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ABSTRACT:
Castrate-Resistant Prostate Cancer (CRPC) is characterized by persistent 

androgen receptor-driven tumor growth in the apparent absence of systemic 
androgens. Current evidence suggests that CRPC cells can produce their own 
androgens from endogenous sterol precursors that act in an intracrine manner to 
stimulate tumor growth. The mechanisms by which CRPC cells become steroidogenic 
during tumor progression are not well defined. Herein we describe a novel link between 
the elevated cholesterol phenotype of CRPC and the TERE1 tumor suppressor protein, 
a prenyltransferase that synthesizes vitamin K-2, which is a potent endogenous ligand 
for the SXR nuclear hormone receptor. We show that 50% of primary and metastatic 
prostate cancer specimens exhibit a loss of TERE1 expression and we establish a 
correlation between TERE1 expression and cholesterol in the LnCaP-C81 steroidogenic 
cell model of the CRPC. LnCaP-C81 cells also lack TERE1 protein, and show elevated 
cholesterol synthetic rates, higher steady state levels of cholesterol, and increased 
expression of enzymes in the de novo cholesterol biosynthetic pathways than the 
non-steroidogenic prostate cancer cells. C81 cells also show decreased expression 
of the SXR nuclear hormone receptor and a panel of directly regulated SXR target 
genes that govern cholesterol efflux and steroid catabolism. Thus, a combination 
of increased synthesis, along with decreased efflux and catabolism likely underlies 
the CRPC phenotype: SXR might coordinately regulate this phenotype. Moreover, 
TERE1 controls synthesis of vitamin K-2, which is a potent endogenous ligand for 
SXR activation, strongly suggesting a link between TERE1 levels, K-2 synthesis and 
SXR target gene regulation. We demonstrate that following ectopic TERE1 expression 
or induction of endogenous TERE1, the elevated cholesterol levels in C81 cells are 
reduced. Moreover, reconstitution of TERE1 expression in C81 cells reactivates SXR 
and switches on a suite of SXR target genes that coordinately promote both cholesterol 
efflux and androgen catabolism. Thus, loss of TERE1 during tumor progression reduces 
K-2 levels resulting in reduced transcription of SXR target genes.  We propose that 
TERE1 controls the CPRC phenotype by regulating the endogenous levels of Vitamin 
K-2 and hence the transcriptional control of a suite of steroidogenic genes via the 
SXR receptor. These data implicate the TERE1 protein as a previously unrecognized 
link affecting cholesterol and androgen accumulation that could govern acquisition 
of the CRPC phenotype.
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INTRODUCTION 

Prostate cancer remains the most common male 
malignancy and the second most common form of male 
cancer death [1-3]. The common characteristic of the 
disease through its clinical progression is androgen 
receptor activation, which is initially accomplished by 
systemic androgens. Abrogation of this pathway is a 
common clinical treatment, which becomes ineffective 
as tumors overcome castration induced levels of 
systemic androgens by autocrine stimulation of self 
produced androgens or androgen receptor activation 
through mutations (receptor promiscuity to ligands or 
constitutive activation) [4]. Although the activation of 
androgen bio-synthetic pathway enzymes in tumor cells 
has been demonstrated recently [5-9], the metabolism of 
baseline hormone precursors such as cholesterol are less 
well understood throughout the progression of prostate 
cancer. Fig. 1A lists some features of Castrate Resistant 
Prostate cancers [4, 10, 11]. Both primary tumors and 
cell line models are characterized by aggressive growth, 
and elevated levels of intracellular cholesterol [12] which 
can cause altered growth signaling [13, 14], inhibition 
of apoptosis [15-19], and provide intracrine precursors 
for steroidogenesis, resulting in activation of androgen 
receptor driven target genes associated with proliferation 
[5-9, 20] . 

Cellular cholesterol levels are normally highly 
regulated via a complex interplay between several 
processes: transport (influx and efflux), de novo synthesis, 
trafficking, storage, recycling and catabolism to bile acids 
and steroid hormones [21, 22]. Generally the SREBP 
transcriptional regulator proteins activate genes for 
cholesterol synthesis and influx and the LXR and SXR 
nuclear receptors activate cholesterol efflux; however, both 
also regulate different aspects of fatty acid metabolism 
[23]. LXR targets can also be cross-regulated by SXR, the 
steroid and xenobiotic receptor, or activated by oxysterols 
derived from the cholesterol pathway or by fatty acids [23-
25].  LXR/SXR pathways activate the apo-protein carriers 
such as APOAI, APOE, and the transporters such as the 
ATP binding cassette proteins ABC-A1, -G1, -G4, -G5, 
-G8, and SRBI, through which efflux proceeds to mature 
HDL [26, 27]. The multiple ways these networks may 
be dysregulated in the context of tumor cell metabolic 
reprogramming during progression is not clearly defined.

A reasonable assumption is that during progression 
either gain or loss of function in oncogenes, or tumor 
suppressor genes contributes to the elevated cholesterol 
and steroidogenic phenotype of CRPC [28]. A new 
candidate for this type of regulation is the TERE1 gene 
(aka UBIAD1) at chromosome 1p36, first discovered 
in this laboratory as absent or diminished in a large 
proportion of prostate, bladder and renal tumors [29-
33]. An overview of TERE1 protein function is shown 
in Fig. 1B. The 338 amino acid TERE1 protein contains 

ten α-helical trans-membrane domains, a CRAC motif 
(cholesterol recognition amino acid concensus), and 
several solution exposed loops that constitute binding 
interfaces for interacting proteins [32-34]. Protein 
interaction studies identified APOE, TBL2, HMGCR, and 
SOAT1 as TERE1-interacting proteins, strongly suggesting 
a role in cholesterol homeostasis [32-34]. TERE1 sub-
cellular distribution encompasses a range of cholesterol 
regulatory sites including endoplasmic reticulum, golgi, 
and mitochondria. Reconstitution of TERE1 expression in 
bladder, renal, and prostate tumor cell that have silenced 
the endogenous gene results in strong inhibition of tumor 
cell growth. Remarkably, germline mutations in TERE1 
cause a rare disease of elevated corneal cholesterol and 
lipid deposition called Schnyder’s Corneal Dystrophy, 
SCD [31, 35], and these mutations alter binding to APOE, 
HMGR, and TBL2 [32-34]. However, the mechanisms 
by which TERE1 modulates cholesterol homeostasis via 
its direct protein interaction with mediators of synthesis 
(HMGR), storage (SOAT1), and efflux (APOE) are not yet 
well defined and undoubtedly complex. 

The recent identification of TERE1 as the 
prenyltransferase required for vitamin K-2 biosynthesis 
provides a basis for understanding its multi-factorial 
influence on the cell, including effects on steroidiogenesis.  
TERE1-mediated synthesis of vitamin K-2  clearly affects 
lipid metabolism, redox balance and mitochondrial 
function [36]. Numerous studies describe tumor 
cell growth inhibition based on the redox-cycling 
and alkylating properties of vitamins K-2 and K-3, 
suggesting a basis for TERE1 tumor suppressor activity 
[37-39]. Another dimension of TERE1 activity relates 
to its mitochondrial localized activity: its Drosophila 
homolog, heix, was found to enhance mitochondrial 
electron transport and ATP production [40], a finding 
consistent with the bioenergetics of K-2 in anaerobic 
bacteria and mitochondria [41, 42]. We recently 
reported immuno-electron microscopic localization 
of TERE1 in mitochondria along with TBL2, and the 
effects on mitochondrial trans-membrane potential, and 
the generation of ROS/RNS [33]. TERE1 can also the 
expression of nuclear genes: its product, vitamin K-2 is 
a potent ligand for activating the SXR nuclear hormone 
receptor and hence SXR target genes [37, 38], many of 
which are well known to encode enzymes in the de novo 
cholesterol biosynthetic pathway. We thus investigated 
TERE1 function as a modulator of the elevated cholesterol 
phenotype of CRPC [25, 36, 43-46] by focusing on the 
ability of the TERE1 product, K-2 to activate SXR target 
genes which regulate sterol accumulation [47]. Our 
findings point to a key role for TERE1 in modulating 
cholesterol and steroid accumulation in prostate tumors 
as a means of regulating growth and progression of this 
neoplasm. 
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RESULTS:

TERE1 expression in metastatic prostate cancer:

 To determine the frequency of TERE1 alteration 

in human prostate cancers we conducted an immuno-
histochemical analysis using a custom human prostate 
tumor microarray (TMA) to examine TERE1 expression in 
primary carcinoma compared to metastatic specimens. The 
results of 23 primary and 27 metastatic cancer specimens 
using a well defined chicken anti-TERE1 (229-242) 
antibody [33] are summarized in Fig. 2. Overall TERE1 

Figure 1: A. Features of advanced Castrate Resistant Prostate Cancer cells. The elevated cholesterol phenotype of advanced prostate 
cancer affects growth signaling, apoptosis and steroidogenesis. The LnCaP cell line C81 was derived from the C33 clone by extended serial 
passage and has acquired an altered program of gene expression that permits androgen synthesis. We propose this includes a loss of TERE1 
expression. This manuscript describes the role of TERE1 and its novel link to SXR-mediated mechanisms of regulating sterol accumulation 
in cells. B. TERE1 at the nexus of cholesterol synthesis, storage, and efflux: Overview of vitamin K-2 effects on cellular metabolism. 
APOE is a carrier of vitamin K-1, cholesterol, and triglycerides that interacts with TERE1 and is involved in K-1 delivery as well as lipid 
recycling and efflux. TERE1 converts K-1 to K-2 at multiple locations: golgi, ER, and mitochondria. In ER and golgi TERE1 may interact 
with HMGCR and SOAT1 thus affect cholesterol synthesis and storage. Based on redox-cyling the K-2 and K-3 quinones may create 
reactive oxygen species, ROS, and nitric oxide, NO. In mitochondria K-2 plays a role in apoptosis, electron transport and may play a role in 
mitochondrial bioenergetics in anaerobic environments. TERE1 synthesis of vitamin K-2 creates a potent endogenous activator of the SXR 
nuclear receptor, which traverses to the nucleus with RXR and is a master regulator of endobiotic lipid and fatty acid homeostasis, Phase I 
and II enzymes and transporters involved in drug metabolism/clearance, and efflux of cholesterol and steroids. In this regard, TERE1 elicits 
an anti-sterol program that may reverse the elevated cholesterol phenotype of CRPC.
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staining was heterogeneous. The most obvious change 
was observed as a loss of staining in the metastatic group. 
TERE1 staining was absent in a quarter of the metastatic 
specimens (~26%), in contrast to only a minority of 
cases (4.3%) of primary specimens. For both primary 
and metastatic, over 50% of specimens showed complete 
absence or low levels of staining; hence, a reduced TERE1 
expression may represent a significant phenotype in 
prostate cancer.

Endogenous TERE1 expression and cholesterol in 
C81 cells: 

The LnCaP prostate cancer cell subline C81 
was derived from its parental cell line, C33 and is a 
widely accepted model for the CRPC phenotype based 
on its ability to become steroidogenic when grown in 
hormone free conditions (5% charcoal stripped serum) 
[7]. We compared the endogenous TERE1 levels in the 
C33 and C81 LnCaP clones and found C81 to express 
a significantly reduced level of TERE1, Fig. 3. Total 
cholesterol levels of cell lysates were measured using the 
well-established Amplex Red fluorometric assay relative 
to a dilution series of cholesterol standards using equal 
amounts of protein [48]. When we measured the total 
cholesterol levels in C81 cell lysates we found they were 
elevated by 17% compared to C33 from cells grown in 
under full serum conditions (5% FBS). However, when 
cells were grown in lipoprotein-depleted FBS (which 
limits import of serum derived cholesterol), the C33 

cells showed a significant reduction (25%) in cholesterol, 
suggesting a greater reliance on uptake rather than 
synthesis. In contrast, the cholesterol level in the C81 
cells was only slightly reduced by growth in lipoprotein-
depleted FBS, suggesting they may have an elevated rate 
of cholesterol synthesis. When the cells were cultured in 
the presence of lovastatin (10µM) to inhibit endogenous 
cholesterol synthesis, the cholesterol level of the C81 
clone, was reduced (by 35%) to a greater extent than C33 
(~10% reduction), suggesting that C81 cells have a greater 
potential for cholesterol synthesis. Overall this suggests a 
correlation between TERE1 levels and cholesterol in the 
C33 and C81 cells, which is consistent with their reported 
steroidogenic potential [7].

Elevated cholesterol synthesis: 

The elevated level of total cholesterol in C81 cells 
led us to examine cholesterol synthesis via isotopotomer 
analysis using incorporation of 13C-acetate and LC/
MS analysis, Fig. 4A. The chromatographic peak for 
cholesterol was identified using a deuterated-cholesterol 
(D6-cholesterol) as an internal standard. The sum of 
the areas of 13C labeled-isotopomers with m/z of 371.4-
399.4 co-eluting with the cholesterol peak, divided by 
the total amount of cholesterol isotopomers, was used 
as a measure of cholesterol synthesis. The lysates from 
C81 cells showed a 52% increase in the amount of 
newly synthesized cholesterol compared to C33 cells. To 
determine the underlying causes of increased cholesterol 

Figure 2: Reduced TERE1 staining in prostate carcinoma tissue micro-array. The representative labeling index groups 
(Absent, Low, Medium, and High) based on the intensity of staining x percentage of tumor cells staining with anti-TERE1 antibody (affinity 
purified chicken polyclonal against amino acids 229-242). TERE1 protein is reduced (absent or low) in ~ half of primary and metastatic 
human prostate carcinoma specimens. TERE1 expression was absent in 25% of metastatic lesions compared to 4% of primary specimens 
suggesting loss of TERE1 expression may be a marker for advanced disease
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synthesis we conducted an RTPCR analysis of expression 
of several enzymes involved in cholesterol synthesis and 
mobilization to mitochondria as a first step in steroid 
synthesis (Fig 4B). We found that the expression of 
SREBP2, HMGCS, FDPS, HMGCR, STAR, and CYP11A1 
were all elevated in C81 relative to C33 cells. This is 
consistent with the elevated cholesterol synthesis that we 
observe.  

Increased expression of TERE1 protein reduces 
cellular cholesterol levels:

TERE1 protein levels were assessed in two 
additional well-studied prostate cancer cell lines 
originally derived from metastases, DUI45 and PC3, to 
see if reduced levels of TERE1 in cell lines might be a 
feature in common with some metastatic prostate cancer 

specimens. Endogenous TERE1 at ~37 kDa was barely 
detectable in either of the cells (Fig. 5). After transfection 
of TERE1 mammalian expression plasmids or adenovirus 
infection we easily confirmed ectopic expression of 
TERE1 in LnCap C81, PC-3, and DUI45 cell lines and 
then measured total cell-derived cholesterol. As a positive 
control for genes that influence cholesterol levels we 
transfected an expression plasmid for constitutively 
active SREBP1a or SREBP2. In these cells we observed 
an increased cholesterol level with PC-3, and C81, 
respectively, as would be expected. Elevated expression 
of TERE1 protein in DUI45, PC-3, or LnCaP C81 cells 
caused a significantly reduced intracellular cholesterol 
levels compared to control vector. Knockdown technology 
was used to reduce the endogenous cellular level of the 
TERE1 in C81 cells. Significantly, the miRNA specific 
for TERE1 caused a 15% increase in cholesterol level of 
LnCaP-C81 cell lysates compared to those transduced with 
a reference scrambled miRNA control. Thus under these 
conditions, altered  expression of TERE1 can modulate 
cellular cholesterol levels [32, 33, 49]. As a precursor to 
steroid synthesis, cholesterol has important implications 
for prostate cancer and the loss of TERE1 expression may 
be one of the changes acquired during progression to the 
castrate resistant phenotype of advanced prostate cancer.

TERE1 expression is inducible in LnCaP cell 
clones: 

The presence of vitamin D response elements 
(VDREs) within the TERE1 promoter [50], and 
the previously established inhibitory effects of 
1,25-(dihydroxy)-vitamin D3 on LnCaP cell growth [51, 
52] led us to examine the inducibility of endogenous 
TERE1 expression and the resultant effects on cholesterol 
in LnCaP prostate cancer cell clones (Fig. 6). Treatment 
of cells with 1,25-(dihydroxy)-vitamin D3 (100 nM, for 
a period of 6 days) increased TERE1 protein levels and 
decreased cell cholesterol in both LnCaP cell clones, 
although C81 was more sensitive to the cholesterol 
reduction than C33. This further demonstrates that TERE1 
expression levels influence cholesterol levels. Moreover, 
these data suggest the possibility that Vitamin D status in 
humans may affect TERE1 levels and suggest a possible 
therapeutic use of vitamins D and K2 in androgen-
independent prostate cancer. 

Overall our studies have found that either exogenous 
or endogenously induced TERE1 expression can lead to 
changes in cellular cholesterol in prostate cancer cell lines. 
Given the established mechanistic connection between 
vitamin K-2, the product of TERE1 prenyltransferase 
activity, and K-2’s role as a ligand for the SXR nuclear 
receptor, a master regulator of sterol metabolism and 
homeostasis, we next investigated SXR target gene 
expression in the C33 and C81 cell lines.

Figure 3: Endogenous TERE1 expression is reduced 
and cholesterol is elevated in the LnCaP C81 cell model 
of CRPC. The LnCaP prostate cancer cell line C81 serves as 
a model for the Castrate Resistant Prostate Cancer phenotype 
based on its steroidogenic potential. C81 was derived from the 
parental C33 clone which is not steroidogenic. Immunoblot 
analysis with goat anti-TERE1 antibody showed that C81 
expresses a reduced level of TERE1 and has a 17% elevated 
cholesterol level. In lipid free growth media, C33 cholesterol 
levels are significantly reduced but C81 level remains unchanged, 
suggesting C33 is more dependent on transport and C81 more 
dependent on synthesis and/or retention. The cholesterol level 
of C81 was reduced by lovastatin (10µM) to a greater extent 
than C33 suggesting that C81 cells have a greater potential for 
cholesterol synthesis.
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Figure 4: LnCaP C81 cells have elevated cholesterol synthesis. 4A. We examined cholesterol synthesis in C33 and C81 cell 
cultures via LC/MS isotopomer analysis after incorporation of 13C-acetate. The sum of the areas of 13C-labeled-isotopomers with m/z 
of 371.4-399.4 co-eluting with the cholesterol peak, divided by the total amount of cholesterol isotopomers, was used as a measure of 
cholesterol synthesis. C81 cell lysates showed a 52% increase in newly synthesized cholesterol compared to C33 cells.  4B. Fluidigm 
RT-PCR analysis of C81 transcripts relative to C33 revealed elevated expression of several enzymes involved in cholesterol synthesis and 
mobilization of cholesterol to mitochondria. Those genes with an asterix* are established SXR target genes.
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SXR target gene repression in C81 cells:

The steroid and xenobiotic nuclear receptor, SXR, 
has roles in the regulation of endobiotic homeostasis 
(sterols, lipids) and regulation of transporters involved 
in xenobiotic clearance [25, 43]. We assembled a 
comprehensive array of established target genes of SXR, 
of LXR (which can be cross-regulated) and several genes 
involved in the synthesis and catabolism of cholesterol 
and androgens and tested their levels in the cell lines 
described above [23, 25, 53-58]. The diagram in Fig. 7 
summarizes our findings that depict the fold-difference 
in gene expression of C81 cells as a ratio relative to C33 
cells. The differences are depicted with a “+” for fold-
activation and with a “-” for fold-repression. Values 
were normalized as described in methods. Expression of 

genes that are established SXR target genes are indicated 
with an asterix*. The most immediate observation is 
that in C81 cells, the SXR gene itself is expressed at 
12% of the levels seen in C33 cells and that 14 of 18 
SXR target genes also show lowered levels. Looking 
more deeply at the functions of these genes the first 
category of SXR targets are all involved in cholesterol 
hydroxylation that form the oxysterol efflux forms of 
cholesterol (CYP7A1*, CYP7B1*, and CYP27A1*). 
The next set includes cholesterol efflux and transport 
proteins (ABCB1*, ABCG1*, SRB1*, CD36*, APOE, 
and MRP2) all of which are at lower levels in C81 cells. 
TERE1-mediated reductions in expression of these two 
sets of genes could contribute to the elevated cholesterol 
observed in C81 cells via the sum of multiple mechanisms 
of accumulation. (In contrast to repression of most efflux 
mechanisms, we do observe that the ABCA1* cholesterol 

Figure 5: TERE1 protein expression decreases the cellular cholesterol levels in PC-3, DUI45 and LnCaP-C81 prostate 
cancer cell lines. We expressed TERE1 proteins in PC-3, DUI45 and LnCaP-C81 cells via adenovirus transduction or transfection and 
confirmed expression of the ~37 kDa TERE1 proteins via immunoblots. Cholesterol was measured using the Amplex Red assay. Ectopic 
expression of TERE1 protein for 72 hours results in a reduced level of cellular cholesterol compared to untreated or Ad-LACZ Vector 
controls. MiRNA-mediated reduction of TERE1 results in an elevation of cellular cholesterol in LnCaP C81 cells.
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transporter is activated in C81, underscoring the cell’s 
necessity to maintain an efflux mechanism to keep 
cholesterol levels below a toxicity threshold.) Another 
set of repressed genes play a role in steroid catabolism 
(AKR1C1*, UGT2B17*, UGT2B15*, and HSD17B2) and 
includes several SXR targets. The expected effect would 
be to stabilize androgen production and is consistent with 
the steroidogenic potential of C81. We also note that the 
AR target gene PSA is also elevated by more than two-
fold. (Under full serum growth conditions steroidogenesis 
would not be expected to take place, hence, we also 
observed repression of SRD5A1, AKR1C3*, and 
CYP17A1*, data not shown). Finally, we see a subset of 
classic SXR target genes involved in lipid and fatty acid 
metabolism is also repressed (HMGCS*, CPT1A*, SCD1*, 
FASN*, CYP24A1*, and SREBP1). Overall, in addition to 
induction of cholesterol synthesis genes, it appears that 
repression of SXR and its target genes is a significant factor 
in the C81 CRPC phenotype by virtue of its potential to 
preserve sterols from efflux and catabolism.  

TERE1 or exogenous vitamin K-2 switches on an 
anti-sterol suite of SXR target genes: 

Next we extended our RT-PCR analysis to 
investigate the potential for TERE1 or vitamin K-2 to elicit 
a change in SXR target gene expression.  We analyzed 
expression from parallel sets of C81 cells that had received 
ectopic Ad-TERE1 expression virus for 72 hours (C81-
TERE1) or dosing with vitamin K-2 (30µM) overnight 

(C81-K-2). Interrogating the custom array of genes by 
RTPCR revealed a dramatic reversal in expression of SXR 
and its target genes. In Fig. 8 the fold expression change of 
the C81 cells transduced with TERE1, or treated with K-2 
is depicted relative to the C81 vector control. First, SXR 
expression is increased 11.3-fold by TERE1 expression. 
Consistently, we see that expression of SXR target* genes 
(18/18 genes) is increased by TERE1 and many of the 
same genes are also increased by Vitamin K-2 across 
each of the 4 groups. TERE1 or K-2 treatments activate 
the set of classical SXR target genes that regulate fatty 
acid and lipid metabolism (HMGCS*, CPT1A*, SCD1*, 
FASN*, CYP24A1*, SREBP1 and VDR). Highly relevant 
to the reversal of the elevated cholesterol phenotype of 
CRPC, we observed increased expression of cholesterol 
hydroxylation enzyme and cholesterol efflux genes 
that would significantly reduce the cholesterol levels in 
C81 cells and likely account for the TERE1-mediated 
cholesterol reduction we observe and potentially limit the 
supply of sterol precursors for androgen synthesis. Also 
evident is a dramatic increase in expression of androgen 
catabolic genes (AKR1C1*, SULT2A*, UGT2B17*, 
UGT2B15*, CYP3A4*, and HSD17B2). The predicted 
net effect of alterations in the abundance/activity of these 
enzymes would be the efflux, inactivation, or breakdown 
of DHT and its precursors, which could potentially 
decrease AR activation driven proliferation (Fig. 9).

Overall, these data demonstrate that TERE1 
expression can lead to regulation of SXR target genes 
involved in lipid metabolism and is consistent with the 
hypothesis that this is due to activation of SXR by TERE1-
mediated synthesis of K-2 [25, 36, 46].

DISCUSSION: 

Elevated Tumor cell Cholesterol and Prostate 
Cancer: 

Androgen ablation therapy has been limited by 
the emergence of a “castrate resistant phenotype” in 
most advanced prostate cancer patients. Recent work 
demonstrates that androgen dependence may not be 
exhausted by systemic castration and inhibition of 
extragonadal sources of androgen. The demonstration 
of de novo synthesis of androgens from cholesterol 
precursors and from progesterone in LnCaP cell models of 
castrate resistant prostate cancer, CRPC, underscores the 
critical role of intracrine mechanisms as a potential driving 
force in cancer progression in the castrate state [5-9]. The 
focus on cholesterol as an intracrine steroid precursor of 
progesterone in mitochondria is further relevant in light of 
additional studies showing that mitochondrial cholesterol 
levels are frequently elevated in prostate cancers and can 
interfere with membrane associated signaling complexes 

Figure 6: Endogenous TERE1 expression is inducible 
in LnCaP cell clones. Treatment of both C33 and C81 LnCaP 
cell clones with 1,25-dihydroxy vitamin D3 (100 nM, for a 
period of 6 days) increased TERE1 protein levels and decreased 
cell cholesterol. 
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required to trigger early mitochondrial apoptotic events, 
and to regulate important pathways governing cell 
proliferation [13, 16, 19, 59-61]. The very signaling 
pathways now recognized as being cholesterol-dependent: 
AR, TGFβ, EGF, MAPK/ERK, AP-1, and AKT, are well 
characterized as prostate cancer relevant [62, 63]. Thus in 
addition to its role as a steroid precursor, cholesterol has 
emerged as a key molecule to prostate cancer progression 
[2, 64, 65].

TERE1 expression in prostate cancer specimens 
and cell lines: 

Our objectives in this study were to gain further 
insights into the role of the TERE1 protein in the 
elevated cholesterol phenotype of advanced Castrate 
Resistant Prostate Cancer, CRPC. Our initial interest 
was precipitated by our earlier demonstration that 
TERE1 message was reduced in ~60% (18 of 30) of 
human prostate cancer specimens [29, 30]. We have 
also found similar TERE1 expression reduction in renal 
clear cell cancers, another example of a tumor with an 
elevated cholesterol phenotype and in bladder cancer 

[32, 33, 49]. With this prostate cancer study, our TERE1 
immunohistochemical analysis found TERE1 staining was 
reduced or completely absent in over half of 50 primary 
and metastatic specimens. TERE1 expression was absent 
in 25% of metastatic lesions compared to 4% of primary 
specimens, suggesting further loss of TERE1 during 
progression.  Hence, a reduced expression of the TERE1 
protein occurs with sufficient frequency to potentially 
affect a significant number of individuals. 

We also found a reduced TERE1 protein expression 
level in the LnCaP C81 cell model of advanced CRPC, 
relative to the parental LnCaP-C33 clone from which 
it was derived. Low levels were similarly observed in 
both PC-3 and DUI45 cell lines. Taken together these 
observations suggest that TERE1 expression may 
represent a liability to prostate tumor cell metabolism 
during progression.

TERE1, Cholesterol and SXR target gene analysis 
in LnCaP-C81 cells:

The relevance of TERE1 loss to the elevated 
cholesterol phenotype of advanced prostate cancer is 

Figure 7: LnCaP C81 cells exhibit reduced expression of SXR and SXR target genes involved in cholesterol and steroid 
catabolism. Fluidigm RT-PCR Taqman assays were conducted to compare expression of SXR target genes in C33 and C81 cells. The 
genes are sorted into functional categories and established SXR target genes are indicated with an asterix *. The fold-differences in gene 
expression of C81 cells are depicted as a ratio relative to C33 with a “+” for fold-activation and with a “-” for fold-repression. SXR and 
14 of 18 SXR target* genes are repressed in C81 cells. Repression of this suite of SXR target genes represents a significant component 
of the CRPC elevated cholesterol phenotype of LnCaP C81 cells by virtue of the combined potential to preserve sterols from efflux and 
catabolism.
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further based on previous studies from our laboratory 
and others that have demonstrated the role of TERE1 
as a central modulator of cholesterol homeostasis, at the 
nexus of cholesterol synthesis, storage and efflux. TERE1 
interacts with: APOE, a cholesterol, triglyceride, and 
vitamin K transport protein, HMGR, a master cholesterol 
biosynthetic regulatory enzyme, and SOAT1, a regulator 
of cholesterol storage [32-34, 66]. By virtue of its 
direct role in vitamin K-2 synthesis, TERE1 activates 
the SXR nuclear receptor, a master regulator of lipid, 
sterol and xenobiotic homeostasis, and drug metabolic 
enzymes and transporters [25, 36, 45, 46]. Upon binding 
to a diverse number of ligands, SXR heterodimerizes 
with RXR and cross-regulates target genes involved in 
oxidative, peroxidative, and reductive metabolism of 

many endogenous and xenobiotic substrates [25, 67]. It 
exhibits promiscuous binding to DR-3, DR-4, DR-5, ER-
6, and ER-8 response elements in target gene promoters, 
including those with well-established roles in modulation 
of cellular cholesterol efflux such as LXR [23, 54]. The 
relevance of TERE1-mediated vitamin K prenyltransferase 
activity to SXR activation is further substantiated by 
a recent study showing that vitamin K-2 analogs with 
increasing number of prenyl groups were more potent 
ligands for SXR-mediated transcriptional activity [68, 
69]. Epidemiological studies have also noted an inverse 
association between vitamin K-2 intake and the risk 
of prostate and other cancers [70]. SXR regulation of 
endogenous sterol metabolites makes this nuclear receptor 
a high profile target for hormone dependent tumors [47]. 

Figure 8: Ectopic TERE1 or Vitamin K-2 reactivate an anti-sterol suite of SXR target genes in C81 LnCaP cells 
involved in cholesterol efflux and steroid catabolism. Fluidigm RT-PCR Taqman assays were conducted to evaluate expression 
changes in C81 cells after ectopic Ad-TERE1 expression or vitamin K-2 (30µM) treatment. The fold-differences in gene expression of 
the LnCaP cells: C81-TERE1  (in blue) , or C81-K-2 (in red), is depicted as a ratio relative to C81 cells with a “+” for fold-activation and 
with a “-” for fold-repression. TERE1 /K-2 activated SXR in C81 cells and each of the SXR target* genes tested in this study. Activation 
of this suite of SXR target genes represents a significant anti-sterol gene expression program with potential to oppose the CRPC elevated 
cholesterol phenotype of LnCaP C81 cells by virtue of its combined potential to efflux cholesterol and catabolize androgens.
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Consequently, we have focused our investigation on 
the correlation of TERE1 with cholesterol levels and SXR 
target genes using the LnCaP-C81 cell model of the CRPC 
phenotype [7]. In comparison to the non-steroidogenic 
C33 clone, C81 cells had increased expression of 
cholesterol synthetic enzymes (SREBP2, HMGCS, 
FDPS, and HMGCR), and an elevated cholesterol 

synthesis measured via 13C acetate incorporation into 
newly synthesiszed cholesterol. Equally significant is the 
diminished expression of the SXR target gene axis that 
includes a panel of cholesterol hydroxylation (CYP7A1*, 
CYP7B1*, and CYP27A1*) and efflux proteins  (ABCB1*, 
ABCG1*, SR-B1*, CD36*, APOE, and MRP2) as well 
as androgen catabolic enzymes (AKR1C1*, UGT2B17*, 

Figure 9: Overview of the Anti-Sterol targets activated by TERE1/vitamin K-2 in C81 LnCaP cells. TERE1 activates SXR 
target genes (indicated by stars) that hydroxylate cholesterol (CYP7A1, CYP7B1, CYP27A1) to form oxysterol efflux forms of cholesterol, 
and activates a panel of transporters (ABCA1, ABCB1, ABCG1, SRBI, CD36, APOE, MRP2) that promote cholesterol efflux from the 
cell. Together these would serve to diminish cholesterol, the major precursor for androgen synthesis. TERE1 also turns on a program of 
androgen catabolic enzymes with the following activities:  CYP3A4 hydroxylates testosterone thus facilitating efflux, SULT2A sulfonates 
DHT to a form that does not activate the Androgen receptor, HSD17B2 converts Testosterone to estrogen, AKR1C1 catabolizes DHT 
by reduction to the inactive 3b andostanediol, and UGT2B15 and UGT2B17 glucuronidate the 3a andostanediol catabolite of DHT thus 
preventing its back conversion to DHT. Overall this suite of TERE1 /K-2/SXR-driven activities executes an anti-sterol program that opposes 
the CRPC phenotype.
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UGT2B15*, and HSD17B2) and several classic SXR 
target genes involved in lipid and fatty acid metabolism 
(HMGCS*, CPT1A*, SCD1*, FASN*, CYP24A1*, and 
SREBP1) (Figs. 7 and 9). Apparently the C81 CRPC cells 
use multiple strategies to preserve the sterol precursors 
and active androgens that their AR-driven proliferation is 
dependent on. In contrast to our findings in LnCaP-C81 
cells, others have reported that ABCA1 is silenced 
by promoter hypermethylation in the parental LnCaP 
cells [71]. This may account for its apparent increase 
in C81 when evaluated relative to parental LnCaP cell. 
It also makes sense that the sterol efflux pump ABCA1* 
remains actively expressed as a way to focus regulation 
of potentially toxic sterol levels to a smaller set of pumps 
for tighter control. All of these changes would serve to 
preserve sterols from efflux and catabolism and contribute 
to the elevated cholesterol phenotype of CRPC.

Vitamin K2/SXR and Cholesterol and Lipid 
Metabolism:

Our investigation of the role of TERE1 in prostate 
cancer supports the hypothesis of a vitamin K-2 
mechanism for TERE1-mediated cholesterol modulation. 
Upon restoration of TERE1 levels in C81 cells via ectopic 
expression (Fig. 8. and 9) we first noticed an increase in 
SXR expression and although the exact mechanism of 
SXR induction was not studied here, it is consistent with 
the known response of the SXR promoter to changes in 
the metabolic fluxome [72]. In addition, we also see the 
expected activation of the complete SXR axis, consistent 
with the K-2 activation mechanism of SXR nuclear 
signaling and the SXR increase. In most cases there is 
concordance between TERE1 and K-2 in the correlation 
with activation of SXR and other targets, although a 
curious exception is the SXR mRNA itself, which was not 
increased by K-2. The set of genes that were repressed in 
the C81 basal state are now all switched on by TERE1: 
these include the cholesterol hydroxylation (CYP7A1*, 
CYP7B1*, and CYP27A1*) and efflux proteins (ABCB1*, 
ABCG1*, SR-B1*, CD36*, APOE, and MRP2). This 
change in gene expression most likely accounts for the 
TERE1-mediated cholesterol reduction we observe. Also 
expected is the increased expression of SXR target genes 
that regulate fatty acid and lipid metabolism (HMGCS*, 
CPT1A*, SCD1*, FASN*, CYP24A1*, SREBP1), thus 
reinforcing that a K-2/SXR mechanism is in effect. 

Our findings are consistent with several reports 
of SXR activating one or another of these targets, but 
this is the first demonstration of TERE1-mediated 
endogenous K-2 synthesis switching on a suite of SXR 
targets in prostate cancer cells. A K-2/SXR mechanism 
was demonstrated to increase expression of ABCB1 
involved in cholesterol efflux in osteoblastic cells [45, 
73, 74]. ABCB1 was also induced by the SXR agonist 

rifampicin in breast cancer cells [75, 76]. Menadione (K-
3) has also been shown to activate another cholesterol 
transporter, ABCG2 in HEK-293 cells. Impaired LXR-
mediated regulation of ABCA1 and ABCG1 involved in 
cholesterol efflux has been proposed as a defect in LnCaP 
and PC3 prostate cancer cell lines that contributes to 
cholesterol elevation [77]. The inhibition of LnCaP cell 
xenografted tumors in mice via LXR agonists has been 
previously associated with elevation of ABCA1 [78]. We 
also show that TERE1 protein expression can be induced 
endogenously via 1,25-(dihydroxy)-vitamin D3 and result 
in a decrease in cellular cholesterol. This is consistent 
with the presence of VDREs in the TERE1 promoter, the 
known expression of the VDR in LnCaP cells [50, 79], 
and early reports that calcitriol can reduce cholesterol 
and inhibit HMGCR activity in cultured cells [80]. The 
well-known correlation between vitamin D deficiency 
and prostate cancer has evolved over many years of 
epidemiological, cell and molecular studies [81]. The 
active vitamin D metabolite, 1,25-(dihydroxy)-vitamin D3, 
calcitriol, has been demonstrated to slow the progression 
of prostrate cancer to advanced disease and inhibit growth 
of many different prostate cancer cell lines. We noted that 
1,25-(dihydroxy)-vitamin D3 caused a potent induction 
( >500-fold, data not shown) of SULT2A which is an 
important mechanism for androgen inactivation [82]. In 
addition to cholesterol, studies have shown that elevated 
ABCB1 also effluxes DHT in LnCaP prostate cancer 
cells, which would further serve a role in anti-androgen 
accumulation [83]. 

TERE1 /Vitamin K2/SXR and androgen catabolism:

The next critical dimension of TERE1-mediated 
expression changes relevant to the CRPC phenotype 
concern the set of anti-androgenic targets of SXR that 
have diminished activity in LnCaP C81 cells but are 
turned on by TERE1 (AKR1C1*, SULT2A*, UGT2B17*, 
UGT2B15*, CYP3A4*, and HSD17B2). Our findings 
are supported by several reports highlighting the 
relevance of these targets in androgen catabolism [47].  
The AKR1C1 and AKR1C2 enzymes are known to 
play a role in catabolism of DHT (Fig 9.), and reduce 
androgen-dependent growth [84]. AKR1C1 converts 
5α-dihydroxytestosterone to 3β-androstanediol. AKR1C2 
converts 5α-dihydroxytestosterone and androsterone to 
3α-androstanediol. Both of these catabolic products are 
unable to activate the androgen receptor [84, 85]. Impaired 
catabolism by both AKR1C1 and AKR1C2 was found to 
be a critical step in androgen signaling [86]. The vitamin 
K-2/SXR mechanism was proven to activate expression 
of AKR1C1 and AKR1C2 in osteoblastic cells [73], but 
TERE1/K-2-mediated activation of SXR has not been 
previously studied in prostate cancer. SULT2A1, a DHEA 
sulfotransferase, known to cause sulfonation of androgens 
and reduce androgenic activity is another target activated 
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by TERE1/SXR. LXR/SXR agonists were previously 
shown to activate SULT2A in LnCaP cells and inhibit 
testosterone stimulated proliferation and PSA reporter 
activity [82]. TERE1 activation of CYP3A4 is consistent 
with reports of SXR-induced CYP3A4, which hydroxylates 
testosterone and progesterone leading to inactive 
metabolites and resulted in inhibition of androgen-
dependent growth of human LAPC-4 prostate cancer cells 
[43, 47]. The UDP-glucuronosyl transferase enzymes, 
UGT 2B15 and 2B17 are expressed in prostate and known 
to inactivate testosterone, DHT, and 3α androstanediol by 
glucuronidation [87]. UGT 2B15 and 2B17 are activated 
by FOXA1 in LnCaP cells and SXR is known to interact 
with FOX homologs and cross regulate their targets. 

The predicted net effect of activity of these TERE1-
induced enzymes would be the efflux, inactivation, or 
breakdown of DHT and precursors, which would decrease 
AR activation driven proliferation (Fig. 9). Recently, 
a novel role for SXR as a direct repressor of androgen 
receptor signaling in DUI45 and LnCaP cell lines was 
identified. Coimmunoprecipitation and colocalization 
evidence suggested a model in which SXR agonists and 
AR antagonists could induce binding of SXR with the 
AR resulting in SXR-mediated repression of AR targets 
[88]. This suggests the possibility that TERE1/K-2/SXR 
may directly inhibit AR signaling in addition to the effects 
reducing cholesterol and catabolizing AR-activating 
androgens. 

In summary, we have established a TERE1-
negative expression phenotype to 50% of human prostate 
tumor specimens, correlated cholesterol synthesis and 
accumulation in prostate cancer cell lines with TERE1 
exogenous or endogenous expression. Furthermore, we 
have defined an anti-sterol suite of SXR target genes 
promoting cholesterol efflux and androgen catabolism that 
are repressed in the LnCaP-C81 cell model of CRPC, but  
are switched on by TERE1  expression and vitamin K-2. 
The loss of TERE1 expression may be a defect that tumors 
use to uncouple vitamin K-2 from nuclear SXR signaling 
to permit elevation of cholesterol and facilitate androgen 
driven progression. We believe TERE1 holds promise as 
a new determinant in cholesterol-mediated progression of 
prostate cancer and an exploitable modulator of androgen 
metabolism to oppose CRPC. 

MATERIALS AND METHODS: 

Cell lines and antibodies: 

The LnCap C33 and C81 cell clones were 
generously provided by and cultured as specified by 
Dr Ming-Fong Lin (University of Nebraska Medical 
Center). The PC3 and DUI45 cell lines were obtained 
from the American Type Culture Collection (Manassas, 

VA) and grown according to supplier’s instructions. Goat 
anti-TERE1 antibodies were obtained from Santa Cruz. 
Affinity purified polyclonal antibodies against specific 
peptide antigens of the human TERE1 (amino acids 229-
242) have been previously described [32, 33, 49]. 

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% H2O2 in methanol. The slides were blocked in 10% 
normal rabbit serum and incubated with affinity-purified 
anti-TERE1 (2ug/ml) for 14 hours at 4oC. After washes, 
the slides were incubated with biotin-conjugated rabbit 
IgG for 30 minutes followed by streptavidin-conjugated 
peroxidase and 3’3-diaminobenzidine, and counter-
stained with hematoxylin. The representative anti-
TERE1 staining levels were sorted into the four groups 
(absent, low, medium and high) based on the based on the 
assigned labeling index and are displayed in Fig 2. The 
labeling index for each core was derived by multiplying 
the percentage of positive cells by an intensity score (that 
ranged from 0 to 3+). The average value obtained from 
three cores was assigned as the score for that particular 
case.

Expression vectors: 

The mammalian CMV expression plasmid pM12-
NFLAG-TERE1, the pAd/CMV/V5DEST-TERE1 
adenovirus, and micro RNA expression plasmid for 
NM_013319.1_TERE1 were previously described [25,26]. 
Infectious adenovirus was produced and amplified in 
HEK-293A cells following guidelines from Invitrogen 
and tittered via an anti-hexon staining procedure from 
Clontech to >4x108 IU/ml. Infections were in the 
presence of 6 µg/ml polybrene and monitored via AdGFP 
expression. All plasmids were sequenced to verify coding 
sequences, point and deletion mutations, reading frames, 
and were amplified and purified by standard techniques.  
Plasmids were quantified by UV and Picogreen assay 
(Invitrogen) and evaluated on ethidium bromide stained 
agarose gels.

Transient transfection/expression analysis: 

Cell lines were transfected with the Nucleofector II 
system according to the manufacturer’s protocol (Amaxa/
Lonza Cologne, Germany). Expression plasmids were 
controlled with parallel transfections of CMV empty 
vector. Cells were grown in 10cm dishes and harvested 
after 1-3 days by washing in ice cold PBS, and scraping 
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in the presence of protease and phosphatase inhibitors to 
freeze cell pellets. Preparation of whole cell extracts, BCA 
protein assay, SDS-PAGE and immunoblotting procedures 
have been described previously [32, 33].

Cholesterol Assay: 

The cholesterol content of cell lysates harvested 
after 72 hours of transduction with Ad-LACZ, Ad-TERE1, 
or treatment with vitamin K-2 (30µM), 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 [32, 33].

Cholesterol synthesis analysis by LC-MS: 

LnCaP cells were plated at 3e6 / 10 cm dish and 
when 70-80% confluent (2-3 days), serum was removed, 
plates washed, and cells incubated in 5% lipoprotein 
depleted serum with 10 mM Na 13C2-acetate for 72h. 
Cells were washed 2xPBS cold, harvested by scraping 
in TBS with protease inhibitors and pellets were frozen. 
For analysis, 300 μL of H2O with 0.1% Formic acid was 
added to the frozen pellets and sonicated on ice for 8’ at 
50% cycle time. Samples received 450 μL of methanol, 
were vortexed, and shaken for 30 min after adding 1.5 
ml of methyl tertiary-butyl ether. The top organic layer 
was collected and added to injection vials. Two μLs were 
injected into an Agilent 1200 liquid chromatographer and 
analyzed by atmospheric pressure chemical ionization 
(APCI) with an Agilent 6410BA triple quadropole 
mass spectrometer. Chromatography conditions were 
as follows: flow rate = 0.2 ml/min, mobile phase was 
80% methanol with 0.4% formic acid (FA) for 1 minute, 
switched to 99% methanol with 0.4% FA for 9 minutes, 
and re-equilibrated in 80% methanol with 0.4% FA for an 
additional 3 minutes. The stationary phase was a Zorbax 
Eclipse Plus C18, 2.1 x 100 mm, 1.8 μm particle size 
column. MS conditions were as follows: gas temperature 
= 350C, vaporizer temperature = 450C, gas flow = 8 l/
min, nebulizer pressure = 60 psi, capillary voltage = 
4500V, positive corona current = 4 μA, fragmenter 
voltage = 126V. Ions were analyzed by an MS2 scan from 
368 to 400 m/z. The cholesterol peak was identified by 
using an internal deuterated cholesterol standard (D6-
cholesterol) on an aliquot of the sample extract and 
performing parallel tandem MS/MS identification of the 
m/z transitions of 369.4 to 147.2, and 369.4 to 161.2 for 
unlabelled cholesterol and 375.4 to 153.2 and 375.4 to 
167.2 for D6-cholesterol. Each molecule of 13C-acetate 
incorporated during cholesterol synthesis increases the 
m/z ratio of the cholesterol molecule by one, creating a 
series of isotopomers containing up to a maximum of 12 
carbons derived from acetate C1 and 15 carbons from C2 
[89]. The number of labeled carbons incorporated from 

13C-acetate in cholesterol is proportional to the rate of 
cholesterol synthesis.

RNA isolation, reverse transcription and Fluidigm 
RT-PCR Taqman expression assays: 

Cells were grown to 80% confluency, transduced 
with Ad-LACZ, or Ad-TERE1 and ~ 5 x 10e6 cells were 
lysed in 2 ml Trizol after 72 hours. Total RNA was isolated 
from TRIzol cell lysates (Invitrogen, Carlsbad, CA), 
using the Ambion Pure-Link RNA Mini kit according to 
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 RTPCR Taqman expression assays were 
performed using procedures recommended by ABI 
Biosciences and Fluidigm (40) and were performed at 
the UPENN Molecular Profiling Facility as previously 
described (24). Data was analyzed using the Fluidigm 
BioMark Gene Expression Data Analysis software to 
obtain ΔΔCt values and expressed as a ratio to the Ad-
vector control to determine the fold change in gene 
expression. 

Taqman probes: 

All Taqman 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 BACTIN  4333762F , 
GUSB  4333767F , human PPIA 4333763F, GAS6 ID: 
Hs00181323_m1, AXL ID: Hs00242357_m1, HMGCS ID:  
Hs00266810_m1, CD36, SCARB3 ID: Hs00169627_m1, 
CYP7A1 ID: Hs00167982_m1, APOE ID: Hs00171168_
m1, CPT1A ID: Hs00912671_m1, FBXW7 Hs00217794_
m1, INSIG1 ID: Hs04186616_m1, CYP11A1 ID: 
Hs00167984_m1, STAR ID: Hs00264912_m1, TSPO ID: 
Hs00559362_m1, SREBF1 ID: Hs01088691_m1, SREBF2 
ID: Hs01081784_m1,  FASN ID: Hs01005622_m1, SCD2 
ID: Hs00227692_m1, SCD1 ID: Hs01682761_m1, ST2A1 
Hs00234219_m1, FDPS ID: Hs00266635_m1, SXR ID: 
Hs00243666_m1, TBL2 ID: Hs00202878_m1, UBIAD1  
ID: Hs00203343_m1 , ABCG1 ID: Hs00245154_m1, 
ABCA1 ID: Hs01059118_m1, ABCB1 ID: Hs01067802_
m1, CYP3A4 ID:Hs00604506_m1, AKR1C3 ID: 
Hs00366267_m1, AKR1C2 ID: Hs00912742_m1,  
AKR1C1 ID: Hs00413886_m1, SRD5A1 ID: Hs00602694_
mH, HSD3B1 ID: Hs00426435_m1, OATP1B1  ID: 
Hs00272374_m1, HMGR  ID: Hs00168352_m1, 
CYP27A1  ID: Hs01026016_m1, CYP24A1 ID: 
Hs00167999_m1, CYP17A1 ID: Hs01124136_m1, 
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MRP2  ID:  Hs01091188_m1, UGT2B15 ID Hs03008769, 
UGT2B17 ID: Hs00854486_sH.
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