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Abstract: Mammalian target of rapamycin (mTOR) controls cellular anabolism, and mTOR signaling is hyperactive in most
cancer cells. As a result, inhibition of mTOR signaling benefits cancer patients. Rapamycin is a US Food and Drug Administration
(FDA)-approved drug, a specific mTOR complex 1 (mTORCI1) inhibitor, for the treatment of several different types of cancer.
However, rapamycin is reported to inhibit cancer growth rather than induce apoptosis. Pyruvate dehydrogenase complex (PDHc) is
the gatekeeper for mitochondrial pyruvate oxidation. PDHc inactivation has been observed in a number of cancer cells, and this
alteration protects cancer cells from senescence and nicotinamide adenine dinucleotide (NAD") exhaustion. In this paper, we
describe our finding that rapamycin treatment promotes pyruvate dehydrogenase E1 subunit alpha 1 (PDHA1) phosphorylation
and leads to PDHc inactivation dependent on mTOR signaling inhibition in cells. This inactivation reduces the sensitivity of
cancer cells’ response to rapamycin. As a result, rebooting PDHc activity with dichloroacetic acid (DCA), a pyruvate dehydrogenase
kinase (PDK) inhibitor, promotes cancer cells’ susceptibility to rapamycin treatment in vitro and in vivo.
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1 Introduction

Mammalian target of rapamycin (mTOR) controls
cell anabolic metabolism, including protein translation
and DNA and RNA synthesis (Beretta et al., 1996;
Robitaille et al., 2013; Valvezan et al., 2017). This sig-
naling is controlled by two individual TOR complexes:
mTORCI and mTORC2 (Kim and Guan, 2019). In
most cancer cells, mTOR signaling is hyperactive
as a result of demand for building blocks (Menon and
Manning, 2008). mTORC2 promotes metastasis by
controlling the actin cytoskeleton (Jacinto et al., 2004;
Zhang et al., 2019). Meanwhile, TOR1 complex is
inhibited by rapamycin-12-kDa FK506-binding pro-
tein (FKBP12) (Sabatini et al., 1994), which prevents
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substrates from entering the kinase active site (Yang
et al., 2017). Although mTORC?2 is insensitive to ra-
pamycin, prolonged treatment with rapamycin can in-
hibit mTORC?2 signaling by dissociating mTORC?2 as-
sembly (Sarbassov et al., 2006; Lamming et al., 2012).
Moreover, rapamycin severely reduces tumor angio-
genesis by inhibiting mTOR signaling (Phung et al.,
2006). To date, mTOR inhibition has shown little effect
in restricting the growth of cancer cells compared to
chemotherapeutics. Inhibition of mTOR induces auto-
phagy, which protects cancer cells from the stress of
poor nutrition (Levy et al., 2017; Bai et al., 2022). In
addition, mTOR signaling inhibition limits the cancer-
cell growth rate rather than induces apoptosis (Kim and
Guan, 2019). As a result, combining mTOR inhibition
with other therapies produces significantly better thera-
peutic effects (Lorusso, 2016; Zhuang et al., 2016).
Pyruvate dehydrogenase complex (PDHc) catalyzes
pyruvate converting to acetyl-coenzyme A (AcCoA),
which is further synthesized to citrate (Patel et al.,
2014). PDHc enzymatic activity is tightly controlled
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by reversible phosphorylation of pyruvate dehydro-
genase E1 subunit alpha 1 (PDHAT1), which is mediated
by pyruvate dehydrogenase kinase (PDK) and pyruvate
dehydrogenase phosphatase 1/2 (PDP1/2) (Holness and
Sugden, 2003). In several cancer cells, PDHc activity
is downregulated, and this downregulation promotes
nicotinamide adenine dinucleotide (NAD") regener-
ation (Luengo et al., 2021) and resistance to senescence
(Kaplon et al., 2013).

Recent studies have demonstrated that mitochon-
drial Ras homolog enriched in brain (Rheb) regulates
PDHc activity via binding to PDP1/2, independent of
mTOR signaling (Yang et al., 2021). However, we
observed that not only rapamycin treatment but also
amino acid starvation strongly induces PDHA1 phos-
phorylation by inhibiting mTOR signaling. Therefore,
this study aims to investigate the interplay between
mTOR signaling and PDHA1 phosphorylation in can-
cer cells, and the potential therapeutic implications of
dichloroacetic acid (DCA) and rapamycin.

2 Results

2.1 PDHAT1 phosphorylation induced by rapamycin
treatment

A previous study demonstrated that Rheb regu-
lates PDHc activity via PDHA1 phosphorylation, inde-
pendent of mTOR signaling (Yang et al., 2021). How-
ever, rapamycin (a well-known mTORCI1 inhibitor)
and its clinical derivative compound everolimus sig-
nificantly promote the phosphorylation of PDHA1 in
MDA-MB-231 cells (Fig. 1a). In line with this, we
found that rapamycin treatment significantly increased
phosphorylation of PDHA1: P-s232 and P-s300 in 4T1
cells; P-s300 in CT26 cells; P-s232 in B16F10 cells;
and P-s232 and P-s300 in Hepal-6 cells. However,
it almost completely inhibited phosphorylation of
ribosomal protein S6 in several different cell lines
(Figs. 1b—1e). Moreover, even a much lower concen-
tration of rapamycin (2.5 nmol/L) completely inhibited
S6 phosphorylation and activated PDHA1 phosphory-
lation (Fig. 1f). These results indicated that rapamycin
treatment induced PDHA1 phosphorylation, and this
was a widespread phenomenon in different cell lines.

2.2 mTORCI1 involved in PDHA1 regulation

Since rapamycin is a specific mMTORCI inhibitor,
we speculated that it induces PDHA1 phosphorylation

dependent on mTOR signaling. Next, to demonstrate
this hypothesis, we starved cells with different amino
acids for 6 h to activate mTOR signaling. We observed
that arginine and glutamine starvation significantly in-
hibited S6 phosphorylation; however, leucine starvation
did not affect S6 phosphorylation within 6 h (Fig. 2a),
so0 it may require prolonged starvation. Notably, phos-
phorylation of s293-PDHA1 was upregulated by argi-
nine and glutamine starvation (Fig. 2a), indicating that
inhibition of mTOR signaling induces PDHA1 phos-
phorylation. In addition, S6 phosphorylation was al-
most completely inhibited by rapamycin within 1 h
(Fig. 2b), and three phosphorylation sites of PDHA1
increased in a time-dependent manner. Especially, the
$293-PDHAT responded to rapamycin treatment at an
early time point—30 min (Fig. 2b). This phenomenon
was also confirmed with time-dependent glutamine star-
vation and re-addition (Figs. 2¢ and 2d). Finally, we
found that fetal bovine serum (FBS) and glutamine
stimulated S6 phosphorylation and inhibited PDHA1
phosphorylation (Fig. 2e); however this effect was
inversed by rapamycin treatment (Fig. 2e). Taken to-
gether, rapamycin-inhibited mTOR signaling increases
PDHAT1 phosphorylation.

2.3 Role of DCA in rapamycin-induced PDHA1
phosphorylation

PDKs and PDP1/2 reversibly regulate the phos-
phorylation of PDHA1 (Holness and Sugden, 2003).
Thus, we wondered whether rapamycin-promoted
PDHA1 phosphorylation could be eliminated by PDK
inhibition. We therefore treated MDA-MB-231 cells
with DCA, a PDK inhibitor (Tso et al., 2014). We ob-
served that three phosphorylation sites of PDHA1 were
greatly decreased in control and rapamycin-treated cells
(Fig. 3a). In addition, we observed that DCA treat-
ment did not affect S6 phosphorylation (Fig. 3a),
indicating that although mTOR signaling controls
PDHc enzymatic activity, the converse is not valid.
Similar results were also obtained for B16F10 cells
(Fig. 3b). These findings demonstrate that PDK inhib-
ition could overcome rapamycin-induced PDHA1
phosphorylation.

2.4 Synergistic effect of co-treatment with DCA and
rapamycin on cancer cell growth in vitro

Since mTOR signaling is hyperactive in most
human cancers (Menon and Manning, 2008), mTOR
signaling inhibition has potential therapeutic benefits in
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Fig. 1 PDHAI1 phosphorylation induced by rapamycin treatment. (a—e) The indicated cells were treated with rapamycin
(100 nmol/L, 12 h) or everolimus (1 pmol/L, 12 h) and subjected to immunoblotting analysis of the indicated proteins.
(f) MDA-MB-231 cells were treated with the indicated concentrations of rapamycin for 12 h, and cell lysates were
subjected to immunoblotting analysis of indicated proteins. PDHA1: pyruvate dehydrogenase E1 subunit alpha 1; P-:

phosphorylated.

different types of cancer (Guba et al., 2002; Ghobrial
et al., 2016; Rodrik-Outmezguine et al., 2016). DCA
significantly decreased the growth of MDA-MB-231
cells under rapamycin or everolimus treatment (Fig. 4a).
In addition, we observed that cell growth was signifi-
cantly inhibited by 1 nmol/L of rapamycin, but this
inhibition did not increase with higher concentrations
of rapamycin in several cancer cell lines (Figs. 4b and
4c¢). Importantly, DCA treatment enhanced rapamycin-
induced cell-growth inhibition (Figs. 4b and 4c), indi-
cating that the activation of PDHc activity may weaken
cancer cells which are resistant to mTOR inhibition. We
found that rapamycin treatment reduced the cell colon-
ization of MDA-MB-231 cells (Fig. 4d), although
2 mmol/L DCA treatment had no effect on cell growth

in MDA-MB-231 cells. However, DCA combined with
rapamycin had higher growth-inhibiting efficacy than
rapamycin alone (Fig. 4d). In addition, we observed that
rapamycin significantly inhibited cell colonization but
did not affect colony numbers in 4T1 cells (Fig. 4e).
However, DCA treatment significantly reduced colony
numbers in rapamycin-treated 4T1 cells (Fig. 4¢). Next,
we found that DCA only, or DCA combined with rapa-
mycin, activated the apoptosis protein marker cleaved
poly(ADP-ribose) polymerase (PARP); but this phenom-
enon was not evident for treatment with rapamycin
alone (Fig. 4f), indicating that PDHc activation may
induce cancer cell apoptosis. It is evident from these
results that DCA sensitizes cancer cells to rapamycin-
induced growth inhibition.
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Fig. 2 mTORCI1 involved in PDHAI1 regulation, dependent on mTOR signaling. (a) MDA-MB-231 cells were starved
with the indicated amino acids for 6 h, using rapamycin as a positive control, and cell lysates were used for
immunoblotting analysis of the indicated proteins. (b) MDA-MB-231 cells were treated with rapamycin (100 nmol/L) for
the indicated time periods and followed by immunoblotting analysis of the indicated proteins. (c) MDA-MB-231 cells were
starved with glutamine for the indicated time periods, and cell lysates were subjected to immunoblotting analysis of the
indicated proteins. (d) MDA-MB-231 cells were pre-starved with glutamine for 12 h, and then glutamine (4 mmol/L) was
re-added to the culture medium for the indicated time periods. Cell lysates were used to analyze the indicated proteins.
(e) MDA-MB-231 cells were starved with glutamine or FBS, together with rapamycin treatment. After 8 h of treatment,
we re-added glutamine (4 mmol/L) or FBS to the culture medium for 4 h. Cell lysates were used to analyze the indicated
proteins. PDHA1: pyruvate dehydrogenase E1 subunit alpha 1; mTOR: mammalian target of rapamycin; mTORC1: mTOR
complex 1; FBS: fetal bovine serum; Arg: arginine; Leu: leucine; GIn: glutamine; Rapa: rapamycin; P-: phosphorylated.
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Fig. 3 Role of DCA in rapamycin-induced PDHA1 phosphorylation. MDA-MB-231 cells (a) and B16F10 cells (b) were
treated with rapamycin (100 nmol/L), DCA (5 mmol/L), or both for 12 h. Cell lysates were also subjected to immunoblotting
analysis of the indicated proteins. DCA: dichloroacetic acid; PDHA1: pyruvate dehydrogenase E1 subunit alpha 1; P-:

phosphorylated.

2.5 Effects of the combined treatment of DCA and
rapamycin on cancer cells

To further confirm the synergistic efficacy of
DCA and rapamycin in vivo, we performed a drug-
combination study in vivo (Fig. 5a). We found that ra-
pamycin treatment inhibited tumor growth, and DCA
treatment only showed slight effects (Figs. 5b and 5c¢).
However, DCA combined with rapamycin significantly
suppressed tumor volume and weight compared to
rapamycin treatment alone (Figs. 5b—5d), indicating
that combined treatment with DCA and rapamycin syn-
ergistically inhibited tumor growth in vivo. Previous
research demonstrated that patients treated with rapa-
mycin had a decreased spleen size due to its immuno-
suppressive role (Araujo et al., 2014). Consistently,
we observed that the spleens of vehicle-treated mice
were greatly enlarged compared to those treated with
rapamycin (Figs. 5e and 5f). In addition, mice that
underwent combined DCA and rapamycin treatment
exhibited the smallest spleens compared to other groups
(Figs. 5e and 5f), arguing that DCA may inhibit cancer
metastasis in vivo (Jacobs et al., 2012). These results
demonstrate that DCA cooperates with rapamycin to
inhibit tumor progression in vivo.

3 Discussion and conclusions

mTOR signaling is hyperactive for the anabolic
metabolism of rapidly proliferating cancer cells. Thus,

mTOR inhibition is a potent therapeutic strategy for
cancer patients. Many mTOR inhibitors have been used
in clinical trials, including rapamycin and rapamycin
derivatives known as rapalogs (Benjamin et al., 2011).
However, rapamycin and rapalogs have proved to
reduce tumor growth but not induce cell apoptosis,
perhaps because the mTORC2-protein kinase B (AKT)
complex, a pro-survival regulator, is insensitive to
these inhibitors (Hsieh et al., 2012). The second-
generation mTOR inhibitors (Torinl, WAY-600,
and PP242) are designed to compete for adenosine-
triphosphate (ATP) near the catalytic site of the
kinase domain. These inhibitors bind directly to the
kinase domain of both mTORC1 and mTORC?2, re-
sulting in considerable therapeutic effects (Ghobrial
et al., 2016; Fan et al., 2017). Unfortunately, long-term
treatment with these inhibitors can reboot the AKT
pathway (Rodrik-Outmezguine et al., 2011), which
is the primary limitation of the second-generation
inhibitors (Ghobrial et al., 2016; Rodrik-Outmezguine
et al., 2016).

In this study, we discovered that mTOR inhib-
ition by rapamycin induces PDHA1 phosphorylation,
which is inconsistent with the recently reported result
in liver-cancer cells (Yang et al., 2021). In addition, we
observed that amino acid starvation induced PDHA1
phosphorylation followed by mTOR inhibition. These
findings strongly indicate that mTOR inhibition reduces
PDHc activity. In addition, rapamycin-activated PDHA1
phosphorylation is suppressed by DCA. A previous
report demonstrated that PDK4 inactivation switches
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Fig. 4 Synergistic effect of co-treatment with DCA and rapamycin on cancer cell growth in vitro. (a) MDA-MB-231 cells
were treated with the indicated compounds (5 mmol/L DCA, 100 nmol/L rapamycin, and 1 pmol/L everolimus), and
proliferation rate was tested using SRB assay (n=4). (b) 4T1 cells were treated with different concentrations of rapamycin
(0, 0.390 625, 0.78125, 1.5625, 3.125, 6.25, 12.5, 25, 50, and 100 nmol/L) for 96 h, and cell viability was tested using SRB
assay (n=3). (c) CT26 cells were treated with different concentrations of rapamycin (0, 0.078125, 0.15625, 0.3125, 0.625,
1.25,2.5, 5, 10, and 20 nmol/L) for 72 h and cell viability was tested using SRB assay (»=3). (d, ) MDA-MB-231 and 4T1
cells were plated in 12-well plates and treated with the indicated drugs (2 mmol/L. DCA and 10 nmol/L rapamycin) for 6 d.
Cell clones were stained with SRB followed by imaging and quantification (n=3). (f) MDA-MB-231 cells were treated
with the indicated drugs for 24 h, and then cell lysates were used for analysis of the indicated proteins. All values are
expressed as meantstandard deviation (SD). The star (*) symbol indicates statistical significance as determined by a
paired Student’s z-test: ~ P<0.01, ™" P<0.001, and ns is not significant. DCA: dichloroacetic acid; SRB: sulforhodamine
B; PARP: poly(ADP-ribose) polymerase; PDHA1: pyruvate dehydrogenase E1 subunit alpha 1; P-: phosphorylated; GI,:
concentration causing 50% cell growth inhibition.
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Fig. 5 Effects of the combined treatment of DCA and rapamycin on cancer cells. (a) Diagram of DCA and rapamycin
treatment procedure in mice injected with 4T1 cells. DCA: 0.75 g/L in drinking water; Rapamycin: 2 mg/kg intraperitoneally
injected daily. (b) Tumor volume was measured every two days using a caliper, and tumor volume was calculated using
the standard formula 0.5xLxW*, where L is the longest diameter and W is the shortest diameter. (¢, d) Tumors were removed
and imaged after treatment with the indicated drugs for 14 d, and tumor weight was measured (n=5). (e, f) Spleens from
mice were removed and imaged after treatment with the indicated drugs for 14 d, and spleen weight was measured
(n=5). All values are expressed as meantstandard deviation (SD). The star (*) symbol denotes statistical significance as
determined by a paired Student’s z-test: * P<0.05, " P<0.001, and ns is not significant.

cells from pro-survival to pro-apoptosis mode under
inflammatory stress (Wu et al., 2018). We also observed
that DCA sensitized tumor cells to rapamycin treatment,
so we argue that reduced PDHc activity can reduce cell
proliferation from mTOR-signaling inhibition-induced
growth arrest.

PDHc activity reduction promotes NAD' regen-
eration (Luengo et al., 2021) and increases cells’ resist-
ance to senescence (Kaplon et al., 2013). However,
we observed that DCA treatment had limited efficacy
in inhibiting growth of cancer cells in vitro and
in vivo, consistent with previous studies (Wu et al., 2018;
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Tataranni and Piccoli, 2019). DCA combined with ra-
pamycin treatment exhibited much smaller tumor lumps
compared to DCA or rapamycin alone in a homograft
mouse model, confirming that DCA may have better
therapeutic benefits in cooperation with other anti-
cancer drugs (Cao et al., 2008; Lucido et al., 2018;
Verma et al., 2019). Hypoxia inducible factor-1o (HIF-
la), a key regulator for metastasis, is downregulated
when mTOR signaling is inhibited (Bernardi et al.,
2006). We consistently observed that spleen volume
was reduced in the mice treated by the combination of
DCA and rapamycin. Since DCA also inhibits HIF-1a
expression (Sutendra et al., 2013; Skorja Mili¢ et al.,
2021), we speculate that DCA and rapamycin may syn-
ergistically inhibit cancer metastasis by suppressing
the HIF-1a signaling pathway.

Taken together, our observations support the con-
clusion that PDHc inactivation can promote cancer cell
resistance to mTOR signaling inhibition, which pro-
vides a new, effective therapeutic strategy for clinics.
One way to achieve this inactivation is combined treat-
ment with DCA and rapamycin.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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