeted catalase (MCAT) (F). Protein levels were prepared and analyzed by western
blot with antibodies against indicated proteins. (Western blotting quantitative analysis of Figure 5 is shown in Figure S5.)

3.6 | DNA methyltransferase 1 is a direct
transcriptional target of the TAZ-TEAD complex

DNA methyltransferase 1 is essentially involved in the initiation
and progression of many types of cancer including lung cancer. We
showed that glycolysis-derived lactate post-transcriptionally in-
creased DNMT1 stability and activity. Interestingly, we also noted
strong induction of DNMT1 mRNA levels by lactate (Figure 6A).
Therefore, a luciferase reporter harboring WT promoter DNMT1
was generated. Strikingly, the promoter activity of DNMT1 was
markedly induced by lactate treatment in both H1299 and A549
cells (Figure 6B), indicating that lactate also transcriptionally in-
creases DNMT1 expression.

To address the mechanism by which lactate promotes DNMT1
transcription, we carried out bioinformatic analysis to examine the
promoter sequence of DNMT1 for potential binding sites of lac-
tate-induced transcriptional factors and we found four putative
TEAD binding sites. As TAZ does not bind DNA directly, transcrip-
tional responses to TAZ activity are mediated by members of the
transcriptional factor TEAD family, and we questioned whether TAZ
regulates the transcription of DNMT1. To examine this, DNMT1 pro-

moter activity was tested with the dual luciferase reporter assay in

TAZ-transfected cells. Ectopic expression of TAZ efficiently induced
DNMT1-luciferase reporter in both cell lines (Figure 6C), consistent
with direct regulation by TAZ.

To more generally determine the contribution of TAZ/TEAD to
DNMT1 expression, we first analyzed the LUAD cohort of TCGA
and found that TEAD1 and TEAD4 were positively correlated with
DNMT1 expression (Figure 6D). Accordingly, TEAD1 and TEAD4
knockdown markedly reduced the activity of TAZ-stimulated
DNMT1 promoter reporter in both H1299 and A549 cells (Figure 6E),
suggesting that induction of DNMT1 by TAZ was mediated at least
by TEAD1/4. To specifically address whether TAZ/TEAD directly
regulates DNMT1 transcription, set deletion constructs of DNMT1
promoter reporter containing various predicted TEAD binding sites
were generated (Figure 6F). Constructs that contained all four or
even one predicted TEAD binding site all responded to TAZ overex-
pression (Figure 6G). Surprisingly, the promoter activity of DNMT1
(1634M1) was still responsive to TAZ when the last TEAD putative
site was mutated (Figure 6H). However, mutation of the last two
TEAD binding sites (1634M2) abrogated TAZ-induced expression
of the DNMT1 promoter reporter in both H1299 and A549 cells
(Figure 6H). Moreover, ChIP assays in the lysates prepared from the
HA-TAZ transfected cells showed that TAZ is specifically associated
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FIGURE 6 DNA methyltransferase 1 (DNMT1) is a direct transcriptional target of the transcriptional co-activator with PDZ binding
domain (TAZ)-TEAD4 complex. A, DNMT1 mRNA was measured by gRT-PCR in cells with indicated lactate treatment. B, DNMT1 promoter
luciferase activities were measured after treatment with lactate. C, DNMT1 full-length promoter luciferase activities were measured after
transfection with TAZ cDNA in cells. D, LUAD cohort of The Cancer Genome Atlas (TCGA) analyzed the correlation of TEAD expression
with DNMT1 expression. E, Cells were cotransfected with DNMT1 promoter and TAZ cDNA and siTEAD1 or siTEAD4 (***P < .001 for
difference from control cells; ##p < .001 for difference from control siRNA-transfected cells). F, Schematic representation of four different
lengths of the DNMT1 promoter normal construct and two TEAD1/4 mutant constructs. G and H, Cells were transiently cotransfected
with TAZ cDNA, four different lengths of the DNMT1 promoter luciferase reporter (G) and two mutant TEAD binding site constructs

(H), and luciferase activity was determined. |, H1299 cells were subjected to ChlP assays by using anti-HA antibodies or control IgG after
transfection with HA-TAZ. (Upper panel) Standard PCR products were run and scanned. (Lower panel) gRT-PCR results were quantified and
are indicated. All *P < .05, **P < .01, ***P < .001

with the region containing the last two TEAD binding sites in the 4 | DISCUSSION

DNMT1 promoter (Figure 6él). Collectively, these observations sup-

port a model in which DNMT1 induces TAZ activation to consti- As a consequence of metabolic reprogramming, tumor cells rely
tute a feedback mechanism in the lactate-induced processes of on aerobic glycolysis and secrete a large amount of lactate into the

tumorigenesis. tumor microenvironment.®* High levels of lactate concentration in



HUANG ET AL.

FIGURE 7 Schematic representation
of lactate signaling in the regulation of
DNA methyltransferase 1- transcriptional
co-activator with PDZ binding domain
(DNMT1-TAZ) feedback loop. GSK-

3B, glycogen synthase kinase 3 beta;
LDH, lactate dehydrogenase; MCT1,
monocarboxylate transport 1; ROS,
reactive oxygen species; TCA,
tricarboxylic acid; p-TrCP, beta-transducin
repeat-containing proteins

the microenvironment are now recognized as a hallmark of cancer
cells and are correlated with poor clinical outcome. Many stud-
ies have suggested that lactate has a critical immunosuppressive
role.>3> We previously identified that TAZ mediates lactate-induced

7 However, the

programmed death-ligand 1 (PD-L1) expression.
mechanism of how TAZ expression and activity are regulated by
lactate has been relatively unexplored. The present study showed
that lactate accumulation induced hyperactivity of TAZ through the
interplay between glycolysis and oxidative metabolism. Induction of
TAZ involves metabolism of lactate in the mitochondria facilitated
by MCT1-mediated transport of lactate into cells. Mitochondrial
ROS generated by lactate-fueled OXPHOS was able to stimulate
AKT activity, thereby attenuating the GSK-3p/p-TrCP ubiquitination
pathway which, in turn, led to DNMT1 accumulation and activation.
DNMT1 methylated the LATS2 promoter, thus overcoming its inhibi-
tory effect on TAZ activity. Moreover, TAZ in complex with TEAD
directly stimulated DNMT1 transcription, constituting a DNMT1-
TAZ positive feedback loop. Together, our findings show that the
DNMT1-mediated feedback mechanism enables robust regulation of
TAZ induced by tumor metabolic reprogramming.

Tumor cells profoundly rely on aerobic glycolysis to meet their
bioenergetic and biosynthetic demands. The enhanced glycolysis, in
turn, leads to production of high levels of lactate in the tumor mi-
croenvironment. However, many studies have suggested that rather
than acidifying the tumor environment, lactate functions as an oxi-
dative metabolite to fuel OXPHOS. Transport of lactate into or out
of cells is mediated by monocarboxylate transporters (MCT), among
which MCT1 and MCT4 have been identified to transport lactate
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across cell membranes. MCT4 operates almost exclusively as a lac-
tate-exporting protein, whereas MCT1 is primarily involved in lactate
uptake.* After being transported into cells, lactate is converted into
pyruvate by LDHB, pyruvate then fuels the TCA cycle and OXPHOS.
Activity of oxidative metabolism in tumor cells has been the subject
of intensive discussion. This has originated in part from Warburg’s
claim that the mitochondria in cancer cells are permanently impaired.
However, strong evidence has indicated that the TCA cycle and oxi-
dative metabolism in tumor cells are intact, and that global ATP con-
centration changes only marginally.¢3® Our results showing that
lactate can be substituted for glucose to fuel oxidative metabolism
might provide several advantages to tumor cells. Oxidation of lactate
yields 18 ATP per lactate molecule, thereby maintaining adequate
energy production and also facilitating the cell’'s use of TCA cycle
intermediates as biosynthetic precursors. Moreover, the increased
ROS levels generated from lactate-fueled OXPHOS can also activate
pro-survival pathways such as AKT as shown by the present study. In
line with our results, MCT1 and LDHB were significantly associated
with poor patient outcome, and an inhibitor of MCT1, AZD3965, has
entered clinical trials.!

Over the past decade, TAZ and its related protein YAP have
emerged as important drivers of tumor growth and metastasis. YAP/
TAZ function as transcriptional co-activators complexed mainly
with the transcription factor TEAD to promote cancer development
through the simultaneous induction of cell proliferation, stem cell
amplification, and promotion of immunosuppression and metastasis.
In the present study, we presented evidence showing that TAZ is lo-

cated downstream of lactate signaling and plays a crucial role in some
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lactate-induced biological functions. Consistent with our previous
study,” we again failed to detect changes in YAP protein steady-state
levels and activity upon lactate treatment. TAZ is negatively regu-
lated by two closely related kinase LATS1/2 in the canonical Hippo
pathway. On phosphorylation by LATS1/LATS2, TAZ are transcrip-
tionally inactivated through cytoplasmic translocation. Although
LATS1 and LATS2, which are located on chromosomes 6g25.1 and
13g12.11, respectively, show extensive sequence similarity, many
of their functions are nevertheless distinct.’® For example, LATS2
plays a crucial role in embryonic stem cells and differentiation, which
is not shared with LATS1. LATS2 was also reported to increase the
invasive potential of breast cancer cell lines harboring mutant p53,
suggesting that LATS1 and LATS2 may play different roles in tumori-
genesis. Classically, tumor suppressors may undergo loss-of-function
through mutations; however, mutations in LATS1/2 are rarely found
in human cancers. Promoter methylation is the main mechanism by
which LATS1/2 are often inactivated, and they are also differen-
tially regulated at the transcriptional level.®® In this study, we found
that lactate treatment exclusively repressed LATS2 but not LATS1
expression through promoter methylation. These results also shed
new light on the modalities by which the Hippo pathway controls
TAZ/YAP activity. Prior to this study, we considered that TAZ/YAP
activity was equitably regulated by LATS1/2. Herein, we show that
lactate regulates TAZ expression in a LATS2-dependent method. We
speculated that under certain cellular conditions, LATS2 might inter-
act with TAZ only. Complementary to this work, the Luo group has
identified that LATS2 rather than LATS1 is critical for Ski-mediated
inhibition of TAZ.%? Consistently, SnoN, a Ski homolog, inhibits bind-
ing of LATS2 to TAZ and subsequent phosphorylation of TAZ.%°
However, we reason that the specific relevance of LATS2/TAZ inter-
action will likely depend on the cellular context as, in many cell types
or experimental conditions, TAZ was controlled by both LATS1/2.

Epigenetic disorder has an essential role in tumors, many of
which are mediated by altered expression and activity of DNMT1.
DNMT1 is generally referred to as a maintenance methyltrans-
ferase and is responsible for maintaining the methylation pattern
after DNA replication. However, mounting evidence indicates that
DNMT1 also functions as a de novo methyltransferase in both
stem cells and differentiated cells. Accordingly, prevalent upreg-
ulation of DNMT1 correlates well with aberrant DNA methylation
in various cancers including lung cancer, resulting in lymph node
metastasis and shorter survival in patients. The mechanism un-
derlying DNMT1 overexpression has been extensively studied.
Herein, we provide compelling evidence that TAZ directly regu-
lates DNMT1 transcription mediated by the TEAD4 transcriptional
factor.

Notably, post-transcriptional regulation has been reported to
mediate protein stability and activity of DNMT1. Acetyltransferase
Tip60 and GSK-3p have been shown to acetylate and phosphor-
ylate DNMT1, respectively, thus triggering ubiquitination-me-
diated degradation of DNMT1. Consistent with this, we showed
that lactate activates AKT through the generation of ROS in the
mitochondria, then inhibits GSK-3p/p-TrCP-mediated protein

degradation, leading to accumulation of DNMT1. Taken together,
our study describing the lactate-induced feedback loop between
DNMT1 and TAZ enhances our understanding of the complex and
dynamic relationship between glycolysis and oxidative metabolism
in tumor cells (Figure 7). In addition, rigorous dissection of the role
of lactate in lung cancer could provide novel mechanistic insights
into how metabolism reprogramming functions in lung cancer for-

mation and progression.
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