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Abstract 

Pyruvate is an essential fuel for maintaining the tricarboxylic acid (TCA) cycle in the mitochondria. However, the precise mole
cular mechanism of pyruvate uptake by mitochondrial pyruvate carrier (MPC) is largely unknown. Here, we report that the DNA/
RNA-binding protein Y-box binding protein 1 (YBX1) is localized to the mitochondrial inter-membrane space by its C-terminal 
domain (CTD) in cancer cells. In mitochondria, YBX1 inhibits pyruvate uptake by associating with MPC1/2, thereby suppressing 
pyruvate-dependent TCA cycle flux. This association, in turn, promotes MPC-mediated glutaminolysis and histone lactylation. 
Our findings reveal that the YBX1-MPC axis exhibits a positive correlation with metastatic potential, while does not affect cell 
proliferation in both cultured cells and tumor xenografts. Therefore, the restricted pyruvate uptake into mitochondria potentially 
represents a hallmark of metastatic capacity, suggesting that the YBX1-MPC axis is a therapeutic target for combating cancer 
metastasis.
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INTRODUCTION
Dysregulation of pyruvate metabolism is closely related to human 
diseases, including cancer, diabetes, and obesity [1, 2]. Pyruvate, the 
key metabolite mainly produced by glycolysis, is subsequently con-
verted into lactate in the cytosol or transported into the mitochon-
dria as a substrate for the tricarboxylic acid (TCA) cycle for further 
oxidation. Differentiated mammalian cells are mainly dependent 
on pyruvate oxidation to generate adenosine triphosphate (ATP) for 
free energy in cells. Highly proliferating cancer cells produce ATP, 
and biomass mainly relies on a high rate of glycolysis even under 
aerobic conditions [3]. In addition, pyruvate is mainly converted 
to lactate and cooperates with nicotinamide adenine dinucleotide 
(reduced form) (NADH) to regenerate nicotinamide adenine dinu-
cleotide (NAD+), which maintains NAD+/NADH homeostasis and 
further promotes aerobic glycolysis [4]. However, pyruvate mito-
chondrial oxidation is conceptually simple but mechanistically 
complicated. Uncovering the mechanism of pyruvate mitochon-
drial oxidation has been a challenging problem. Mitochondrial 
pyruvate is oxidized to generate acetyl coenzyme A by the pyruvate 
dehydrogenase complex, which can be further converted into citrate, 
or converted into oxaloacetate by pyruvate carboxylase (PC).

The mitochondrial pyruvate carrier (MPC) complex is the 
only known pyruvate carrier in the inner mitochondrial mem-
brane (IMM) [5, 6]. Hence, MPC activity not only determines 
mitochondrial pyruvate oxidation but is also associated with 

aerobic glycolysis [7–10]. Three homologous genes, MPC1, MPC1L, 
and MPC2, are involved in the mammalian genome in response 
to the MPC complex in cells [11, 12]. MPC1 and MPC2 are widely 
expressed in different tissues and cells, whereas MPC1L is only 
found in the fetal heart and cells involved in the process of sper-
miogenesis [11]. In most mammalian cells, the functional MPC 
complex is composed of MPC1–MPC2 heterodimer [13], and loss of 
expression of either one will disrupt the activity of this complex 
and lead to the degradation of the other one [12]. Because cancer 
cells are dependent on aerobic glycolysis for rapid cell prolife
ration, loss of MPC expression or inhibition of MPC activity pro-
motes cancer initiation [14] and progression [7, 10, 15].

Y-box binding protein 1 (YBX1) is a canonical DNA/RNA-
binding protein that regulates transcription, translation, and RNA 
splicing as well as stabilization [16–19], and its loss of expression 
leads to late-stage embryonic development failure in mice [20]. 
YBX1 has been intensively studied in cancer progression, inva-
sion, and metastasis [18, 21, 22]. Recently, a study showed that 
the expression of YBX1 is upregulated in white adipose tissue 
under cold exposure, which enhances mouse adaptation to cold 
temperatures by promoting adipocyte differentiation and oxygen 
consumption rate (OCR) [23]. In addition, YBX1 induces aerobic gly-
colysis by activating the protein expression of hypoxia-inducible 
factor 1α (HIF1α) and MYC (v-myc avian myelocytomatosis viral 
oncogene homolog, cellular myelocytomatosis viral oncogene 
homolog [c-MYC]) in gastric cancer cells [24]. Here, we uncover 
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previously undescribed YBX1 mitochondrial function and identi-
fied YBX1 as a suppressor for MPC for cancer metastasis.

RESULTS
YBX1 resides in the mitochondrial inter-
membrane space
Previously, several studies demonstrated that YBX1 is associated 
with mitochondria [25–27], and numerous mitochondrial proteins 
interact with YBX1 [28, 29]. To explore the potential role of YBX1 
in mitochondria, we first examined the authenticity of YBX1’s 
mitochondrial localization. We found that a portion of YBX1 
colocalized with the mitochondrial marker pyruvate dehydro-
genase E1 subunit alpha 1 (PDHA1) in several cell lines (Fig. 1a; 
Supplementary Fig. S1a). In contrast, Ybx1 showed minimal mito-
chondrial localization in mouse embryonic fibroblast (MEF) cells 
(Supplementary Fig. S1b). This phenomenon was also confirmed 
with the subcellular fractionation assay of YBX1 by using western 
blot analysis (Fig. 1b; Supplementary Fig. S1c).

As the submitochondrial distribution of YBX1 is still debat-
able [25–27] and the functions of mitochondrial proteins are 
compartmentalized based on their location, we performed pro-
teinase K (PK) digestion assays to further examine the submi-
tochondrial localization of YBX1. We found that a fraction of 
YBX1 was digested by PK, but the remaining part of YBX1 was 
protected from PK digestion (Fig. 1c; Supplementary Fig. S1d). 
Furthermore, YBX1 protein was entirely digested when the 
outer mitochondrial membrane (OMM) was disrupted (Fig. 1c; 
Supplementary Fig. 1d), indicating exposure of YBX1 to the mito-
chondrial inter-membrane space (IMS). In addition, we found 
that YBX1 was highly extracted by sodium carbonate (pH 11.5) 
and sonication (Supplementary Fig. S1e), which indicated that 
YBX1 is not an inherent IMM protein. Subsequently, upon treat-
ing the mitochondria with sequentially increasing strengths of 
sodium carbonate, a fraction of YBX1 in mitochondria showed 
tight membrane-bound properties (Fig. 1d), similar to the well-
known membrane-bound proteins succinate dehydrogenase 
complex subunit A (SDHA) and apoptosis-inducing factor. 
Moreover, despite washing the extracted mitochondria twice with 
the isolation buffer, a small portion of YBX1 was still present in 
the supernatant of intact mitochondria (Fig. 1d; Supplementary 
Fig. S1e), indicating its loose association with the OMM, which 
is consistent with the previous reports [26, 27]. Finally, we uti-
lized immune-electron microscopy (Immuno-EM) to confirm the 
mitochondrial localization of YBX1. Before Immuno-EM assay, the 
examination conditions of the YBX1 antibody were pre-confirmed 
by immunofluorescence staining (Supplementary Fig. S1f, left 
panel). We observed that the gold-labeled YBX1 was localized to 
the mitochondria in both control MDA-MB-231 cells and its iso-
lated mitochondria (Fig. 1e; Supplementary Fig. S1f, right panel).

Most mitochondrial proteins are targeted to the mitochon-
dria via N-terminal mitochondrial targeting sequences (MTS). 
However, we did not observe the MTS in the YBX1 protein 
sequence. Indeed, the N-terminal truncated YBX1 did not destroy 
the mitochondrial localization of YBX1 (Supplementary Fig. S1g 
and h). To map the mitochondrial targeting amino acid sequences 
of YBX1, we constructed several S protein-Flag-Streptavidin bind-
ing peptide (SFB)-tagged truncated YBX1 and examined its sub-
cellular localization. Interestingly, the YBX1 C-terminal domain 
(CTD) was predominantly localized to the nucleus (Fig. 1f and g), 
which is consistent with a previous report [30], however, the CTD 
was also crucial for YBX1 mitochondrial localization (Fig. 1f and g).  

We also tested the CTD localization in MEFs to understand the 
conditions under which YBX1 targets mitochondria. The CTD in 
MEFs was exclusively localized to the nucleus (Supplementary 
Fig. S1i), in contrast to its localization in MDA-MB-231 cells. 
Collectively, these findings suggested that YBX1 is imported to the 
mitochondrial IMS via its CTD.

YBX1 inhibits mitochondrial pyruvate uptake in 
cancer cells
Next, to identify potential interacting proteins of mitochondrial 
YBX1, we performed an immunoprecipitation-mass spectrometry 
(IP-MS) assay in the isolated mitochondria from SFB-YBX1 trans-
duced HEK293T cells. In total, we identified 17 mitochondrial 
proteins compared to the control cells (Supplementary Fig. S2a). 
Among them, several potential interactors are mitochondrial 
tRNA ligase, consistent with YBX1 binding to various mitochon-
drial tRNAs [26]. In addition, we observed the high-ranking pres-
ence of MPC1 and MPC2 in our assay (Supplementary Fig. S2a). 
Since MPC1 and MPC2 are implicated in mitochondrial pyruvate 
uptake [5, 6], thereby regulating the TCA cycle, and fluctuations in 
the levels of intermediates within the TCA cycle dictate physiolo
gy and cell fate, we have decided to validate the potential interac-
tions between MPC1/2 and YBX1.

We first determined the interplay between YBX1 and MPC 
activity. The downregulation of YBX1 increased pyruvate uptake 
into mitochondria, however did not affect MPC1/2 expression 
(Fig. 2a and b; Supplementary Fig. S2b). Using metabolic flux 
analysis, we observed that [U-13C] glucose-labeled citrate and 
the ratio of labeled [13C2] citrate to [13C3] pyruvate increased in 
YBX1 knockdown MDA-MB-231 cells (Fig. 2c and d). In addition, 
YBX1 inactivation increased citrate levels and the maximum OCR 
and reduced the levels of pyruvate and lactate (Fig. 2e and f).  
Moreover, we observed similar results in the HEK293T cells 
(Supplementary Fig. S2c−e), a cell line with a high rate of glyco
lysis [31, 32]. We also explored the labeling in [13C3] alanine, [13C3] 
aspartic acid, and [13C3] citrate to verify the flux of pyruvate enter-
ing into the mitochondria (Supplementary Fig. S2f). The ratio of 
[13C3] alanine/[13C3] pyruvate, a proxy for mitochondrial pyruvate 
uptake [33], was increased in YBX1 knockdown MDA-MB-231 cells 
(Fig. 2g). Moreover, the ratios of [13C3] aspartic acid/[13C3] pyruvate 
and [13C3] citrate/[13C3] pyruvate, which indicate the PC-dependent 
pyruvate flux, were elevated in YBX1 knockdown MDA-MB-231 
cells (Supplementary Fig. S2g and h). However, these ratios were 
not changed in Ybx1 knockout (Ybx1−/−) MEF cells (Supplementary 
Fig. S2i−k), consistent with a sparse mitochondrial localization of 
Ybx1. We next examined the effect of YBX1 on MPC by perform-
ing [U-13C] pyruvate metabolic flux analysis. Consistently, YBX1 
knockdown increased [U-13C] pyruvate-traced citrate and the 
ratio of labeled [13C2] citrate to [13C3] pyruvate in MDA-MB-231 cells  
(Fig. 2h and i). Furthermore, [U-13C] pyruvate-traced citrate levels 
were increased in several different cancer cell lines by downregu
lation of YBX1 (Supplementary Fig. S2l), which implied that this 
phenomenon is ubiquitous among cancer cells.

Next, we performed reconstitution experiments by restoring 
YBX1 expression in YBX1 knockout (YBX1−/−) MDA-MB-231 cells 
(Supplementary Fig. S2m). Restoration of YBX1 rescued the 
decreased [U-13C] pyruvate-labeled citrate in YBX1−/− MDA-MB-231 
cells (Fig. 2j). In addition, the MPC inhibitor UK5099 or knockout of 
MPC1 completely abolished the regulatory function of YBX1 in flux 
of pyruvate in TCA cycle (Fig. 2j and l; Supplementary Fig. S2n). 
Moreover, in YBX1 knockdown cells, UK5099 almost completely 
inhibited the elevated maximum OCR (Fig. 2m; Supplementary 
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Fig. S2o). These results demonstrate that YBX1 inhibits mitochon-
drial pyruvate uptake.

YBX1 inhibits mitochondrial pyruvate uptake by 
interacting with MPC
We next investigated the interaction between YBX1 and the MPC 
complex. In line with our IP-MS results, MPC1/2 and YBX1 form 
a complex in isolated mitochondria in MYC-MPC1/2 or MYC-
YBX1 transduced HEK293T cells (Supplementary Fig. S3a). In 
addition, YBX1 was present in endogenous MPC1 immunoprecipi
tates in isolated mitochondria from HEK293T, MDA-MB-231, and 
MHCC-97H cells (Fig. 3a). Furthermore, MPC1/2 could be detected 
in endogenous YBX1 immunoprecipitates from HEK293T cells 
(Supplementary Fig. S3b). Finally, analysis of MPC-YBX1 complex 
via immunoprecipitation by FLAG-tagged MPC1 on blue native 
gels demonstrated that YBX1 associates with MPC1/2 complex 
(Supplementary Fig. S3c). Moreover, YBX1 significantly colocalized 
with MPC1/2 in MDA-MB-231 control cells, but not in YBX1−/− cells 
(Fig. 3b). To further examine the colocalization of YBX1 and MPC1/2 
at the nanometer scale in vivo, we performed a structured illumi-
nate microscopy (SIM) assay, and found that YBX1 showed strong 
colocalization with MPC1/2 (Fig. 3c; Supplementary Fig. S3d). 
Although the CTD is important to YBX1 mitochondrial localization 
(Fig. 2g), the cold shock domain (CSD) is necessary for the interac-
tion with MPC1/2 (Fig. 3d). These results indicate that mitochon-
drial YBX1 associates with MPC1/2 through the CSD region.

To further verify the inhibitory mechanism of YBX1 in MPC 
activity, we performed a bioluminescence resonance energy 
transfer (BRET)-based REporter Sensitive to PYRuvate (RESPYR) 
system assay [13]. MPC undergoes conformational changes upon 
binding to its substrate pyruvate, increasing the energy resonance 
transfer in the RESPYR system [13]. Interestingly, the basal BRET 
signal was elevated in YBX1 knockdown cells, and this elevation 
was increased upon pyruvate treatment (Fig. 3e, Supplementary  
Fig. S3e and f). However, YBX1 inactivation did not alter the sensi-
tivity of MPC1/2 to pyruvate in the RESPYR system (Supplementary 
Fig. S3g). Moreover, the interaction between MPC1 and MPC2 was 
increased in YBX1 knockdown cells (Fig. 3f), and this interac-
tion was increased in the presence of pyruvate (Supplementary  
Fig. S3h). Therefore, YBX1 associates with MPC1/2 and inhibits its 
pyruvate transport activity.

YBX1 reprograms cancer cell metabolism by 
modulating MPC activity
Glutaminolysis is a hallmark of cancer metabolism [34, 35] and 
is enhanced by MPC activity inhibition [36, 37]. Subsequently, 
UK5099 treatment increased the [U-13C] glutamine-traced cit-
rate (M+3, M+4, M+5, and M+6) as well as M+5 glutamate and α- 
ketoglutarate (α-KG) (Fig. 4a−c). c-MYC is a well-known regu-
latory factor for glutaminolysis [38, 39], and has been shown 
to be increased by YBX1 expression in hematological malig-
nant cancers [40–42]. In addition, another study demonstrated 
that inactivation of YBX1 reduces the mRNA stability of c-MYC 
[40]. However, knockdown of YBX1 did not affect protein lev-
els of c-MYC in MDA-MB-231 cells (Fig. 4d). To exclude cell 
line specificity, we knocked down YBX1 expression in a panel 
of cell lines. Indeed, the inactivation of YBX1 reduced c-MYC 

expression in MHCC-97H, HBE (human bronchial epithe-
lial), and SUM159 cells; however, c-MYC expression was not 
altered in HEK293T, MCF-10A, and T47D cells (Supplementary 
Fig. S4a). In addition, glutaminase 1 (GLS1), a known c-MYC 
target gene, was not responsive to c-MYC protein alteration  
(Fig. 4d and e; Supplementary Fig. S4a), which is consistent with 
a previous report [43]. Nevertheless, the [U-13C] glutamine-traced 
citrate, glutamate, and α-KG levels demonstrated that YBX1 and 
c-MYC independently regulate glutaminolysis (Fig. 4f and g; 
Supplementary Fig. S4b). Next, we used respiration buffer (with 
unlabeled malate but without glutamine) to perform [U-13C] pyru-
vate tracing analysis in isolated mitochondria. We found that 
the labeling rate of citrate from [U-13C] pyruvate was faster in 
the mitochondria of YBX1 knockdown cells than in control cells  
(Fig. 4h). Instead of continuous accumulation, the M+3 iso-
topologues of pyruvate increased shortly and remained stable 
throughout the experiment (Fig. 4i). Notably, the levels of M+3 
isotopologues of pyruvate and [U-13C] pyruvate-traced citrate and 
malate were increased in the mitochondria of YBX1 knockdown 
cells (Fig. 4i; Supplementary Fig. S4c). Furthermore, although glu-
tamine deprivation elevated the flux from pyruvate to citrate, 
[U-13C] pyruvate-traced citrate increased in YBX1-downregulated 
cells (Fig. 4j). Interestingly, [U-13C] pyruvate-labeled citrate was 
markedly decreased by glutaminase inhibitor CB-839 treat-
ment. However, YBX1 inactivation still promoted the enrichment 
of citrate labeling under glutaminolysis-inhibiting conditions 
(Supplementary Fig. S4d).

Inhibition of the MPC complex reduces mitochondrial pyru-
vate oxidation but promotes lactate production, which is the 
signature of cancer cells [9, 10]. Consistently, YBX1 inactivation 
did not reduce [U-13C] glucose-traced pyruvate in MPC1 knockout 
(MPC1−/−) cells (Fig. 4k), indicating that the reduced pyruvate M+3 
upon YBX1 inactivation is caused by MPC activation. In addition, 
labeled M+3 lactate was increased by YBX1 downregulation in 
MPC1 deletion cells (Supplementary Fig. S4e). Indeed, histone lac-
tylation was decreased upon YBX1 downregulation but restored 
by the MPC inhibitor UK5099 (Fig. 4l; Supplementary Fig. S4f)  
[44, 45]. Taken together, YBX1 reprograms cancer cell metabolism 
via MPC complex inhibition.

YBX1 promotes cancer cell metastasis by 
inhibiting the MPC complex
To further characterize the role of the YBX-MPC axis in cancer pro-
gression, we subcutaneously implanted YBX1-depleted MHCC-97H 
cells with or without MPC1 short-hairpin RNA (shRNA) expression 
into nude mice. We observed that the mice implanted with YBX1 
knockdown cells showed smaller tumor volumes than the mice 
implanted with control cells. However, downregulation of MPC1 in 
YBX1 knockdown cells resulted in similar tumor volumes to YBX1 
knockdown cells (Fig. 5a; Supplementary Fig. S5a and b). Moreover, 
the knockdown of YBX1 decreased cell growth; however, the MPC 
inhibitor UK5099 did not rescue the decreased cell proliferation in 
YBX1-downregulated cells (Supplementary Fig. S5c and d). In addi-
tion, different concentrations of UK5099 did not influence the cell 
growth rate in several different cell lines (Fig. 5b and c).

Next, we found that knockdown of YBX1 reduced cell inva-
sion, and this reduction was partly restored by MPC complex 

CTD regions. (g) Representative images of colocalization of SFB-tagged truncated YBX1 and cytochrome c oxidase subunit 4 (COX4) in HEK293T cells. Red 
indicates COX4 and green indicates FLAG. Scale bars, 10 μm. Results in the right panel of (e) are the mean of biological replicates from a representative 
experiment, and error bars indicate standard error of the mean (SEM). Statistical significance was determined by a two-tailed, unpaired Student’s t-test. 
All other experiments were repeated independently at least three times.
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Figure 2 YBX1 inhibits mitochondrial pyruvate uptake in cancer cells. (a and b) Pyruvate uptake into mitochondria in cells transfected with control and 
YBX1 shRNA in MDA-MB-231 cells (n = 5 biological independent samples) (a), and HEK-293T cells (n = 3 biological independent samples) (b). (c and d) Mass 
isotopologue analysis of citrate in control and YBX1 knockdown MDA-MB-231 cells incubated with [U-13C] glucose (c), and the ratio of [13C2] citrate/[13C3] 
pyruvate from (c) (n = 3 biological independent samples) (d). (e−g) Analysis of TCA cycle intermediate levels (n = 5 biological independent samples) (c),  
measurement of OCR (n = 4 biological independent samples) (d), and the ratio of [13C3] alanine/[13C3] pyruvate from [U-13C] glucose tracing (n = 3 biological 
independent samples) (e) in MDA-MB-231 cells transduced with control and YBX1 shRNA. (h and i) Mass isotopologue analysis of citrate in control and 
YBX1 knockdown MDA-MB-231 cells incubated with [U-13C] pyruvate (h), and the ratio of [13C2] citrate/[13C3] pyruvate from (h) (n = 3 biological independ-
ent samples) (i). (j) Mass isotopologue analysis of citrate in control and YBX1-/- MDA-MB-231 cells transduced with HA-YBX1 and incubated 
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inhibition (Fig. 5d). Moreover, YBX1 knockdown cells had fewer 
lung metastatic nodules than those injected with control cells 
(Fig. 5e−g). However, knockdown of MPC1 resulted in more lung 
metastatic nodules than control injected cells, and inhibi-
tion of MPC1 increased the metastatic nodules in YBX1 knock-
down cells (Fig. 5e−g). Both YBX1 and MPC are closely related to 
epithelial-to-mesenchymal transition (EMT) [16, 22, 46–48], which 
contributes to metastasis. Nevertheless, MPC inhibition did not 
affect EMT markers in either control or YBX1 knockdown cells 
(Supplementary Fig. S5e). To investigate the relevance of our 
findings in human cancer, we evaluated the prognostic value of 
YBX1, MPC1, and MPC2 in a cancer dataset. Notably, patients with 
high levels of YBX1 exhibited shorter distant metastasis-free sur-
vival and relapse-free survival (Fig. 5h; Supplementary Fig. S5f). 
In addition, the patients with high MPC2 levels had much longer 
distant metastasis-free survival but not relapse-free survival  
(Fig. 5h; Supplementary Fig. S5f). Taken together, these data 
demonstrate that YBX1 promotes cancer metastasis by inhibiting 
the MPC complex.

DISCUSSION
Previous studies have demonstrated that YBX1 has multiple roles 
in metabolic regulation, including suppressing oxidative phos-
phorylation [49], promoting aerobic glycolysis [24], and regu
lating adipocyte cold temperature adaptation [23]. In the present 
study, we demonstrate that YBX1 is not only associated with 
OMM [26, 27] but also imported to the mitochondrial IMS via its 
CTD. Of note, in cancer cells, YBX1 binds to MPC1/2 and inhibits 
mitochondrial pyruvate uptake, eventually reducing mitochon-
drial pyruvate oxidation and alanine production. However, we 
observed almost negligible mitochondrial localization of Ybx1 in 
MEF cells, indicating that an unknown mechanism mediates its 
mitochondrial localization, and this may be the reason why YBX1 
is not included in MitoCorta 3.0 [50].

MPC1/2 are MPCs that were recently identified by two groups 
[5, 6], and they determine the rates of metabolic processes that 
rely on the pyruvate as a primary substrate, notably including 
the TCA cycle and pyruvate-to-alanine transition. In addition, 
inactivation of MPC activity enhances pyruvate conversion into 
lactate, thus promoting glutamine catabolism [36, 37], and asso-
ciates with tumor initiation, metastasis, and poor prognosis  
[14, 46, 47]. Moreover, patients with high levels of lactate and 
pyruvate in serum exhibit increased metastatic capacity [51]. This 
study uncovered that YBX1 regulating pyruvate metabolism con-
tributed to cancer metastasis, and MPC inhibition significantly 
increased lactate accumulation, histone lactylation, and meta-
static nodules in YBX1-depleted cells. YBX1 contributes to metas-
tasis by increasing HIF1α expression [18] and promoting EMT 
transition in cancer cells [16, 22, 48]. In addition, previous studies 
demonstrated that MPC inhibition promotes cancer metastasis 
by inducing EMT [46, 47]; however, we did not observe altera-
tions of EMT marker protein in the present study by inhibiting 
MPC activity. Nevertheless, our results demonstrate that YBX1-
mediated MPC inhibition reprograms lactate and glutamine 

metabolism, and these metabolic alterations are closely associ-
ated with increased cell invasion and metastasis [52–56].

YBX1 was initially documented to be localized within the mito-
chondria [25], where it functions as a mitochondrial DNA mis-
match binding protein. However, two distinct research groups 
demonstrated that YBX1 was merely associated with the OMM 
[26, 27], as it failed to withstand the digestion by PK. One possi-
bility is that mitochondria become swell and leaky, as the outer 
membrane may be broken when mitochondria were isolated 
by gradient centrifugation at a high speed [57]. An alternative 
possibility is that YBX1 binds to the OMM, where it is read-
ily imported into the mitochondria under specific stress. Our 
results do not support that YBX1 localizes to the mitochondrial 
matrix, while YBX1 is implicated in mitochondrial DNA repair 
under thymidine-induced mitochondrial DNA damage [25] and 
Helicobacter pylori infection [58]. While our results do indicate a 
significant translocation of YBX1 to the mitochondrial IMS, where 
it regulates mitochondrial pyruvate metabolism by interacting 
with the MPC complex in cancer cells (a phenomenon that may 
extend beyond cancer cells, for instance, in HEK293T cells), the 
precise mechanism for these observations remains unresolved 
within the scope of our current study.

Materials and methods
Cell culture, transfection, and lentivirus 
production
Ybx1−/− MEFs were generated from Ybx1fl/fl mice and immortali
zed with simian virus 40 large-T (SV40 T) antigen using lentivi-
rus transfection expressing Cre recombinase. MEFs, HEK293T, 
MDA-MB-231, HCCLM3, HBE, and MCF-7 cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal 
bovine serum (FBS). SUM159PT, T47D, and MHCC-97H cells were 
cultured in RPMI1640 with 10% FBS. MCF-10A cells were cul-
tured in DMEM with 5% FBS, 20 ng/mL epidermal growth factor,  
10 μg/mL insulin, 0.5 μg/mL hydrocortisone, 100 ng/mL cholera 
toxin. HEK293T cells were transfected using polyethylenimine 
(PEI). The transfection mass ratio of plasmids to PEI was 1:3. 
Lentivirus production was performed using two systems. For the 
two-plasmid packaging system, psPAX2 and pVSVg together with 
targeting plasmids were cotransfected into HEK293T cells for 48 h  
to harvest the supernatant of lentivirus. For the three-plasmid 
packaging system, pMDLg, pVSVg, and pREV were used. Targeting 
cells were incubated with the medium mixed with the indicated 
supernatant of lentivirus for 24 h. Next, the cells were kept in the 
normal culture medium and used for further treatment.

CRISPR-Cas9 knockout of YBX1 and MPC1
Single guide RNA (sgRNA) targeting sequences were designed 
using the online tool CHOPCHOP. Targeting sequences for YBX1 
were 5ʹ-GTTCCCAAAACCTTCGTTGC-3ʹ and 5ʹ-GTTTTCTTTTC-
CAGCAACGA-3ʹ, and those for MPC1 were 5ʹ-GTTCCGAGGCT-
GTACCTTGT-3ʹ and 5ʹ-GGGCTACTTCATTTGTTGCG-3ʹ. The 
targeting sequences were inserted into the LentiCRISPR v2 vector. 
After infection, MDA-MB-231 cells were screened using puromycin 

with [U-13C] pyruvate (n = 3 biological independent samples). (k and l) Mass isotopologue analysis of citrate in MDA-MB-231 cells transduced with YBX1 
shRNA and incubated with [U-13C] pyruvate under 20 μmol/L UK5099 treatment (n = 3 biological independent samples) (k), and the ratio of [13C3] alanine/
[13C3] pyruvate from (k) (n = 3 biological independent samples) (l). (m) Measurement of OCR in control and YBX1 knockdown MDA-MB-231 cells with 
or without UK5099 treatment (20 μmol/L) (n = 3 biological independent samples). Results are the mean of biological replicates from a representative 
experiment, and error bars indicate standard deviation (SD). Statistical significance was determined by a two-tailed, unpaired Student’s t-test. All other 
experiments were repeated independently at least three times.
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Figure 3 YBX1 inhibits mitochondrial pyruvate uptake by interacting with MPC. (a) MPC1 was immunoprecipitated in mitochondrial fractions from 
HEK293T, MDA-MB-231, and MHCC-97H cells, and immunoblotted with indicated antibodies. (b) Immunofluorescence analysis of YBX1 and FLAG-
tagged MPC1/2 in control and YBX1−/− MDA-MB-231 cells. Red indicates YBX1 and green indicates FLAG. Scale bars, 10 μm. (c) SIM image analysis of YBX1 
and MPC1/2 in HEK293T cells. Red indicates YBX1 and green indicates MPC1/2. Scale bars, 1 μm. (d) HEK293T cells were cotransfected with indicated 
plasmids and cell lysates were subjected to pulldown with S protein beads and immunoblotted with antibodies against FLAG and HA. (e) BRET kinetic 
analysis in control or YBX1 knockdown HEK293T cells transfected MPC1-Venus and MPC2-Rluc reporters (n = 5). Pyr, 5 mmol/L pyruvate. Data are the 
mean of biological replicates from a representative experiment, and error bars indicate SEM. Statistical significance was determined by a two-tailed, 
unpaired Student’s t-test. The experiments were repeated three times. (f) MPC1 was immunoprecipitated in mitochondria fractions from control shRNA 
and YBX1 knockdown HEK293T cells and immunoblotted with indicated antibodies. All experiments were repeated independently at least three times.
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Figure 4 YBX1 reprograms cancer cell metabolism by modulating MPC activity. (a−c) Mass isotopologue analysis of citrate (a), α-KG (b), and glutamate (c) 
in MDA-MB-231 cells under UK5099 treatment and incubated with [U-13C] glutamine (n = 3 biological independent samples). (d) Immunoblotting analy-
sis of YBX1, c-MYC, GLS1, and VINCULIN in MDA-MB-231 cells. (e) Immunoblotting of YBX1, c-MYC, GLS1, and GAPDH in MDA-MB-231 cells transduced 
with control and YBX1 shRNA or in combination with c-MYC expression vector. (f and g) Analysis of fraction enrichment of citrate (f) and glutamate (g)  
in cells from (e) incubated with [U-13C] glutamine (n = 3 biological independent samples). (h and i) [U-13C] pyruvate was incubated with isolated mitochondria 
fractions from control and YBX1 knockdown HEK293T cells, and labeled citrates at different time points were present by subtracting the level at 0-time point 
(h), and the relative level of M+3 pyruvate (i) (n = 3 biological independent samples). (j) Mass isotopologue analysis of [U-13C] pyruvate-traced citrate in control 
and YBX1 knockdown MDA-MB-231 cells with or without glutamine treatment (n = 3 biological independent samples). 
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for 48 h. Next, after recovering for another 24 h (without puromy-
cin), cells were seeded in 96-well plates with an average number 
of 50 cells per well to obtain the single-cell colony. After colonies 
formed, colonies with a knockout of target genes were identified 
by western blotting and DNA sequencing.

In vivo animal studies
Ybx1fl/fl mice were generated and obtained from GemPharmatech. 
Male BALB/c nude mice (6−8 weeks old) were obtained from Dalian 
Medical University and maintained under specific pathogen-free 
conditions. For tumor growth assay, MHCC-97H cells  
(1 × 106 per mice) in 100 μL of cell suspension (mixed with Matrigel 
at a 1:1 ratio) were injected subcutaneously. The tumors were 
removed, photographed, and weighed 5 weeks after injection. For 
tumor lung metastasis assay, MHCC-97H cells (2 × 106 per mice) 
in 150 μL phosphate-buffered saline (PBS) were injected into the 
tail vein. The lungs were removed and photographed followed 
by nodules counting. Hematoxylin and eosin (H&E) staining was 
carried out using the H&E staining kit (Yuan Ye Biotech, R20570) 
according to the manufacturer’s instructions. All experiments 
were carried out according to the regulations set by the Ethics 
Committee of Dalian Medical University.

Immunoblotting and co-immunoprecipitation
Cells were harvested and proteins were extracted using ice- 
cold lysis buffer (150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L 
ethylenediaminetetraacetic acid [EDTA], 1 mmol/L ethylene  
glycol-bis(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid [EGTA],  
2.5 mmol/L sodium pyrophosphate, 1 mmol/L β-glycerolphos-
phate, 20 mmol/L Tris-HCl, pH 7.5, with protease inhibitor cocktail). 
For histone and histone lactylation detection, cells were extracted 
using lysis buffer supplemented with 0.5% sodium dodecyl sulfate 
(SDS) followed by appropriate sonification. For immunoprecipi
tation, proteins were extracted from cells or isolated mitochon-
dria using ice-cold octyl-β-D-glucopyranoside (ODG) lysis buffer  
(2% ODG, 100 mmol/L NaCl, 50 mmol/L Tris-HCl, pH 8.0, 1 mmol/L 
EDTA, 1 mmol/L EGTA, 5 mmol/L β-mercaptoethanol with pro-
tease inhibitor cocktail) followed by sonification on ice 10−15 times  
(per 2 s at once, avoid protein denaturation). Cell lysates were pre-
cleared by incubating with protein A/G magnetic beads for 1 h, and 
then incubated with the respective antibodies overnight. The next 
day, appropriate A/G magnetic beads were added to the lysates and 
mixed for 2 h. The beads were washed using ODG buffer four times 
(per 10 min at once) at 4°C and then denatured using 2× SDS sam-
ple buffer and subjected to western blot analysis.

For immunoprecipitation purification of native FLAG-tagged 
MPC1 and YBX1 complex, HEK 293T cells were transfected with 
control plasmid or C-terminal S-protein-FLAG-tagged MPC1. After 
48 h transfection, cells were subjected to mitochondria isolation 
described below. Mitochondria were lysed with native lysis buffer 
(4% (w/v) digitonin, 50 mmol/L NaCl, 50 mmol/L imidazole/HCl 
(pH 7.0), 2 mmol/L 6-aminohexanoic acid, 1 mmol/L EDTA) in a 
final concentration of 6 mg protein/mL. After spinning at 20,000 g  
at 4°C for 20 min, the supernatant was incubated with anti-
FLAG beads for 4 h at 4°C. The immunoprecipitation beads were 
washed with washing native lysis buffer adjusted digitonin to 

0.2% three times. Immunoprecipitated proteins were eluted by 
washing native lysis buffer containing 400 μg/mL FLAG peptide 
and 10% glycerol. Blue native PAGE was performed as described 
previously [59].

Sample preparation for IP-MS and database 
searching
Mitochondria used for IP-MS were isolated as described below. 
Flag beads-precipitated proteins of YBX1 or control vector were 
subjected to digestion as described previously [60]. Briefly, precip-
itates were dissolved using washing buffer 1 (8 mol/L urea and 
100 mmol/L NH4HCO3). Solutions were loaded in a 10 kDa ultra-
filtration centrifugal tube and spun down at 12,000 g for 30 min. 
The precipitates were then washed with 400 μL washing buffer 1 
twice, and redissolved in washing buffer 1 containing 5 mmol/L 
tris(2-carboxyethyl)phosphine at 25°C for 30 min. Proteins were 
alkylated by 10 mmol/L iodoacetic acid for 30 min, followed 
by centrifuging at 12,000 g for 30 min. Then, precipitates were 
washed with washing buffer 2 (20 mmol/L NH4HCO3) three times. 
Proteins were digested with trypsin/protein (1:20, (w/w)) over-
night at 37°C. After digestion, 10% formic acid (FA) was added to 
adjust pH to 3.0 to stop the reaction, and the peptide mixture was 
obtained by centrifuging at 12,000 g for 30 min. The peptide mix-
ture was vacuum freeze-dried at 45°C and redissolved in 0.1% FA 
before performed on nanoLC-MS/MS. Spectra were recorded on 
a ZenoTOF 7600 mass spectrometer (SCIEX) and MaxQuant [61]  
software suit (version 2.2.0.0) was used for mass spectrometry 
data searching and data analysis.

Cell growth measurement
Cell proliferation was performed by cell counting kit-8 (CCK-8) 
assay according to the manufacturer’s requirement. Briefly, indi-
cated cells (1000−2000 per well) were seeded in a 96-well plate. At 
different time points (24 h for a time point, total five time points), 
cells were incubated with a 100 μL relative culture medium 
containing 10% CCK-8 assay solution. After 2 h of incubation, 
plates were measured at 450 nm using a plate reader (Cytation5, 
Biotech). For growth assay under treatment with different con-
centrations of UK5099, 3000 cells were plated in 96-well and 
CCK-8 assay was performed to determine the initial cell num-
bers after attachment for 24 h. At the same time, the rest of the 
wells on the plate were changed in a medium containing different 
concentrations of UK5099. After 48 h of incubation, cell numbers 
were determined by using CCK-8.

Transwell invasion assay
Cells (5 × 104 for MDA-MB-231 cells, and 1 × 105 for MHCC-97H 
cells) were seeded in the Matrigel pre-coated chambers in a 200 μL  
medium without serum. The lower chamber was added 500 μL 
medium with 15% FBS as a chemoattractant. After incubation  
(12 h for MDA-MB-231 cells, 36 h for MHCC-97H cells), cells were 
fixed and stained with 0.1% crystal violet solution containing 10% 
methanol for 10 min. Cells that did not cross the membrane pores 
were cleaned with a cotton swab, and the rest cells were pictured 
and counted.

Gln, glutamine (2 mmol/L). (k) Mass isotopologue analysis of [U-13C] glucose-traced pyruvate in MPC1-/- MDA-MB-231 cells transduced with control or 
YBX1 shRNA (n = 3 biological independent samples). (l) Immunoblotting of YBX1, Pan Kla (histone lactylation), and Histone H3 in MDA-MB-231 and 
MHCC-97H cells transduced with control or YBX1 shRNA with or without 20 μmol/L UK5099 treatment. Results are the mean of biological replicates 
from a representative experiment, and error bars indicate SD. Statistical significance was determined by a two-tailed, unpaired Student’s t-test. All other 
experiments were repeated independently at least three times.
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Figure 5 YBX1 promotes cancer cell metastasis by inhibiting the MPC complex. (a) Xenograft tumor weight (relative to control). Mice were injected 
subcutaneously with MHCC-97H cells transduced with YBX1 shRNA alone or in combination with MPC1 shRNA (n = 5 tumors for each group). (b and c)  
Proliferation assay of indicated cell lines treated with vehicle or different concentrations of UK5099 (n = 3 biological independent samples).  
(d) Representative images (left panel) and data quantification (right panel) of transwell invasion assay by MHCC-97H and MDA-MB-231 cells transduced 
with YBX1 shRNA under 20 μmol/L UK5099 treatment (n= 4 biological independent samples). Scale bar, 100 μm. (e−g) Number of metastatic nodules (e), 
bright-field imaging. Scale bar, 1 cm. (f), and H&E staining of the lungs with tail vein injected MHCC-97H cells transduced with YBX1 shRNA alone or in 
combination with MPC1 shRNA (g) (n = 6 biological independent samples). Scale bar, 200 mm. (h) Kaplan–Meier curves of distant metastasis-free survival 
times of breast cancer patients, stratified by YBX1, MPC1, or MPC2 expression. Data were obtained from the website of Kaplan–Meier Plotter online. 
Results are the mean of biological replicates from a representative experiment, and error bars indicate SD. Statistical significance was determined by a 
two-tailed, unpaired Student’s t-test. The experiments in (b), (c), and (d) were performed independently at least three times.
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Confocal microscopy and structured illumination 
microscopy
For confocal microscopy, cells (1 × 104) that stably expressed 
C-terminal fused Ha-tagged MPC1 or MPC2 were seeded in con-
focal dishes (Biofilm) for 48 h. The cells were then fixed with 4% 
paraformaldehyde diluted in PBS for 15 min at room tempera-
ture. After being washed with PBS three times, cells were incu-
bated with blocking buffer containing 0.3% triton X-100 for  
60 min, and then incubated with anti-PDHA1 antibody (1:50, 
Santa Cruz, sc-377092), anti-YBX1 antibody (1:400, Abcam, 
ab12148), anti-FLAG antibody (1:200, Sigma, F1804), and anti-HA 
antibody (1:200, Santa Cruz, sc-7392) at 4°C overnight. Cells were 
then washed with PBS three times and incubated with Alexa 
Fluor 488-conjugated anti-mouse secondary antibody and Alexa 
Fluor 555-conjugated anti-rabbit secondary antibody for 2 h at 
room temperature followed by incubation with 4ʹ-6-diamidino-
2-phenylindole (DAPI) for 5 min. Confocal images were acquired 
under a Yokogawa Spinning Disk Field Scanning Confocal System 
using 100× oil immersion objective lens, 1.49 NA (Nikon).

For structured illumination microscopy, cells were treated fol-
lowing the same protocols of confocal microscopy as described 
above. Super-resolution images were taken on a Nikon N-SIM 
(structured illumination microscopy, a microscopy technique) 
system with a 100× oil immersion objective lens, 1.49 NA 
(Nikon). Images were captured using Nikon Imaging Software 
(NIS)-Elements and reconstructed using slice reconstruction in 
NIS-Elements. Excitation: 488 nm, collected: 500−545 nm (green 
channel). Excitation: 555 nm, collected: 570−640 nm (red channel).

Immuno-electron microscopy
The fixation condition for the polyclonal anti-YBX1 anti-
body (1:400, Abcam, ab12148) in Immuno-EM assay was 
pretested using immunofluorescence assays. Control and 
YBX1−/− MDA-MB-231 cells were fixed with PB buffer (0.1 mol/L 
Na2HPO4:0.1 mol/L NaH2PO4 = 81:19, in water, pH 7.4) contain-
ing 4% formaldehyde and 0.1% glutaraldehyde at 4°C overnight. 
Samples were hydrated by ethanol and embedded in London 
Resin-White resin for more than 48 h at −20°C. Embedded cells 
were cut into 70 nm sections on the ultra-microtome. The sec-
tions were blocked with 1% bovine serum albumin (BSA) in 
tris-buffered saline (TBS) buffer for 30 min at room tempera-
ture and followed by incubated with polyclonal anti-YBX1 anti-
body (1:10, Abcam, ab12148) in 1% BSA TBS solution overnight at 
4°C. After washed with TBS solution three times, sections were 
incubated with 12 nm colloidal gold-labeled rabbit secondary 
antibody (1:25, Jackson ImmunoResearch, 111-205-144) for 2 h 
at room temperature. After washed with TBS solution five times, 
grids were stained with 2% uranium acetate for 8 min. Sections 
were viewed and pictured using HITACHI HT7800 transmission 
electron microscope (80 kV).

OCR measurement
Cells (MDA-MB-231 for 1.5 × 104 cells per well, MCF-7 for 2 × 104 
cells per well, and MEFs for 2.5 × 104 cells per well) were plated 
in a 24-well plate (Agilent Technologies). The OCR measure-
ment was performed with an XFe24 extracellular flux analyzer 
(Agilent Technologies) according to the manufacturer’s instruc-
tions. The XF DMEM measurement medium was supplemented 
with 2 mmol/L glutamine, 10 mmol/L glucose, and 2 mmol/L 
pyruvate. The compounds used in the assay were oligomycin  
(2 μmol/L), carbonyl cyanide p-trifluoromethoxyphenylhydrazone 

(FCCP) (0.75 μmol/L), and rotenone (0.5 μmol/L)/antimycin A  
(0.5 μmol/L).

BRET-based MPC activity assay
MPC BRET assay was performed as described previously [13]. 
Briefly, cells were stably transfected with MPC1-Venus and MPC2-
Rluc using lentivirus infection. Cells (20,000 cells per well) were 
seeded in white 96-well plates. After cell attachment for 24 h, 
cells were washed twice with the 37°C pre-warmed PBS contain-
ing 1 mmol/L CaCl2 and 0.5 mmol/L MgCl2. Signals were obtained 
after adding 5 μmol/L coelenterazine h (Invitrogen, C6780) fol-
lowed by the addition of 5 mmol/L pyruvate, and the absorbance 
was measured using the plate reader (filter for Rluc, 485 ± 20 nm, 
filter for Venus, 528 ± 20 nm, Cytation5, Biotech). BRET value was 
defined as the emission at 528 nm/485 nm.

Gas chromatography-mass spectrometry-based 
metabolite analysis and stable isotope tracing in 
vivo and in vitro
For untargeted metabolite measurement, cells were changed 
to the fresh medium and incubated for 24 h. After incubation, 
cells were washed with ice-cold PBS three times and frozen 
with liquid nitrogen. Extracellular metabolites were tested by 
using 70 μL of incubated medium. [U-13C] glucose, [U-13C] pyru-
vate, and [U-13C] glutamine were purchased from Cambridge 
Isotope Laboratories. For the cultured cell tracing experiment, 
[U-13C] glucose (25 mmol/L), [U-13C] pyruvate (2 mmol/L), or 
[U-13C] glutamine (2 mmol/L) was used to substitute the rela-
tive metabolite in DMEM (no glucose, no glutamine, no pyru-
vate, and no phenol-red) containing 10% dialyzed FBS, and the 
rest metabolites were unlabeled. After the tracing experiment, 
cells were washed with cold PBS three times and frozen in liq-
uid nitrogen. Sample preparation and methods of metabolomics 
analysis were performed as described previously [62]. Natural 
isotope abundance was corrected using IsoCor v.2.0 [63].

Subcellular mitochondria fractionation
Mitochondria were isolated from cells as described previously  
[64, 65] with some modifications. Briefly, cells were washed twice 
with potassium phosphate-buffered saline (KPBS, 136 mmol/L KCl, 
10 mmol/L KH2PO4, pH 7.2 adjusted using KOH) and then scraped 
to 15 mL polypropylene Falcon tubes using KPBS. Cells were cen-
trifuged at 600 g at 4°C for 4 min, and then the supernatant was 
discarded and the pellet was suspended with isolation buffer  
(10 mmol/L 3-(N-Morpholino)propanesulfonic acid [Tris-MOPS], 
pH 7.4, 1 mmol/L EGTA, 0.2 mol/L sucrose). Cells were homoge-
nized with 50−60 strokes using a glass Dounce homogenizer, and 
then the homogenate solution was transferred to a new tube and 
centrifuged at 600 g at 4°C for 10 min. The supernatant was spun 
down at 7000 g at 4°C for 10 min. The residual supernatant was 
kept as cytosolic fractions, and the pellet was the intact mito-
chondria which were washed with isolation buffer twice and 
immediately subjected to the follow-up experiment. For nuclear 
fractions, cells were suspended in hypotonic buffer solution  
(10 mmol/L NaCl, 3 mmol/L MgCl2, 20 mmol/L Tris-HCl, pH 7.4) 
on ice for 15 min, and then, 0.05% NP40 was added and vortexed 
immediately for 15 s. Subsequently, the nuclear fractions were pel-
leted by spun down at 1000 g at 4°C for 10 min. Finally, the pellet 
was washed with PBS twice and subjected to western blot analysis.

For the PK resistance assay, freshly isolated mitochondria 
were re-suspended with isolation buffer at 1 mg/mL and equally 
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divided into 50 μL per tube on ice. The disruption of mitochon-
drial outer membrane was performed with 50 μL osmotic buffer  
(10 mmol/L KH2PO4, pH 7.4). PK (0.5−200 μg/mL) was added to 
the aliquots of mitochondria on ice for 30 min. Subsequently,  
2 mmol/L PMSF was added to inactivate the protease for 5 min 
followed by mixing with 2 × SDS loading buffer.

To analyze the interaction between YBX1 and the mitochon-
drial membrane, 200 μg isolated mitochondria was suspended 
with isolation buffer or 0.1 mol/L sodium carbonate (pH 10.5, 11, 
or 11.5) on ice for 1 h, and the suspension was agitated once every 
10 min. Membranes were obtained at 45,000 g at 4°C for 1 h. For 
sonication, 200 μg isolated mitochondria was sonicated on ice for 
3 min, and the membrane was pelleted at 45,000 g at 4°C for 1 h. 
The pellets (P) were kept for the follow-up analysis. All the super-
natant was precipitated with 12% trichloroacetic acid (TCA) for 
10 min on ice and washed with ice-cold acetone five times on a 
sonication incubator to remove the residual TCA, and the precipi-
tates from the supernatant and pellets from the membrane were 
dissolved in SDS sample buffer for western blot analysis.

Mitochondria isotope tracing
Mitochondria 13C3 pyruvate tracing was performed as described 
previously with minor modifications [66]. Fresh mitochondria pel-
lets were incubated in 300 μL tracing buffer A (120 mmol/L KCl,  
5 mmol/L KH2PO4, 1 mmol/L EGTA, 10 mmol/L Tris-MOPS, pH 7.4), 
and [U-13C] pyruvate tracing was initiated by adding 600 μL trac-
ing buffer B (0.15 mmol/L [U-13C] pyruvate, 0.075 mmol/L malate, 
120 mmol/L KCl, 5 mmol/L KH2PO4, 1 mmol/L EGTA, 10 mmol/L 
Tris-MOPS, pH 6.8). Isotope tracing was performed at room 
temperature in a rotator for the indicated time. When the tracing 
assay finished, MPC inhibitor UK5099 (10 μmol/L) was added and 
the mitochondria suspension was centrifuged at 10,000 g at 4°C 
for 1 min. The supernatant was discarded, and the mitochondria 
pellets were washed with ice-cold KPBS containing 10 μmol/L 
UK5099 and subjected to centrifuging at 10,000 g at 4°C for 1 min. 
The mitochondrial metabolites were extracted, prepared, and 
measured as described above.

Mitochondrial pyruvate uptake assay
Mitochondrial pyruvate uptake detection was performed using 
the inhibitor-stop based on the gas chromatography-mass spec-
trometry (GC-MS) method. Briefly, an equal amount of mitochon-
dria were incubated in uptake buffer (120 mmol/L KCl, 5 mmol/L 
KH2PO4, 1 mmol/L EGTA, 3 mmol/L 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid [HEPES], pH 7.4) and transferred to 
twice volumes of the uptake buffer (pH 6.8) supplemented with 
0.075 mmol/L malate and 0.15 mmol/L [U-13C] pyruvate to ini
tiate the import for 10 min at room temperature. After pyruvate 
uptake, UK5099 (10 μmol/L) was added and mixed, followed by 
centrifugation at 10,000 g at 4 °C for 1 min. One hundred micro-
liters of supernatant was transferred to 500 μL methanol/water 
(4:1, (v/v), containing 20 μmol/L unlabeled pyruvate as an internal 
standard) and centrifuged at 10,000 g at 4 °C for 5 min. The super-
natant was dried down for further GC-MS sample preparation 
followed by GC-MS analysis. The levels of mitochondrial pyruvate 
uptake were defined as subtracting the level of remaining pyru-
vate in the supernatant from the starting amount of pyruvate.

Statistical analysis
Data were processed using GraphPad Prism version 5.0 (GraphPad 
Software, San Diego, CA) and presented as mean ± SD. Two-tailed 
unpaired Student’s t-test (normal distribution) was used to assess 

significance between two groups. P < 0.05 was considered statis-
tically significant.

Supplementary data
Supplementary material is available at Life Metabolism online.
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