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Abstract

jB-Sitosterol is the most abundant plant sterol in the human diet. It is also the major component of
several traditional medicines, including saw palmetto and devil’s claw. Although p-sitosterol is
effective against enlarged prostate in human clinical trials and has anti-cancer and anti-
inflammatory activities, the mechanisms of action are poorly understood. Here, we report the
identification of two new binding proteins for p-sitosterol that may underlie its beneficial effects.
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Phytosterols are a group of steroids produced by plants. They are structurally and
functionally related to cholesterol and comprise a major component of the human diet.1-2
Among them, B-sitosterol (24-ethylcholesterol) is one of the most abundant dietary
phytosterols present in many beans, nuts, and seeds (Figure 1).3-5 It is also an important
constituent of saw palmetto, devil’s claw, stinging nettle and several other natural
remedies.5-8 B-Sitosterol consumption has been reported to decrease blood cholesterol levels
by preventing its intestinal absorption.®10 It also has been shown to have anti-inflammatory
and analgesic properties in various animal models.11-14 Additionally, in both animal models

"Corresponding authors. Tel.: +1-310-206-3619; blomenick@mednet.ucla.edu. Tel.: +1-310-825-4329; jinghuang@mednet.ucla.edu.
Tel: +1-214-538-7227; chuo.chen@utsouthwestern.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Supplementary Material
Methods for biological and biochemical assays, MALDI mass spectrometry data, procedures for chemical synthesis, and compound
characterization data.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lomenick et al.

Page 2

and human clinical trials, p-sitosterol has demonstrated a significant effect on reducing the
symptoms of benign prostatic hyperplasia.1>16 -Sitosterol intake may also be partially
responsible for the decreased incidence of prostate, colon and breast cancers among
vegetarians and men and women in Asian countries who consume much larger amounts of
B-sitosterol than most Westerners.>17 In support of this hypothesis, f-sitosterol exhibits
growth inhibitory and cytotoxic effects against a range of cancer cell lines.”-18-20 However,
the precise molecular mechanisms underlying its health promoting effects remain largely
uncharacterized. To understand the molecular mechanism(s) by which B-sitosterol exerts its
many beneficial health effects, we performed affinity chromatography using biotinylated -
sitosterol to identify its protein targets.

We reasoned that the health promoting effects of B-sitosterol not observed with cholesterol
originate from the existence of unshared protein targets. p-Sitosterol differs from cholesterol
solely by the presence of an ethyl group at the C-24 position, which we hypothesized would
be an important moiety for the binding of p-sitosterol specific proteins. Therefore, we
prepared affinity reagents for both compounds by attaching a biotin group to each through a
polyethylene glycol linker (Figure 1). The C-3 position was chosen as the attaching point
because it is furthest away from the C-24 position and thus least likely to interfere with
proteins that selectively bind B-sitosterol.

We performed affinity chromatography initially with lipopolysaccharide (LPS)-treated
Raw?264.7 macrophage cell lysates because many of the anti-inflammatory properties of 8-
sitosterol may arise from its effects on macrophages.?122 The lysates were first incubated
with the biotinylated compounds or biotin alone as a control at various concentrations for 2
h, followed by overnight incubation of all with streptavidin agarose resin. SDS-PAGE and
silver staining analysis revealed two bands that bound specifically to B-sitosterol, a 75-kDa
band at 200 nM (Figure 2A) and a 120-kDa band at 600 nM (Figure 2B). MALDI mass
spectrometry analysis of the bands identified them as 17-beta-hydroxysteroid dehydrogenase
4 (17p-HSD4) and extended synaptotagmin 1 (E-Syt1).

To validate these proteins we performed immunoblotting using separate aliquots of the
affinity chromatography samples. As shown in Figure 2C, western blotting with two
different 173-HSD4 antibodies confirms that it is bound much more strongly by B-sitosterol
than cholesterol. While the full length 173-HSD4 polypeptide is 79 kDa, a portion of the
cellular pool of 17B-HSD4 is proteolytically cleaved into two polypeptides, a 34-kDa N-
terminal fragment and a 45-kDa C-terminal fragment.23 These two polypeptides are stable
within the cell and are thought to retain their enzymatic functions, either alone or as
homodimers or heterodimers.24-26 Although both fragments are present in the macrophage
lysates, only the C-terminal fragment was bound by B-sitosterol (Figure 2C). Interestingly,
the C-terminal fragment contains a sterol carrier protein type 2 (SCP-2) domain, which may
be the site of p-sitosterol and cholesterol binding.2” Immunoblotting of the 600 nM affinity
chromatography samples likewise validated that E-Syt1 bound specifically to -sitosterol
(Figure 2D). At this concentration, 17p-HSD4 appears to be bound equally well by -
sitosterol and cholesterol, suggesting that the ethyl group at C-24 in p-sitosterol increases its
affinity to 17p-HSD4 but is not necessary for binding.
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Next, we extended our affinity chromatography studies to two prostate cancer cell lines,
PC-3 and DU-145, because B-sitosterol has been reported to inhibit the growth, migration,
and invasion of prostate cancer cells and is used to treat enlarged prostate.”-1%:28 As shown
in Figure 3, E-Syt1 bound specifically to biotinylated 3-sitosterol at 600 nM, just as in
macrophage lysates. In contrast, 173-HSD4 bound more strongly to biotinylated cholesterol
than biotinylated p-sitosterol in both prostate cancer cell lines (Figure 3), which is opposite
to what we observed in macrophage lysates. p-Sitosterol has been reported to inhibit 5a-
reductase at micromolar concentrations, and this inhibition has been hypothesized to be
responsible for its activities in prostate cancer and enlarged prostate.2® However, we did not
detect binding of 5a-reductase (S5A1) to biotinylated -sitosterol or biotinylated cholesterol
at our nanomolar test concentrations (Figure 3). While this could indicate that the affinity of
p-sitosterol for 5a-reductase is lower than for both 178-HSD4 and E-Sytl, we cannot rule
out the possibility that the biotin tag interferes with binding to 5a-reductase.

Given the surprising finding that 173-HSD4 binds to p-sitosterol more strongly in LPS-
treated macrophage lysates but to cholesterol more strongly in prostate cancer cell lysates,
we tested whether LPS stimulation was responsible for this effect. We observed that 173-
HSD4 preferentially bound to B-sitosterol over cholesterol in macrophage lysates both with
and without LPS treatment (Figure 4). These results suggest that 173-HSD4 has different
affinities to p-sitosterol and cholesterol in different cell lines or cell types, which could be
due to differential splicing, post-translation modification, protein complex composition, or
other factors in each cell line. Alternatively, there could be a species-specific difference
between the mouse and human 178-HSD4 homologs, which are 86% identical.

E-Syt1, along with its homolog E-Syt2, were recently found to bind cholesterol in a
chemoproteomic screen using clickable, photoreactive sterol probes and quantitative mass
spectrometry.30 Although we did not detect binding of E-Syt1 to biotinylated cholesterol,
this could be due to the low concentration (200 and 600 nM) of the probe used in our
experiment (compared to 10 UM in the chemoproteomic screen). Moreover, in this
chemoproteomic study, the photoreactive sterol probes were added to live cells, which were
subsequently treated with UV light to covalently crosslink the probes to target proteins. If
the interaction between cholesterol and E-Syt1 is weak or transient it may not be maintained
during the affinity chromatography wash steps, but it would not be lost by washing the
photoreactive probe since it is covalently bound.

178-HSD4, on the other hand, was not detected as a cholesterol binder in the
chemoproteomic study despite the much higher concentration. Although this could be due to
the use of a different cell line, it is more likely that the nature of the probes is responsible.
Whereas our sterols were modified at the C-3 position for biotin labeling, the photoreactive
sterol probes were modified on their alkyl side chains to incorporate alkynes via an ester
linkage at the C-24 position, as well as contain a photoactivatable diazirine group at the C-6
position. However, since the ethyl group in p-sitosterol that is absent in cholesterol is at the
C-24 position, it is likely that the addition of an ester linker at C-24 disrupts binding to 178-
HSD4 in the chemoproteomic experiments. Although the steroid core of cholesterol was
unmodified in the photoreactive probes with the exception of the diazirine group, which was
hypothesized to maintain binding to most sterol interactors, there may be a significant
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number of cholesterol binding proteins that require the side chain to be unmodified for the
interaction to occur.

The primary function of 173-HSD4 is catalysis of the second and third steps of peroxisomal
-oxidation, although it can also dehydrogenate A5-androstene-3p3,17p-diol and estradiol to
the less potent 17-keto compounds dihydroepiandrosterone and estrone.2® Almost all human
tissues possess detectable 173-HSD activity, and 17p-HSD4 is thought to be an important
housekeeping enzyme responsible for inactivating the most potent estrogen, 17p-estradiol, in
all tissues.27:31.32 \While 17B-HSD4 is not known to play a role in inflammation or enlarged
prostate, elevated 17p-HSD4 expression and activity as well as increased peroxisomal [3-
oxidation pathway activity have been found in prostate cancer tissues compared to normal
prostate tissue, and may be indicative of a poor prognosis.33-35 Loss of 17p-HSD4 activity
also leads to a severe d-bifunctional protein deficiency that is usually lethal by the age of
one.32 B-Sitosterol may therefore derive its activity against prostate cancer through
modulation of 173-HSD4 activity. However, since p-sitosterol does not bind to the N-
terminal domain of 173-HSDA4, it is unlikely to affect its dehydrogenase activity. It is
therefore more likely to affect the activity of the central dehydratase domain or the C-
terminal SCP-2 domain, whose function is not clear but may be involved in lipid transfer.23

Less is known about the cellular function of E-Syt1. It is localized to the endoplasmic
reticulum (ER) where it directly tethers the ER membrane and the plasma membrane (PM)
in response to elevated cytosolic calcium.36 E-Syt1 is a two-pass transmembrane protein that
extends into the cytoplasm and binds P1(4,5)P2 in the PM via its C2 domains.36
Phosphorylation of E-Syt1 by the oncogenic tyrosine kinase CD74-ROS has been linked to
invasiveness in non-small cell lung cancer, and RNAI knockdown of E-Syt1 attenuated the
invasive properties of CD74-ROS expressing cells in vitro and in vivo.3” As f-sitosterol has
been reported to inhibit prostate cancer cell migration and invasion in vitro, it is possible this
may occur through modulation of E-Syt1 function.28 Interestingly, recent evidence suggests
that the synaptotagmin-like mitochondrial-lipid-binding protein (SMP) domain of E-Syt2
functions in lipid transfer between the ER and PM, although binding of the SMP domain of
E-Syt2 to cholesterol was not detected.38 If cholesterol and p-sitosterol both bind to the SMP
domain of E-Sytl, it is possible that -sitosterol interferes with the lipid transfer activity of
E-Sytl, and perhaps the other E-Syt proteins as well. Hypercholesterolemia is a risk factor
for estrogen receptorpositive breast cancer, the pathology of which is mediated via its
conversion to the estrogen receptor and liver X receptor ligand 27-hydroxycholesterol.39 It
will be interesting to determine if B-sitosterol inhibits the transfer or conversion of
cholesterol and its metabolites in pre-malignant and transformed breast cancer cells.

In summary, we report the identification of two new binding proteins for p-sitosterol that has
been shown to be effective against enlarged prostate in human clinical trials. -Sitosterol
also has anti-cancer and anti-inflammatory activities in cell culture (including prostate,
breast, colon, leukemia, T-cells, and macrophages). Previously, only one enzyme (5a-
reductase) was known to be inhibited by B-sitosterol. It remains unclear if inhibition of 5a-
reductase is responsible for the effects of -sitosterol on benign prostatic hyperplasia and
prostate cancer, and modulation of additional targets may be essential. Moreover, inhibition
of 5a-reductase is unlikely to play a role in the antiinflammatory activity of B-sitosterol or in
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its effects on other cancers. Using an affinity chromatography approach, we provide
evidence that B-sitosterol directly binds to 173-HSD4 and E-Sytl. These novel targets may
be responsible for many of the beneficial effects of p-sitosterol. The two biotinylated affinity
probes may also serve as useful tools for further comprehensive analysis of the sterol
binding subset of the proteome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The structures of B-sitosterol, cholesterol, and the affinity reagents used herein.
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Figure 2.
[3-sitosterol binds to 17p-HSD4 and E-Sytl in lysates from LPS-treated Raw264.7 mouse

macrophages. Affinity chromatography was performed using several concentrations of
biotin (b), biotinylated cholesterol (c), and biotinylated p-sitosterol (s). Silver-staining and
mass spectrometry analysis discovered two f-sitosterol specific binders: (A) 178-HSD4 at
200 nM and (B) E-Sytl at 600 nM. Immunoblotting analysis of the affinity chromatography
samples validated the binding of (C) 178-HSD4 at 200 nM and (D) E-Syt1 at 600 nM.
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Figure 3.
The binding of B-sitosterol and cholesterol to 173-HSD4 and E-Syt1 in prostate cancer cell

lysates. Affinity chromatography was performed using 200 nM and 600 nM concentrations
of biotin (b), biotinylated p-sitosterol (s), and biotinylated cholesterol (c) in (A) PC-3 and
(B) DU-145 prostate cancer cell lysates (L). Immunoblotting determined that E-Syt1 binds
specifically to pB-sitosterol, whereas 173-HSD4 binds more strongly to cholesterol. S5A1
does not bind either compound at the tested concentrations.
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Figure 4.
Lipopolysaccharide treatment does not affect the binding of 178-HSD4 or E-Syt1 to 8-

sitosterol. Affinity chromatography was performed using (A) 200 nM and (B) 600 nM
concentrations of biotin (b), biotinylated p-sitosterol (s), and biotinylated cholesterol (c) in
lysates from LPS-treated and non-treated Raw264.7 mouse macrophages. Immunoblotting
analysis revealed that the binding of 17p-HSD4 and E-Syt1 to cholesterol and p-sitosterol is
unchanged by LPS treatment.
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