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STARD4 promotes breast cancer cell malignancy
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Abstract. Breast cancer (BRCA) is one of the most common
malignancies encountered in women worldwide. Lipid
metabolism has been found to be involved in cancer progres-
sion. Steroidogenic acute regulatory protein-related lipid
transfer 4 (STARDA4) is an important cholesterol transporter
involved in the regulatory mechanism of intracellular
cholesterol homeostasis. However, to the best of our knowl-
edge, the molecular functions of STARD4 in BRCA are
unclear. Immunohistochemical staining and public dataset
analysis were performed to investigate the expression levels
of STARD4 in BRCA. In the present study, high expression
of STARD4 was identified in BRCA samples and higher
STARD4 expression was significantly associated with shorter
distant metastasis-free survival time in patients with BRCA,
which indicated that STARD4 may be associated with BRCA
progression. Cell cytometry system Celigo® analysis, Cell
Counting K-8 assays, flow cytometry, wound healing assays
and transwell assays were used to investigate the effects of
STARD4 knockdown on proliferation, cell cycle, apoptosis
and migration in BRCA cells. Loss-of-function assays
demonstrated that STARD4 acted as an oncogene to promote
proliferation and cell cycle progression, while suppressing
apoptosis in BRCA cells in vitro and in vivo. Furthermore,
knockdown of STARD4 significantly suppressed BRCA
metastasis. To assess the mechanism of action of STARD4,
microarray analysis was performed following STARD4
knockdown in MDA-MB-231 cells. The data were analyzed
in detail using bioinformatics, and a series of genes, including
E74 like ETS transcription factor 1, cAMP responsive element
binding protein 1 and p21 (RACI) activated kinase 2, which
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have been previously reported to be crucial genes implicated in
the malignant phenotype of cancer cells, were identified to be
regulated by STARD4. Loss-of function assays demonstrated
that knockdown of STARD4 suppressed BRCA proliferation
and migration. These findings suggested that STARD4 had an
oncogenic effect in human BRCA progression.

Introduction

Breast cancer (BRCA) is the most common type of malignancy
in females worldwide (1,2). Over the past decades, patients
with BRCA have been usually treated with radiotherapy,
chemotherapy or their combination according to the tumor
type, histological stage, tumor size, lymph node metastasis
and metastatic site (3). However, the prognosis of patients with
BRCA remains poor (4). Furthermore, the incidence of BRCA
is increasing (5). In 2018, ~2.1 million newly diagnosed cases
of BRCA were reported worldwide, accounting for almost a
quarter of the total number of diagnosed cancers in female
subjects (5). Therefore, understanding the molecular mecha-
nisms underlying BRCA progression can be used to identify
novel biomarkers for the early detection of this disease.

An increasing number of studies have demonstrated that
the abnormal regulation of metabolism-associated pathways is
associated with tumorigenesis and the development of human
cancer (6-9). Lipid metabolism disorders have been reported
to be associated with a variety of diseases, such as cancer (10).
Lipid metabolism is involved in regulating multiple cellular
biological activities in cancer cells, such as cell proliferation and
apoptosis. The steroidogenic acute regulatory protein-related
lipid transfer (STARD) domain family serves a crucial role
in the transportation of cholesterol (11,12). STARD family
proteins serve a role in non-vesicular lipid transport and cell
signaling via their interaction with cholesterol, phospholipids,
sphingolipids and bile acids (13). The STARD4 protein was
initially identified by Soccio et al (14) in 2002. STARD4 is
located in both the nuclear and cytoplasmic regions (15).
STARDA4 is involved in the regulatory mechanism of intra-
cellular cholesterol homeostasis (16). Silencing of STARD4
results in elevated levels of intracellular free cholesterol (17).
Furthermore, overexpression of STARD4 promotes the
formation of cholesterol esters, suggesting that STARD4 can
facilitate the transport of cholesterol to the endoplasmic retic-
ulum and mitochondria (18). A previous study has indicated
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that knockdown of STARD4 in the liver cancer HepG2 cell
line disrupts cholesterol trafficking, suggesting that STARD4
may be associated with cancer progression (19). However, the
roles of STARD4 in the development of BRCA require further
investigation.

The present study initially investigated the role of
STARD4 in BRCA and elucidated the effects of STARD4 on
the proliferation of BRCA cells. The data provide important
information for understanding BRCA pathogenesis.

Materials and methods

Tissue samples. A total of 121 BRCA samples and 49 matched
normal tissues were collected from the Department of
Breast Surgery, Xiangya Hospital, Central South University
(Changsha, China). Patients with BRCA were aged 31-76 years,
with a median age of 63 years. The samples were collected from
female patients with BRCA who were diagnosed according to
the postoperative pathological report between January 2016
and December 2018 after surgical resection. Cases of invasive
ductal carcinoma, intraductal carcinoma and mucinous adeno-
carcinoma were included in the present study. Cases with
multiple primary cancers and a postoperative positive margin
were excluded. The postoperative immunohistochemical
(IHC) staining results of the patients for the markers estrogen
receptor (ER), progesterone receptor (PR), HER2 and Ki67
were recorded in detail. Clinical and pathological data,
including age, histopathological grade, number of axillary
lymph node dissection, and metastasis and site of metastasis,
were collected (Table I). The patients were all female and the
median age was 63 years. The present study was approved by
the Ethics Committee of Xiangya Hospital (Changsha, China).
Written informed consent was obtained from all patients.

The present study first evaluated the expression levels of
STARD4 in 57 BRCA cell lines by analyzing data in the Cancer
Cell Line Encyclopedia (CCLE) database (https://portals.
broadinstitute.org/ccle) (20,21). The expression levels of
STARD4 in T1, T2, T3 and T4 stage BRCA samples were
analyzed using the Betastasis database (http://www.betastasis.
com). The expression levels of STARD4 in different types of
BRCA were analyzed using the Tumor Immune Estimation
Resource (TIMER) database (https://cistrome.shinyapps.
io/timer/), which is based on The Cancer Genome Atlas
RNA-sequence data (https:/portal.gdc.cancer.gov/). TIMER
provides six major analytic modules that allow users to inter-
actively explore the associations between immune infiltrates
and a wide spectrum of factors, including gene expression,
clinical outcomes, somatic mutations and somatic copy
number alterations (22). The prognostic value of STARD4 was
evaluated using Kaplan-Meier Plotter (www.kmplot.com). To
analyze the association between STARD4 levels and distant
metastasis-free survival (DMFS) time, patient samples were
divided into two groups (low and high expression) based on
median mRNA levels with a hazard ratio with 95% confidence
intervals and log-rank P-values (23). Log-rank P-values <0.05
were considered statistically significant.

IHC staining and evaluation. Tissue samples were fixed in 10%
(v/v) formaldehyde at room temperature for 24 h, embedded
in paraffin and cut into 5-ym sections. All IHC staining
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assays used in the present study were conducted as previously
described (24). The biotin-labeled IgG (cat. no. Sp-9001;
1:1,000; OriGene Technologies, Inc.) was used as secondary
antibody for 30 min at room temperature. Dehydration was
subsequently performed and sample sections were sealed using
cover glasses. Five fields were randomly selected and imaged
under an optical microscope (BX51T-PHD-J11; Olympus
Corporation). The images were analyzed using Image-Pro
Plus 6.0 (Media Cybernetics, Inc.). The staining was assessed
independently by two pathologists in a blinded manner and all
discrepancies were resolved by consensus.

STARD4 immunohistochemical staining was performed
using a polyclonal antibody against STARD4 (dilution, 1:200;
cat. no. ab202060; Abcam). The staining intensity was divided
into the following categories: O points, negative (-); 1-2 points,
weakly positive (+); 3-4 points, positive (++); 6-9 points,
strongly positive (+++). The percentage of positively-stained
cells was scored as follows: 0, 0-5%; 1, 5-25%; 2, 25-50%;
3, 50-100%.

ER and PR immunohistochemical staining was performed
using a mouse monoclonal anti-human ER antibody
(clone, 1DS5; Dako; Agilent Technologies, Inc.) and a mouse
monoclonal anti-human PR antibody (clone, 636; Dako; Agilent
Technologies, Inc.) at a dilution of 1:100. The cut-off value for
a positive result was positive staining for ER and PR in =1% of
tumor cells in 10 selected tumor sub-regions (25). The results
were recorded as the percentage of positively-stained nuclei,
and the intensity was graded between O and 3+ as follows: 0
(negative result), positive staining in <1% of the tumor cells;
1+, mildly distinct, positive staining in <25% of the tumor
cells; 2+, moderately distinct, positive staining in 25-50% of
the tumor cells; and 3+, strong, positive staining in >50% of
the tumor cells.

HER2 immunohistochemical staining was performed using
the HercepTest™ assay (Dako; Agilent Technologies, Inc.)
according to manufacturer's protocols. The expression levels
of HER?2 were initially determined by immunohistochemistry
and graded between 0 and 3+ as follows: O (negative result),
absence or presence of HER2 in <10% of the tumor cells;
1+ (negative result), membranous, weak and discontinuous
staining in >10% of the tumor cells; 2+ (questionable result),
membranous, low/moderate and continuous staining in >10%
of the tumor cells, or membranous, intense and continuous
staining in <30% of the tumor cells; and 3+ (positive result),
membranous, intense and continuous staining in >30% of the
tumor cells. Samples with HER?2 scores of 2+ were confirmed
to be HER2-negative or HER2-positive using fluorescence
in situ hybridization analysis as previously described (26).

Ki67 immunohistochemical staining was performed using a
mouse monoclonal anti-human Ki67 antibody (dilution, 1:100;
clone, MIB-1; Dako; Agilent Technologies, Inc.). At least three
fields in particular staining ‘hot-spots’ were selected in order
to represent the spectrum of staining observed upon the initial
overview of the entire section. The cancer cells in the three
micrographs were manually counted (500-1,000 cells were
counted), and the percentage of positively-stained cancer cells
was considered to be the Ki67 score (27).

Cell culture, and apoptosis, proliferation and migration
assays. HCC1937 and MDA-MB-231 cells were obtained
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Table I. Clinicopathological characteristics of patients and
STARD4 expression in breast cancer.

Characteristics Number of cases (%)
Age, years

£40 21 (17.4)

>40 100 (82.6)
T stage

T1-T2 101 (83.5)

T3-T4 20 (16.5)
M stage

MO 117 (96.7)

Ml 4(3.3)
N stage

NO 55 (45.5)

NI-N3 66 (54.5)
TNM stage

I-11 82 (67.8)

II-1v 39 (32.2)
Histological stage

Intraductal carcinoma 10 (8.3)

I 5@4.1)

II 78 (64.5)

III 27 (22.3)

Mucinous adenocarcinoma 1(0.8)
Metastasis

No 68 (56.2)

Yes 53 (43.8)
Lymph node metastasis, %

<20 84 (69.4)

=20 37 (30.6)
Molecular type

Luminal 69 (57.0)

HER2+ 43 (35.5)

TNBC 9(74)
ER

Negative 37 (30.6)

Positive 84 (69.4)
PR

Negative 51(42.1)

Positive 70 (57.9)
HER

Negative 78 (64.5)

Positive 43 (35.5)
STARD4 expression

Low 59 (48.8)

High 62 (51.2)

ER, estrogen receptor; PR, progesterone receptor; STARD4,
steroidogenic acute regulatory protein-related lipid transfer 4;
TNBC, triple-negative breast cancer.

from The Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences and cultured in low-glucose DMEM

ONCOLOGY REPORTS 44: 2487-2502, 2020

2489

(Gibco; Thermo Fisher Scientific, Inc) with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin
(Gibco; Thermo Fisher Scientific, Inc.) in a 37°C incubator
with 5% CO,. Briefly, recombinant lentiviral vectors were
obtained Shanghai Genechem Co., Ltd. A total of 6 yg shRNA
plasmids and shRNA control were transfected to knockdown
target expression levels using Lipofectamine 3000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), according to
standard molecular techniques. At 48 h after transfection, the
transfection efficiency was determined using reverse transcrip-
tion-quantitative (RT-q)PCR and western blotting. The short
hairpin RNA (sh)STARD4 sequence was 5'-CCGGTCCTA
TACTGTGGGCTATAAACTCGAGTTTATAGCCCACAG
TATAGGATTTTTG-3'". The sh-cAMP responsive element
binding protein 1 (CREBI1) sequence was 5'-CCGGTCCCA
ACAAATGACAGTTCAACTCGAGTTGAACTGTCATTT
GTTGGGATTTTTG-3". The shcontrol sequence was 5'-CCG
GTCTTCTCCGAACGTGTCACGTCTCGAGACGTGACA
CGTTCGGAGAAGATTTTTG-3'. Lentivirus construction
and infection were performed as previously described (28).

For the cell proliferation assay, 2,000 HCC1937 or
MDA-MB-231 cells/well were seeded into 96-well plates. The
optical density was detected at 450 nm using a microplate
reader after adding 10 p1 Cell Counting Kit-8 (CCK-8; Dojindo
Molecular Technologies, Inc.) reagent to each well at each time
point (day 1, 2, 3, 4 and 5) according to the manufacturer's
protocol.

The cell counting assay was performed using the Celigo
image cytometer (Nexcelom Bioscience LLC). For cell cytom-
etry system Celigo® analysis, HCC1937 and MDA-MB-231
cells transfected with shASTARD4 or negative control were
seeded into 96-well plates (1,500 cells/well) and cultured for
5 days. The cell images were captured and analyzed using the
using a fluorescence microscope system (Celigo®; Nexcelom
Bioscience LLC). Each experiment was performed three times.

The apoptosis of HCC1937 and MDA-MB-231 cells
was analyzed using a FACS Calibur flow cytometer
(BD Biosciences) with a FITC Annexin V Apoptosis Detection
kit (BD Biosciences. Cell apoptosis data were analyzed using
FCS Express software (version 3.0; De Novo Software). Each
experiment was performed three times.

The cell migration assay was performed as previously
described using a Transwell assay (29). For the wound healing
assay, HCC1937 and MDA-MB-231 cells were seeded into
6-well plates in duplicate. Once the confluency of the cells
reached ~80%, the monolayer of cells was wounded using
a 10-ul plastic pipette tip and then the scratched cells were
rinsed with PBS and cultured with serum-free DMEM for
24 h. The wound was imaged at 0, 12 and 24 h using a fluo-
rescence microscope (CK40-F200; Olympus Corporation) and
then analyzed using ImagelJ software (version 1.62; National
Institutes of Health). The following formula was used: Wound
closure rate (%)=migrated cell surface area/total surface area
x100. Each experiment was performed three times.

RT-gPCR. Total RNA was extracted from BRCA cell lines
using the TRIzol reagent (Thermo Fisher Scientific, Inc.) and
was transcribed to cDNA using the RevertAid First Strand
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). Reverse
transcription was conducted at 37°C for 1 h, followed by 85°C
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for 5 sec according to the manufacturer's protocol. RT-qPCR
was performed using the QuantiTect SYBR-Green PCR kit
(Roche Diagnostics) as previously described (30). The primer
sequences are listed in Table SI. The 2224 method was used to
calculate the relative expression levels of the target genes (31).
GAPDH was used for normalization. The reaction conditions
were as follows: 95°C for 10 min, followed by 95°C for 30 sec,
60°C for 30 sec and 72°C for 30 sec (39 cycles), and finally
72°C for 10 min.

In vivo tumor assays. A total of 3x10° STARD4-knockdown
or control HCC1937 cells were suspended in PBS and injected
subcutaneously into the dorsal skin of 6-week-old female
BALB/c nude mice (10 mice/group) with a median weight
of 20 g (Shanghai SLAC Laboratory Animal Co., Ltd.). The
protocol for the animal experiments was approved by the
Shanghai Medical Experimental Animal Care Commission
(approval no. ShCI-14-008). Mice were housed under specific
pathogen-free conditions at 25°C with a 12-h light/dark
cycle, and free access to food and water. The maintenance
conditions for the mice were as follows: Humidity, 40-60%;
ventilation, 15 times/h. STARD4 knockdown and control
luciferase-expressing HCC1937 cells were injected into the
mice and monitored using an in vivo Imaging System (IVIS;
PerkinElmer, Inc.). The animals were sacrificed when the
tumors reached 1 cm in diameter. The mice were sacrificed
7 weeks after injection using CO, (with a flow rate of CO,
for euthanasia displacing <30% of the chamber volume/min).
The volume and weight of all nude mice were measured after
4 weeks. Tumor growth was calculated using the following
formula: Volume = 0.5 x length x width?.

Western blotting. Total protein was extracted from cells with
RIPA buffer (Beyotime Institute of Biotechnology). The
BCA assay kit (Boster Biological Technology) was used to
measure the total protein concentration. Protein (30 ug/lane)
was subsequently separated by 12% SDS-PAGE, followed by
transfer to PVDF membranes. Subsequently, the membranes
were blocked with 3% BSA (Sangon Biotech Co., Ltd.)/TBS
with 0.05% Tween-20 (TBST; Sangon Biotech Co., Ltd.)
for 2 h at room temperature and incubated with primary
antibodies at 4°C overnight. The PVDF membranes were
rinsed three times for 5 min each with TBST and incubated
with HRP-conjugated secondary antibodies for 1 h at room
temperature. The antibodies are listed in Table SII. The total
protein levels were assessed using enhanced chemilumines-
cence reagents (Thermo Fisher Scientific, Inc.). ImageJ 6.0
software (National Institutes of Health) was used to analyze
the images.

Microarray and expression analyses. Total RNA was
extracted using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) and quantified by the NanoDrop ND-2000
(Thermo Fisher Scientific, Inc.). The RNA integrity was
assessed using the Agilent Bioanalyzer 2100 (Agilent
Technologies, Inc). Whole-genome gene expression levels
were examined using the Gene Chip Prime View Human
Gene Expression Array (Thermo Fisher Scientific, Inc.).
Sample labeling, microarray hybridization, washing and
gene normalization were performed according to the
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manufacturer's protocols. RNA integrity was also examined
using an Agilent Bioanalyzer 2100 (cat. no. G2938A; Agilent
Technologies, Inc.). To obtain biotin-tagged cDNA, total RNA
was subsequently amplified, labeled and purified using a WT
PLUS Reagent kit (cat. no. 902280; Affymetrix; Thermo
Fisher Scientific, Inc.). Array hybridization was performed
using an Affymetrix GeneChip Human Gene 2.0 ST Array
(Affymetrix; Thermo Fisher Scientific, Inc.) and Hybridization
Oven 645 (cat. no. 00-0331-220V; Affymetrix; Thermo Fisher
Scientific, Inc.). The Gene Chip was subsequently washed
using a Hybridization, Wash and Stain kit (cat. no. 900720;
Affymetrix; Thermo Fisher Scientific, Inc.) in a Fluidics
Station 450 (cat. no. 00-0079, Affymetrix; Thermo Fisher
Scientific, Inc.). A GeneChip Scanner 3000 (cat. no. 00-00213;
Affymetrix; Thermo Fisher Scientific, Inc.) was used to scan
the results, which were analyzed by Command Console
Software 4.0 (Affymetrix; Thermo Fisher Scientific, Inc.) to
summarize probe cell intensity data, namely, the CEL files
with default settings. Following this, CEL files were normal-
ized according to gene and exon levels using Expression
Console Software 4.0 (Affymetrix; Thermo Fisher Scientific,
Inc.). All procedures, including array hybridization and scan-
ning, were independently performed according to a standard
protocol (32) for microarray experiments (n=3).

Differentially expressed mRNAs were subsequently iden-
tified using fold change values. The threshold for upregulated
and downregulated genes was =1.5. Genes that were differen-
tially expressed were identified based on the following criteria:
P<0.05 and absolute fold change >1.5.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism 6.0 (GraphPad Software, Inc.). All
data are presented as the mean + SEM. All assays were
conducted at least three times. The unpaired Student's t-test,
Mann-Whitney U test and Wilcoxon matched-pairs signed
rank test were used to analyze the differences between
two groups according to the test condition. One-way
ANOVA with Tukey's post hoc test was used to analyze the
differences among multiple groups. Survival curves were
estimated using the Kaplan-Meier method and the log-rank
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

STARD4 is upregulated in breast carcinoma. In order to eval-
uate the expression levels of STARD4 in BRCA, 121 BRCA
samples and 49 adjacent normal tissue samples were collected
from patients who underwent surgical resection. The clini-
copathological characteristics and the expression levels of
STARD4 in BRCA are shown in Table I. STARD4 was
expressed in the nuclear regions in both BRCA and normal
breast tissues (Fig. 1A-D). The comparison of the STARD4
levels between BRCA and normal samples demonstrated
that STARD4 protein levels were significantly upregulated
in 121 BRCA samples compared with in 49 adjacent normal
tissues (Fig. 1E). The BRCA levels were upregulated in 49
paired BRCA samples (Fig. 1F).

The associations between STARD4 protein expression
and the clinicopathological features of patients with BRCA
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Figure 1. STARD4 expression is upregulated in BRCA samples. STARD4 expression was (A) negative, (B) weakly positive, (C) positive and (D) strongly
positive in clinical BRCA samples as detected by IHC. Scale bar, 50 ym. (E) STARD4 protein levels were significantly upregulated in 121 BRCA samples
compared with 49 adjacent normal tissue, and (F) upregulated in 49 paired BRCA samples. (G) STARD4 was upregulated in stage T1, T2, T3 and T4 BRCA
samples compared with normal breast samples. (H) STARD4 expression was upregulated in basal and Her2-positive, but not in luminal BRCA samples
compared with in normal breast tissues. For (E) statistical comparisons between groups of normalized data were performed using Mann-Whitney U test
according to the test condition. For (F) statistical comparisons between groups of normalized data were performed using the Wilcoxon matched-pairs signed
rank test according to the test condition. "P<0.05, ““P<0.001 vs. normal group. BRCA, breast cancer; IHC, immunohistochemistry; STARD4, steroidogenic

acute regulatory protein-related lipid transfer 4.

are summarized in Table II. Positive protein expression of
STARD4 was associated with advanced histological stage,
metastatic status and ER expression. However, it was not
observed to be significantly associated with age, T stage,
M stage, N stage, PR and HER-2 expression. These results
demonstrated that STARD4 was significantly associated
with ER expression, but not PR expression. When analyzing
the association between ER and STARD4 using the TIMER
database, a negative correlation was observed between the
two genes in all types of BRCA (Fig. S1A), HER2-positive

BRCA (Fig. SI1B) and luminal BRCA (Fig. S1C). However,
STARD4 expression was positively correlated with ER expres-
sion in basal BRCA (Fig. S1D).

Furthermore, online public datasets were analyzed.
When analyzing the Betastasis database, the data indicated
that STARD4 expression was upregulated in T1, T2, T3 and
T4 stage BRCA samples compared with in normal breast
samples (Fig. 1G). However, STARD4 expression was not
significantly different among the different stages. Furthermore,
the TCGA dataset was analyzed to detect STARD4 levels in
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Table II. Association between STARD4 expression and clini-
copathologic characteristics of patients with breast cancer.

STARD4

Characteristics Low,n High,n %> P-value

Age, years
<40 11 10 0.133 0.812
>40 48 52

T stage
T1-T2 53 48 3375 0.087
T3-T4 6 14

M stage
MO 58 59 0935 0.619
M1 1 3

N stage
NO 29 26 0.635 0468
N1-N3 30 36

TNM stage
I-1I 45 37 3.811 0.055
III-1V 14 25

Histological stage
Intraductal carcinoma 8 2 9.537 0.049
I 4 1
11 37 41
111 9 18
Mucinous adenocarcinoma 1 0

Metastasis
No 41 27 8.266 0.006
Yes 18 35

Lymph node metastasis, %
<20 44 40 1441 0.244
>20 15 22

Molecular type
Luminal 32 37 1.87 0.395
HER2* 24 19
TNBC 3 6

ER
Negative 11 26  7.726 0.006
Positive 48 36

PR
Negative 25 26  0.002 >0.999
Positive 34 36

HER
Negative 36 42 0597 0454
Positive 23 20

ER, estrogen receptor; PR, progesterone receptor; STARD4,

steroidogenic acute regulatory protein-related lipid transfer 4;
TNBC, triple-negative breast cancer.

different types of BRCA. STARD4 expression was upregu-
lated in basal and Her2-positive BRCA tissues, whereas it was
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not upregulated in luminal BRCA samples compared with in
normal breast tissues (Fig. 1H). The analysis demonstrated
that STARD4 expression may be associated with BRCA
progression and may serve as an early diagnostic biomarker.
However, the dysregulation of STARD4 could not be used for
the prediction of BRCA stage.

Upregulation of STARD4 expression is associated with poor
BRCA prognosis. The association between STARDA4 levels and
DMES time was determined using the Kaplan-Meier survival
Plotter database. The median expression of STARD4 in all
BRCA cases was selected as a cut-off to divide the BRCA
samples into STARD4-high and -low groups. Kaplan-Meier
survival curve analysis indicated that higher expression levels
of STARD4 were significantly associated with shorter DMFS
time in patients with BRCA (Fig. 2A).

Furthermore, the association between STARD4 expres-
sion and DMFS time was examined in patients with BRCA
according to their clinicopathological characteristics,
including ER, PR and HER2 status. The results indicated
that high STARD4 expression was associated with poor
DMFS rates compared with low STARD4 expression in
patients with ER-negative (Fig. 2B), PR-negative (Fig. 2C) and
HER2-positive (Fig. 2D) BRCA. However, dysregulation of
STARD4 was not significantly associated with DMFS time in
patients with ER-positive (Fig. 2E), PR-positive (Fig. 2F) and
HER2-negative (Fig. 2G) BRCA. Furthermore, the present
study evaluated the prognostic utility of STARD4 based on
subtype (luminal and HER?2). As presented in Fig. S2, although
a potential tendency that higher expression levels of STARD4
were associated with shorter DMFS time in luminal A,
luminal B and HER2-positive BRCA was observed, no signifi-
cant association between STARD4 expression and DMFS time
was observed in groups of patients based on subtype (luminal
and HER?2).

Knockdown of STARD4 suppresses cell proliferation in
BRCA. Upregulation of STARD4 in BRCA suggested that
STARD4 may serve as an oncogene in BRCA. Therefore,
loss-of-functions assays were used to detect the effects
of STARD4 on cell proliferation. The present study first
evaluated the expression levels of STARD4 in 57 BRCA
cell lines by analyzing the CCLE database (20,21). The
results demonstrated that STARD4 was highly expressed
in multiple BRCA cell lines, including MDA-MB-231 and
HCC1937 cells, which do not have the highest STARD4
levels; however, they are widely used in triple-negative
BRCA research (Fig. 3A). Following transfection of
HCC1937 (Fig. 3B and C) and MDA-MB-231 (Fig. 3D and E)
cells with shSTARD4 lentivirus, the mRNA and protein
levels of STARD4 in BRCA cells were reduced compared
with those of the control group.

Subsequently, the effects of STARD4 on BRCA prolif-
eration were assessed using a Celigo cell counting assay
for 5 days. Knockdown of STARD4 reduced cell prolif-
eration in HCC1937 (Fig. 3F) and MDA-MB-231 (Fig. 3H)
cells compared with in control cells. In addition, a CCK-8
assay revealed that knockdown of STARD4 suppressed the
HCC1937 (Fig. 3G) and MDA-MB-231 (Fig. 31) cell prolif-
eration rate at day 3,4 and 5.
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Figure 2. High STARD4 expression is associated with shorter DMFS times in BRCA. (A) Kaplan-Meier survival curve analysis with a log rank test indicated
that higher expression levels of STARD4 were significantly associated with shorter DMFS time in patients with BRCA. Association between STARD4 expres-
sion and DMFS time in patients with (B) ER negative, (C) PR negative, (D) HER2 positive, (E) ER positive, (F) PR positive and (G) HER2 negative BRCA.
BRCA, breast cancer; DMFS, distant metastasis-free survival; ER, estrogen receptor; PR, progesterone receptor; STARDA4, steroidogenic acute regulatory
protein-related lipid transfer 4.
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Figure 3. Knockdown of STARD4 suppresses BRCA proliferation. (A) Expression levels of STARD4 in 57 BRCA cell lines. (B) RNA and (C) protein
levels of STARD4 in HCCI1937 cells after transfection with shSTARD4. (D) RNA and (E) protein levels of STARD4 in MDA-MB-231 after transfec-
tion with shSTARDA4. (F) Celigo cell counting and (G) CCK-8 assays demonstrated that knockdown of STARD4 suppressed HCC1937 cell proliferation.
Magnification x100. (H) Celigo cell counting and (I) CCK-8 assays demonstrated that knockdown of STARD4 suppressed MDA-MB-231 cell proliferation.

Magnification x100. Data are presented as the mean + SD (n=8).

“P<0.01 and "“P<0.001 vs. shCTRL. BRCA, breast cancer; CCK-8, Cell Counting Kit-8;

CTRL, control; OD, optical density; sh, short hairpin RNA; STARDA4, steroidogenic acute regulatory protein-related lipid transfer 4.

Silencing of STARD4 suppresses G,/G, phase transition in
BRCA cells. The effect of STARD4 on the cell cycle progression
of BRCA cells was investigated. Flow cytometry demonstrated
that knockdown of STARD4 expression in BRCA cells inhib-
ited the cell cycle progression at the G,/G, phase (Fig. 4A-D).

The proportion of cells arrested at the G, phase was significantly
higher in shSTARD4-transfected cells compared with that noted
in the control cells. However, the percentage of cells arrested
at the S phase was significantly lower in the sS\STARD4-trans-
fected cells compared with that in the control cells.
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Figure 4. Knockdown of STARD4 induces breast cancer cell cycle arrest and apoptosis. (A) Knockdown of STARD4 suppressed HCC1937 cell cycle progres-
sion. (B) The percentage of cells in each phase was quantified using Prism. (C) Knockdown of STARD4 suppressed MDA-MB-231 cell cycle progression.
(D) The percentage of cells in each phase was quantified using Prism. (E) Knockdown of STARD4 induced HCC1937 cell apoptosis. (F) The percentage of
apoptotic cells was quantified using Prism. (G) Knockdown of STARD4 induced MDA-MB-231 cell apoptosis. (H) The percentage of apoptotic cells was quan-
tified using Prism. Data are presented as the mean + SD (n=3). “P<0.05; ““P<0.001 vs. shCTRL. CTRL, control; sh, short hairpin RNA; STARD4, steroidogenic

acute regulatory protein-related lipid transfer 4.

Silencing of STARD4 induces apoptosis of BRCA cells. The
effects of STARD4 on cell apoptosis were also investigated
using flow cytometry. STARD4 knockdown induced apoptosis
in BRCA cells compared with the control group. The apop-
totic rates of STARD4-silenced HCC1937 and MDA-MB-231
cells were higher than those of the corresponding control

groups (Fig. 4E-H). These results indicated that STARD4 may
promote cell proliferation by reducing cell apoptosis.

Knockdown of STARD4 inhibits migration of BRCA cells.
The ability of STARD4 to affect cell migration was examined
using Transwell and wound healing assays. The results of the
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Transwell assay demonstrated that the migratory activity of  with that of the negative control cells (by 59 and 99%, respec-
HCC1937 and MDA-MB-231 cells was significantly attenu- tively; Fig. SA-D). Similar results were observed in the wound
ated following transfection with STARD4 shRNA compared healing assay (Fig. SE-H).
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Figure 6. Knockdown of STARD4 suppresses BRCA growth in vivo. (A) STARD4 knockdown inhibited BRCA growth in vivo. (B) Luciferase activity was
significantly lower in the STARD4 knockdown group compared with in the control group. (C) Images of tumors in each group. (D) Tumor volume was
significantly decreased in the STARD4 knockdown group compared with in the control group. Data are presented as the mean + SD (n=3). “P<0.01, "“P<0.001.
BRCA, breast cancer; CTRL, control; sh, short hairpin RNA; STARDA4, steroidogenic acute regulatory protein-related lipid transfer 4.

Knockdown of STARD4 suppresses BRCA growth in vivo.
The effects of STARD4 knockdown on tumor growth
were analyzed in vivo using a nude mouse model. The
luciferase-expressing MDA-MB-231 cells were constructed
to implant tumors in live animals. Using an IVIS system, the
data indicated that luciferase signaling in the STARD4 knock-
down group was decreased compared with that in the control
group (Fig. 6A and B). It was revealed that the tumor volume
in the STARD4 knockdown group was lower than that in the
negative control group (Fig. 6C and D).

Identification of STARD4 downstream targets in BRCA
using microarray analysis. To understand the mechanisms

of STARD4 in regulating BRCA progression, a gene expres-
sion microarray was used to identify targets of STARD4
in MDA-MB-231 cells. A total of 772 genes, including 350
upregulated and 422 downregulated genes, were identified as
downstream targets of STARD4 in BRCA (Fig. 7A; Table SIII).

In order to validate the downstream targets of STARD4
identified by microarray analysis, the expression levels of
the potential targets were detected following silencing of
STARDA4. A total of 10 upregulated (RPS15A, PLA2G12A,
CDKNIB, ITGAS, FKBP1A, PIK3R1, HDAC6, RPSA, CDK6
and RAPIA; Fig. 7B) and 21 downregulated genes (RPS2,
JMID7.PLA2G4B, CDK1, EIF4A2, ELF1, CCNE2, RHOJ,
HMOX1, PRKCE, CREBI, PLD6, PAK2, GRB2, PRKAG2,
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Figure 7. Identification of genes regulated by STARD4 in BRCA. (A) A heatmap presenting the differentially expressed genes following STARD4 knockdown.
A total of (B) 10 upregulated and (C) 21 downregulated genes were selected for further validation. (D) Expression levels of upregulated genes after STARD4
knockdown were detected using RT-qPCR. (E) Expression levels of downregulated genes after STARD4 knockdown were detected using RT-qPCR. (F) Western
blot analysis of the protein levels of STARD4 targets after STARD4 knockdown. At least three independent experiments were performed. CTRL, control;
RT-qPCR, reverse transcription-quantitative PCR; sh, short hairpin RNA; STARDA4, steroidogenic acute regulatory protein-related lipid transfer 4.

RAPGEF1, DDIT4, CCNEI1, H3F3B, PRKCH, CDK?2 and results indicated that knockdown of STARD4 increased the
RHEB; Fig. 7C) were selected for further validation. The expression levels of CDKN1B and FKBP1A (Fig. 7D), but
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Figure 8. Knockdown of CREBI suppresses cell proliferation and migration in BRCA. (A-D) Correlations between CREB1 and STARD4 in (A) all types
of BRCA, (B) HER2-positive BRCA, (C) luminal BRCA and (D) basal BRCA were analyzed using the Tumor Immune Estimation Resource database.
(E) Transfection of MDA-MB-231 cells with control vector and shCREBI1. Magnification x200. (F) CREBI expression was detected in different groups.
(G) Cell Counting Kit-8 assay demonstrating that knockdown of CREBI1 suppressed MDA-MB-231 cell proliferation. (H and I) Transwell assay revealing
that knockdown of CREB1 suppressed MDA-MB-231 cell migration. Magnification x100. At least three independent experiments were performed. “P<0.01,
“"P<0.001 vs. shCTRL. BRCA, breast cancer; CREB1, cAMP responsive element binding protein 1; CTRL, control; OD, optical density; sh, short hairpin
RNA; STARDA4, steroidogenic acute regulatory protein-related lipid transfer 4; shCtrl, shcontrol.

decreased the expression levels of PRKCH, RAPGEFI, p21
(RAC1) activated kinase 2 (PAK2), CDK2, CREBI, E74 like
ETS transcription factor 1 (ELF1), PLD6, CCNEIL, CCNE2,
PRKAG2 and HMOX1 (Fig. 7E). Furthermore, western blot
analysis indicated that the protein expression levels of ELFI,
CREBI and PAK?2 were reduced in the STARD4 knockdown
group compared with those in the control group (Fig. 7F).
However, the protein levels of PKC epsilon, and Histone H3.3
were not changed following STARD4 knockdown (Fig. 7F).

Knockdown of CREBI suppresses cell proliferation and
migration in BRCA. The present study focused on CREBI,

which showed the most significant decreased expression
following STARD4 knockdown. When analyzing the corre-
lation between CREB1 and STARD4 using the TIMER
database, a significant positive correlation between the two
genes was observed in all types of BRCA (Fig. 8A), HER2
positive BRCA (Fig. 8B), luminal BRCA (Fig. 8C) and basal
BRCA (Fig. 8D).

Loss-of-functions assays were used to detect the effects of
CREBI on cell proliferation and migration. The infection effi-
ciency and knockdown efficiency are shown in Fig. 8E and F.
As shown in Fig. 8G, knockdown of CREBI significantly
reduced cell proliferation in MDA-MB-231 cells compared
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with in control cells at day 3, 4 and 5. The results of the
Transwell assay demonstrated that the migratory activity of
MDA-MB-231 cells transfected with CREB1 shRNA was
significantly attenuated compared with that of the negative
control cells (Fig. 8H and I).

Discussion

The mechanisms underlying the progression of BRCA remain
largely unclear (33,34). In addition, the molecular functions of
STARD4 in human cancers have not been fully examined. The
present study indicated that the expression levels of STARD4
were upregulated in BRCA samples. Higher expression
levels of STARD4 were significantly associated with shorter
DMEFS time in patients with ER-negative, HER2-positive
and PR-negative BRCA. The results indicated that STARD4
may be associated with the regulation of BRCA progression.
Additional validation demonstrated that STARD4 promoted
BRCA progression by inducing cell proliferation, cell cycle
progression and migration, and by suppressing apoptosis in
BRCA cells. To the best of our knowledge, the present study
was the first to indicate that STARD4 may function as an
oncogene and promote the tumorigenesis of BRCA.

By detecting the protein levels of STARD4 in BRCA, the
present study further validated the results of the public dataset
analysis which suggested that STARD4 was upregulated in
BRCA samples. Upregulation of this protein was noted in
BRCA samples. The present study demonstrated that posi-
tive protein expression of STARD4 was associated with ER
expression, whereas it was not significantly associated with PR
status, HER-2 status or TNM stage. These results suggested
that STARD4 may be involved in regulating the imbalance of
cholesterol in patients with ER-negative BRCA, which requires
further validation in future studies. ERa and ERf are highly
expressed in >75% of patients with BRCA and serve a crucial
role in mammary gland development (35). ER is involved in
the regulation of energy metabolism, including insulin sensi-
tivity, glucose metabolism balance and fat synthesis (36). For
example, ER interacts with serine/threonine kinase 11, which
negatively interferes with the phosphorylation of protein
kinase AMP-activated catalytic subunit a2, thereby inhibiting
TSC2/mTOR/p70S6K signaling (37). Notably, the present study
revealed a significant negative correlation between ER expres-
sion and STARD4 levels using public databases and clinical
samples. STARD4 is involved in the regulatory mechanism
of intracellular cholesterol homeostasis and serves a key role
in transporting 7a-hydroperoxycholesterol (7a-OOH) from
liposomes to isolated mitochondria (38). 7a-OOH exposure
contributes to a significant reduction in 27-hydroxycholes-
terol (27-HC) (39). The potential roles of 27-HC in affecting
ER expression and activity have been revealed in multiple
studies (40-43). Exogenous 27-HC increases ER-mediated tran-
scription and expression of the endogenous estrogen-regulated
gene trefoil factor 1 in ER* long-term estrogen deprivation
(LTED) cells but not in the ER" LTED cells (40). Additionally,
a previous study has demonstrated that 27-HC exerts agonist
activity on both the estrogen and liver X receptors (41-43).
Despite this, the detail mechanisms remain to be investigated
further. To the best of our knowledge, the present study was
the first to reveal the correlation between STARD4 and ER
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expression in BRCA, which may be modulated by cholesterol
homeostasis.

In human cells, STARD4 promotes the transport of choles-
terol to the mitochondria via the bile acid synthesis pathway and
leads to an increase in cholesterol metabolites (38). In addition,
STARDA4 can transport cholesterol to the reticular vesicles,
which exhibit high activity levels of acetyl-CoAzyme A
(cholesterol acyltransferases; ACAT) for esterification and
storage of cholesterol (45). STARD4 is co-localized with
ACAT!]1 in the endoplasmic (44) reticulum and serves a crucial
role in the formation of lipid droplets (45). A previous study
further demonstrated that only STARD4 from the STARD
family of proteins could increase the activity of ACAT (14).
Previous studies have reported that ACAT]1 is upregulated
in a series of human cancers and that it is involved in regu-
lating cancer proliferation, invasion and glycolysis (46-48).
Antalis et al (48) reported that ACAT1 could promote BRCA
proliferation and metastasis. Considering the interaction
between ACAT1 and STARD4, these reports indicated the
potential regulatory roles of STARD4 in BRCA. The present
study explored the potential functions of STARD4 in BRCA
using loss-of-function assays. The data indicated that knock-
down of STARDA4 significantly suppressed MDA-MB-231 and
HCC1937 cell proliferation, cell cycle progression and migra-
tion, whereas it promoted cell apoptosis, suggesting that this
gene acted as an oncogene in BRCA.

In order to investigate the mechanisms of STARD4
underlying BRCA progression, microarray and bioinformatics
analyses were performed. Several crucial regulators implicated
in cancer progression were identified as STARD4-regulated
genes, including ELF1, CREBI and PAK?2, which suggested
that STARD4 acted as an oncogene. ELF1 is an important
ETS family member and can act both as an activator and a
repressor in the regulation of the transcription of various
genes (49). ELF1 regulates several important factors, such as
SCL, in hematopoietic stem cells (49). A limited number of
studies have demonstrated that ELF1 is involved in regulating
the progression of human cancer (50,51). For example, ELF1
is overexpressed in acute myeloid leukemia (52). However,
in prostate cancer, ELF1 has been reported as a tumor
suppressor, which suppresses cancer metastasis and cellular
senescence (51). CREBI is a nuclear transcription factor
which is overexpressed in multiple human cancers, including
lung and colorectal cancer, glioma and BRCA (53). CREBI1
can affect a series of key regulators in cancer, such as the
apoptosis-associated gene Bcl-2, the invasion-associated gene
MMP?9 and the cell cycle-associated genes cyclin Al, cyclinB1
and cyclin D1 (54). PAK2 is a member of the group I P21
activated kinases family of serine/threonine kinases, which
are involved in modulating apoptosis (55,56). Previous studies
have demonstrated that PAK2 is overexpressed in different
human cancer types, including ovarian (57), gastric (58) and
head and neck cancer (59). The present study revealed that
CREBI was a potential target of STARD4 in patients with
BRCA. Knockdown of CREBI significantly suppressed BRCA
cell proliferation and migration.

The present study had several limitations. First, the roles of
STARD4 in HER2-positive BRCA require further investiga-
tion. More in vivo and in vitro assays should be performed
to explore the potential roles of STARD4 in HER2-positive
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cells. Second, the mechanisms of STARD4 in the regulation
of CREBI expression should be explored further. Third,
STARD4 was only significantly associated with the survival
time in patients with BRCA in ER negative, HER2 positive
and PR negative groups. These results suggested that STARD4
may have different roles in different types of BRCA. The
present study mainly explored the potential roles of STARD4
in TNBC. In a future study, more clinical samples will be
collected to confirm this finding and explore the roles in all
type of BRCA.

In conclusion, the results of the present study indicated that
the expression levels of STARD4 were increased in BRCA,
and that STARD4 expression was associated with BRCA
malignancy. Furthermore, the present study demonstrated
that STARD4 acted as an oncogene in BRCA. These results
suggest that STARD4 can be used as a potential promising
biomarker and provide a novel therapeutic target for BRCA
treatment.
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