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Abstract

Cancer cells undergo metabolic reprogramming to support their energy demand and biomass synthesis.
However, the mechanisms driving cancer metabolism reprogramming are not well understood.

Methods: The differential proteins and interacted proteins were identified by proteomics. Western blot,
gqRT-PCR and IHC staining were used to analyze TBCID8 levels. In vivo tumorigenesis and metastasis were
performed by xenograft tumor model. Cross-Linking assays were designed to analyze PKM2 polymerization.
Lactate production, glucose uptake and PK activity were determined.

Results: We established two aggressive ovarian cancer (OVCA) cell models with increased aerobic glycolysis.
TBCI1D8, a member of the TBC domain protein family, was significantly up-regulated in the more aggressive
OVCA cells. TBCID8 is amplified and up-regulated in OVCA tissues. OVCA patients with high TBC1D8 levels
have poorer prognoses. TBCID8 promotes OVCA tumorigenesis and aerobic glycolysis in a GAP
activity-independent manner in vitro and in vivo. TBC1D8 bound to PKM2, not PKMI, via its Rab-GAP TBC
domain. Mechanistically, TBC1D8 binds to PKM2 and hinders PKM2 tetramerization to decreases pyruvate
kinase activity and promote aerobic glycolysis, and to promote the nuclear translocation of PKM2, which
induces the expression of genes which are involved in glucose metabolism and cell cycle.

Conclusions: TBCID8 drives OVCA tumorigenesis and metabolic reprogramming, and TBC1D8 serves as an

independent prognosis factor for OVCA patients.
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Introduction

Metabolic reprogramming is one of the
hallmarks of cancer cells and leads to aerobic
glycolysis, also called the Warburg effect, which is
characterized by increased glucose uptake and lactate
production even in the presence of sufficient oxygen
[1-3]. Metabolic reprogramming provides a selective
advantage to cancer growth and progression [4, 5].
However, the driving mechanism of cancer cell
metabolic reprogramming is still unclear.

In this metabolic pathway, pyruvate kinase (PK)
is the rate-limiting enzyme that catalyzes the
conversion of phosphoenolpyruvate and ADP to
pyruvate and ATP during glycolysis [6, 7]. Pyruvate

can be converted to lactate by aerobic glycolysis or to
acetyl-CoA by mitochondrial oxidative phosphoryla-
tion in cancer cells, and the direction of this
conversion is determined by the enzymatic activity of
the M2 isoform of pyruvate kinase (PKM2) [1, 7].
PKM2 is crucial for aerobic glycolysis and provides a
proliferative advantage during tumorigenesis. The M
type PK gene (PKM) consists of 12 exons, of which
exon 9 and 10 are alternatively spliced to give rise to
the PKM1 and PKM?2 isoforms, respectively [8]. Exon
9 and 10 each encode a 56 amino acid variable
segment that confers distinctive properties to the
regulation and enzymatic activity of PKM1 and PKM2
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[9].

PKM2 exists in either a low-activity dimeric or
high-activity tetrameric form, whereas PKMI1
constantly exists in a high-activity tetrameric form.
The low-activity dimeric form of PKM2 is
predominantly present in cancer cells, whereas the
high-activity tetrameric form is present in normal
proliferating cells [1]. Various factors have been
reported to regulate the PKM2 activity such as
fructose 1,6-biophophate (FBP) [7], Y105 phosphoryl-
ation [10], K433 acetylation [11], and C358 oxidation
[12] modification and the binding of phosphotyrosine-
containing proteins and peptides to PKM2 [13]. Our
study also demonstrated that the splicing of PKM
mRNA into the PKM1 or PKM2 isoform regulates PK
activity [8]. However, the mechanisms controlling the
PKM2 switch from the tetrameric to dimeric form are
not well understood in cancer cells.

Here, we established two more aggressive
ovarian cancer (OVCA) cell models with increased
aerobic glycolysis and found that TBC1D8 was most
significantly up-regulated in more aggressive cancer
cells by SILAC proteomics technology. TBC1D8 is a
member of the Tre2/Bub2/Cdcl6é (TBC) domain
protein family, which is characterized by the presence
of highly conserved TBC domains, and members of
this family act as negative regulators of Rab proteins
to facilitate Rab inactivation [14]. This family has 44
predicted proteins. Most TBC domain proteins have
GTPase-activating protein (GAP) activity [15, 16].
Recent studies have revealed that TBC domain
proteins mainly participate in intracellular trafficking,
organelle biogenesis, transport and cytokinesis [14,
17]. Some TBC domain proteins have been shown to
be involved in diseases, such as tumorigenesis, atopic
dermatitis, viral and bacterial infection susceptibility,
and diabetes [14]. Currently, only TBCID7 [18],
TBC1D16 [19], PRC17 [20] and USP6/TRE17 [21] have
been shown to regulate tumorigenesis. The functional
roles of TBC1DS8 in cancers have not been reported.

In this study, we describe the role of TBC1D8 as
a negative regulator of PKM2 tetramerization to
regulate metabolic reprogramming in a GAP
activity-independent manner. TBC1D$ is amplificated
and up-regulated in OVCA and is significantly
associated with a poor prognosis in OVCA patients.
TBC1D8 promotes OVCA tumorigenesis in vitro and
in vivo in a GAP activity-independent manner. The
Rab-GAP TBC domain of TBCIDS8 interacts with
PKM2, not PKM1, hinders PKM2 tetramerization, and
inhibits PK activity to promote tumorigenesis and
aerobic glycolysis, but not affects the acetylation and
phosphorylation modification of PKM2. Furthermore,
TBC1ID8 also stimulates depolymerized PKM?2
translocation into the nucleus and induces the

expression of genes associated with the cell cycle and
cancer metabolism. Collectively, TBC1D8 promotes
OVCA tumorigenesis and metabolic reprogramming
by hindering PKM2 tetramerization.

Methods

Cell culture and tissue samples

OVCAR-3 and SK-OV-3 OVCA cell lines and
HEK293T cell line were from American Type Culture
Collection and cultured under standard conditions,
and their identity is routinely monitored by short
tandem repeat (STR) profiling. The OVCA cell
sub-lines OVCAR-3high and SK-OV-3high, were triply
screened from OVCAR-3 and SK-OV-3 cell lines,
respectively. Cells were monitored regularly for
mycoplasma contamination using PCR mycoplasma
detection assays.

Normal ovarian tissues and OVCA tissues were
collected from OVCA patients at the Third Affiliated
Hospital of Guangzhou Medicine University. These
cases were selected based on a clear pathological
diagnosis, and the patients had not received
preoperative anticancer treatment. Tissue microarray
chips containing 160 OVCA tissue samples (including
141 OVCA tissues, 5 borderline ovarian tumor or
adjacent non-tumor tissues and 14 distant metastases)
and the associated clinicopathological information
were purchased from Shanghai OUTDO Biotech Co.,
Ltd. (Shanghai). The collection of tissue specimens
was approved by the Internal Review and Ethics
Boards at the Third Affiliated Hospital of Guangzhou
Medicine University. Informed consent was obtained
from each patient.

Establishment of aggressive OVCA cell
sublines

OVCAR-3 and SK-OV-3 cells in medium
supplemented with 0.1% FBS were added in the
upper transwell chambers coated with Matrigel.
Invasive cells on the undersurface were suspended
and cultured in medium supplement 10% FBS to a
certain amount. And these cultured cells were then
screened as described above. After three rounds-
screening, OVCAR-3hish (OV-3hish) and SK-OV-3hish
(SK-3high) subline cells were established from the
OVCAR-3 (OV-3) and SK-OV-3 (SK-3) cell lines,
respectively.

SILAC labeling and quantitative proteomics
analysis

OVCA-3 and OVCA-3high cells were labeled with
“light” (12C6)-and “heavy” (13C6)-lysine, respectively,
as previously described [8]. The peptide mixtures
were analyzed using nano-LC-MS/MS (AB SCIEX
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TripleTOF 5600, USA), as previously described [8].
Proteins were identified using the Mascot (v2.3.02)
program against the Uniprot human protein database
(released Dec. 2014) with the default settings. Proteins
with protein scores 240 and unique peptide scores =2
were selected. The protein ratios of heavy vs light
SILAC were analyzed by Protein Pilot Software v4.5
(AB SCIEX, USA) with the default settings.

RT-PCR and qRT-PCR

Total RNA was extracted from cells and tissues
using the TRIzol total RNA isolation reagent
(Invitrogen, USA). ¢cDNA was prepared using a
PrimeScriptTM RT reagent kit with gDNA Eraser
(TaKaRa, Japan), and quantitative RT-PCR was
performed with a SYBR Premix Ex Taq™ II kit
(TaKaRa, Japan). The data were normalized to
GAPDH expression. The primers used in this study
are listed in the Supplementary Table S5.

Western blotting

In brief, cells were suspended in lysis buffer (50
mM Tris-HCI pH 8.0, 1% SDS, 1 mM EDTA, 5 mM
DTT, 10 mM PMSF, 1 mM NaF, 1 mM NaszVQO,, and
protease inhibitor cocktail). The cellular lysates were
collected and their concentration was determined by
BCA assay. Cellular lysates were separated using 10%
SDS-PAGE, and the indicated proteins were detected
using anti-TBC1DS8 (cat# Sc-376637, Santa Cruz), Flag
(cat# M185-3L, MBL), HA (cat# 561, MBL), PKM2
(cat# 15822-1-AP, Proteintech), PKM1 (cat# 7067, Cell
Signaling Technology), [-Actin (cat# BS6007W,
Bioworld), acetylated-lysine (cat# 9814, Cell Signaling
Technology), and phosphor-tyrosine (cat# 9811, Cell
Signaling Technology) antibodies.

RNA interference

SiRNA against TBCID8 or PKM2 and the
corresponding scrambled siRNA (GenePharma,
Suzhou, China) were transfected into cells with
RNAIMAX (Invitrogen, USA) for 48 h (unless
otherwise stated). The cells were subsequently
harvested for further analyses. The siRNA sequences

used in this study were provided in supplementary
Table S5.

Migration and invasion assays

In vitro migration and invasion assays were
performed using transwell chambers. Briefly, cells
were transfected with the specified concentrations of
the indicated siRNA or plasmids for 24 h. These cells
were suspended and 1x10>cells in 100 pL serum-free
medium each group were added in the upper
transwell chambers for migration assay (8.0 pM pore
size, BD) or the upper transwell chambers coated with
Matrigel for invasion assay, and medium

supplemented with 10% FBS was added to the bottom
chamber. Cells on the undersurface were stained with
5% crystal violet. Images were captured from each
membrane and migrated or invasive cells were
counted. The migrated or invasive cells in treatment
group were compared to those in negative control
treatment group.

Cellular growth assay

OVCA cells were transfected with the indicated
siRNAs or plasmids for 12 h. These cells were
suspended and 1x10* cells were plated in 96-well
culture plates and cultured each group. The cell
number was counted at 24, 48, 72, 96, and 120 h. These
experiments were repeated three times.

Colony formation assays

OVCA cells were transfected with the indicated
siRNAs or plasmids for 24 h. 500 OVCA cells were
then plated in 6-well culture plates and cultured for
two weeks. These cells were then fixed with methanol
and stained with crystal violet solution. The number
of colonies was counted under the microscope (n=3).

Construction of cell lines with stable TBCI1D8
silencing

OVCAR-3 cells were infected with the lentivirus
pLV5-GFP-Luc for three days. The Luc-labeled
OVCAR-3 cells were filtered using colony screening,
and OVCAR-3-Luc cell line stably expressing Luc was
established. The lentivirus pLV3-TBC1D8 shRNA that
expresses TBC1D8 shRNA was purchased from
GenePharma (Shanghai, China). The Luc-labeled
OVCAR-3-Luc cells were further transduced with
lentivirus pLV3-TBC1D8 shRNA for 5 days, after
which the OVCAR-3-Luc-shTBC1D8-transduced cells
were selected by 2 pg/ml puromycin for two weeks.
TBC1DS8 silencing was validated by western blotting.

Plasmid construction

To generate Flag or HA fusion protein constructs
(TBC1D8-Flag or HA-TBC1D8) with the TBC1D8 ORF
sequence was cloned into the pcDNA3.1(+) vector
(Invitrogen). To generate eGFP fusion protein
constructs (TBC1D8-GFP) and mutants (MUT1, 2, 3, 4)
with the TBCID8 ORF and the sequences containing
different TBC1D8 domains was cloned into a
PEGFP-N1 vector (Clontech). The Flag-tagged PKM?2
(Flag-PKM2) plasmid and its mutants Flag-PKM2
K433R and Flag-PKM2 K433Q were kindly provided
by Prof. Qun-Ying Lei from Key Laboratory of
Molecular Medicine, Ministry of Education, and
Department of Biochemistry and Molecular Biology,
Fudan University Shanghai Medical College.
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Construct of synonymous mutant

The anti-PKM2 siRNA-targeted sequences
GCCATCTACCACTTGCAA in Flag-PKM2 and Flag-
PKM2 K433R and Flag-PKM2 K433Q mutant
plasmids were synonymously mutated to GCGATT
TATCATCITCAG. And the synonymous mutant
Flag-sPKM2, Flag-sPKM2 K433R and Flag-sPKM2
K433Q plasmids were generated.

In vivo xenograft tumor model

Female NOD-SCID and BALB/c nude mice (3-4
weeks old) were purchased from Charles River
Laboratories in China (Beijing). An in vivo tumor
growth assay was performed as previously described
[8, 22]. Briefly, 2x10° OVCAR-3-Luc-NC and
OVCAR-3-Luc-shTBC1D8 cells were subcutaneously
injected into the dorsal left and right flanks,
respectively, of each BALB/c nude mouse (n=10).
After four weeks, the mice were euthanized, and the
tumors were dissected and weighed. In addition, an in
vivo metastatic assay was performed as previously
described [23, 24]. Briefly, 2x106 OVCAR-3-Luc-NC
and OVCAR-3-Luc-shTBC1DS cells were injected into
the peritoneal cavity of NOD-SCID mice (n=5 per
group). Three months after the injection, each mouse
was injected through the tail vein with 0.15 mg/g
body weight D-luciferin potassium salt for 5 min. The
luminescence in the mice bearing tumors was
detected using an IVIS 200 imaging system (Xenogen,
USA). These mice were sacrificed and the ascites
weight, tumor nodule number and body weight were
assessed. The mice used in these experiments were
bred and maintained under defined conditions at the
Animal Experiment Center of the College of Medicine
(SPF grade), Jinan University. The animal experiments
were approved by the Laboratory Animal Ethics
Committee of The Third Affiliated Hospital of
Guangzhou Medicine University and conformed to
the legal mandates and national guidelines for the
care and maintenance of laboratory animals. The
NOD-SCID and BALB/c nude mice were randomly
divided into groups prior to the injection with the
indicated OVCA cells.

Immunohistochemistry (IHC) assay

IHC assays were performed as previously
described using anti-TBC1DS8 antibodies [8, 23]. All
IHC samples were assessed by two independent
pathologists blinded to both the sample origins and
the subject outcomes. Each specimen was scored
according to the extent of cell staining (<10% positive
cells, 0; 11-50% positive cells, 2; 51-80% positive cells,
3; >80% positive cells, 4) and the staining intensity (no
staining, 0; slight staining, 1; moderate staining, 2;
strong staining, 3) [8, 23]. Scores for the extent of

staining cells and the staining intensity were added.
Score of 0-3 was indicative of low TBC1DS level (low)
and scores of 4-7 were indicative of high TBC1D8
level (high) in OVCA tissues.

Co-Immunoprecipitation (co-IP) assays

Co-IP or IP was conducted using anti-Flag or
TBC1DS antibodies, and the immune complexes were
captured on protein A/G agarose beads (Santa Cruz,
USA). The complexes were then separated, and the
gels were stained with silver or were detected by
Western blotting.

The co-IP gel bands and their corresponding
negative gel bands were excised and digested using
in-gel trypsin. The extracted peptide mixtures were
analyzed using nano-LC-MS/MS (AB SCIEX
TripleTOF 5600, USA), as previously described [8, 25].
Proteins were identified using the Mascot (v2.3.02)
program against the Uniprot human protein database
(released Dec. 2014) with the default settings. Proteins
with protein scores 240 and unique peptide scores =2
were selected.

Cross-Linking assays

Cells were lysed with sodium phosphate buffer
(pH 7.3) containing 0.5% Triton X-100 and protease
inhibitor for 30 min at 4°C. Whole cell lysates were
centrifuged at 20000 rpm for 30 min at 4°C, and the
supernatants were collected. The supernatants were
then treated with 0.01% glutaraldehyde for 5 min at
37°C. The reactions were terminated by using 50 mM
Tris-Cl (pH 8.0). These samples were separated by
10% SDS-PAGE and analyzed by Western blotting
with anti-PKM2 or anti-Flag antibodies.

In vivo PK activity assay

Cells were washed twice with ice-cold PBS and
lysed with PK assay buffer. The extracts were
obtained, and the PK activities in the extracts were
measured with a PK activity colorimetric assay kit
according to the manufacturer’s instructions (K709-
100, BioVision, USA). The experiments were repeated
three times.

Measurement of lactate production

The lactate production was measured using a
Lactate Colorimetric Assay kit II (K627-100, BioVision,
USA). The background was corrected by subtracting
the OD value derived from the fresh phenol red-free
medium. A standard curve of nmol/well vs. ODa4s0nm
value was plotted according to the lactate standard
measurements. The sample ODusonm values were
applied to the standard curve to calculate the lactate
concentrations of the test samples (n=3).
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Glucose uptake assay

OVCA cells transfected with the indicated
siRNAs or plasmids were cultured in DMEM for 36 h
and then incubated with DMEM without L-glucose
and phenol red for 8 h. The amount of glucose in these
media was measured with a Glucose Colorimetric
Assay kit according to the manufacturer’s instructions
(K606-100, BioVision, USA). Fresh DMEM was used
for the negative control. The experiments were
repeated three times.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for
20 min and permeabilized with 0.1% Triton X-100 for
7 min. These cells were incubated with anti-PKM?2
antibody and subsequently incubated with the
corresponding Alexa Fluor 488-conjugated secondary
IgG antibodies. Nuclei were stained with DAPI. The
cells were examined with a confocal laser-scanning
microscope (Nikon, Japan).

Subcellular fractionation

Cytosolic and nuclear extract fractionation was
performed by using a Nuclear and Cytoplasmic
Protein Extraction kit (0027, Beyotime, China)
according to the manufacturer’s instructions.

Statistics

Statistical analyses were performed using Prism
5 software or SPSS program. Two-tailed unpaired
Student’s t-tests or Mann Whitney U tests were used
for comparisons between two groups. Two-way
ANOVA was used for the growth curve comparison.
Survival curves were analyzed using the Kaplan-
Meier method and compared using the log-rank test.
The treatment groups were compared to the control,
except where stated otherwise. The data are presented
as the means * SEM, except where stated otherwise.
Differences with *p<0.05, **p<0.01 or ***p<0.001 were
considered statistically significant.

Results

Establishment of more aggressive OVCA cell
models with higher aerobic glycolysis rates

To investigate the possible driving mechanism of
metabolism reprogramming in cancer cells, we
established two aggressive OVCA cell subline models
OVCAR-3high  (OV-3high) and SK-OV-3high (SK-3high)
from the OVCAR-3 (OV-3) and SK-OV-3 (SK-3) cell
lines by triple Matrigel-coated transwell screening,
respectively (Figure 1A). We further confirmed that
colony formation, migration and invasion, and cell
growth were higher in the OVCAR-3hish and
SK-OV-3high cells than in the parental OVCAR-3 and

SK-OV-3  cells, respectively (Figure 1B-1D).
Collectively, OVCAR-3hish and SK-OV-3high cells
exhibited a more aggressive phenotype than their
corresponding parent cells.

One of the hallmarks of cancer cells is their
altered metabolism, referred to as aerobic glycolysis
or the Warburg effect, which provides a selective
advantage to tumors [1]. We demonstrated that more
glucose uptake and lactate production was observed
in the OVCAR-3hish and SK-OV-3high cells than in the
OVCAR-3 and SK-OV-3 cells, respectively (Figure 1E
and 1F). Pyruvate kinase (PK) is the final rate-limiting
enzyme in aerobic glycolysis, and low PK activity
promotes the Warburg effect. PK activity was
significantly decreased in the OVCAR-3high and
SK-OV-3high cells compared with the OVCAR-3 and
SK-OV-3 cells, respectively (Figure 1G). Taken
together, our results indicate that more aggressive
OVCA cells have a greater Warburg effect.

TBCI1D8 expression is increased in more
aggressive OVCA cells

To identify potential mechanisms by which the
more aggressive OVCA cells have a greater Warburg
effect, we examined the differences in the protein
expression profiles between OVCAR-3high and
OVCAR-3 cells by a stable isotope labeling with
amino acids in cell culture (SILAC) quantitative
proteomics method (Figure 2A) [26]. We analyzed the
fold-change differences in protein expression between
the two cell lines and found that a 5-fold cut-off
included 54 proteins with altered expression levels
(including 24 upregulations and 30 downregulations)
(Supplementary Table S1). Interestingly, among the
top 10 proteins that were up-regulated in
OVCAR-3high cells, we found that the roles of TBC1DS8
in tumorigenesis have not reported, whereas the other
9 proteins HOOK3, MID1, CUL1, CLIP2, FBXL12,
LPCAT2, USP22, KRAS and C2CD5 have been
reported to be involved in regulating various cancer
hallmarks [27-33]. Therefore, we selected TBC1D8 for
further detailed investigation. We further confirmed
that TBCID8 protein and mRNA levels were
markedly up-regulated in the more aggressive
OVCAR-3high and SK-OV-3high cells compared with the
OVCAR-3 and SK-OV-3 cells, respectively (Figure 2B).
Therefore, a potential driver for OVCA tumorigenesis
and metabolic reprogramming was identified.

TBCI1D8 is amplified and up-regulated in
OVCA

To investigate the role of TBCID§ in OVCA
tumorigenesis, we analyzed TBCID8 mRNA and
protein levels in fresh-frozen OVCA tissue samples
(T) and normal ovarian tissue samples (N). TBC1D8
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mRNA and protein levels were frequently
up-regulated in OVCA tissues compared with normal
ovarian tissues (Figure 2C and 2D).

An extensive tissue microarray analysis of 141
OVCA tissue samples was performed using an IHC
assay (Figure 2E). A higher TBCIDS8 level was
observed in OVCA tissues with more clinical stage III
and IV compared to stage I and II (Figure 2F). And
TBC1D8 levels were also significantly up-regulated in
primary OVCA tissues with distant metastasis
compared to in those without distant metastasis
(Figure 2G). The IHC data deposited in the publicly
database (The Human Protein Atlas) also
demonstrated that TBC1D8 protein levels were
significantly up-regulated in the OVCA tissues
compared with the normal ovarian tissues (p<0.0001)
(Supplementary Figure S1A and S1B). Furthermore,
the publicly accessible datasets of OVCA patients
deposited in the TCGA database were analyzed for
differences in TBC1D8 DNA copy numbers between
OVCA and normal tissues. The TBC1ID8 DNA copy
numbers were significantly increased in OVCA
tissues compared with whole blood and normal
ovarian tissues (p=5.61 E-30) (Figure 2H), indicating

A D

that the TBC1DS8 gene had been amplified, resulting in
the up-regulation of TBCID8 mRNA and protein
levels in OVCA tissues.

Increased TBCI1D8 expression is associated
with a poorer prognosis

The correlations between TBCIDS8 levels and
OVCA patient prognosis were further investigated in
the 141 OVCA samples. Increased TBC1DS8 levels in
OVCA tissues were positively associated with tumor
recurrence, histological stage, pT status and pN status
of OVCA (Supplementary Table S2). Higher patient
death and tumor recurrence rates were observed in
OVCA patients with high TBC1D8 level compared
with the patients classified as low TBCIDS8 level
(Figure 2I and 2J]). Kaplan-Meier survival analyses
revealed the TBC1DS8 levels correlated significantly
with disease-free survival rate (p=0.0060, log-rank
test, Figure 2L) as well as overall patient survival rate
(p=0.0013, log-rank test, Figure 2K). The mean overall
survival time for OVCA patients with high TBC1D8
was 57.3 months, whereas that for OVCA patients
with low TBC1D8 was 80.8 months. Compared with
patients with lower TBC1DS8 levels, OVCA patients
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Figure 1. Two more aggressive OVCA cell models were established and more aggressive OVCA cells had a higher aerobic glycolysis rate. (A) The OVCA cell models,
OVCAR-3highand SK-OV-3hieh, were triple screened from the OVCAR-3 and SK-OV-3 cell lines, respectively, using Matrigel-coated Transwell chambers. (B-D) Colony formation
(B), the migration and invasion (C) and cell growth (D) of the indicated cells were determined. (E-G) The glucose uptake (E), lactate production (F), and PK activity (G) of the

indicated cells were detected (n=3).
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with higher TBC1D8 levels were at an increased risk
for OVCA-related death from 1,435 OVCA patients
data analysis in a publicly available OVCA protein
database (Supplementary Figure S1C, p=0.009,
log-rank test). These data indicate that patients with
high TBCID8 levels were at increased risk of
cancer-related death compared with patients with low
TBC1DS8 levels. Further multivariate Cox regression
analysis indicated that high TBCIDS8 level is an
independent prognostic factor for poor survival of
patients with OVCA (HR=2.11, 95% CI=1.61-2.78,
p=0.000, Supplementary Table S3). Collectively, our
results indicate high TBC1D8 level is significantly
correlated with a poor prognosis for OVCA patients,
and TBCIDS8 serves as an independent prognosis
factor for OVCA patients.

TBCI1D8 promotes the OVCA aggressive
phenotypes

TBC1D8 belongs to a member of the TBC domain
family. The functional roles of TBCIDS8 in
tumorigenesis have not been reported. To investigate
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within the peritoneal cavity and ascites development
were monitored. After three months, a dramatic
decrease in the luminescence of the mice bearing
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Figure 2. TBCID8 is amplified and up-regulated in the more aggressive OVCA cells and OVCA tissues, and high TBC1D8 level is significantly associated with a poor prognosis
for OVCA patients. (A) SILAC quantitative proteomics analysis identified that TBC1D8 expression is markedly up-regulated in the more aggressive OVCA cells OVCAR-3high
compared with the OVCAR-3 cells. (B) The TBC/D8 mRNA and protein levels of the more aggressive OVCA cells and their parental cells were determined. (C, D) The TBCID8
mRNA (C) and protein (D) levels between OVCA tissues and normal ovarian tissues were determined. (E) The TBC1D8 protein levels in 141 OVCA tissues were detected by
IHC assay. Representative IHC images of TBC1D8 level in OVCA tissues. (F) Differences in TBC1D8 score in OVCA with clinical stage |, Il Ill and IV are presented as a box plot.
(G) Differences in TBC1D8 score in OVCA samples between metastasis and nonmetastasis are presented as a box plot. (H) TBCID8 gene copy number was analyzed in OVCA
tissues, whole blood and normal ovarian tissues in the TCGA ovarian dataset. (I, J) Associations between TBC1D8 levels and the percentage of tumor recurrence (I) and patient
death (J) were analyzed in 141 OVCA samples. (K, L) Kaplan-Meier plots for the overall patient survival rate (K) and the tumor-free survival rate (L) of patients with OVCA in
TBCI1D8 low and TBC1D8 high groups. Score of 0-3 was indicative of low TBC1D8 level (low) and scores of 4-7 were indicative of high TBC1D8 level (high) in OVCA tissues.

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 3

683

tumors derived from the TBC1D8-knockdown OVCA
cells was observed compared with the luminescence
of those with control OVCA cells (Figure 3F and 3G).
These mice were sacrificed and inspected for ascites
and tumor nodules. TBC1D8 knockdown impaired
OVCA cell metastases to the intestinal wall sites
(Supplementary Figure S3C). Moreover, TBC1DS8
knockdown decreased the ascites weights (Figure
3H), nodule number (Figure 3I), and tumor nodule
weights (Figure 3]). Collectively, our results indicate
that TBC1D8 promotes the aggressive OVCA cell
phenotypes in vitro and in vivo.

TBCI1D8 promotes the OVCA aggressive
phenotypes in a GAP activity-independent
manner

TBC1DS is a member of the TBC domain protein
family, most of which have GTPase-activating protein
(GAP) activity [15, 16]. Sequence comparison analyses

demonstrated that the TBC domain of TBC1D8
contains conserved R, Y, and Q residues, which form
the “R” and “Q” fingers that are critical for GTP
hydrolysis in other TBC proteins [34] (Supplementary
Figure S4A). Therefore, the R, Y, and Q residues in
TBC domain in TBC1D8 were mutated to the A
residue (TBC1D8 RYQ/AAA) (Supplementary Figure
54B). Both wild type TBC1D8 and TBCI1DS8
RYQ/AAA mutant exhibited the same stimulatory
effects on OVAC cell growth, colony formation,
migration and invasion (Supplementary Figure S4C-
S4E), suggesting that the mutation of the GTPase-
activating sites in TBC domain in TBC1D8 did not
change the stimulatory roles of TBC1D8 on tumori-
genesis. Collectively, TBC1D8 promotes the OVCA
aggressive phenotypes in a GAP activity-independent
manner.
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Figure 3. Silencing TBCID8 expression inhibited OVCA cell growth, colony formation, migration and invasion in vitro and tumorigenesis and progression in vivo. (A) TBCID8
expression in OV-3hish and SK-3high cells was silenced by two anti-TBC1D8 siRNAs. (B) OV-3high and SK-3hish cells were transfected with two anti-TBCID8 siRNAs for the indicated
times, and the number of cells was measured (n=3). (C) OV-3high and SK-3hish cells were transfected with two anti-TBCID8 siRNAs for the indicated times, and migration and
invasion abilities were determined using Transwell assays (left panel). The migrated and invasive cells were counted (right panel) (n=3). (D) OV-3high and SK-3high cells were
transfected with two anti-TBC/ D8 siRNAs for the indicated times, and their colony-forming abilities were measured after two weeks (left panel). The colony number was counted
(right panel) (n=3). (E) The in vivo growth of OVCA cells with stably-silenced TBCID8 expression was examined. Mouse xenograft tumors are shown in the upper panel and the
xenograft tumor weights were measured (n=10) (low panel). (F-J) Luc-labeled OVCA cells (2x10¢ cells/mouse) were injected into the peritoneal cavity of NOD-SCID mice;
luciferase activity was visualized at three months post transplantation (F), fluorescence levels in Figure 3F (G), ascites weight (H), nodule number () and nodule weight (J) were

analyzed (n=5).
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TBCI1DS8 interacts with PKM2 via Rab-GAP
TBC domain

To further investigate the molecular mechanisms
by which TBC1DS acts in tumorigenesis, the proteins
that interact with the TBC1D8 protein were identified
(Figure 4A). A total of 29 proteins that interacted with
TBC1D8 were identified (Supplementary Table S4).
Among them, we found PKM2 to be particularly
interesting because PKM2 is a critical determinant of
the aerobic glycolysis metabolic phenotype and
confers a selective proliferative advantage to tumor
cells in vivo [1, 7]. We further confirmed that PKM2,
not PKM1, was present in the anti-TBC1D8 co-IP
complexes (Figure 4B). We also confirmed that
TBC1D8 was present in the Flag-PKM2 complexes but
not in the Flag complexes (Figure 4C). Collectively,
our data indicate that TBC1D8 interacted with PKM2,
not PKM1.

TBC1D8 consists of two GRAM (from Glucosyl-
transferases, Rab-like GTPase activators and Myotub-
ularins) domain 1 and 2 and a Rab-GAP TBC domain.

To determine which domains interact with PKM2, we
generated truncated TBC1D8 constructs with a
C-terminal GFP tag (Figure 4D). When these
constructs were co-expressed with Flag-PKM2 in cells,
only the constructs containing the TBC1D8 C-terminal
Rab-GAP TBC domain, but no other GRAM1 and
GRAM?2 domain, could interact with PKM?2,
indicating that the C-terminal Rab-GAP TBC domain
is essential for PKM2 binding (Figure 4E and 4F).

The Rab-GAP TBC domain of TBC1D8 contains
conserved R, Y, and Q residues, which are critical for
GTP hydrolysis in other TBC proteins. We further
investigate whether the R, Y, and Q residues in the
domain is critical for PKM2 binding. PKM2 bound
both the wide type TBCID8 and the TBCI1DS8
RYQ/AAA mutant (Figure 4G), indicating that the R,
Y, and Q residues in the Rab-GAP TBC domain is not
essential for PKM2 binding, consistent with our above
results in which the R, Y, and Q residues in the
Rab-GAP TBC domain is not essential for TBC1D8
functions in tumorigenesis.
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Figure 4. Interaction of TBC1D8 with PKM2, not PKMI, hinders PKM2 tetramerization. (A) Proteins that interacted with TBC1D8 were identified by combining co-IP and mass
spectrometry methods. (B) The TBC1D8 complexes were co-IPed using an anti-TBC1D8 antibody, and PKM2 in the complexes was detected. (C) A Flag-PKM2 vector was
transfected into HEK293T cells, the Flag-PKM2 complexes were co-IPed, and TBCID8 in the complexes was detected. (D) Diagram of TBCID8 wild type and mutation
constructs with the different domains. (E) The indicated TBCID8-GFP mutants were transfected into HEK293T cells; these mutants were detected. (F) The indicated
TBC1D8-GFP mutants were transfected into HEK293T cells, and TBC1D8-GFP mutant complexes were co-IPed; PKM2 was then detected. (G) The indicated TBC1D8 vectors
were transfected into HEK293T cells, and TBC1D8-GFP mutant complexes were co-IPed; PKM2 was then detected. (H) Cell lysates were treated by cross-linking, PKM2 was
detected. (I) PKM2 tetramers, dimers and monomers were detected as described in (H) in cells with TBCI1D8 expression stably silenced (left panel) and in cells transfected with
anti-TBCI1D8 siRNAs (right panel). (J) PKM2 tetramers, dimers and monomers were detected in mouse xenograft tumors in Figure 2E. (K) The indicated TBC1D8-GFP mutants
together with Flag-PKM2 were co-transfected into HEK293T cells, PKM2 tetramers, dimers and monomers were detected. (L) The indicated vectors were transfected into

HEK293T cells, PKM2 tetramers, dimers and monomers were detected.
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TBCI1D8 hinders tetrameric PKM2 formation
via the Rab-GAP TBC domain

Next, we wondered if the interaction between
TBC1D8 and PKM2 affects the PKM2 protein level.
Neither  silencing  TBCID8  expression  nor
overexpressing TBC1D8 changed the PKM2 protein
level (Supplementary Figure S5). In cells, PKM2 exists
as either a high PK activity tetramer or a low PK
activity dimmer. The ratio of dimer to tetramer is
positively correlated with cell proliferation, survival,
transformation, migration and invasion [1, 6, 7]. To
determine whether TBC1D8 can change the dimer to
tetramer ratio, TBC1D8 was overexpressed or silenced
in OVCA cells, followed by cross-linking experiments
with glutaraldehyde as previously described methods
[35]. Tetrameric PKM2 (240 kD) was notably
decreased and was replaced by dimeric (120 kD) and
monomeric (60 kD) forms when TBCID8 was
overexpressed (Figure 4H). However, silencing
TBC1D8 expression increased the tetrameric form of
PKM2, with a concomitant decrease in dimeric and
monomeric PKM2 levels (right panel in Figure 4I).
Similar results were also observed in OVCAR cells
with TBC1D8 expression stably silenced (left panel in
Figure 4I). Furthermore, we also found that dimeric
and monomeric PKM2 levels were markedly reduced
and were replaced by the tetrameric PKM2 form in
the mouse xenograft tumors composed of
TBC1D8-stably silenced cells compared with those
with control cells (Figure 4]).

Furthermore, we found that only TBC1D8
containing the C-terminal Rab-GAP TBC domain, but
no other GRAM1 and GRAM?2 domain, decreased
tetrameric PKM2 and increased dimeric/ monomeric
PKM2 (Figure 4K). Mutation of the R, Y, and Q
residues in the Rab-GAP TBC domain in TBC1D8 did
not change the conversion of PKM2 from tetramer to
dimmer/monomer (Figure 4L). Together, TBC1D8
hinders PKM2 tetrameric assembly via the Rab-GAP
TBC domain.

TBCI1D8 hinders PKM2 tetrameric assembly
by blocking the transition from dimeric to
tetrameric PKM2, but not by dissociating the
tetramer to dimers

We wanted to determine how TBC1D8 reduces
the tetrameric PKM2 form and increases the dimeric
and monomeric form. Two mechanisms may be
possible: TBC1D8 may hinder the assembly of the
dimeric/monomeric PKM2 form into the tetrameric
form or dissociate tetrameric PKM2 to form
dimeric/ monomeric PKM2. Previous studies revealed
that acetylation at K433 and phosphorylation at
Tyr105 on PKM2 inhibits the tetrameric form and
causes the accumulation of dimers and monomers

[11]. The influence of TBC1D8 on PKM2 acetylation
and tyrosine-phosphorylation levels were further
investigated. We found that the acetylation and
tyrosine-phosphorylation levels of PKM2 did not
change when TBCID8 was ectopically expressed
(Supplementary Figure S6A and S6B), suggesting that
TBC1DS8 dissociates tetrameric PKM2 to form dimers
not by acetylating or tyrosine-phosphorylating PKM2.

Furthermore, we used PKM2 acetylation
mutants K433R (nonacetylatable arginine) and K433Q
(acetyl-mimic glutamine) as PKM2 tetramer and
dimer/monomer models, respectively [11], to
investigate the binding of TBC1D8 to the dimeric or
tetrameric PKM2 forms. The PKM2 K433Q mutant
exhibited more dimeric and monomeric PKM2 forms,
while the PKM2 K433R mutant exhibited more
tetrameric PKM2 forms (Supplementary Figure S7A
and S7G). We demonstrated that wild-type PKM2 and
the K433Q mutant, but not PKM2 K433R mutant,
interacted with TBC1D8 (Supplementary Figure S7B
and S7C).

To preclude the influences of endogenous
wild-type PKM2 on the roles of the exogenous PKM2
K433Q and K433R mutants, synonymously mutated
sPKM2, sPKM2 K433Q mutant, and sPKM2 K433R
mutant were constructed, in which the PKM?2
sequences targeted by anti-PKM2 siRNA were
synonymously mutated so that exogenous sPKM2,
sPKM?2 K433Q and K433R mutant expression was not
silenced by anti-PKM?2 siRNA, but the endogenous
PKM2 expression was silenced (Supplementary
Figure S7D). The sPKM2 K433Q mutant exhibited
more dimeric and monomeric PKM?2 forms, while the
sPKM2 K433R mutant exhibited more tetrameric
PKM2 forms (Supplementary Figure S7H). In the
absence of the influences of endogenous wild-type
PKM2, we also showed that wild-type sPKM2 and the
sPKM2 K433Q mutant, but not the sPKM2 K433R
mutant, interacted with TBC1D8 (Supplementary
Figure S7E and S7F). Taken together, our results
indicate that TBC1D8 interacted with dimeric/
monomeric PKM2 but not tetrameric PKM2,
suggesting that TBC1D8 hinders the transition of the
dimer/monomer form to a tetramer by binding
dimeric/ monomeric PKM2.

TBCID8 inhibits PK activity and promotes
aerobic glycolysis in a GAP
activity-independent manner

Tetrameric PKM2 has a significantly higher
affinity for the substrate PEP and is highly active,
while dimeric PKM2 is almost inactive. If TBC1D8
truly hinders PKM2 tetramer formation, PK activity
should be decreased in the presence of TBC1DS8. We
showed that TBCIDS8 overexpression significantly
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decreased PK activity (Figure 5A), whereas silencing
TBC1D8 expression increased PK activity (Figure 5B).
Similar results were also observed when OVCAR cells
with TBC1DS expression stably knocked down were
compared with the control cells (Figure 5C).
Furthermore, PK activity was significantly increased
in the mouse xenograft tumors composed of
TBC1D8-stably silenced cells compared with those
composed of control cells (Figure 5D). As same as
wild-type TBC1D8, TBCID8 RYQ/AAA mutant
inhibited PK activity, suggesting that the elimination
of Rab-GAP activity of TBC1D8 did not influence the
inhibitory effects of TBCID8 on PK activity
(Supplementary Figure S8A). Taken together, our
data indicate that TBC1D8 decreased PK activity in a
GAP activity-independent manner.

Low PKM2 activity promotes pyruvate convers-
ion to lactate and leads to the Warburg effect, whereas
high PKM2 activity promotes pyruvate conversion to
acetyl-CoA and leads to oxidative phosphorylation
(OXPHOS). The Warburg effect/ aerobic glycolysis is
characterized by increased glucose uptake and lactate
production. We showed that TBCID8 overexpression
significantly increased glucose uptake and lactate
production in OVCA cells (Figure 5E and 5G), where-
as silencing TBCID8 expression down-regulated
glucose uptake and lactate production (Figure 5F and
5H). Furthermore, as same as wild-type TBC1DS,
TBC1D8 RYQ/AAA mutant increased glucose uptake
and lactate production, indicating that the Rab-GAP
activity of TBC1D8 did not participate into aerobic
glycolysis (Supplementary Figure S8B and S8C). In
summary, TBC1D8 inhibits PK activity and drives
aerobic glycolysis in a GAP activity-independent
manner.
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TBCI1D8 stimulates the nuclear translocation
of PKM2

PKM2 normally functions in the cytoplasm as a
glycolytic enzyme, but recent studies have also
discovered a nonmetabolic function for PKM2 in the
nucleus as a protein kinase and transcriptional
co-activator to regulate gene transcription. Previous
studies have shown that dimeric/monomeric PKM2
could translocate to nucleus [6, 7, 36]. We further
wondered whether TBC1D8-induced PKM2 tetramer-
ization disruption is linked to PKM2 nuclear
translocation. When TBCID8 was overexpressed in
OVCAR cells, the nuclear PKM2 signal was increased
(Figure 6A), whereas silencing TBCID8 expression
markedly decreased the nuclear PKM2 signal (Figure
6B). Cell fractionation analysis also showed that
PKM2 was enriched in the nucleus when TBC1D8 was
overexpressed (Figure 6C), whereas PKM2 was rarely
detected in the nucleus when TBC1D8 expression was
silenced (Figure 6D). In summary, TBC1D8 promotes
PKM2 nuclear translocation.

TBCI1D8 promotes nuclear PKM2-dependent
gene expression

PKM2 translocation into the nucleus promotes
both HIF1 transactivation, leading to GLUT1, PDK1
and LDHA expression, [-catenin transactivation,
leading to cyclin D and c-Myc expression [6], and
STATS3 transactivation, leading to MEKS5 transcription
[6, 37], which participates in tumorigenesis, tumor
growth, the cell cycle and aerobic glycolysis. TBC1D8
overexpression up-regulated cyclin D, GLUT, LDHA,
c-myc, PDK1 and MEK5 expression in a dose-
dependent manner (Figure 6E), whereas silencing
TBC1DS8 expression down-regulated the expression
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Figure 5. TBCID8 expression inhibits OVCA cell PK activity and increases cell glucose uptake and lactate production. (A) OV-3 cells were transfected with the indicated amount
of TBCID8 vector, and the PK activity was evaluated (n=3). (B) OV-3hieh cells were transfected with two anti-TBC/D8 siRNAs, and the PK activity was determined (n=3). (C) PK
activity was determined in OV-3hieh cells with TBC/D8 expression stably silenced (n=3). (D) PK activity was determined in mouse xenograft tumors composed of OV-3high cells
with TBCID8 expression stably silenced, as described in Figure 3E (n=3). (E, G) OV-3 cells were transfected with the indicated amount of TBCID8 vector, and glucose uptake (E)
and lactate production (G) were determined (n=3). (F, H) OV-3hish cells were transfected with two anti-TBCID8 siRNAs, and glucose uptake (F) and lactate production (H) were

determined (n=3).
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level of these genes (Figure 6F). The expression level
of these genes in the mouse xenograft tumors was
further investigated. Cyclin D, GLUT, LDHA, c-myc,
PDK1 and MEK5 expression levels were significantly
down-regulated in the mouse xenograft tumors
composed of TBC1D8-stably silenced cells compared
with those composed of control cells (Figure 6G).
Collectively, TBC1D8 promotes the expression of
genes associated with tumorigenesis, the cell cycle
and aerobic glycolysis.

TBCI1D8 promotes tumorigenesis and
metabolic reprogramming through PKM2
Finally, we furthermore investigate whether
TBC1D8 promotes tumorigenesis and aerobic
glycolysis through PKM2. The enhancement of OVCA
migration and invasion, cell growth, and colony
formation induced by TBC1DS8 over-expression was
completely blocked by PKM2 silencing (Figure
7A-7D). In addition, the inhibitory effects of TBC1D8
over-expression on PK activity and the stimulatory
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effects of TBCID8 over-expression on lactate
production and glucose production were completely
antagonized when PKM2 expression was silenced in
OVCA cells (Figure 7E-7G). These results indicated
that PKM2 is critical for TBC1DS8 functions in
tumorigenesis and metabolic reprogramming. Taken
together, TBC1D8 promotes OVCA cell tumorigenesis
and metabolic reprogramming through PKM2.

Discussion

TBC domain-containing proteins traditionally
act as GAPs to inactivate Rabs, which are essential for
the precise coordination of budding, transport,
cytokinesis, membrane trafficking and vesicle fusion.
Here, a novel functional role of the TBC domain-
containing protein TBC1D8 is elucidated. In addition
to functioning as a GAP, TBC1D8 is an important
regulator of PKM2 polymerization that controls
cellular metabolism and tumorigenesis in a GAP
activity-independent manner in OVCA. The Rab-GAP
TBC domain of TBCIDS8 interacts with dimeric/
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Figure 6. TBC1D8 promotes PKM2 nuclear translocation, and nuclear PKM2 subsequently exerts nonmetabolic functions. (A, B) OV-3 and OV-3high cells were transfected with
the indicated amount of TBC1D8 vector (A) and anti-TBC1D8 siRNAs (B), respectively, and the subcellular localization of PKM2 was detected using immunostaining with an
anti-PKM2 (green) antibody. The nucleus was stained with DAPI (red). (C, D) OV-3 and OV-3high cells were transfected with the indicated amount of TBC1D8 vector (C) and
anti-TBC1D8 siRNAs (D), respectively; the cell cytoplasm and nucleus were fractionated; and PKM2 was then analyzed by Western blotting. (E, F) OV-3 and OV-3high cells were
transfected with the indicated amount of TBCID8 vector (E) and anti-TBCID8 siRNAs (F), respectively, and the mRNA levels of the indicated genes were determined by
qRT-PCR (n=3). (G) The mRNA levels of the indicated genes were determined by qRT-PCR in mouse xenograft tumors composed of OV-3hi cells with TBC1D8 expression

stably silenced (n=3).
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Figure 7. TBC1D8 promotes OVCA tumorigenesis and aerobic glycolysis through PKM2. (A-G) TBC1D8 plasmid together with anti-PKM2 siRNA were co-transfected into
OVCAR-3 cells, the indicated proteins (A), cell growth (B), migration and invasion (C), colony formation (D), glucose uptake (E), lactate production (F) and PK activity (G) were
determined. (H) A proposed model illustrating that TBC1D8 promotes aerobic glycolysis and tumorigenesis by hindering PKM2 tetramerization (n=3).

monomeric PKM2, not PKM1, to impede PKM2
tetramerization and inhibit PK activity, leading to
aerobic glycolysis and promoting the nuclear
translocation of PKM2 to regulate the expression of
genes associated with aerobic glycolysis and the cell
cycle, indicating that TBC1D8 drives OVCA
tumorigenesis and metabolic reprogramming (Figure
7H).

Metabolic reprogramming is currently recogn-
ized as one of the hallmarks of cancer. However, the
driving mechanism of cancer cell metabolism
reprogramming is not still clear. In this study, we
found that TBCID8 gene is amplified in OVCA
tissues, resulting in the up-regulation of TBCI1DS§
mRNA and protein levels, and TBC1D8 impedes the
tetramerization of PKM2 to suppress its PK activity
and promote aerobic glycolysis and tumorigenesis in
OVCA. Whether TBC1DS8 is amplified and drives
tumorigenesis through similar mechanism in other
cancers will be worthwhile to be investigated in next
step. Amplification of oncogenes and loss of tumor
suppressers are frequent in cancer cells and tissues

due to genetic abnormality and chromosomal
instability, and are drivers for tumorigenesis. A novel
driving model of cancer «cell metabolism
reprogramming is here elucidated due to oncogene
amplification.

PKM2, but not the spliced variant PKM1, has a
low PK activity that favors the Warburg effect and
provides selective advantages for the rapid
proliferation and survival of cancer cells. PKM1, with
high PK activity, promotes the mitochondrial
oxidative phosphorylation pathway and inhibits
aerobic glycolytic phenotypes and tumor growth. The
integrative capability of PKM2 relies on a specific
alternative splicing segment encoded by exon 10,
which is responsible for the tetrameric assembly and
allosteric regulation that enables PKM2 to induce the
Warburg effect [8, 38]. Previous studies have
demonstrated that PK activity of PKM2, not PKM1, is
modulated by the allosteric activators FBP, serine and
SAICAR; tyrosine-peptide binding and posttransla-
tional modifications such as acetylation, phosphoryl-
ation and oxidation [1, 6, 7, 10, 12, 13]. In this context,
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the interaction of TBC1D8 with PKM2, not PKM1, at
this region, to disrupt the formation of an
allosterically controllable tetramer, represents a novel
model of PK tetramer and activity and metabolic
reprogramming, in which TBC1DS8 interacts with
dimeric/monomeric PKM2 but not PKM1, hindering
PKM2 tetrameric assembly, decreasing PK activity,
and inducing the nuclear translocation of PKM2, to
promote the Warburg effect and tumorigenesis.
Unlike the other PKM?2 interactors HPV16-E7, which
inhibits PKM2 tetramerization by acetylating PKM2 at
K433 [11], and CD44, which inhibits PKM2
tetramerization by phosphorylating PKM2 at Tyr105
[39], TBC1D8 does not change the acetylation or
phosphorylation levels of PKM2. We found that
TBC1D8 binds to dimeric PKM2, not tetrameric
PKM2, suggesting that the binding of TBC1D8 to the
allosteric regulatory region in PKM2 cause a steric
hindrance of FBP binding, leading to an decreased
PKM2 dimer-to-tetramer conversion. Therefore, a
different way of regulating PKM2 activity than
previously reported is here elucidated.

Previous study revealed that ERK1/2
phosphorylates PKM2 at Ser37, leading to
PIN1-dependent cis-trans isomerization, and PKM?2
tetramer-to-dimer/monomer conversion [40]. PKM2
monomer formation exposes the sterically buried
nuclear localization signal (NLS) of PKM2, makes the
NLS accessible for binding to importin a to induce
PKM2 nuclear translocation [40, 41]. In this study, we
found that TBC1D8 inhibits the conversion of PKM2
from tetramer to dimmer/monomer. Subsequently,
the NLS of monomeric PKM2 can be easily recognized
by importin a, thereby inducing PKM2 nuclear
translocation.

Among the 44 TBC-containing proteins, only a
few, including TBC1D7 [18], TBC1D14 [17], TBC1D16
[19], PRC17 [20] and USP6/TRE17 [21], were reported
to be associated with cancer progression; the
functional roles of the majority of the other members
are still unclear. In this study, we found that TBC1D8§
amplification resulted into increased TBCIDS8
expression in OVCA, and drove OVCA tumorigenesis
and metabolic reprogramming in a GAP
activity-independent manner. We also demonstrated
that TBC domain proteins, such as TBCIDS,
participate in regulating glucose metabolism and
induce the nuclear translocation of some proteins, in
addition to controlling different trafficking routes and
organelle biogenesis and autophagy [15, 17, 19, 34].
And the regulation of other TBC proteins on
trafficking routes and organelle biogenesis and
autophagy was dependent on the Rab-GAP activity of
these TBC proteins. However, we found that TBC1D8
drives tumorigenesis and metabolic reprogramming

in a Rab-GAP activity-independent manner. Our
results enrich the understanding of the functional
roles of TBC domain proteins. TBC1D8 may have
potential to serve as an independent prognostic factor
for OVCA and anti-OVCA drug target.

In summary, our findings provide a driving
fashion of metabolism reprogramming in OVCA and
delineate the functional roles of a TBC domain protein
TBC1D8 in tumorigenesis and cancer metabolism
reprogramming in Rab-GAP TBC activity-indepen-
dent manner. TBC1D8 promotes OVCA tumorigen-
esis and aerobic glycolysis by binding to PKM2 to
hinder PKM2 tetramerization, inhibit PK activity, and
promote PKM2 nuclear translocation to perform
nonmetabolic  functions. OVCA patients with
TBC1D8high exhibit more aggressive clinicopatho-
logical features and poorer prognoses. TBCIDS
amplification is critical oncogenic event for OVCA
tumorigenesis and metabolic reprogramming.
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