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Abstract

Cholesterol is a risk factor for breast cancer. However, it is still unclear whether the
cholesterol biosynthesis pathway plays any significant role in breast carcinogenesis.
24-Dehydrocholesterol reductase (DHCR24) is a key enzyme in the cholesterol syn-
thesis pathway. Although DHCR24 is reported to have different functions in differ-
ent cancers, it is not clear whether DHCR24 is involved in breast cancer. In this study,
we found that DHCR24 expression was higher in breast cancer especially in luminal
and HER2 positive breast cancer tissues compared with normal breast. Changes in
DHCR24 expression altered cellular cholesterol content without affecting the adher-
ent growth of breast cancer cells. However, DHCR24 knockdown reduced whereas
DHCR24 overexpression enhanced breast cancer stem-like cell populations such
as mammosphere and aldehyde dehydrogenase positive cell numbers. In addition,
DHCR24 overexpression increased the expression of the Hedgehog pathway-reg-
ulated genes. Treating DHCR24 overexpressing breast cancer cell lines with the
Hedgehog pathway inhibitor GANTé61 blocked DHCR24-induced mammosphere
growth and increased mRNA levels of the Hedgehog regulated genes. Furthermore,
expression of a constitutively activated mutant of Smoothened, a key hedgehog
signal transducer, rescued the decreases in mammosphere growth and Hedgehog
regulated gene expression induced by knockdown of DHCR24. These results indicate
that DHCR24 promotes the growth of breast cancer stem-like cells in part through
enhancing the Hedgehog signaling pathway. Our data suggest that cholesterol con-
tribute to breast carcinogenesis by enhancing Hedgehog signaling and cancer stem-
like cell populations. Enzymes including DHCR24 involved in cholesterol biosynthesis

should be considered as potential treatment targets for breast cancer.
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1 | INTRODUCTION

Breast cancer is the most common cancer in women worldwide.
There are more than 2.08 million new breast cancer cases world-
wide, including more than 620 000 deaths in 2018 alone.! Breast
cancer can be classified into 3 main subtypes clinically that in-
cludes luminal, HER2 positive (+), and triple negative breast cancer
(TNBC).2® Although significant progress has been made in treating
different types of breast cancer effectively through development of
new targeted therapies, drug resistance, recurrence, and metastasis
remain the major challenges in the clinic.

Cancer stem cells play critical roles in drug resistance and
cancer metastasis.*®> Hedgehog pathway is an important signal-
ing pathway regulating the growth and self-renewal of normal and
cancer stem cells (CSC).°® Upon hedgehog binding to its receptor
PTCH1 on the cell surface, the key signal transducer Smoothened
(SMO) is activated and promotes nuclear translocation of the tran-
scription factor Gli, consequentially turning on the transcription
of hedgehog regulated target genes including Gli and PTCH1.]
Hyperactivity of Hedgehog signaling promotes the occurrence
and progression of a variety of cancers including breast can-
cer.!® Recent studies using Hedgehog pathway inhibitor GANT61
showed that the Hedgehog signaling pathway plays a role in the
expansion of breast cancer stem-like cells.***? Cholesterol and its
derivatives are essential for Hedgehog signaling. Cholesterol can
covalently modify Hedgehog and SMO to evoke proper activation
of the Hedgehog pathway.'®* Cholesterol can also non-covalently
bind and activate SMO. Cholesterol-binding structural regions in
SMO include transmembrane (TM)2 and TM3 in the seven-trans-
membrane domains of SMO,*° and the extracellular cysteine-rich
domain (CRD).*

Cholesterol is a risk factor for breast cancer. High cholesterol
levels in plasma are associated with a high risk of breast cancer
and it is an independent risk factor for breast cancer incidence and
recurrence.’” Patients with pre-diagnostic use of lipid-lowering
drugs, such as statins, are associated with a reduced risk of breast
cancer.®® Studies using a breast tumor animal model showed that
mice on a high-fat diet have significantly higher blood cholesterol
and enhanced tumor growth compared with mice on a normal diet.
Importantly, statins can block breast tumor growth in mice on a high-
fat diet,'>?° suggesting the importance of cholesterol or the choles-
terol biosynthesis pathway in breast tumorigenesis. However, it is
still less clear how intracellularly biosynthesized cholesterol contrib-
utes to breast carcinogenesis.

Cholesterol synthesis is a multi-step metabolic pathway.
DHCR24/seladin-1, with the full name 3p-dehydrocholester-
ol-A24-reductase, plays a key role in the Bloch and Kandutsch-
Russell pathways of cholesterol synthesis, respectively. DHCR24
catalyzes desmosterol to cholesterol in the Bloch pathway, and
lanosterol to 24,25-dihydrolanosterol in the Kandutsch-Russell
pathway.?%?2 DHCR24 is expressed in all cholesterol-synthesizing
cells.?! The role of DHCR24 in cancer has not been well studied.

Limited research has shown that DHCR24 plays the opposite roles

in different cancers. In endometrial cancer, DHCR24 can promote
the invasion of endometrial cancer cells.?® In contrast, in prostate
cancer, the expression of DHCR24 is lower in advanced tumors com-
pared with in early tumors and normal tissues. DHCR24 inhibits the
growth of prostate cancer cells.?*?> However, the role of DHCR24
in breast cancer is still unknown.

In this report, we found that DHCR24 expression is higher in
breast tumors compared with normal tissues. DHCR24 promotes
the growth of a CSC-like population in breast cancer cells without
affecting the growth of the bulk of breast cancer cells. In addition,
we uncovered DHCR24 through activation of the Hedgehog path-
way to enhance breast cancer stem cell properties. The results of our
study suggest that cholesterol contributes to breast carcinogenesis
by enhancing the cancer stem-like cell population.

2 | MATERIALS AND METHODS

2.1 | Data mining of The Cancer Genome Atlas
database (TCGA)

TCGA is a publicly funded project and contains transcriptome data
for various cancers including breast cancer. The mRNA expression
profiling data of breast cancer and matched adjacent non-tumor tis-
sue in TCGA were downloaded (http://cancergenome.nih.gov/). The
differences in DHCR24 mRNA expression between adjacent non-
tumor tissues and breast cancer were calculated and presented as a

scatter plot and histogram.

2.2 | Cell culture and reagents

Breast cancer cell lines MCF7, ZR-75-1, T47D, SKBR3, BT474,
AU565, HCC1954, MDA-MB-231, Hs578t were obtained from the
American Tissue Culture Collection (ATCC). The SUM149PT cell line
was from BiolVT. MCF10A cell line was a gift from Dr. Joan Brugge
(Harvard Medical School). 293T17 cell line was as described.?
BT474 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS)
(Lonsera), 100 units/mL penicillin and 100 pg/mL streptomycin
(Beyotime Institute of Biotechnology). AU565 cells were cultured in
DMEM: Nutrient Mixture F-12 (DMEM/F-12) (Gibco) supplemented
with 10% FBS, 100 units/mL penicillin and 100 pg/mL streptomy-
cin. SUM149PT cells were cultured in DMEM/F-12 supplemented
with 5% FBS, 5 pg/mL insulin, 1 ug/mL hydrocortisone, 100 units/
mL penicillin and 100 pg/mL streptomycin. 293T17, MCF7 cells were
cultured in DMEM supplemented with 5% FBS, 100 units/ml penicil-
lin and 100 pg/mL streptomycin. SUM149PT and AU565 cells were
grown in a tissue culture incubator with an atmosphere of 5% CO,
in air, whereas BT474, MCF7, and 293T17 cells were grown in tis-
sue culture incubator with 7.5% CO, in air. GANT61 was purchased
from Selleck Chemicals. Methyl-p-cyclodextrin was purchased from

Sigma.
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2.3 | Construction of expression vectors

For knockdown of DHCR24, two different DHCR24 short hairpin
RNAs (shRNAs) (sh11 and sh12) were inserted into the PLKO.1-
puro vector using standard DNA cloning techniques. The 2 DHCR24
shRNA sequences are: sh11l, 5'-GCTCTCGCTTATCTTCGATAT-3';
sh12, 5'-GCAGAGCTCTACATCGACATT-3. The PLKO.1-control
shRNA plasmid was used as described.?’ For overexpression of
DHCR24, DHCR24 cDNA was inserted into the pBabe-hygro plas-
mid using PCR and standard DNA cloning techniques. To construct
the constitutively activated mutant of SMO, pcDNA3.1-SMO-
3xFlag plasmid was purchased from YouBio and used as a template
to generate pcDNA3.1-SMOW***.-3xFlag plasmid using the Mut
Express® |l Fast Mutagenesis Kit V2 System (Vazyme). The Flag-
SMOW5%L insert was amplified by standard PCR and inserting into
the pBabe-puro plasmid.?” Primer sequences for point mutagenesis
are: forward 5'-GAGCACCTtGGTCTGGACCAAGGCCACGCTG-3';
5'-CAGACCaAGGTGCTCATGGCGATGCCAGTTCC-3".
Primer sequences for subcloning into pBabe-puro plasmid are:
forward  5'-CCGGAATTCGCTAGTT-AAGCTTGGTAC-3';
5'-CAGGTCGACTCACTTGTCATCGTCATC-3'. All of the generated

plasmids were verified by DNA sequencing.

reverse

reverse

2.4 | Virus production and infection

For the production of lentivirus, 293T17 cells were cotransfected
with PLKO.1 plasmid together with 2 packaging plasmids, pCMV-
VSV-G and delta 8.9 as described.?” For the production of ret-
rovirus, 293T17 cells were cotransfected with retroviral plasmid
together with 2 packaging plasmids, pCMV-VSV-G and gag/pol as
described.?® Harvested virus supernatants were filtered through a
0.45 pm low protein-binding sterile filter. Breast cancer cells were in-
cubated with lentiviral or retroviral supernatants in the presence of
8 pg/mL of polybrene (Sigma) and selected with 1.3 pg/mL puromy-
cin (Invitrogen) for 3 days or with 40 pg/mL hygromycin (Invitrogen)
for 5 days before being used for experiments.

2.5 | Cholesterol assay

Cellular cholesterol levels were analyzed using the Amplexm Red
Cholesterol Assay kit (Invitrogen) according to the manufacturer’s
instructions. Total cellular protein content was determined by bicin-
chonic acid (BCA) assay kit (Beyotime). Cells were starved without
serum overnight, and lysed in 0.5% Triton X-100 buffer (including
20 mmol/L Tris, 100 mmol/L NaCl, 1 mmol/L EDTA). Then, 50 pL of
cell lysate and 50 pL Amplex Red reagent were added to the 96-well
plate. After 30 min incubation at 37°C in the dark, the sample fluo-
rescence was measured using a Varioskan flash microplate reader
(excitation at 560 nm and emission at 590 nm). Cholesterol levels
were calculated according to a standard curve, normalized by total

cellular protein, and expressed as ug of cholesterol per mg of protein.
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2.6 | Colony formation assay

Colony formation assay was performed to assess the ability of a
single cell to grow into a colony in tissue culture plates. Breast
cancer cells were cultured in 24-well culture plates for 6 d to form
colonies. Colonies were fixed with 10% neutral formalin, and
stained with 0.5% crystal violet solution. The dye was extracted
by adding 10% acetic acid. Absorbance at 540 nm was measured
using a Varioskan flash microplate reader. All experiments were

repeated 3 times.

2.7 | Quantitative (q)RT-PCR for mMRNA

Total RNA was extracted from cells using TRIzol Reagent (Invitrogen)
following the manufacturer's instructions. First-strand cDNA syn-
thesis and amplification were performed using PrimeScript™ RT rea-
gent kit with gDNA Eraser (TaKaRa). Q-PCR was used to quantify
the expression of Gli3, PTCH1, Bmi-1, mRNAs using SYBR® Premix
Ex Taqll (Bio-Rad). The primers for g-PCR are listed below: Gli3, for-
ward 5'-ACTTCCGCCTTATCTAGTAGCC-3', reverse 5'-CCACGG
GTTGCTGAGATCAT-3'; PTCH1, forward 5'-GAAGAAG- GTGCTAA
TGTCCTGAC-3', reverse 5'-GTCCCAGACTGTAATTTCGCC-3'; Bmi-
1, forward 5'-GGATCCTCATCCTTCTGCTGATGCTG-3',
5'-GAATTCGCATCACAGTCATTGCTGCT-3'.

reverse

2.8 | Western blot

Breast cancer cell lines were lysed in 1x SDS sample buffer
(62.5 mmol/L Tris-HCI pH 6.8, 2% SDS, 0.002% bromophenol blue,
10% glycerol, 5% p-mercaptoethanol). Equal amounts of cell lysates
were resolved by 10% SDS-PAGE and transferred to Immobilon-P
membranes (Millipore), immunoblotted using the appropriate pri-
mary and the HRP-conjugated secondary antibodies (Beyotime
Institute of Biotechnology), and developed using enhanced chemi-
luminescence (ECL) reagents. ECL signals were captured by the
ChemiDoc MP imaging system (Bio-Rad) and were analyzed using
Image Lab 5.0 software (Bio-Rad). Antibodies recognizing DHCR24
and p-Actin were purchased from Cell Signaling Technology. Flag-

antibody (M2 clone) was from Beyotime.

2.9 | Aldehyde dehydrogenase (ALDH)-positive
cell analysis

The aldehyde dehydrogenase (ALDH)-positive (+) cell population was
analyzed by flow cytometry using the ALDEFLUOR"™ assay kit (StemCell
Technologies) according to the manufacturer’s instruction. Cells
(1 x 10%) were starved in serum-free culture overnight, resuspended
in ALDEFLUOR" assay buffer, mixed with the activated ALDEFLUOR™
reagent, and incubated for 35 min at 37°C. For the ALDH negative con-
trol, ALDEFLUOR™ DEAB reagent (an ALDH inhibitor) was mixed with
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FIGURE 1 DHCR24 expression is higher in ER-positive and HER2-positive breast cancer. mMRNA expression data from the breast
cancer cohort in the TCGA database were downloaded and analyzed (A-C). A, mRNA expression levels of DHCR24 in 1100 breast cancer
tissues and 112 non-tumor tissues. ****P < .0001. B, DHCR24 mRNA expression levels are significantly higher in luminal A, luminal B or
HER2 + breast cancer compared with normal breast tissues or triple negative breast tumor tissues after analyzing data in TCGA database.
**** P <.0001. C, DHCR24 mRNA expression is higher in breast tumor tissues compared with the adjacent normal breast tissues (n = 112).
****P < ,0001. D, Immunoblot analysis of DHCR24 protein levels in the indicated ER+, HER2+, or triple negative breast cancer (TNBC) cell

lines. The experiment was repeated 3 times

cell samples containing activated ALDEFLUOR™ reagent. ALDH" cells
were analyzed by FACS Aria (BD Biosciences) using FlowJ10 software.

2.10 | Mammosphere culture assay

Twenty-four well plates were coated with 100 pL of 12 mg/mL poly-
hema at 37°C overnight. Detached breast cancer cells (5000) were
resuspended in mammosphere culture medium: DMEM/F12, 20 ng/
mL bFGF (MultiSciences), 20 ng/mL EGF (MultiSciences), 5 pg/mL in-
sulin (Solarbio), B27 supplement (Gibco), 0.5% BSA (Sangon Biotech),
seeded in triplicates into each polyhema coated well and cultured
at 37°C. Cells were replenished with fresh media every 3 days.
Mammospheres with a diameter greater than 50 um were quantified
using Nikon NIS-Element software. The total numbers of mammos-
pheres in 6 random fields under 4x objective lens were determined

for each well. The experiments were repeated at least 3 times.

2.11 | Statistical analysis

Statistical analyses were performed using GraphPad Prism (version

6.0). Student T test was used to compare data between 2 groups.

One-way ANOVA with Bonferroni multiple comparison test cor-
rection was used to analyze data among multiple groups. Two-way
ANOVA was used to analyze differences with 2 independent factors.
All statistical tests were two-sided, and P < 0.05 was considered sta-

tistically significant.

3 | RESULTS

3.1 | DHCR24 expression is higher in ER-positive
and HER2 positive breast cancer

Although there are reports in the literature that DHCR24 can par-
ticipate in the promotion of tumorigenesis and development, it is still
unclear whether DHCR24 plays any role in breast cancer. We first
analyzed DHCR24 mRNA expression in the breast cancer cohort
from the TCGA database, which included mRNA expression data in
breast cancer tissues from 1178 patients. Among them, 112 cases
contained breast tumor tissue with adjacent normal tissue. The
analysis revealed that DHCR24 mRNA expression was significantly
higher in breast tumors compared with normal tissues (Figure 1A)
or adjacent normal tissues (Figure 1C). In addition, DHCR24 mRNA

expression was significantly higher in luminal A, luminal B or HER2
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positive (+) breast tumor tissues compared with normal breast tis-
sues. Interestingly, DHCR24 mRNA levels were similar in TNBC tis-
sues and normal breast tissues (Figure 1B). Furthermore, DHCR24
protein levels were examined in different subtypes of breast cancer
cell lines available in our laboratory (Figure 1D). Consistent with re-
sults from the analysis of TCGA database, DHCR24 protein levels
were significantly higher in HER2+ (BT474, SKBR3, and AU565) and
ER-positive (ZR-75-1 and T47D) breast cancer cell lines compared
with the normal breast epithelial cell line MCF10A and TNBC cell
lines (SUM149PT, MDA-MB-231, and Hs578t) (Figure 1D).

3.2 | Changes in the expression level of DHCR24
alter cellular cholesterol levels without affecting the
adherent growth of the breast cancer cell lines

To explore the role of DHCR24 in breast cancer, we first examined
whether DHCR24 expression affected the growth of breast cancer
cells. DHCR24 was knocked down by 2 different DHCR24 shRNAs in
BT474 and AU565 cell lines. In addition, DHCR24 was overexpressed
using the pBabe-hygro retroviral vector containing DHCR24 cDNA
in BT474, SUM149PT, and MCF7 cell lines. Western blot analysis
confirmed that DHCR24 expression was decreased in BT474 and
AU565 cell lines by DHCR24 shRNAs (Figure 2A), and increased in
BT474, SUM149PT, and MCF7 cell lines (Figure 2B).

Since DHCR24 is a key enzyme in the intracellular cholesterol

2522 cholesterol levels were measured in

biosynthesis pathway,
breast cancer cells using the Amplex Red Cholesterol Assay kit.
Cholesterol levels were decreased by more than 60% in 2 cell lines
(BT474 and AU565) with DHCR24 knockdown compared with con-
trol knockdown (Figure S1A). Conversely, cholesterol levels were

increased by c. 17%, 35%, and 50% in 3 cell lines (BT474, MCF7, and
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SUM149PT) respectively with DHCR24 overexpression compared
with vector control (Figure S1B). The effect of changes in DHCR24
expression on adherent growth of cells was explored using a colony
formation assay. The results showed that neither DHCR24 knock-
down (Figure 2C) nor overexpression (Figure 2D) affected the adher-

ent growth of these breast cancer cells.

3.3 | DHCR24 promotes the growth of CSC-like
population in breast cancer cells

A published report showed that knockdown of enzymes such as
SCD, LSS, HMGCS1 that are involved in the cholesterol biosynthesis
pathways affects the tumorsphere growth of lung and colon cancer
cells.?® Tumorsphere or mammosphere is often enriched with CSCs.
We hypothesized that DHCR24 may affect the growth of breast
CSCs.

DHCR24 knockdown cell lines (BT474 and AU565) and DHCR24
overexpression cell lines (BT474, SUM149PT and MCF7) were cul-
tured under mammosphere culture conditions for 5 d. The numbers
of mammospheres were significantly reduced in cells expressing 2
different DHCR24 shRNAs compared with cells expressing control
shRNA (Figure 3A). In contrast, the numbers of mammospheres
were significantly increased in cells with DHCR24 overexpression
compared with cells containing the vector control (Figure 3B). These
data indicated that DHCR24 is important for the growth of mammo-
sphere in breast cancer cells. In addition, we also examined the con-
tent of ALDH" cells that are enriched for breast CSCs.2? ALDH can
maintain cell homeostasis by catalyzing the conversion of toxic alde-
hydes to non-toxic carboxylic acids, which is particularly important
for the self-renewal of stem cells and CSCs.>° The ALDH" cell popu-
lation was analyzed by flow cytometry using an ALDEFLUOR kit. The

vector DHCR24 vector DHCR24

vector DHCR24

BT474 SUM149PT MCF7
BT474 SUM149PT MCF7
vector DHCR24 7 Vactor DHCR24 " Vector DHCR24

FIGURE 2 Changes in the expression of DHCR24 does not affect the adherent growth of the breast cancer cell lines. A, Knockdown of
DHCR24 expression in breast cancer cell lines BT474 and AU565 using PLKO.1 lentivirus expressing control shRNA (csh) and 2 different
DHCR24 shRNAs (sh11 and sh12). B, Overexpression of DHCR24 in breast cancer cell lines BT474, SUM149PT, and MCF7 using vector only
pBabe-puro retrovirus or pBabe-puro retrovirus expressing DHCR24. DHCR24 levels in the indicated breast cancer cell lines were verified
by western blot analysis using DHCR24 antibody and p-Actin antibody as a loading control. DHCR24 knockdown (C) or overexpression (D)
does not affect the adherent growth of the indicated breast cancer cell lines. Breast cancer cell lines were subjected to colony formation
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percentages of ALDH" cell populations were greatly decreased in
BT474 cells expressing 2 different DHCR24 shRNAs compared with
cells expressing control shRNA (Figure 3C). Conversely, the percent-
ages of ALDH" cell populations were significantly enhanced in MCF7
cells with DHCR24 overexpression compared with cells containing
the vector control (Figure 3D). These data showed that DHCR24
is critical for maintaining the ALDH" cell population. Together, our
results demonstrated that DHCR24 promotes the growth of stem

cell-like populations in breast cancer cells.

3.4 | DHCR24 promotes gene expression of the
Hedgehog pathway in breast CSC-like population

The Hedgehog signaling pathway plays an important role in regulat-
ing the growth of normal stem cells and tumor stem cells.® Recent
studies using Hedgehog pathway inhibitor GANT61 suggested that
the Hedgehog signaling pathway plays a role in the expansion of
breast cancer stem-like population cells.*"*? Considering the key
role of cholesterol in activation of the Hedgehog signaling path-
way, we speculated that DHCR24 may promote the growth of stem
cell-like populations in breast cancer cells through the Hedgehog
signaling pathway. To examine the effect of changes in DHCR24
expression on Hedgehog pathway-regulated gene expression in
CSC cells, DHCR24 knockdown cell lines (BT474 and AU565) and
DHCR24 overexpression cell lines (SUM149PT and MCF7) were
cultured in mammosphere culture conditions for 10 d before being
subjected to quantitation of GIli3 and PTCH1 mRNA levels. The
data showed that knockdown of DHCR24 by 2 different shRNAs
caused significant decreases in Gli3 and PTCH1 mRNA levels com-
pared with control shRNA in BT474 and AU565 cells (Figure 4A).
Conversely, DHCR24 overexpression notably increased Gli3
and PTCH1 mRNA levels compared with vector alone control in
SUM149PT and MCF7 cells (Figure 4B). These results showed that
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DHCR24 can enhance Hedgehog signaling in breast cancer stem-
like cells.

3.5 | Treatment with Gli inhibitor reduces DHCR24-
enhanced CSC-like cell populations and Hedgehog
regulated gene expression

GANT®61 is a hexahydropyrimidine derivative that inhibits the effec-
tor molecule Gli1/2 in the Hedgehog pathway.®! To explore whether
DHCR24-induced breast cancer CSC-like properties are mediated
by the Hedgehog pathway, two cell lines (SUM149PT and MCF7)
overexpressing DHCR24 were subjected to mammosphere growth
assay in the absence or presence of 5 pmol/L GANT61 for 5 d. While
DHCR24 overexpression increased mammosphere numbers in both
cell lines compared with cells containing vector control, addition
of GANT61 to cells with DHCR24 overexpression caused signifi-
cant reduction in mammosphere numbers, to a level that similar to
that in cells containing vector only and treated with vehicle control
(Figure 5A,B). Similarly, results from flow cytometry analysis using
an ALDEFLUOR kit revealed that DHCR24-enhanced ALDH" cell
populations were significantly inhibited in MCF7 (Figure S2A) and
SUM149PT (Figure S2B) cells treated with GANT61 compared with
vehicle control.

In addition, we examined the effect of GANTé61 treatment on the
mRNA expression of Gli3, PTCH1, and Bmi-1 in mammospheres by
gRT-PCR (Figure 5C). The results showed that the GANT61 treat-
ment notably inhibited mRNA levels of Gli3, PTCH1, and Bmi-1
compared with vehicle control in DHCR24 overexpressing cells.
Compared with vehicle control, GANTé1 treatment caused a much
smaller decrease in mRNA levels of Gli3, PTCH1, and Bmi-1 in vector
alone cells. This result showed that Gli inhibitor reduced DHCR24-
enhanced gene expression of the Hedgehog signaling pathway.

Together, these results support our hypothesis that the Hedgehog
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FIGURE 4 DHCR24 promotes gene expression of the hedgehog pathway in breast CSC-like population. A, DHCR24 knockdown reduces
gene expression of the hedgehog signaling pathway in BT474 and AU565 cells. B, DHCR24 overexpression increases gene expression of
the hedgehog signaling pathway in MCF7 and SUM149PT cells. Cells were plated in triplicate wells under mammosphere growth conditions
for 10 d, and analyzed for Gli3 and PTCH1 mRNA levels by g-PCR. *P < .05,**P < .01,***P < .001, one-way ANOVA. Data shown are

representative from 3 independent experiments
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FIGURE 5 Treatment with Gli inhibitor reduces DHCR24-enhanced mammosphere growth and hedgehog regulated gene expression in
breast cancer cells. A, Treatment with Gli inhibitor GANT61 reduces DHCR24-enhanced mammosphere growth. BT474 and MCF7 infected
with pBabe vector and pBabe expressing DHCR24 were plated in triplicate wells under mammosphere growth condition in the absence

or presence of GANTé61 (5 pM) for 5 d. Mammosphere numbers were quantified as described in 3B, Treatment with GANT61 decreased
DHCR24-enhanced gene expression of the hedgehog pathway. C, Indicated cell lines were plated in triplicate wells under mammosphere
growth condition for 10 d, and analyzed for GIli3, PTCH1, and Bmi-1 mRNA levels by g-PCR. *P < .05, **P < .01, ***P < .001, two-way
ANOVA. Data shown are representative from 3 independent experiments

signaling pathway mediates DHCR24-enhanced growth of the
breast cancer stem-like cells.

3.6 | SMO-activated mutant can rescue the decrease
in CSC-like cell populations and inhibition of the
Hedgehog pathway caused by DHCR24 knockdown

To further verify that DHCR24 promotes the expansion of stem
cell-like cells in breast cancer cells through the Hedgehog signal-
ing pathway, we overexpressed a constitutively activated SMO mu-
tant SMOW>35L3233 iy BT474 and AU565 cell lines expressing control
shRNA or DHCR24 shRNAs (sh11, sh12) ( Figure 6A,B). These cell lines
were first subjected to mammosphere assay. Mammosphere numbers
were significantly decreased in DHCR24 knockdown BT474-sh11
cells compared with BT474-csh control cells, whereas the numbers
of mammospheres were significantly increased in BT474-sh11 cells

OW535L

after being expressed with the activated mutant SM compared

with vector control (Figure 6C). Similarly, compared with vector alone
control, the expression of SMOY>%! also significantly enhanced the
numbers of mammospheres in DHCR24 knockdown AU565-sh11 and
AU565-sh12 cell lines (Figure 6D). In addition, results from flow cy-
tometry analysis using the ALDEFLUOR kit showed that expression of
SMOW53L significantly increased the ALDH" cell population in MCF7
(Figure S3A, B) and AU565 (Figure S3C, D) cells expressing DHCR24
shRNA compared with vector control. These results indicated that ex-
pression of the SMO-activated mutants can rescue the reduced CSC-
like cell populations induced by DHCR24 knockdown.

In addition, we also examined the effects of SMOW>%5t expression
on the mRNA levels of Gli3 and PTCH1 in mammosphere. Gli3 and
PTCH1 mRNA levels were significantly reduced in DHCR24 knockdown
BT474-sh11 cells compared with BT474-csh control cells (Figure 6E).
Similar to the effects on mammosphere growth (Figure 6D), expres-
sion of the activated mutant SMOW>%L significantly increased Gli3 and
PTCH1 mRNA levels in BT474-sh11 cells compared with vector alone
control. These results demonstrated that expression of the activated
SMO-mutants also rescued decreased mRNA levels of Gli3 and PTCH1

induced by DHCR24 knockdown (Figure 6E).

4 | DISCUSSION

Breast cancer is a highly heterogeneous cancer. Like most cancers,
the exact cause of its occurrence has not been fully understood.
Multiple studies have revealed that obesity and cholesterol are risk

factors for breast cancer.®* Our study revealed a novel function of

DHCR24, a key enzyme in the intracellular cholesterol synthesis
pathway, in breast cancer. We found that DHCR24 mRNA levels are
significantly higher in breast cancer tissues especially in the luminal
and HER2+ breast cancer compared with the adjacent normal tis-
sues (Figure 1). Our data showed that DHCR24 promotes the growth
of breast cancer stem-like cells (Figure 3) without affecting the ad-
herent growth of the bulk of breast cancer cells (Figure 2). Our study
revealed that DHCR24 enhances breast CSC-like properties through
the Hedgehog pathway. First, DHCR24 knockdown or overexpres-
sion decreased or increased the number of breast CSC-like popula-
tions (Figure 3) and the expression of hedgehog pathway-regulated
genes (Gli3, PTCH1) (Figure 4), respectively. Secondly, the Hedgehog
pathway inhibitor GANT61%! can prevent the increase in mammos-
phere numbers and the increased expression of Gli3 and PTCH1
caused by the DHCR24 overexpression (Figure 5). Finally, the ex-
pression of the constitutively activated SMO mutant (SMOW?334)
can rescue the reduction of mammosphere numbers and Gli3 and
PTCH1 gene expression caused by DHCR24 knockdown (Figure 6).

Recent studies indicated that Hedgehog pathway is involved
in maintaining the characteristics of breast CSCs.?”"?® Two reports
showed that inhibition of the Hedgehog pathway with a pharma-
cological drug GANT61 caused a decrease in the number of breast
cancer stem-like cells. GANT61 is known to have significant anti-cell
growth activity in various tumor types, and it can also reduce the
cancer stem-like cell populations in ER-positive and TNBC cells.*>*?
However, it is not clear how other cellular proteins regulate breast
CSC-like population through crosstalk with the Hedgehog pathway.
Our results indicated that DHCR24 maintains breast tumor stem
cell-like properties through enhancing the Hedgehog pathway. A
recent report showed that TSPANS8, a member of the tetraspanins
family glycoproteins, can promote breast cancer cell stemness by in-
teracting with PTCH1 and sustaining Hedgehog signaling.*

Our results suggested that DHCR24 promotes breast CSC-like
cell populations by controlling intracellular synthesis of choles-
terol, which contributes to the activation of SMO and subsequent
Hedgehog signaling. Consistent with DHCR24 being a key enzyme
in the cholesterol synthesis pathway, we found that knockdown
and overexpression of DHCR24 significantly reduced and increased
cellular cholesterol contents respectively in breast cancer cells
(Figure S1). Furthermore, depleting cellular cholesterol with meth-
yl-B-cyclodextrin prevented the ability of DHCR24 overexpression
to enhance mammosphere growth (Figure S4A, B) and gene expres-
sion of the Hedgehog pathway (Figure S4C) in BT474 and MCF7
cells. Recent studies have demonstrated that cholesterol plays key
roles in Hedgehog pathway activation. Cholesterol binds SMO

non-covalently through the TM2 and TM3 regions in the seven-helix
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FIGURE 6 Expression of the constitutively activated SMO mutant rescues decreased mammosphere growth and Hedgehog regulated
gene expression induced by DHCR24 knockdown in breast cancer cells. A, B, Expression of the activated SMO mutant W535L (SMOW?334)
in breast cancer cells. BT474 (A) and AU565 (B) cells were infected with pBabe-Hygro vector alone and pBabe-Hygro FIag-SMOW535L
retroviruses and selected with hygromycin before infected with PLKO.1 lentiviruses expressing control shRNA (csh) and DHCR24 shRNA
(sh11) respectively. The expression of SMOY*%>t and DHCR24 in indicated cell lines were analyzed by western blot using Flag and DHCR24

antibodies with g-Actin antibody as a loading control. C, D, Expression of the activated SMO mutant SM

OW53L rescues decreased

mammosphere growth induced by DHCR24 knockdown. Indicated BT474 (C) and AU565 (D) cell lines were subjected to mammosphere
growth assay. Scale bars, 50 pm. (E) Expression of the activated SMO mutant SMOWSL rescues hedgehog regulated gene expression
inhibited by DHCR24 knockdown. Indicated BT474 cell lines were grown in mammosphere growth condition in triplicates for 10 d and
analyzed for Gli3 and PTCH1 mRNA expression by q-PCR. *P < .05, **P < .01, ***P < .001, two-way ANOVA. Data shown are representative

from 3 independent experiments

transmembrane domain and its extracellular CRD, causing con-
formational change and activation of SMO to transmit Hedgehog
signal.3>%% SMOW>3L is the constitutively activated SMO mutant,
whose activation is independent of Hedgehog. The mutation site of
W535L is not located in the cholesterol-binding regions of SM0O.%33

OW535L in

The fact that the expression of the activated mutant SM
DHCR24 knockdown breast cancer cells can rescue the defects,
such as the reductions of Gli3 and PTCH1 mRNAs, mammosphere
growth ( Figure 6), and ALDH" cell population (Figure S3) further
supports the idea that DHCR24 acts upstream of SMO and regu-
lates SMO activation. Consistent with our finding, a recent study
using CRISPR/Cas9 gene knockout screening in NIH3T3 fibroblasts
has revealed that multiple enzymes including LSS, DHCR7, SC5D,
and DHCR24 in the cholesterol synthesis pathway are critical for
intracellular cholesterol content and Gli transcriptional activation
in NIH3T3 cells.®¢ Interestingly, another recent study showed that
knockdown of enzymes involved in cholesterol synthesis can reduce
mammosphere growth of breast cancer cells although the effects
of knockdown of these enzymes on Hedgehog signaling were not
examined in this study.®’

Because our analysis revealed that DHCR24 expression is higher
in luminal (ER-positive) and HER2+ breast cancer than TNBC, this
suggests that different enzymes involved in cholesterol biosynthesis
promote breast cancer stem cell characteristic in different subtypes
of breast cancer. Our data certainly support a role of DHCR24 in
maintaining cancer stem-like cell properties in ER-positive or HER2+
breast cancer. A recent study showed that knockdown of FDFT1 and
CYB5R3, two enzymes involved in cholesterol synthesis, inhibited
the growth of mammospheres in TNBC cells, suggesting the critical
roles of these 2 enzymes in promoting CSCs in TNBC.% In addition,
the protein levels of FDFT1 and CYB5R3 were elevated in mammo-
spheres compared with the bulk of ER negative breast cancer cells.”
Interestingly, we also found that DHCR24 protein levels were nota-
bly elevated in mammospheres compared to the bulk of ER+ (MCF7
and BT474) or HER2+ (HCC1954 and BT474) breast cancer cells
(data not shown). This may also explain why knockdown of DHCR24
did not affect the bulk population growth of breast cancer cells
(Figure 2B,D). It will be interesting to determine how the expression
of enzymes involved in cholesterol biosynthesis is upregulated in
breast cancer stem-like cells in future.

In summary, our study uncovered that DHCR24 promotes

the growth of cancer stem-like cell populations by enhancing the

Hedgehog signaling pathway in ER+ and HER2+ breast cancer.
Considering the involvement of CSCs in drug resistance and me-
tastasis, drugs targeting enzymes involved in cholesterol synthesis
pathway including DHCR24 should be explored to treat breast can-

cer patients with recurrence.
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