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High-density lipoprotein (HDL) metabolism is facilitated in
part by scavenger receptor class B, type 1 (SR-B1) that mediates
HDL uptake into cells. Higher levels of HDL have been associ-
ated with protection in other diseases, however, its role in pros-
tate cancer is not definitive. SR-B1 is up-regulated in prostate
cancer tissue, suggesting a possible role of this receptor in tumor
progression. Here, we report that knockout (KO) of SR-B1 in
both human and mouse prostate cancer cell lines through
CRISPR/Cas9-mediated genome editing reduces HDL uptake
into the prostate cancer cells and reduces their proliferation in
response to HDL. In vivo studies using syngeneic SR-B1 WT
(SR-B1�/�) and SR-B1 KO (SR-B1�/�) prostate cancer cells in
WT and apolipoprotein-AI KO (apoA1-KO) C57BL/6J mice
revealed that WT hosts, containing higher levels of total and
HDL-cholesterol, grew larger tumors than apoA1-KO hosts
with lower levels of total and HDL-cholesterol. Furthermore,
SR-B1�/� prostate cancer cells formed smaller tumors in WT
hosts than SR-B1�/� cells in the same host model. Increased
tumor volume was overall associated with reduced survival. We
conclude that knocking out SR-B1 in prostate cancer tumors
reduces HDL-associated increases in prostate cancer cell prolif-
eration and disease progression.

Prostate cancer is the most common malignancy and second
leading cause of cancer-related deaths among men in the
United States (1). The association of high-density lipoprotein
(HDL) levels with prostate cancer risk has been inconsistent,
with some studies showing a positive association (2, 3), some
showing an inverse association (4, 5), and others showing no
association (6, 7). HDL biogenesis is mediated by ABC trans-
porter A1 (ABCA1), which assembles cellular lipids with exog-
enous lipid-poor apolipoprotein A1 (apoA1) to generate nas-
cent HDL (8). HDL uptake in tissues is facilitated by SR-B1 (9),
which can also mediate bidirectional cholesterol transport
between cells and HDL (10 –13). SR-B1, encoded by the

SCARB1 gene, is highly expressed in the liver, and even more so
in steroidogenic tissues, such as the adrenals, testes, and ovaries
where it mediates cholesterol uptake, to promote cholesterol
ester (CE) storage used for steroid hormone synthesis (14, 15).

It has been reported that prostate cancer accumulates CE in
lipid droplets that correlates with prostate cancer aggressive-
ness (16). This phenotype was attributed to phosphatase and
tensin homolog (PTEN) deletion that ultimately resulted in up-
regulation of the LDL receptor (LDLR) and subsequent uptake
of LDL cholesterol (16). SR-B1 is inducible by androgens in
human hepatoma cells and primary monocyte macrophage
(17). Moreover, reports suggest that androgens during puberty
are responsible for lower HDL levels in men versus women,
most likely due to higher hepatic SR-B1 levels (18 –21). A prior
study found that SR-B1 is up-regulated in high grade versus low
grade prostate cancer, and in metastatic versus primary pros-
tate cancer, whereas the LDLR was not altered in high grade or
metastatic prostate cancer (22). Furthermore, it was shown that
high versus low SR-B1 expression in prostatectomy specimens
was associated with decreased progression-free survival (22). In
a small study, SR-B1 mRNA levels were significantly higher in
prostate cancer tissue versus matched normal prostate tissue
(23). In our study, we examined the effect of HDL on prostate
cancer cell growth, proliferation, and tumor progression. We
found that HDL, in an SR-B1– dependent manner, promoted
increased prostate cancer cell growth in vitro. In a syngeneic
mouse model, a high HDL environment promoted tumor pro-
gression in an SR-B1– dependent manner. These results sug-
gest that SR-B1 and HDL uptake promote prostate cancer pro-
gression and that inhibiting HDL uptake may be a viable target
for decreasing disease burden.

Results

SCARB1 is up-regulated in human prostate cancer

Previous studies have focused on lipoprotein receptors in
prostate cancer, and how their changes may influence choles-
terol transport in prostate cancer (16, 22–24). Therefore, we
evaluated expression of SR-B1, LDLR, ABCA1, and ABCG1 in
RNA-seq data from a total of 52 normal prostate and 498 pros-
tate cancer tumor tissues from the TCGA PRAD dataset (25).
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Because the LDLR expression levels in normal prostates were
not normally distributed, nonparametric statistics were used
for all gene expression data. The median log2 expression levels
of SCARB1 mRNA in normal prostate and prostate cancer were
9.82 and 10.48, respectively, representing a 58% increase in
SR-B1 mRNA in prostate cancer (p � 0.0001, Fig. 1). In con-
trast, LDLR mRNA was 31.5% lower (p � 0.0006; Fig. 1) in
prostate cancer tissue, congruent with a previous report (23).
The mRNA for the cholesterol efflux protein ABCA1 was
unchanged between normal and prostate cancer tissue,
whereas ABCG1 expression was 77% higher in prostate can-
cer (p � 0.0001; Fig. 1).

HDL increased cell proliferation and cholesterol levels in
prostate cancer cells

Since other studies (22, 23) and our analysis of the TCGA
data set showed up-regulation of SR-B1 in prostate cancer (Fig.
1), we hypothesized that HDL may drive an increase of total
cholesterol levels, similarly to what was previously illustrated
for LDL (16). WT human DU145 and mouse TRAMP-C2,
expressing SR-B1 (SR-B1�/�), prostate cancer cells were incu-
bated with 200 �g/ml of HDL for 2 days leading to 48 (p � 0.01)
and 15% (p � 0.05) increases in total cellular cholesterol levels
(Fig. 2, A and B). We next determined if HDL could promote
proliferation of prostate cancer cells by evaluating the impact
on cell number. DU145 and TRAMP-C2 cells were treated with
or without 300 �g/ml of HDL in LPDS for 4 days. HDL induced
29 (p � 0.0061) and 68% (p � 0.0001) increases in cell number
in DU145 and TRAMP-C2 cells, respectively (Fig. 3, A and B).

SR-B1 is required for HDL-mediated prostate cancer growth in
vitro

Due to the response of prostate cancer cells to HDL, we next
determined if these HDL effects were mediated by SR-B1.
Therefore, we knocked out SR-B1 in both the human and
mouse prostate cancer cell lines using CRISPR/Cas9 targeting
exon 4, an early coding exon of the SCARB1 gene, to generate
cell lines with complete knockout of SR-B1 expression. West-
ern blotting demonstrated successful SR-B1 KO clones (SR-

B1�/�) for both DU145 and TRAMP-C2 (Fig. 4A). Although
HDL increased the relative cell number for both DU145
SR-B1�/� (59.3% increase, p � 0.0003) and SR-B1�/� cells
(23.4% increase, p � 0.011), the increase in cell accumulation in
response to a 4-day 200 �g/ml of HDL treatment was signifi-
cantly attenuated upon knockout of SR-B1 (Fig. 4B, p � 0.0003,
% control cell number in HDL-treated SR-B1�/� versus
SR-B1�/�). We isolated three independent SR-B1�/� clonally-
derived cell lines from edited TRAMP-C2 cells, and their cell
accumulation in LPDS was evaluated, showing that the
SR-B1�/� #5 line accumulated the least cells (p � 0.02 versus
TRAMP-C2 SR-B1�/�), the SR-B1 #10 line accumulated the
most cells (NS versus TRAMP-C2 SR-B1�/�), and the
SR-B1�/� #17 line was most similar in cell number to SR-B1�/�

TRAMP-C2 cells (NS, Fig. 4C). The response of these cell lines
to HDL was evaluated, normalized to the LPDS control for each
of these lines. HDL significantly increased cell accumulation
in WT cells (98% increase p � 0.011), but not in any of the
three SR-B1�/� lines (Fig. 4D). Thus, we chose to further
utilize and characterize HDL treatment on cellular processes
in the SR-B1�/� #17 cell line, as its basal growth levels in
LPDS were the most similar to that of the TRAMP-C2
SR-B1�/� cells (Fig. 4C).

We next investigated if the absence of SR-B1 impacts cell
cycling upon HDL treatment by treating TRAMP-C2 SR-B1�/�

and SR-B1�/� cells with or without 300 �g/ml of HDL in LPDS
for 1 day, then assessing the fraction of cycling cells in G2 � S
phase via propidium iodide content. We demonstrated that
HDL increased the proportion of SR-B1�/� cells cycling by 38%
versus the LPDS control (p � 0.002), whereas in SR-B1�/� cells
there was only a 17.5% increase cycling cells in response to HDL
(p � 0.012, Fig. 4E). The HDL effect on cell cycling was signi-
ficantly greater in SR-B1�/� versus SR-B1�/� cells (p � 0.001,
Fig. 4E).

To confirm that HDL-uptake was impacted upon KO of
SR-B1, we incubated TRAMP-C2 SR-B1�/� and SR-B1�/�

cells with Alexa 568-HDL. Fluorescent microscopy showed that
SR-B1�/� cells took up more Alexa 568-HDL as compared with
SR-B1�/� cells (Fig. 5A). This was further confirmed by flow
cytometry, where the cells were treated with 20 �g/ml of Alexa
568-HDL with or without 2 mg/ml of unlabeled-HDL compet-
itor. The cellular uptake of Alexa 568-HDL was determined by

Figure 1. Expression of lipoprotein metabolism genes in normal pros-
tate and prostate tumor tissue. mRNA expression of SCARB1, LDLR,
ABCA1, and ABCG1 analyzed from TCGA PRAD RNA-Seq data (n � 52 nor-
mal samples and n � 498 tumor samples; median values shown (black line)
and interquartiles (white lines); Mann-Whitney nonpaired, nonparametric
test p values displayed).

Figure 2. HDL effects on total cholesterol levels in prostate cancer cells.
A, human DU145, and B, mouse TRAMP-C2 cells were incubated with �200
�g/ml of HDL for 2 days in LPDS and total cholesterol levels normalized to the
cell protein determined (n � 3; mean � S.D.; *, p � 0.05; **, p � 0.01, by t test).
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median fluorescence intensity showing that the SR-B1�/� cells
had reduced total and specific Alexa 568-HDL uptake com-
pared with the SR-B1�/� cells by 44.1 (p � 0.002) and 59.6%

(p � 0.007), respectively (Fig. 5B). To investigate if cholesterol
is involved in the HDL effect on cell accumulation, we treated
SR-B1�/� or SR-B1�/� cells with or without 1 �M lovastatin to

Figure 3. HDL effects on cell accumulation and proliferation of prostate cancer cells. A, human DU145 (n � 5 over 2 independent experiments), and B,
mouse TRAMP-C2 (n � 6 over 3 independent experiments) cells were treated �300 �g/ml of HDL in LPDS media for 4 days and the final cell counts were
normalized to the LPDS control. Values are expressed as the mean � S.D.; **, p � 0.01; ****, p � 0.0001 by t test.

Figure 4. HDL effects in WT and SR-B1 KO cells. A, Western blotting for SR-B1 in WT and SR-B1 KO DU145 and TRAMP-C2 cells. B, cell accumulation assay for
DU145 WT and SR-B1 KO cells incubated �300 �g/ml of HDL in LPDS for 3 days (n � 3– 4; mean � S.D.; t test with Bonferroni correction for 3 tests; p values
displayed). C, cell number of SR-B1�/� TRAMP-C2 cells and three independent SR-B1�/� clonally derived cell lines after incubation in 10% LPDS for 3 days (n �
3; mean � S.D.; ANOVA with Dunnett’s post test comparing to SR-B1�/� cells; p value displayed). D, cell accumulation in TRAMP-C2 SR-B1�/� and three
SR-B1�/� clones incubated �200 �g/ml of HDL for 3 days normalized to each cell lines LPDS control (n � 3; mean � S.D.; t test with Bonferroni correction for
7 tests (4 tests � HDL for each line and 3 tests of HDL treated SR-B1�/� versus SR-B1�/� clones), significant p values displayed). E, cell cycle analysis in TRAMP-C2
SR-B1�/� and SR-B1�/� cells treated �300 �g/ml of HDL in LPDS media for 1 day (% of cells in S � G2 phases; n � 3; mean � S.D.; t test with Bonferroni
correction for 3 tests, p values displayed). NS, not significant.
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reduce endogenous cholesterol biosynthesis, which signifi-
cantly decreased cell accumulation in both cell lines (p � 0.05,
Fig. 5C). HDL treatment for 4 days added to the lovastatin sig-
nificantly rescued the cell accumulation only in the SR-B1�/�

cells (p � 0.05 versus lovastatin alone, Fig. 5C). This suggests
that HDL provides cholesterol, in an SR-B1-dependent man-
ner, to help cells grow when de novo cholesterol was reduced by
statin treatment (Fig. 5C).

HDL and SR-B1 effects on prostate cancer progression in vivo

We hypothesized that elevated HDL levels may promote
tumor progression in an SR-B1-dependent manner. To test our
hypothesis, we utilized C57BL/6J WT and apoA1-KO mice as
high and low HDL models. WT mice had fasting total and HDL
cholesterol levels of 97 � 15 and 63 � 17 mg/dl, respectively.
ApoA1-KO mice had significantly lower levels of total and
HDL-cholesterol (32 � 8 and 18 � 9 mg/dl, respectively) versus
WT hosts (p � 0.0001 for both, Fig. S1A). WT mice weighed
more than apoA1-KO mice (p � 0.0001, Fig. S1B); however,
there were no differences in testes weights (Fig. S1C). We mea-
sured plasma testosterone, and the data were not normally dis-
tributed with several outliers. Nonparametric t tests found no
effect on testosterone levels between WT and apA1-KO mice
(Fig. S1D); however, removal of the two outliers in each group
resulted in normally distributed data showing 42% reduced tes-
tosterone levels in apoA1-KO mice (p � 0.009, Fig. S1E). Dihy-
drotestosterone levels were undetectable in most mice (not
shown).

To test our central hypothesis of the effects of host HDL and
tumoral SR-B1 status on tumor progression, we performed a
four-arm study using 2 � 106 syngeneic TRAMP-C2 SR-B1�/�

or SR-B1�/� cells that were subcutaneously injected into WT
or apoA1-KO mice on the C57BL/6J background. Over an
8-week time course SR-B1�/� and SR-B1�/� cells formed solid
tumors in WT and apoA1-KO mice. Histology of H&E-stained
tumors from all study arms showed unorganized sheets of cells
with irregular shaped nuclei (Fig. S2). Tumors from all groups
were characterized as aggressive by a clinical pathologist.
Tumor volume (p � 0.0001, Fig. 6A) and survival (p � 0.0016,
Fig. 6B) were significantly different in the treatment arms.

First, examining the host mouse effects (shown in the rows
in Fig. 6C) using SR-B1�/� cells, WT mice injected with
SR-B1�/� cells (WT/SR-B1�/�) had significantly larger tumors
versus apoA1-KO mice injected with SR-B1�/� cells (apoA1-
KO/SR-B1�/�) (p � 0.0001, Fig. 6, A and C). Additionally, the
WT/SR-B1�/� group all reached their human end point by day
33 with median survival of 26 days, and their log-rank survival
was significantly shorter versus the apoA1-KO/SR-B1�/�

group (median survival of 33 days, p � 0.049, Fig. 6, B and C).
Examining the host effects using SR-B1�/� cells, WT mice
injected with KO cells (WT/SR-B1�/�) had significantly larger
tumors versus apoA1-KO mice injected with SR-B1�/� cells
(apoA1-KO/SR-B1�/�) (p � 0.0001, Fig. 6, A and C). The
WT/SR-B1�/� group (median survival of 40 days) trended
toward shorter log-rank survival versus the apoA1-KO/SR-

Figure 5. HDL uptake and impact on statin-treated cells. TRAMP-C2 SR-B1�/� or SR-B1�/� cells were incubated with 20 �g/ml of Alexa 568-HDL for 90 min,
then counterstained with DAPI. A, epifluorescent microscopy. B, total and specific uptake analysis by flow cytometry with TRAMP-C2 SR-B1�/� and SR-B1�/�

cells treated with 20 �g/ml of Alexa 568-HDL and �2 mg/ml of unlabeled HDL for 90 min in serum-free media (n � 3, mean � S.D.; t test p values displayed).
C, cell accumulation of TRAMP-C2 SR-B1�/� and SR-B1�/� in LPDS treated with �1 �M lovastatin and 100 �g/ml of HDL for 4 days normalized to untreated cells
(n � 3, mean � S.D.; different letters represent p � 0.05 by ANOVA with Tukey post-test within each cell type).
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B1�/� group (median survival of 49 days, p � 0.13, Fig. 6, B and
C). Thus the host effect was clear, mice with higher HDL levels
promoted more rapid tumor progression, with shorter survival.

Next we examined the SR-B1 receptor effects in WT hosts
(shown in the columns in Fig. 6C), the WT/SR-B1�/� group
had significantly larger tumors versus WT mice injected with
SR-B1�/� cells (WT/SR-B1�/�) (p � 0.0001, Fig. 6, A and C).
Log-rank survival for the WT/SR-B1�/� group was signifi-
cantly shorter versus the WT/SR-B1�/� group (p � 0.004, Fig.
6, B and C). Examining the SR-B1 receptor effects in apoA1-KO
mice, apoA1-KO mice injected with SR-B1�/� cells (apoA1-
KO/SR-B1�/�) had similar rates of tumor progression and
survival compared with the apoA1-KO mice injected with
SR-B1�/� cells (apoA1-KO/SR-B1�/�) (NS, Fig. 6, A–C). Thus
the SR-B1 receptor effect was only evident in WT mice, where
receptor expression promoted more rapid tumor progression
and shorter survival.

Discussion

The effects of HDL are mixed on the prevalence of many
cancers including, prostate, breast, endometrial, gynecologic,
colorectal, biliary tract, lung, and hematological cancers
(reviewed in Ref. 26). Prostate cancer is a disease typically
driven by androgens in which surgical and chemical castration
have proven to slow progression of the disease (27, 28). How-
ever, prostate cancer often becomes resistant to such treat-
ments (29). The effects of HDL on prostate cancer development
and progression are controversial, with both positive and
inverse associations found in various studies (2–5). A meta-
analysis of six studies found no significant effect of HDL-cho-
lesterol on the risk of developing prostate cancer (30). However,
the meta-analysis of three studies of high-grade prostate cancer
found a nonsignificant trend with a 1.21-fold increased relative
risk per 1 mM increase in HDL-cholesterol (30). Additionally, a
Mendelian randomization study showed that the 35 SNPs asso-
ciated with HDL-cholesterol did not generate a genetic risk
score for prostate cancer (31). Thus, HDL levels may not affect
the development of prostate cancer, but may still influence its
progression.

HDL-cholesterol is sexually dimorphic, being �10 mg/dl
higher in adult women versus men (32). However, before
puberty, boys and girls have similar (high) HDL, which drop as
boys go through puberty and stay unchanged as girls go through
puberty (18, 19). Androgens lower HDL in humans, and this is
thought to be mediated by androgen induction of hepatic
SR-B1 (21). Thus, the effect of androgens on lowering HDL-
cholesterol may partially obscure a potential positive associa-
tion between HDL and prostate cancer, as androgens drive the
early stages of prostate cancer. In a prospective study, prostate
cancer patients treated with androgen deprivation therapy had
increased HDL-cholesterol 1, 3, and 6 months later versus base-
line levels (33). Thus, the HDL-raising effects of this therapy
may be contra-indicated based on the current findings that
HDL promotes prostate cancer progression via SR-B1.

HDL is synthesized from lipid-poor apoA1 by ABCA1, which
can accept more cell cholesterol through ABCG1, and HDL
cellular uptake is mediated by SR-B1 (8, 9). Lee et al. (24) found
that ABCA1 expression was lower and ABCA1 promoter had
higher DNA methylation in more versus less advanced prostate
cancer, and that ABCA1 gene expression was epigenetically
silenced by DNA methylation in the LNCaP cell line.

Figure 6. Tumor progression study in vivo. A, tumor volumes of mice injected
with 2�106 cells in left and right flanks, then followed for 8 weeks. Tumor volume
is expressed as mean � S.E.; WT mice SR-B1�/� cells (WT/SR-B1�/�, blue) n � 5;
WT mice SR-B1�/� cells (WT/SR-B1�/�, red) n � 14; apoA1-KO mice SR-B1�/�

cells (apoA1-KO/SR-B1�/�, green) n � 5; apoA1-KO mice SR-B1�/� cells (apoA1-
KO/SR-B1�/�, purple) n � 15. Two-way ANOVA up to day 33, when all groups
survived, demonstrated group effects, time effects, and interaction effects all
with p �0.0001. B, Kaplan Meier survival plot (p �0.0016 by Mantel Cox Log Rank
Sum test for all four groups). C, summary of study design and pairwise statistical
analysis of host mouse genotype and injected cell genotype effects tumor pro-
gression and survival. Tumor volume analyses involving the WT/SR-B1�/� group,
only used data up to day 33. Pairwise two-way ANOVA group effect on tumor
volumes p values are displayed. Pairwise survival Mantel Cox Log Rank Sum
group effect p values are displayed.
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Schörghofer et al. (22) demonstrated that SR-B1 mRNA
expression was higher in high grade versus low grade prostate
cancer biopsies, and also higher in metastatic versus primary
prostate cancer. In contrast, this study reported no difference in
LDLR expression in these tissues (22). Gordon et al. (23) also
reported increased SR-B1 mRNA expression, but lower LDLR
mRNA expression, in prostate cancer versus normal prostatic
tissue. Our TCGA data analysis showed that SR-B1 and ABCG1
mRNAs were up-regulated, LDLR mRNA was decreased, and
ABCA1 mRNA was unchanged in prostate cancer versus nor-
mal tissue.

We found that HDL treatment of cells cultured in LPDS led
to an increase in cell number and proliferation in both human
and mouse prostate cancer cell lines. A similar growth promot-
ing effect of HDL was observed by Sekine et al. (34) using pros-
tate cancer cell lines cultured in 1% FBS. This HDL effect was
associated with increased phospho-ERK1 and phospho-AKT
after 30 min of HDL incubation. In both TRAMP-C2 and
DU145 cells, we found that SR-B1 knockout abolished the
growth promoting effects of HDL. However, Sekine et al. (34)
showed that siRNA-mediated knockdown of SR-B1 in PC3 cells
did not abolish the growth promoting effects of HDL, which
they attributed to ABCA1 expression. Gordon et al. (23)
reported that the growth of C4-2 human prostate cancer cell
line in 10% FBS is inhibited by SR-B1 siRNA or by the anti-
SR-B1 drug BLT-1, agreeing with our finding that SR-B1 is
growth promoting in the presence of HDL.

Sekine et al. (34) demonstrated that HDL promotes choles-
terol uptake by PC3 prostate cancer cells, yet 100 �g/ml of HDL
in 1% FBS for 24 h did not promote an increase in total choles-
terol levels in PC3, DU145, or LNCaP cell lines. However, we
demonstrated that 200 �g/ml of HDL in LPDS for 48 h
increased total cholesterol in DU145 and TRAMP-C2 cells (Fig.
2, A and B). Furthermore, we showed that Alexa 568-HDL
uptake by TRAMP-C2 cells was in part mediated by SR-B1 (Fig.
5, A and B), a finding that was demonstrated by Gordon et al.
(23) in C4-2 prostate cancer cells in which DiI-HDL uptake was
partially reduced upon SR-B1 knockdown or chemical inhibi-
tion by BLT-1. We found that inhibiting de novo cholesterol
synthesis in TRAMP-C2 cells by lovastatin led to reduced cell
accumulation, which was rescued by HDL treatment in an
SR-B1– dependent fashion, suggesting that the cholesterol con-
tent of HDL may play a role in the recovery of cell accumulation
(Fig. 5C). Additionally, various statins were found to promote
cell cycle arrest of PC3 cells, also indicating the need for de novo
cholesterol biosynthesis to drive prostate cancer cell prolifera-
tion (35). Four meta-analyses of human observational studies
on statin use and prostate cancer incidence, progression, and
mortality have been published in 2016 or later, with three find-
ing beneficial effects of statins (36 –39). For example, prostate
cancer-specific mortality was significantly reduced in statin
users pre- and post-diagnosis with prostate cancer (HR � 0.53
and 0.64, respectively) (36). Thus, cholesterol metabolism may
play an important role in prostate cancer therapeutics.

A large meta-analysis demonstrated that increased HDL-
cholesterol was associated with lower incidence of cancer;
although this study did not examine different types of cancer
(40). This finding was corroborated in C57BL/6J mice using

syngeneic B16F10 melanoma and Lewis lung carcinoma cells
injected into (going from low to high HDL-cholesterol levels)
apoA1-KO, WT, and human apoA1 transgenic mice; and, for
both of these cancer types, higher HDL levels were associated
with smaller tumors (41). The protective effect of HDL was
associated with increased tumor-associated macrophages,
cytotoxic CD8 T-cells, and decreased recruitment of myeloid-
derived suppressor cells (41, 42). In addition, B16F10 mela-
noma tumor progression was slower in Scarb1 KO mice,
another model of high plasma HDL (42). In C57BL/6J WT and
apoA1-KO mice, we found an opposite effect of host HDL on
syngeneic TRAMP-C2 prostate cancer cells, where higher HDL
led to larger tumors, and decreased survival.

Why do the TRAMP-C2 cells respond differently than the
B16F10 and Lewis lung cells? Perhaps it is due to the relative
expression levels of SR-B1 and the role of HDL in providing
lipids required for cell cycling. Llaverias et al. (43) reported that
feeding a Western-type versus chow diet to C57BL/6J TRAMP
transgenic mice, which are prone to spontaneously develop
prostate tumors, results in increased total and HDL-choles-
terol, and a higher prostatic tumor incidence with larger
tumors. The tumors from Western-type versus chow diet-fed
TRAMP mice also have higher levels of SR-B1 expression (43).
The SNP rs4765623, intronic in the SCARB1 gene, is associated
with clear cell renal cell carcinoma (ccRCC), a cancer charac-
terized by excessive lipid loading (44). This same SNP is asso-
ciated with SCARB1 expression levels in human left ventricle,
with the T allele associated with increased expression (25).
rs4765623 is in linkage disequilibrium with rs12582221 (d	 � 1,
r2 � 0.39) (45), and this SNP is highly associated with SR-B1
expression in testes (25). SR-B1 expression is increased in
ccRCC tissue versus normal kidney tissue (46, 47), similar to
what we and others observed in prostate cancer versus normal
prostate. Also in alignment with our SR-B1 KO findings in
prostate cancer cells, Velagapudi et al. (48) showed that anti-
bodies against SR-B1 reduce cellular uptake of 125I-HDL into,
and HDL-induced proliferation of, a ccRCC cells line (48).
Thus, SR-B1 and HDL may drive proliferation of specific lipid
accumulating cancers. Whether HDL promotes or inhibits
tumor progression may depend on tumor lipid delivery versus
host immune effects.

In general, SR-B1 expression is highest in the major HDL
metabolizing organ, the liver, and in steroidogenic tissues. In
humans SR-B1 expression is highest in adrenals, liver, and
ovary (25). In 9 tested tissues of C57BL/6J mice, the liver and
testes had the highest expression of SR-B1 (49). The role of
HDL uptake to support CE storage for steroidogenic tissue was
demonstrated in apoA1-KO mice, where adrenal and ovarian
CE stores, as wells as stress-induced plasma corticosteroid lev-
els, are significantly reduced (50). Although total testes CE stor-
age was not different between WT and apoA1-KO mice, histo-
logical analysis showed markedly reduced neutral lipid loading
in the Leydig cells, the site of de novo androgen biosynthesis
(50). We measured plasma testosterone levels in 2 cages each of
WT and apoA1-KO mice, and in each cage, there was one high
outlier, which may be due to the well-known effect of higher tes-
tosterone levels in the socially dominant male of group-housed
mice (51, 52). Excluding these outliers, we found 42% higher
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plasma testosterone in the WT versus apoA1-KO mice, which is a
confounder for the pro-tumor effect of HDL in our study.

We found that SR-B1�/� versus SR-B1�/� TRAMP-C2 cells
injected into WT hosts with high HDL-cholesterol led to
reduced tumor progression and increased survival, without the
caveat of decreased androgen levels observed in apoA1-KO
mice. Thus, SR-B1 promotes prostate cancer tumor growth in
vivo, similar to SR-B1’s growth-promoting effects we observed
in cell culture. However, SR-B1 is a multiligand receptor that
can also mediate uptake of non-HDL ligands such as LDL and
fat-soluble vitamins (53–55). Thus, it is possible that the loss of
SR-B1 in TRAMP-C2 cells reduced tumor progression due to
decreased uptake of these other ligands. It appears that the
growth promoting effects of SR-B1 in TRAMP-C2 cells may be
primarily mediated by its ligand HDL, as SR-B1 status (KO ver-
sus WT) has no effect on tumor progression in apoA1-KO mice;
but, we cannot exclude the role of other SR-B1 ligands that may
play a role in tumor progression in WT mice. Our findings on
the role of SR-B1 in prostate cancer are similar to the findings of
Gordon et al. (23) who showed that treatment of mice with the
SR-B1 inhibitor BLT-1 led to reduced human PC3 cell xeno-
graft progression. These findings also align well with our TGCA
analysis and prior analyses showing that SR-B1 expression is
higher in prostate cancer versus controls, higher in high grade
versus low-grade prostate cancer, and higher in metastatic ver-
sus localized prostate cancer (22, 23).

In conclusion, our findings are in alignment in with Llaverias
et al. (43) where a high fat diet increased autochthonous tumor
prevalence and burden in the TRAMP transgenic mouse
model, associated with increased HDL levels. Additionally, our
findings corroborated the in vivo findings of Gordon et al. (23)
who demonstrated that treatment with an SR-B1 inhibitor
decreased prostate cancer progression. Our study was more
specific and could differentiate cancer cell versus host effects
due to genetic ablation of SR-B1 in the cancer cells, whereas
Gordon et al. (23) used a chemical inhibitor of SR-B1, having
specific and nonspecific effects on the host as well as the xeno-
graft cancer cells. Our study employed immunocompetent
mice, which may be a better model to study HDL effects on
prostate cancer because HDL has been shown to modulate
tumor infiltrating leukocytes (41).

Experimental procedures

Cells and chemicals

The human prostate cancer cell line DU145 and mouse pros-
tate cancer cell line TRAMP-C2 were purchased from Ameri-
can Type Culture Collection (Manassas, VA, USA). The DU145
cell line was authenticated by Genetica cell line testing. DU145
was cultured in RPMI1640 (supplemented with 10% FBS
(Sigma) and TRAMP-C2 was cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS (Sigma) and 10 nM

dihydrotestosterone (Sigma) at 37 °C in 5% CO2. Both cell lines
grown were treated with a low-dose mycoplasma removal agent
(MP Biomedicals) as a preventative measure. Mycoplasma test-
ing was performed regularly to confirm the absence of myco-
plasma contamination on cells with SR-B1 rabbit polyclonal
antibody (NB400-104), purchased from Novus Biologicals.

GAPDH rabbit polyclonal antibody (sc-25778) was purchased
from Santa Cruz. Lipoprotein-deficient serum (LPDS) was pre-
pared as previously described (56). In brief, FBS was adjusted to
1.21 g/ml, and centrifuged to separate lipoprotein from sera.
LPDS was collected and dialyzed against PBS (pH 7.4), and then
sterilized using a 0.22-�m filter. LPDS was adjusted to 30
mg/ml of protein using PBS.

Isolation and labeling of lipoproteins

Expired de-identified human plasma was collected from nor-
mal healthy volunteers acquired from the Cleveland Clinic
Blood Bank under an exempt Institutional Review Board pro-
tocol. LDL (1.019 –1.063 g/ml) and HDL (1.063–1.21 g/ml)
were isolated by potassium bromide density gradient centrifu-
gation as described (56). Lipoproteins were dialyzed against
PBS (pH 7.4), sterilized using a 0.22-�m filter, and then the
protein concentration was determined by the alkaline-Lowry
method (57). HDL was labeled with Alexa 568 by incubating 4.5
mg of human HDL in 90 �l of 1 M sodium bicarbonate with
Alexa Fluor 568 succinimidyl ester (A20003, Thermo Fisher)
for 1 h at room temperature (8:1 dye:estimated apoA1 mole
ratio). The reaction was stopped by incubating the conjugate
with 0.1 ml of 1.5 M hydroxylamine (pH 8.5) for 1 h at room
temperature. The conjugate was purified by extensive dialysis
with PBS. For murine lipoprotein isolation and quantification,
blood from the retro-orbital venous sinus was collected and
centrifuged at 12,000 � g for 30 min.

Cell accumulation and proliferation by cell cycle analysis of
prostate cancer cells

For cell accumulation, proliferation, and cell cycle analysis,
cells were seeded into a 24-well–plate at densities of 10,000 and
20,000 cells/well for TRAMP-C2 and DU145 cells, respectively,
in 10% FBS containing medium overnight, then incubated with
serum-free media for 30 min. Cells were then incubated in 10%
LPDS with or without 300 �g/ml of HDL in the absence or
presence of 1 �M lovastatin for 4 days. Thereafter, cells were
lifted by trypsin and counted using using a Beckman Coulter
automated cell counter (Z series). For cell cycle analysis, cells
were treated with or without 300 �g/ml of HDL in 2% LPDS
media for 1 day, ethanol fixed, stained with 50 �g/ml of pro-
pidium iodide, and then subjected to flow cytometry.

Generation of SR-B1 KO cells

TRAMP-C2 cell were transfected with the Cas9 expression
plasmid, pSpCas9(BB)-2A-Puro (Addgene No. 48139) using
Lipofectamine LTX and Plus Reagent (Invitrogen) according to
the manufacturer’s instructions, then treated with 5 �g/ml of
puromycin for 2 days to clonally select for Cas9 stably trans-
fected TRAMP-C2 cells. Nucleofection (Amaxa), according to
the manufacturer, was used to transfect 1 � 106 Cas9 stable
TRAMP-C2 cells with 0.6 nM mouse SR-B1 sgRNA targeting
exon 4. Human DU145 cells (1 � 106) were co-transfected
with 0.6 nM human SR-B1 sgRNA targeting exon 4 com-
plexed with 0.07 nM Cas9 protein (Synthego) by nucleofec-
tion. Both sgRNAs were designed using CRISPOR online
software (58) and synthesized by Synthego. sgRNAs se-
quences were: mouse sgScarb1 reverse strand, 5	-ugcgguu-
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cauaaaagcacgc-3	; human sgSCARB1 reverse strand, 5	-cau-
gaaggcacguucgccga-3	. Transfected cells were plated in
96-well– dishes to �1 cell/well, then clonally expanded and
screened via PCR-Sanger sequencing to detect targeted
sequence disruptions, and then by Western blotting for SR-B1.
PCR screening primers were: human fwd, 5	-ccagtgggttct-
gagtttccca-3	, rev, 5	-gatccccagccagctacaaagc-3	; mouse fwd,
5	-ggttccatttaggcctcaggt-3	, rev, 5	-ctctctgaagggacagaagacac-3	.

HDL uptake assay

Approximately 100,000 cells/well were seeded onto a
24-well–plate and incubated overnight in 10% FBS containing
media. Cells were then incubated with serum-free media for 30
min and then treated with 20 �g/ml of Alexa 568-HDL, as
described above, for 90 min. Cells were fixed, then counter-
stained with DAPI for microscopy, or stained first, then forma-
lin fixed for flow cytometry.

Cholesterol mass assay

Cells were plated on a 6-well–plate and incubated overnight
in the medium, 10% FBS containing media. Cells were incu-
bated in serum-free media for 30 min and treated with or 200
�g/ml of HDL for 2 days. Cholesterol concentrations were mea-
sured by an enzymatic fluorescent assay and normalized to pro-
tein as described in Ref. 59.

Western blotting assays

For protein expression via Western blotting, cell lysates were
prepared in RIPA buffer (Pierce), containing 1 mM phenylmeth-
ylsulfonyl fluoride and 10% protease inhibitor mixture (Sigma).
Equal amounts of proteins were electrophoresed on 4 –20%
SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes. Each membrane was incubated with a 1:2000 dilution of
primary antibodies described above. Blots were developed with
a 1:5000 dilution of the horseradish peroxidase-conjugated sec-
ondary antibody (Bio-Rad). Proteins were visualized, using
Amersham Biosciences Hyperfilm ECL (GE Healthcare).

Syngeneic in vivo studies

Our in vivo studies used 20 –22-week– old, age-matched,
apoA1-KO and WT C57BL/6J male mice that were subcutane-
ously injected in both flanks with 2 � 106 SR-B1 KO or WT
TRAMP-C2 (syngeneic) prostate cancer tumor cells per site.
Tumor progression and body weights were assessed three times
per week for 8 weeks or until reaching an experimental end
point of tumor reaching 15 mm in diameter, tumor ulcerations,
impaired mobility, or 20% loss in body weight. Tumor volume,
based on caliper measurements, was calculated according to
the ellipsoid volume formula, tumor volume � (the shortest
diameter)2 � the largest diameter � 0.525. After a mouse
reached its end point, its final tumor volumes were included in
the analysis up to the day that all mice from that group reached
its end point, after which data were no longer plotted. Other
analyses from in vivo studies are described in supporting
Experimental procedures. All experiments and procedures
were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the Cleveland Clinic, Cleveland, OH, USA
(protocol No. 2016-1722).

Bioinformatics

Bioinformatic information was acquired and viewed by The
UCSC Xena browser (60) to visualize and extract expression
data for SCARB1, LDLR, ABCA1, and ABCG1 in normal and
prostate cancer tissue from the TCGA PRAD dataset. The Gen-
otype-Tissue Expression (GTEx) Project (25) was supported by
the Common Fund of the Office of the Director of the National
Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA,
NIMH, and NINDS. The data used for the analyses described
in this manuscript were obtained from the following indepen-
dent searches: SCARB1, rs4765623, and rs12582221 on the
GTEx Portal on 01/08/2020; dbGaP accession number
phs000424.v8.p2. LDlink (45) was used to evaluate the linkage
disequilibrium of SCARB1 SNPs (rs12582221 and rs4765623)
in the CEU population of the 1000 Genomes Project, with ref-
erence genome GRCh37/gh19 on 01/08/2020; LDlink phase 3,
version 5.

Statistical analysis

Statistical analysis of TGCA PRAD gene expression data
from prostate cancer and normal tissue was analyzed by the
Mann-Whitney non-non-parametric test, and % changes were
calculated from the anti-log2 of the median values. All in vitro
data are expressed as the mean � S.D. of at least triplicates.
Differences between the values were evaluated by either
Student’s t test, with Bonferroni correction for multiple tests
when appropriate, or one-way analysis of variance (one-way
ANOVA) with Tukey’s or Dunnett’s post hoc analysis, with p �
0.05 considered statistically significant. ANOVA annotation
uses lettering (a, b, c, etc.), where groups not sharing the same
letter indicates p � 0.05. All in vivo tumor volume data are
expressed as mean � S.E. Differences between the tumor vol-
umes during the time course were evaluated by two-way anal-
ysis of variance (two-way ANOVA). Survival curve data were
evaluated by Mantel-Cox Log Rank analysis. Statistics were
performed using GraphPad Prism version 8.1.1 software.

Data availability
All data are contained within the article and supporting

information.
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