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Ectopic expression of the TERE1 (UBIAD1) protein inhibits
growth of renal clear cell carcinoma cells: Altered metabolic
phenotype associated with reactive oxygen species, nitric oxide
and SXR target genes involved in cholesterol and lipid metabolism
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Abstract. Current studies of the TERE1 (UBIADI) protein
emphasize its multifactorial influence on the cell, in part
due to its broad sub-cellular distribution to mitochondria,
endoplasmic reticulum and golgi. However, the profound
effects of TEREI relate to its prenyltransferase activity for
synthesis of the bioactive quinones menaquinone and COQI0.
Menaquinone (aka, vitamin K-2) serves multiple roles: as a
carrier in mitochondrial electron transport, as a ligand for SXR
nuclear hormone receptor activation, as a redox modulator,
and as an alkylator of cellular targets. We initially described
the TERE1 (UBIADI) protein as a tumor suppressor based
upon reduced expression in urological cancer specimens and
the inhibition of growth of tumor cell lines/xenografts upon
ectopic expression. To extend this potential tumor suppressor
role for the TEREI protein to renal cell carcinoma (RCC), we
applied TERE1 immunohistochemistry to a TMA panel of
28 RCC lesions and determined that in 57% of RCC lesions,
TERE] expression was reduced (36%) or absent (21%). Ectopic
TEREI1 expression caused an 80% decrease in growth of
Caki-1 and Caki-2 cell lines, a significantly decreased colony
formation, and increased caspase 3/7 activity in a panel of
RCC cell lines. Furthermore, TEREI expression increased
mitochondrial oxygen consumption and hydrogen production,
oxidative stress and NO production. Based on the elevated
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cholesterol and altered metabolic phenotype of RCC, we also
examined the effects of TEREI and the interacting protein
TBL2 on cellular cholesterol. Ectopic TEREI or TBL2 expres-
sion in Caki-1, Caki-2 and HEK 293 cells reduced cholesterol
by up to 40%. RT-PCR analysis determined that TEREI acti-
vated several SXR targets known to regulate lipid metabolism,
consistent with predictions based on its role in menaquinone
synthesis. Loss of TEREI may contribute to the altered lipid
metabolic phenotype associated with progression in RCC via
an uncoupling of ROS/RNS and SXR signaling from apoptosis
by elevation of cholesterol.

Introduction

Kidney cancer is the third most common genitourinary cancer
with 64,770 new cases per year in the US in 2012 (1,2). The
majority (75%) are renal clear cell carcinomas (RCC), which
have the highest mortality to incidence ratios or all urologic
malignancies resulting in 13,570 deaths per year due to their
extreme insensitivity to chemo- and radiation therapy. The
incidence is twice as high in men than women and associated
with risk factors such as: advanced age, tobacco use, and obesity
(3.4). In the majority of RCC, the HIF1 complex is constitutively
activated due to mutation of the Von Hippel-Lindau tumor
suppressor (VHL), gene and inactivation of the prolyl hydro-
xylation that targets the HIFs to be degraded (5,6). As a result
of HIF1 stabilization, there is an induction of a hypoxic gene
expression program (GLUT1, VEGEF, iNOS, EPO) that support
proteins involved in angiogenesis and oxygenation (5,7,8). This
had led to therapies targeting angiogenesis which have achieved
only partial responses (9,10), and the necessity for further
research into new factors involved in RCC progression. A role
for elevated tumor cell cholesterol and altered lipid metabolism
has been implicated in the etiology and disease progression
in renal clear cell cancer based on its potential for apoptotic
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interference (4,11-16). Currently favored theories propose that
RCC consists of a group of diseases of abnormal metabolism
relating to oxygen, iron, energy and nutrient sensing pathways
(8,17,18). The concept of an aberrant metabolic phenotype of
RCC has been further supported by several studies elaborating
mechanisms of defects in mitochondrial metabolism in the TCA
cycle that lead to metabolic imbalance and HIF1 stabilization
(19-22). Our current study of the role of TEREI in RCC is based
on its role in synthesis of menaquinone (23) that exerts profound
influence on mitochondrial function, oxidative and nitrosative
stress, and regulation of lipid metabolism via activation of SXR
nuclear receptor signaling, and several other mechanisms that
lead to growth inhibition and increased apoptosis (24).

We originally reported the cloning of the TERE1 gene
(aka UBIADI) and showed conserved mRNA expression in
urothelium and other normal tissues; however, reduced mRNA
levels were found in muscle-invasive transitional cell carcinoma
(TCC) of the bladder and metastatic prostate cancer (25,26).
Our immunohistochemical analysis determined TEREI protein
expression was decreased in a third of invasive TCC (25-27).
Ectopic TEREI1 expression in bladder cancer and prostate cancer
cell lines resulted in dramatic inhibition of in vitro growth and
tumorigenicity (25-27). Protein interaction studies identified
APOE, TBL2, HMGR, and SOAT-1 as TEREIl-interacting
proteins, strongly implicating a role in cholesterol homeostasis
(28). TEREI gene mutations were discovered to cause a rare
disease of elevated corneal cholesterol and lipid deposition
called Schnyder's corneal dystrophy (SCD) (29,30), and affect
interactions with APOE, HMGR, and with TBL2 (24,27,31).

A unifying hypothesis towards understanding effects on
lipid metabolism emerged when TEREI was identified as the
prenyltransferase required for vitamin K-2 biosynthesis: conver-
sion of vitamin K-1 (phylloquinone), to K-2 (menaquinone)
with K-3 (menadione) as an intermediate (23). Vitamin K-2 is a
potent activator of the SXR nuclear hormone receptor that has
established roles in regulation of lipid metabolism and choles-
terol efflux (32,33). Quinone metabolism also provides a basis
for understanding effects on redox balance and mitochondrial
function. There is abundant literature describing the activity of
exogenous vitamin K-2 and K-3 in the inhibition of tumor cell
growth based on the redox-cycling and alkylating properties of
quinones (34-36), which strongly suggests this may be a mecha-
nism of TEREI tumor suppressor activity. A further dimension
of TEREI activity is based on the established role of mena-
quinone as an electron carrier in the electron transport chain,
ETC, of anaerobic bacteria and anaerobic mitochondria (37,38).
This function was supported by studies of the Drosophila
homolog of TERE1/UBIADI, heix, that demonstrated a role
in vitamin K-2-mediated mitochondrial electron transport
and ATP production (39). We recently conducted an immuno-
electronmicroscopic analysis demonstrating that TERE1 can
co-localize with TBL2 in mitochondria, and increase the mito-
chondrial transmembrane potential, and generate ROS/RNS
(24).

Given the altered metabolic phenotype of RCC and the
emerging view of a metabolic mode of tumor suppression
attributed to TEREI1, we have conducted a preliminary investi-
gation of TERE1 in RCC. The principle objectives of this study
were to establish a TEREI-negative expression phenotype in a
over half of the lesions from a tumor microarray (TMA) set of
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human RCC tumor specimens, demonstrate that ectopic TERE1
expression resulted in an 80% decrease in growth of Caki-1
and Caki-2 cells and suppression of colony forming ability in
a panel of RCC cell lines, as well as an increase in caspase 3/7
activity. We show TEREI can activate mitochondrial activity
using extracellular flux analysis and lead to elevations in ROS/
RNS. TEREI and TBL2 reduced Caki-1 and Caki-2 cell choles-
terol by up to 40% and activated a common set of SXR target
genes with roles in cholesterol and lipid metabolism. We discuss
the hypothesis that compromise of TERE] by reduced expres-
sion in RCC, may represent a loss of stress, redox and SXR
signaling that affects lipid metabolism and growth.

Materials and methods

Immunohistochemistry. Five-micron sections from formalin-
fixed paraffin-embedded tissue specimens were deparaffinized
in xylene and rehydrated in graded alcohol with quenching
of endogenous peroxidase activity by treatment with 2%
H,0, in methanol. The slides were blocked in 10% normal
rabbit serum and incubated with affinity-purified anti-TERE1
(2 pg/ml) for 14 h at 4°C. After washes, the slides were incu-
bated with biotin-conjugated rabbit IgG for 30 min followed by
streptavidin-conjugated peroxidase and 3'3-diaminobenzidine,
and counterstained with hematoxylin.

Cell lines and antibodies. The human RCC cell lines were
obtained from the American Type Culture Collection
(Manassas, VA) and grown according to supplier's instructions.
Caki-1 (HTB-46) and Caki-2 (HTB-47) cells are derived from
clear cell carcinoma of kidney. The ACHN (CRL-1611), 786-O
(CRL-1932), A704 (CRL-7911), and A-498 (HTB-44) are all
derived from human renal cell adenocarcinomas. Goat anti-
TEREI antibodies (Santa Cruz) and rabbit anti-TBL2 (216-309)
(Sigma) were previously characterized (24,27).

Expression vectors. All expression plasmids, adenovirus and
lentivirus used for ectopic expression by transfection and
transduction were derived in our laboratory and have been
previously described (24,27).

Nucleofection and viral transduction. Nucleofection was
performed with the Nucleofector II system according to the
manufacturer's protocol (Amaxa/Lonza Cologne, Germany)
and has been previously described (27). Infectious adenovirus
was produced and amplified in HEK293A cells following
guidelines from Invitrogen and titered via an anti-hexon
staining procedure from Clontech to >4x10® TU/ml. Infections
were in the presence of 6 yg/ml polybrene and monitored via
AdGFP expression.

Preparation of cell extracts. Cell lines that had been trans-
fected via Amaxa nucleofection or transduced with Ad-LACZ,
Ad-TEREI, or Ad-TBL2 adenovirus, were harvested 36-72 h
later from 10 cm plates by washing in ice cold PBS with
protease inhibitors, and scraping to freeze cell pellets. Whole
cell extracts were prepared and analyzed by methods previously
described (24,27). In detail, whole cell extracts were prepared
by lysis in a mixture of different detergent buffers: 0.5% of
ASB-14, CHAPS, Octyl glucoside, NP-40 (Calbiochem) or
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BRIJ 96/99, Triton X-100 (Sigma), containing 150 mM NaCl,
10 mM Tris-HCI (pH 7.4) and protease inhibitors: 1.0 mM
EDTA, 2 ug/ml leupeptin and pepstatin, 10 yg/ml aprotinin,
and 1.0 mM phenylmethylsulfonlyfluoride (PMSF), and one
complete mini protease inhibitor cocktail tablet (Roche) per
10 ml lysis buffer. After brief sonication, lysates were clarified
at 16,000 x g for 30 min at 4°C and supernatants were evalu-
ated for protein concentration by BCA assay using BSA as a
standard. Equal amounts of cell lysate (50 pg of protein) were
fractionated by SDS-PAGE in 4-20% Bis-Tris gels (Invitrogen)
run with MES buffer under reducing conditions and were
transferred to nitrocellulose membranes. The non-specific
protein binding sites on blots were blocked by incubation in
5% non-fat dry milk in TBS [150 mM NacCl, 10 mM Tris-HCl
(pH 7.4)] and then blots were probed for 2 h at room tempera-
ture with affinity purified primary antibodies at ~0.2 yg/ml in
TBS pH 7.4 with 3% non-fat dry milk and 0.05% Tween-20.
Horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-
Rad) was used to detect immune complexes on immunoblots.
Blots were treated with Supersignal West Pico chemilumi-
nescence reagents (Pierce) and were visualized on X-ray film
(Kodak, Biomax-MR, or Thermo CL-X Posure film).

Cell proliferation, colony formation, and caspase 3/7 assays.
Cell growth assays were conducted in quadruplicate wells of
96-well luminometry plates using the Cell titer-Glo Luminescent.
Cell viability kit following specifications provided by Promega.
Colony formation assays were initiated 48 h after lentivirus
transduction using blasticidin selection for 3 weeks with selec-
tive media replacement every 4 days followed by staining with
methylene blue or cresyl violet. For selection of resistant colo-
nies the following Blastcidin concentrations were used: Caki-1
(5.5 pg/ml) and Caki-2 (3.0 ug/ml), ACHN (5.5 pg/ml), 786-O
(7 pg/ml), A704 (5 ug/ml), and A-498 (5 pg/ml). Caspase 3/7
assays used the Promega Caspase-Glo luciferase assays as
specified by manufacturer. Caki-1 and Caki-2 cells were plated
in 96-well luminometry plates for cell culture and quadrupli-
cate wells infected for 60 h with Ad-LACZ, Ad-TEREI, or
Ad-miRNA TEREI1 (27).

Extracellular flux analysis. All measurements of O, consump-
tion rate (OCR) and proton production, expressed as the
extracellular acidification rate (ECAR), were performed with a
Seahorse Bioscience XF24 extracellular flux analyzer following
procedures from the manufacturer (Billirica, MA). Caki-1 cells
were infected for 48 h with the Ad-LACZ control or Ad-TERE1
virus and then were plated at 1.5, 3.0, 4.5x10* cells/well onto
poly-L-lysine coated Seahorse 24-well plates 18 h prior to the
assay. Data analysis showed 3.0x10* cells/well to be the optimal
seeding density. Immediately following the addition of fresh
medium, OCR and proton production, expressed as the ECAR,
were quantified to obtain baseline levels of these processes.
After basal measurements cyanide p-trifluoromethoxy-phenyl-
hydrazone, FCCP, was injected into parallel wells to determine
the maximum responses, and 10 M vitamin K-2 to compare
with TERE1 expression.

Oxidative and nitrosative stress assays. Oxidative stress
measurements were conducted using cell imaging of dihy-
drorhodamine 123 and CellROX deep red fluorogenic probes
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(Molecular Probes/Invitrogen). Dihydrorhodamine 123 reacts
with either hydrogen peroxide (in presence of peroxidase,
cytochrome ¢ or Fe?*) or with peroxynitrate (formed when
nitric oxide reacts with superoxide). Once dihydrorhodamine
123 is oxidized to rhodamine 123, it localizes to mitochondria.
CellROX deep red oxidation is specific for ROS but not RNS
Caki-1 and Caki-2 cell lines were plated in 96-well optically clear
plates (Costar 3720) and infected for 48-72 h with Ad-LACZ,
or Ad-TEREI. Cellular NO/RNS production was measured
using the fluorescent probe 4-amino-5-methylamino-2',7'-
difluorofluescein diacetate, DAF-FM-DA (Molecular Probes/
Invitrogen; D-23844); DAF-FM reacts with NO and RNS to
form a fluorescent benzotriazole. Our procedures for loading
cells with these fuorogenic probes and visualization by laser
scanning confocal microscopy (Olympus Fluoview FV1000;
488 nm Ar laser excitation/525 nm emission; 10x, 0.3NA objec-
tive) have been previously detailed (24). Cells were loaded with
DAF-FM by incubation in DPBS containing 5 uM DAF-FM-DA
and 5 uM carboxy PTIO (Cayman Chemicals), a cell permeant
NO scavenger to prevent DAF-FM from reacting with any RNS
produced during dye loading. After 45 min loading at room
temperature in the dark, cultures were washed 4 times with warm
HBSS to remove unloaded DAF-FM-DA and cPTIO, followed
by ~10 min to allow for loaded dye retention before imaging
was performed. Care was taken to follow the loading protocol
strictly to normalize dye loading between samples. Images were
captured at 10-sec intervals (scan speed 12 psec/pixel). Baseline
DAF-FM fluorescence was determined by averaging the first
20 frames of each experiment. NO production was initiated
by addition of modified Hank's balanced salt solution (HBSS,
pH 7.4) containing 1X minimal essential medium (MEM) amino
acids (Gibco) to provide a source of arginine (~0.6 mM) for
NO production and measured for 10 min. Menaquinone 30 M
was added during imaging to assess immediate responses.
Normalization of DAF-FM fluorescence changes was made
after subtraction of off-cell background fluorescence.

Cholesterol assay. The cholesterol content of J82 cell
lysates harvested after 72 h of transduction with Ad-LACZ,
Ad-TEREI1, Ad-TBL2, or treatment with vitamin K-1 (30 xM),
K-2 (30 uM), K-3 (10 uM) was detected using an Amplex Red
Cholesterol Assay kit relative to a dilution series of cholesterol
standards as specified (Invitrogen). Lysates were prepared as
previously described (27).

RNA isolation, reverse transcription and Fluidigm RT-PCR
TagMan expression assays. Caki-1 cells were grown to 80%
confluency, transduced with Ad-LACZ, Ad-TERE1, Ad-TBL2
and ~5x106 cells were lysed in 2 ml TRIzol after 72 h. Total RNA
was isolated from TRIzol cell lysates (Invitrogen, Carlsbad,
CA), using the Ambion Pure-Link RNA Mini kit according
to the procedures specified by the manufacturer (Catalog
12183-081A). RNA quantity was determined using a Nanodrop
ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA)
and quality was assessed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). The cDNA synthesis,
specific target pre-amplification, and Fluidigm RT-PCR
TagMan expression assays were performed using procedures
recommended by ABI Biosciences and Fluidigm (40) and were
performed at the UPENN Molecular Profiling Facility as previ-
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Figure 1. A, Trans-membrane model of TEREI protein (left) depicting sites of SCD point mutations (red), conserved CRAC and FARM prenyl binding motifs,
and antigen regions for polyclonal antibodies. B, Expression of endogenous TERE1 and TBL2 in human RCC cell lines from ATCC. Equal protein amounts of
cell lysates from RCC cell lines indicated in labels were resolved by SDS-PAGE, immunoblotted, and probed with indicated antibodies. HEK293 transfected with
Flag-TEREI or Flag-TBL2 (depicted as HEK293-Tx CMV") served as positive controls for antibodies. C, Ectopic expression of TEREL1 in Caki-1, Caki-2, and
ACHN RCC cell lines after infection with adenovirus encoding LACZ vector or TEREI cDNA.

ously described (24). Data were analyzed using the Fluidigm
BioMark Gene Expression Data Analysis software to obtain
AACt values and expressed as a ratio to the Ad-vector control
to determine the fold change in gene expression. The TagMan
probes were purchased from Applied Biosystems/Invirogen. In
detail, all TagMan gene expression assays for RT-PCR were as
5' FAM™ reporter dye/3' MGB/nonfluorescent quencher (NFQ)
from Applied Biosystems/Invitrogen. Probes were inventoried
assays selected to span an exon junction and are listed: human
B-actin 4333762F, GUSB 4333767F, human PPIA 4333763F,
HIFla ID: Hs00153153_m1, HMOX ID: Hs01110250_ml,
TSC2 ID: Hs01020387_ml, VKOR ID: Hs01653025_ml,
NQO21ID: Hs01061270_m1,NQOI ID: Hs01045994_m1, GAS6
ID: Hs00181323_m1, AXL ID: Hs00242357_m1l, HMGCS
ID: Hs00266810_m1, CD36, SCARB3 ID: Hs00169627_ml1,
CYP7A1 ID: Hs00167982_m1, APOE ID: Hs00171168_ml1,
CPT1AID:Hs00912671_m1,FBXW7Hs00217794_m1,INSIG1
made to order 255 Hs04186616_m1,CYP11A1ID: Hs00167984 _
ml, STAR ID: Hs00264912_m1, TSPO ID: Hs00559362_ml,
SREBF]1 ID: Hs01088691_m1, SREBF2 ID: Hs01081784_ml1,
FASN ID: Hs01005622_m1, SCD2 ID: Hs00227692_ml,
SCD1 ID: Hs01682761_m1ST2A1 Hs00234219_ml, FDPS

TERE1

Staining: Absent or Low

Medium or High

T, o 8%

Absent Low Medium High

#Specimens: 6/28 10128 928 3028
i (21%)  (36.%) (32%)  (11%)

Labeln (0-100) (101-200)  (201-300)  (300)

intensity of staining (+1 to +3) x % of tumor cells staining

Figure 2. Reduced TERE] staining in renal clear cell carcinoma tissue micro-
array: representative labeling index (LI) groups (low, mild, medium, high)
based on intensity of staining x percentage of tumor cells staining with anti-
TEREI antibody. TEREI protein is reduced in almost 60% of human renal
clear cell cancer specimens.



642

ID: Hs00266635_m1, SXR ID: Hs00243666_m1, TBL2 ID:
Hs00202878_m1, UBIADI ID: Hs00203343_m1, ABCGI ID:
Hs00245154_m1, ABCA1 ID: Hs01059118_m1, ABCBI ID:
Hs01067802_m1, CYP3A4 ID: Hs00604506_m1, AKR1C3 ID:
Hs00366267_m1, AKRIC2 ID: Hs00912742_m1, AKRIC1 ID:
Hs00413886_m1, SRD5A1 ID: Hs00602694_mH, HSD3B1 ID:
Hs00426435_m1, OATP1B1 ID: Hs00272374_ml, 3-hydroxy-
3-methylglutaryl-CoA reductase ID: Hs00168352_ml,
CYP27A1 ID: Hs01026016_m1, CYP24A1 ID: Hs00167999_
ml,CYP17A11D: Hs01124136_m1,MRP2ID: Hs01091188_ml,
UGT?2BI5 ID Hs03008769_g1, UGT2B17 ID: Hs00854486_sH.

Results

Features of TEREI (UBIADI) and interacting proteins. TERE1
is a ten a-helical transmembrane domain protein of 338 amino
acid residues that localizes to ER, golgi and mitochondria
(23,24,41). As depicted in Fig. 1, the mutations (in red) associ-
ated with SCD occur in residues on one side of the membrane,
either in aqueous loops or close to one bilayer surface (29).
These loops may constitute a binding interface for interacting
proteins, APOE, TBL2, HMGR, and SOAT-1 (24,27,31). Also
featured is a well-conserved CRAC motif [L/V(X,5)Y(X,5)
R/K] involved in binding cholesterol (27,42,43), and an adja-
cent FARM motif DDXXXXD (farnesyl binding aspartate-rich
motif), a putative ligand/polyprenyldiphosphate binding site
(29). The presence of a heme regulatory motif and oxido-
reductase motif, not shown, suggests that TEREI activity
may be affected by cellular redox state (29). The approximate
polyclonal antibody binding sites used in this study are also
shown. We evaluated TEREI and TBL2 expression in a panel
of RCC cell lines. Fig. 1B shows a very low level of endogenous
TERETI levels in several RCC cell lines (top) yet conserved
expression of TBL2 (bottom). Reduced TEREI expression may
be a feature in common among RCC cell lines and some RCC
cancer specimens. We ectopically expressed the TEREI protein
in Caki-1, Caki-2, and ACHN cells by introducing cDNAs via
infection with adenoviral vectors and confirmed expression of
the ~37 kDa TEREI protein via immunoblots (Fig. 1C).

TEREI expression in renal clear cell carcinoma. Based on a
view of TEREI as a modulator of lipid metabolism, and RCC as
disease of altered metabolism, we have conducted a preliminary
investigation of TEREI in RCC. We examined TERE] expres-
sion in a human tumor microarray (TMA) of renal clear cell
carcinoma specimens via an immunohistochemical analysis
using a chicken anti-TEREI (229-242) antibody (Fig. 2). The
representative anti-TEREI1 staining levels were sorted into
the four groups (absent, low, medium, and high) based on the
assigned labeling index. The average value obtained from three
cores was assigned as the score for that particular case. Overall,
TERE] staining was heterogeneous in 28 specimens. TERE1
staining was absent or low in almost 60% of RCC specimens,
hence may represent a significant phenotype in renal cancer.

Ectopic TEREI expression inhibits growth and colony forma-
tion of RCC cell lines. We evaluated the growth of Caki-1,
Caki-2 and A704 renal carcinoma cell lines upon TEREI1
expression to determine its potential for growth inhibition as we
had observed with TEREI in bladder and prostate cancer cells
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Figure 3. Ectopic TERE1 expression inhibits growth of RCC cell lines. The
growth of Caki-1, Caki-2 and A704 renal carcinoma cell lines was evaluated
after transduction by Ad-TEREI cDNA or Ad-LACZ (arrows) over 10 days
via the Cell titer-Glo Luminescent Cell viability kit from Promega. Ectopic
TEREI expression inhibited cell growth >80% after 5 days. TBL2 expression
caused similar inhibition of A704 cell growth.

(25-27). Caki-1, Caki-2 and A704 renal carcinoma cell lines
were transduced with Ad-TERE1 or Ad-LACZ virus (arrows)
over 10 days, and proliferation determined via the Cell titer-Glo
Luminescent Cell viability kit from Promega. Ectopic TERE1
expression inhibited cell growth up to 80% in all three of the
cell lines after 10 days (Fig. 3). Ectopic TBL2 also inhibited
A704 cell growth. TEREI also caused significant decreases in
stable colony formation (Fig. 4B) in Caki-1 (80%), A498 (45%),
ACHN (38%), and 786-0O (57%) renal cancer cell lines after
lentiviral transduction and selection in blasticidin for 3 weeks,
but only a slight decrease in A704 colonies (6%). Methylene
blue stained colonies shown for some cell lines in Fig. 4A.
Conversely, TEREI knockdown increased colony formation:
in Caki-1 (1.9-fold), A704 (1.8-fold), A498 (1.5-fold), ACHN
(1.7-fold), and 786-0O (1.3-fold). A TEREI-mediated increase
in caspase 3/7 activity was observed in Caki-1 (40% increase),
786-0 (60% increase), and ACHN (20% increase) cell lines
4 days after Ad-TERE] transduction. This suggests that a
delayed apoptosis plays a role in the TERE1-mediated growth
suppression in some of the RCC cells, though may not account
for all the growth inhibition. Based on the importance of
mitochondrial metabolism in the metabolic phenotype of RCC
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Figure 4. A, TEREI inhibits colony formation in renal cancer cell lines. RCC cell lines: Caki-1, ACHN, 786-0, and A498 were transduced with either lentiviral,
LV: -Vector, -TEREI cDNA for overexpression, or - miRNA-TEREI for TEREI1-knockdown. Stable colonies were selected in blasticidin for 3 weeks and stained
with metheylene blue. B, TEREI expression inhibits colony formation. TEREI-knockdown increases colony formation. C, Ectopic TEREI increases caspase 3/7
activity in Caki-1, 786-0, and ACHN cell lines 4 days after Ad-TEREI transduction.

(19-22), we turned our focus to looking at effects of TERE1 on
additional aspects of mitochondrial function.

Extracellular flux analysis. We extended our inquiry into the
effects of TEREI on mitochondrial function via measurements
of OCR and proton production, expressed as the ECAR in Caki-1
RCC cells, using a Seahorse Bioscience XF24 extracellular flux
analyzer (ECF) (Fig. 5). Comparing the basal OCR responses
of Ad-TEREI and Ad-vector cells, TERE] increased the OCR
over 2-fold (155/70=2.2) (left side of top plots in Fig. 5). Next, we
injected the proton iontophore FCCP to estimate the maximal
potential respiration sustainable by the cells. By disrupting
the proton gradient and ATP synthesis, FCCP leads to a rapid
consumption of oxygen as cells attempt to use glycolysis to make
ATP. FCCP increased the OCR of Ad-vector cells almost 2-fold
(130/70=1.86) and Ad-TEREI cells by 1.6-fold (246/155=1.58).
Comparing the FCCP-treated Ad-TERETI to the Ad-vector cells,
shows an almost 2-fold increase (246/130=1.9). Vitamin K-2
reduced the basal OCR of Ad-vector cells (34/70=0.49), but had

anegligible effect with Ad-TEREI cells (149/155=0.96). Similar
effects of K-2 were observed in presence of FCCP, suggesting
that K-2 treatment exerts some immediate anti-oxidant effects
in vector-transduced cells but not TERE1-transduced cells, as
if TEREI expression saturates some component of the maximal
potential respiration.

Next, we compared the proton production, ECAR responses
of Ad-TEREI and Ad-vector cells (left side of bottom plots in
Fig. 5). TEREI increased the basal ECAR 1.5-fold (12/8=1.5)
and the FCCP-induced ECAR 1.4-fold (25/18=1.4), relative to
Ad-vector cells. ECAR measurements are generally indicative
of lactic acid production formed during glycolytic energy meta-
bolism (44), thus the TEREI-induced 1.5-fold ECAR increase
suggests that only a portion of the 2-fold TERE1-induced OCR is
due to increase in metabolic flux due to glycolysis, the remainder
likely is due to other components of OCR. Measurements of
OCR represent several concurrent factors including changes
in oxidative phosphorylation, non-mitochondrial respiration
including oxidative stress, and mitochondrial proton leak, thus
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Figure 5. Analysis of O, consumption and H* production in Caki-1 cells after
ectopic TEREI expression with AJ-TEREI using a Seahorse Bioscience XF24
Extracellular Flux Analyzer. TEREI increased the oxygen consumption rate
(OCR) and the hydrogen production rate (ECAR). Addition of cyanide p-tri-
fluoromethoxy-phenylhydrazone, FCCP, permitted estimate of the maximal
respiration rate. Vitamin K-2 injection showed some anti-oxidant effects.

we examined whether TERE1 would elevate the level of oxida-
tive stress in RCC cells.

TEREI-modulation of oxidative stress. Based on redox-cycling
properties of K-2 (45), we evaluated whether TEREI expression
might affect the cellular levels of oxidative stress in Caki-1 and
Caki-2 cells. We conducted imaging of Caki-1 and Caki-2 cells
that had been loaded with dihydrorhodamine 123 or CellROX
deep red fluorogenic probes after infection with Ad-LACZ,
Ad-TERE], or pre-incubation with menadione (K-3). Fig. 6
(left side, top green), shows that Ad-TEREI (1911 FUs) infected
Caki-1 cells show an increase of over 18% in dihydrorhoda-
mine 123 oxidation compared to the control vector, Ad-LACZ
infected cells [1616 fluorescence units (FUs)]. In Caki-2 cells
dihydrorhodamine 123 oxidation was increased almost 2-fold
(3476/1772). Next, we evaluated the effects of TEREI on
CellROX deep red oxidation (Fig. 6, right side, red). Using pre-
treatments of vitamin K-3 at 30 uM or H,0, at 100 uM for 1 h,
as positive controls, we observed significant increases, 44% and
27%, in Caki-1 and Caki-2 cells, respectively. TEREI expres-
sion caused a modest increase in CellROX oxidation of 14% in
Caki-1, but was decreased by 23% in Caki-2 cells. Apparently
there are differences in the response to ectopic TERE1 between
the two cell lines. Oxidation of both probes increased in
Ad-TERETI infected Caki-1 cells. Caki-2 cells showed increase
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only with the dihydrorhodamine 123 probe but not CellROX
deep red. Since dihydrorhodamine 123 oxidizes in response to
both ROS and RNS, and CellROX deep red oxidation is specific
for ROS but not RNS, this suggested the possibility that Caki-2
cells may produce NO in response to TERE] expression.

Nitric oxide production. We examined whether ectopic TEREI
expression would affect cellular levels of nitric oxide in Caki-1
and Caki-2 RCC cells based on reports that vitamin K-2 could
induce iNOS and increase NO production in endothelial cells
(46), and NO production in zebrafish models for UBIADI1 (41).
We conducted live cell imaging of Caki-1 and Caki-2 cells that
had been loaded with the DAF-FM-DA fluorogenic probe after
infection with Ad-LACZ or Ad-TEREI. We also tested the
effects of addition of menaquinone (K-2). DAF FM reacts with
NO and RNS to form a fluorescent benzotriazole. The graph
in Fig. 7 compares NO production in Caki-1 (top panel) and
Caki-2 (bottom panel) cells. TEREI reduced the basal cellular
NO level in Caki-1 cells, but increased NO in Caki-2 cells.
Supplementing with vitamin K-2 increased NO production
in Ad-vector and Ad-TEREI in both cell lines (not shown for
Caki-1). Further studies will be needed to determine the basis
for the difference in basal NO production between Caki-1 and
Caki-2 cells, e.g., whether there may be differences in INOS
expression, or NO secretion. Overall, the effects of TEREI on
NO in Caki-2 cells are consistent with a TERE1-mediated K-2
enhancement of mitochondrial respiratory chain to produce
NO and other RNS (24,39,47). Next, we turned our focus from
mitochondria, to a mechanism of retrograde signaling to the
nucleus that is predicted by TEREIl-mediated synthesis of K-2
and the activation of SXR nuclear receptor target genes that
play a role in lipid metabolism, and cholesterol efflux (32,33).

TEREI, TBL2 and vitamin K-induced changes in cellular
cholesterol. Based on the reports of an elevated cholesterol
phenotype in RCC cells (11), and its potential to contribute to
apoptotic escape during tumor progression (12-16), we evalu-
ated the effect of ectopic TERE1 and TBL2 expression on levels
of cholesterol in the Caki-1, Caki-2, and HEK293 embryonic
kidney cell lines. Furthermore, given the role of TEREI in
vitamin K-2 synthesis, we tested whether pre-incubation with
vitamin K derivatives would also reduce cellular cholesterol
levels. We ectopically expressed TEREI and TBL2 proteins in
Caki-1 and Caki-2 cells via infection with adenoviral vectors,
and via plasmid transfection with HEK293 cells. We confirmed
expression of the ~37 kDa TEREI and the ~49 kDa TBL?2 protein
via immunoblots (Fig. 8). Samples with elevated expression of
TEREI or TBL2 proteins had significantly reduced intracellular
cholesterol levels compared to those with the control vector. We
also found that that a 72-h treatment of Caki-1 and Caki-2 cells
with vitamin K-1 (30 xM), K-2 (30 uM), or K-3 (10 uM) can
reduce cellular cholesterol by at least 50%. This is consistent
with a mechanism of K-2 mediated SXR activation of choles-
terol efflux (48,49).

TEREI, TBL2-induced changes in SXR target gene expression.
Next we explored whether ectopic TERE1 or TBL2 would induce
changes in expression of SXR target genes in Caki-1 and Caki-2
cells. SXR has roles in regulation of endobiotic homeostasis,
and regulation of transporters involved in xenobiotic clearance
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Figure 6. Ectopic TEREI modulates ROS in Caki-1 and Caki-2 RCC cells. Caki-1 and Caki-2 cells were treated for 60 h with Ad-LACZ, or Ad-TEREI, or
incubated for 1 h with vitamin K-3 (30 M) or H,O, (100 #uM). Confocal imaging was performed after loading cells with 5 uM of CellROX deep red or dihydro-
rhodamine 123 fluorogenic probes. Cellular fluorescence intensities were quantified after off-cell background subtraction. TEREI increased oxidation of both
probes in Caki-1 but only DHR123 in Caki-2 cells.
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Figure 7. TEREI modulates nitric oxide production in Caki-1 and Caki-2 RCC cells. Confocal imaging was performed on Caki-1 (top) and Caki-2 (bottom) cells
that had been infected for 72 h with Ad-LACZ or Ad-TEREI and loaded with DAF-FM-DA which reacts with NO and RNS to form a fluorescent benzotriazole.
AA refers to minimal essential medium amino acids added to provide a source of arginine. K-2 refers to addition of vitamin K-2, menaquinone (30 zM). Images
were captured at 10-sec intervals. TEREI increased NO production in Caki-2 cells but not Caki-1 cells. K-2 increased NO in both (not shown for Caki-1).
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Figure 8. Elevation of TERE1 or TBL2 protein expression reduces cellular cholesterol levels. We ectopically expressed TERE1 and TBL2 proteins in Caki-1, Caki-2,
and HEK 293 cells and measured cholesterol using the Amplex Red assay. Treatment of cells with vitamin K-1 (30 M), vitamin K-2 (30 M), or vitamin K-3 (10 zM)
or ectopic expression of TEREI and TBL?2 proteins for 72 h results in a reduced level of cellular cholesterol compared to untreated or Ad-LACZ vector controls.
Expression of the ~37 kDa TEREI and the ~49 kDa TBL2 proteins was confirmed via immunoblots.

(32,49). We selected established target genes of SXR, of LXR
(which can be cross-regulated) and several genes involved in
cholesterol synthesis and catabolism (49-56). The Venn diagram
in Fig. 9 summarizes our findings and depicts the fold-change
in gene expression after TERE1 overexpression (red), or TBL2
overexpression (blue) relative to AD-LACZ and normalized
as described in Materials and methods. We have grouped the
changes common to both induction treatments, and those found
only with each inducer. The main result is that, as predicted, a
number of changes were observed in established target genes of
SXR (indicated by the asterisk). These include genes involved
in transport, synthesis and catabolism of fatty acids: "FASN,
“CPT1A, "SCARBI, "SCDI; or cholesterol: “CD36, SREBP1,
"HMGCS, "HMGR, FBXW7; or sterol metabolism: “CYP17A1,
‘CYP24A1, ‘CYP7B1, CYP11A1. We also observed similar
changes in some SXR targets after TEREI expression (+361)
in Caki-2 cells. These include "ABCB1 (+23.4), "CD36 (+1.9),
"CPTI1A (+1.4), "CYP11Al (+1.6), "CYP24Al (+2), ‘CYP3A4
(+2), "CYP7A1 (+1.8), FBXW7 (+7.1), FDPS (+2), ‘INSIG1
(+21.7), "SCARBI (+2.0), 'SCD1 (+1.7), SREBP1 (+2.4),
SREBP2 (+3.9), STAR (+9.9), and TSPO (+53). Notably several
of these targets in Caki-2 play a role in cholesterol transport to
mitochondria (CYP11A1, STAR, TSPO) and may be involved
in cholesterol mobilization for oxysterol formation (57). It is

ABCB1 +2., +4.5
hCD36  +1.7, +2.3
*CYP3A4 +4.5, +2.7
*CYP7A1 +1.4, +2.
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Figure 9. TEREI and TBL2 alter lipid metabolism and SXR target gene
expression in Caki-1 RCC cells. The Venn diagram depicts the fold-change
in expression of established SXR target genes (indicated by the asterisk) by
Fluidigm RT-PCR TagMan expression assays of Caki-1 cells after TERE1
overexpression (red), and TBL2 overexpression (blue) relative to AD-LACZ or
parental cell control and normalized as described in Mateterials and methods.
The data support the induction of changes in expression of known SXR target
genes in cholesterol and fatty acid regulation.
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Figure 10. Overview of TEREIL, vitamin K-2/K-3-mediated effects on cellular metabolism. APOE is a carrier of vitamin K-1, cholesterol, and triglycerides that
interacts with TEREI and is involved in K-1 delivery as well as lipid recycling. TEREI converts K-1 to K-2 at multiple locations: golgi, ER, and mitochondria.
In ER and golgi TEREI may interact with HMGR and SOAT1 thus affect cholesterol synthesis and storage. Based on redox-cyling K-2 and K-3 create reactive
oxygen species, ROS, and nitic oxide, NO. Depending on the cellular anti-oxidant milieu, TEREI may serve as a pro- or anti-oxidant. In mitochondria K-2 plays
a role in the electron transport chain, ETC, and can elevate the transmembrane potential, TMP, increase O, consumption and H* production rates, OCR and
ECAR, and ATP. TEREI can increase apoptosis, which may involve K-2 adduction with BAK. K-2 may drive fumarate reductase and lead to succinate elevation.
Elevated succinate is an onco-metabolite that leads to succination of proteins such as the TERELI interacting protein, TBL2. K-2 is a potent activator of the SXR
nuclear receptor, which traverses to the nucleus with RXR and is a master regulator of lipid and fatty acid homeostasis, energy metabolism, and phase I and II
enzymes and transporters involved in drug metabolism/clearance, and efflux of cholesterol. Overall, these findings highlight the potential relevance of TERE1
expression in tumor cell bioenergetics, oxidative and nitrosative stress, and suggest a possible role for TERE1 in the adaptation to hypoxic microenvironments
and invasiveness.

interesting that TEREI increases expression of CYP24A1  Discussion

whose expression is typically lost in RCC and is required for

transformation of vitamin D3. Overall, these data demonstrate
that TEREI expression can lead to regulation of SXR target
genes involved in lipid metabolism and are consistent with the
hypothesis that this is due to activation of SXR by TEREI-
mediated synthesis of K-2 (23,48,49).

TEREI expression in RCC and suppression of growth in vitro.
Our objectives with this study were to explore a possible role for
TERE] in RCC. Given our previous demonstration of TERE1-
mediated cholesterol modulation in bladder cancer cells (24,27)
our interest was driven by the emerging understanding of RCC
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as a disease of elevated cholesterol and an altered metabolic
phenotype (4,8,11). We first examined TEREI expression in a
TMA panel of RCC specimens and found that TEREI staining
was absent or low in almost 60% of RCC specimens; hence,
may represent a significant phenotype in renal cancer. Next we
evaluated growth upon ectopic TEREI expression and found
cell growth inhibited by up to 80% in Caki-1, Caki-2, and
A704 renal carcinoma cell lines after 10 days. Furthermore,
TERE] expression caused significant reduction in stable colony
formation in several renal cancer cell lines. It is significant that
miRNA-mediated-TERE1 knockdown generally increased the
number of colonies, further supporting the idea that a reduced
TEREI level may contribute to RCC progression. We then
proceeded to evaluate effects of TEREI related to mitochon-
drial function: apoptosis, O, consumption, and ROS/RNS
production, and also examine predicted effects on SXR target
gene expression and cholesterol levels based on K-2 functioning
as a ligand for SXR nuclear receptor signaling. The schematic
in Fig. 10 outlines some of the mechanisms described in the
literature by which TEREI and K-2 may affect RCC growth or
tumor progression for this discussion.

Ectopic TEREI increases apoptosis in RCC cell lines. As an
indicator of apoptosis, we examined caspase 3/7 activity after
Ad-TERETI transduction and found increases in RCC cell lines:
Caki-1 (by 40%), 786-0O (by 60%), and ACHN (by 20%). This
is consistent with reports of growth inhibition, autoschizis,
necrosis, or a delayed apoptosis in different tumor cell lines
in response to vitamin K-2 and K-3 (34,58-60). Recently K-2
was found to form covalent adducts with the Bcl-2 homologous
antagonist killer protein, BAK, and induce BAK-mediated
apoptosis (61). This facilitation of BAK activity by K-2
adduction is in contrast to thiol arylation adducts of K-3 that
inactivate phosphatases. K-2 adduction suggests a possible
mechanism for the TERE1-mediated apoptosis we observed in
RCC cell lines, and raises the possibility of K-2 adduct forma-
tion with other targets, especially, TEREl-interacting proteins.
Overall, TEREI-mediated K-2 synthesis has multiple possible
mechanisms capable of affecting cell growth, which may
account for some of the differences observed between the cell
lines. Although ectopic expression likely exaggerates TEREI-
mediated effects, the apparent liability TERE1 poses to RCC
cell growth, may account for its low level or absence in over
half of the RCC tumor specimens and cell lines.

TEREI effects on mitochondrial oxygen and hydrogen flux.
Based on the paradigm of altered mitochondrial metabolism
in RCC, we analyzed two parameters of mitochondrial activity
in Caki-1 and Caki-2 RCC cells: oxygen consumption, OCR,
and hydrogen production, ECAR. We found that TEREI1
significantly increased the basal and maximal rates of oxygen
consumption and hydrogen production. Our findings are consis-
tent with the reported role of vitamin K-2 in mitochondrial
electron transport and ATP production and the mitochondrial
functionality of TERE1 we inferred via co-localization with
mitochondrial TBL2 (39). Changes in OCR measurements may
reflect changes in oxidative phosphorylation, non-mitochondrial
respiration including oxidative stress, and mitochondrial proton
leak (62). Based on the fact that the electron transport chain
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is an abundant source of mitochondrial superoxide radicals
(34,37,45,63), we examined ROS and RNS effects of TEREI.

TERE]I effects on ROS/RNS. To evaluate whether TERE1 would
elevate the level of oxidative stress in Caki-1 and Caki-2 RCC
cells, we compared oxidation of CellROX deep red, specific for
ROS, and dihydrorhodamine 123, affected by either ROS or
RNS. TEREI increased oxidation of both fluorogenic probes in
Caki-1 cells, implying an increase in ROS. Caki-2 cells showed
an increase in dihydrorhodamine 123 oxidation, but a 23%
decrease in CellROX oxidation, implying RNS, but not ROS.
We then confirmed that Caki-2 cells do increase NO production
in response to ectopic TEREI expression, but in Caki-1 cells,
TEREI reduced basal NO levels. Given that many variables
may influence the levels and cellular consequences of ROS
and RNS: TEREI expression level and activity, substrate avail-
ability, subcellular location, prevailing oxygen tension, activity
of cellular antioxidants, and reducing enzymes (37,64,65), it is
not surprising to observe differences between cell lines. ROS/
RNS signaling cross-talks with many critical cellular func-
tions, including autophagy, mitophagy, fatty acid metabolism
and the dosage/activity of TEREI that may trigger different
types of signaling is uncharacterized (66-68). One implication
of TEREI effects on oxidative stress is that the heterogeneous
expression of TERE1 in RCC specimens may be a contributing
factor to heterogeneous O, tension and inflammatory cytokine
production that has been reported to be associated with inva-
sion potential of RCC (69,70). TERE1 undoubtedly has complex
effects on tumor cell populations.

Metabolic implications of TEREI and K-2/K-3 in tumor cells.
There is important incentive to understand the mechanisms by
which TERE1 dosage affects metabolism, growth signaling
and tumor progression. Numerous reports describe K-2 and K-3
mediated inhibition of tumor cell growth and the basis of the
differences in some of their effects; e.g., it has been reported
that K-3 but not K-2 can arylate thiols (34-36,63,71). Research
is focused on designing vitamin K analogs that may distinguish
the different mechanisms and offer therapeutic advantage.
Interestingly, more highly prenylated forms of K-2 were found to
be better SXR activators (72,73). These studies should guide the
clarification of which activities contribute to the tumor suppressor
activity of TERE1 in RCC. One relevant possibility concerns the
proposed two-step mechanism of TEREI-mediated conversion
of phylloquinone, K-1, to menaquinone, K-2, with menadione,
K-3, as an intermediate (23). The presence of K-3 presents a
possible mechanism for TEREI to affect the glycolytic pyruvate
kinase isoenzyme PKM2, which is highly relevant to the altered
metabolic phenotype of RCC. PMK2 has an emerging role as
a dominant regulator of tumor cell glycolysis and is the major
pyruvate kinase isoform in RCC (20,74,75). PKM2 catalyzes the
dephosphorylation of phosphoenolpyruvate to pyruvate, hence,
is responsible for oxygen-independent net ATP production that
allows survival of the cells under hypoxic conditions as are
often found in solid tumors. PMK?2 can be inhibited by vitamin
K-3, and to a lesser degree by K-2, as well as by ROS (76,77).
This implies that a reduction in TERELI levels in RCC could
reduce the generation of the inhibitory K-3 intermediate and
may lead to a greater activity of PKM2, enhancing glycolytic
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flux and tumor growth. Considering the role of menaquinone in
anaerobic organisms, an alternate possibility is that tumor cells
with low levels of TEREI and menaquinone may be selected
against in hypoxic environments and driven to invade.

TERE]! and mitochondrial ETC. Given the predominant role of
ubiquinone in oxidative respiration, the role that menaquinone
plays in mitochondrial electron transfer is not well understood.
However, menaquinone has an established electron carrier role
in the ETC of anaerobic bacteria and anaerobic mitochondria,
and there is increasing evidence regarding its possible role
in tumor mitochondria (37,38,78,79). In addition to the well
known NADH-ubiquinone reductase activity of mitochondrial
complex I typical of aerobic respiration, there is also a NADH-
fumarate reductase anaerobic electron transport system in
mitochondria which is capable of using menaquinone to
donate electrons to run a reverse TCA conversion of fumarate
to succinate (80,81). Elevation of TCA intermediates, fumarate
and succinate, due to inactivation or deficiency of fumarate
hydratase in RCC serves as a prototypical onco-metabolic
mechanism leading to HIFa stabilization that is a major driving
force of RCC (22,82,83). Elevated succinate can also lead to a
novel post-translational modification called succination (84),
and the TERElI-interacting mitochondrial protein, TBL2, has
been identified as a substrate for succination in RCC cells,
although the consequence of this alteration is unknown.

TBL?2. Except for the interaction with TERE], little is known
about the role of TBL2 except it has appeared in protein interac-
tion databases as a partner with SMURF1 or PDK1 suggesting
a possible role in TGFp, and/or AKT signaling, respectively
(85,86). The TBL2 gene was originally indentified within a
region of chromosome 7q11.23 deleted in Williams-Beuren
syndrome (87). There are numerous studies evaluating the rela-
tionship between mitochondrial WD repeat proteins involved
in mitochondrial fission/fusion (88,89) and oxidative stress and
mitophagy (67,90). It is interesting to speculate that the WD
repeats of TBL2, may be involved in similar functions. We have
found that ectopic TBL2 expression, like TEREI, can increase
mitochondrial transmembrane potential, elevate oxidative and
nitrosative stress in bladder cancer cells (24,27) and have now
confirmed its potential for modulation of cholesterol in RCC
cell lines.

TEREI, TBL2, and modulation of cholesterol and SXR target
genes. In this study, we confirmed that ectopic expression of
TEREI or TBL2 can reduce cellular cholesterol levels in Caki-1,
Caki-2, and HEK?293 cell lines. Similar cholesterol reductions
were observed with application of vitamin K-1, K-2, and K-3.
Recently, cholesterol-binding and cholesterol regulatory func-
tions were described for both TERE1 and TBL2, supporting our
earlier conclusions pointing to their role as modulators of lipid
metabolism (43,91). We analyzed TEREl-induced changes in
expression of established SXR target genes in Caki-1 and Caki-2
cells and confirmed that SXR target genes involved in choles-
terol efflux and fatty acid metabolism are modulated by TERE1
and TBL2. Several of these genes play a role in mobilization
or efflux of cholesterol thus may contribute to the TEREI- or
TBL2-mediated cholesterol reduction: CD36, ABCBI, and
SCARBI (92-95). CYP27A1 and CYP7AL1 oxidize cholesterol
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for cellular export (96). The ubiquitin ligase FBXW7 is known
to degrade SREBP (97,98), which may also lower cholesterol
synthesis. SCD1 is an SXR target gene that is known to regulate
biosynthesis of unsaturated fatty acids that are used in a variety
of phospholipids, triglycerides, and cholesterol esters and can
affect fatty acid oxidation (99). The elevation of SCD1 by ectopic
TBL2 may be relevant to the proposed role of TBL2 as a candi-
date gene in triglyceride disorders (100,101). The mechanisms
that govern TBL2 in these activities are undefined, however;
by virtue of its inner mitochondrial membrane localization and
association with TEREI, a role in retrograde signaling should be
explored, especially since succinated-TBL2 has been found in
the nucleus. Overall these changes in expression of SXR target
genes support the hypothesis of SXR activation by TEREI1
and modulation of lipid homeostasis via cholesterol efflux and
catabolism. This analysis will serve to guide further study of
protein expression and signaling in RCC (33,48,102).

In conclusion, our aim was to establish links between the
altered metabolic phenotype of RCC and functionality of the
TERE] prenyltransferase. We have reported a TEREI-negative
expression phenotype in a over half of the lesions from a tumor
microarray (TMA) set of human RCC tumor specimens, and
demonstrated that ectopic TERE1 expression profoundly
decreased growth, suppressed colony forming ability, and
increased caspase 3/7 activity in a panel of RCC cell lines.
We show TERE] activates mitochondrial activity using extra-
cellular flux analysis and leads to elevations in ROS/RNS.
TEREI! and TBL2 reduced Caki-1 and Caki-2 cell cholesterol
and activated a common set of SXR target genes with roles
in cholesterol and lipid metabolism. We discuss several hypo-
theses to relate possible TERE1/K-2/K-3 mediated mechanisms
of tumor suppression to the altered metabolic phenotype of
RCC. Tumor progression depends on adaptations to maintain
an elevated oxidative stress level; however, tumor cells must
manage oxidative stress levels below the apoptotic threshold
(103). In this regard, subversion of apoptotic signaling by
elevated mitochondrial cholesterol is highly relevant (104-110).
The natural TERE1-mediated targeting of vitamin K-2 synthesis
to mitochondria may represent a form of oxidative stress liability
to tumor cell metabolism during progression. The loss of TERE1
expression in RCC may be a defect in mitochondrial to nuclear
SXR signaling that tumors use to uncouple vitamin K-mediated
oxidative stress signaling from apoptosis or negative growth
signaling by elevation of cholesterol.
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