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Abstract: Although various HER2-targeted therapies have been approved clinically, drug resistance remains a con-
siderable challenge. Studies have found that the cause of drug resistance is related to the expression of genes
co-amplified with HER2 in breast cancer cells. Our study found that STARD3 was highly expressed in tumor tissues
(n =130, P < 0.001), especially in the HER2+ subtype (n = 35, P < 0.05), and correlated with poorer overall sur-
vival (HR = 1.47, P < 0.001). We discovered the interaction mechanism between STARD3 and HER2 proteins. We
found that STARD3 overexpression increases HER2 levels by directly interacting with the HSP9O0 protein and induc-
ing phosphorylated SRC, which may protect HER2 from degradation. Conversely, loss of STARD3 attenuates HER2
expression through lysosomal degradation. In addition, STARD3 overexpression induced cell cycle progression by
inducing cyclin D1 and reducing p27. Therefore, the development of STARD3-specific targeted anti-cancer drugs
would be helpful in the treatment of HER2+ patients. We further found that curcumin (15 uM) is a potent STARD3
inhibitor. STARD3-knockdown cells treated with curcumin (5 uM) showed a significant synergistic effect in inhibiting
cancer cell growth and migration. The results suggest that targeting STARD3 would aid in treating HER2-positive
breast cancer patients. This article uses curcumin as an example to prove that the targeted inhibition of STARD3
expression can be an option for the clinical treatment of HER2+ breast cancer patients.
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Introduction pression of the tyrosine kinase receptor HER2

[2, 3]. Various HER2-targeted therapies, such

According to the GLOBOCAN report in 2022,
breast cancer (BC) is the second leading cause
of cancer-related mortality in United States
women [1]. Despite attempts to develop new
treatment strategies, a large proportion of
breast cancer patients face recurrence and
often metastasize. HER2-positive (HER2+)
breast cancer is an aggressive subtype that
comprises about 15-20% of all invasive breast
carcinoma [2]. It is characterized by overex-

as trastuzumab, pertuzumab, lapatinib, and
neratinib, have shown promising results in
treating HER2+ BC [4]. However, clinical cases
have found that these drug treatments have
failed cases. Suggests that other genes co-
amplified with HER2 may be involved in signal-
ing pathways and contribute to aggressive
tumor progression [5, 6]. Therefore, finding reli-
able predictive markers of HER2+-mediated
cancer development in combination with exist-
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ing therapies would help reduce treatment fail-
ure [5, 7].

Recent studies identified more than 20 genes
surrounding the smallest region amplicon of
HER2 (17g12-21), several of which, including
RARA, TOP2A, GRB7, and STARD3, were report-
ed to be co-amplified with HER2 and may con-
tribute to cancer progression [6, 8, 9]. Studies
have shown that STARD3 is co-expressed with
HER2 in many colorectal, gastric, and breast
cancers [10-13]. However, it remains unclear
how STARD3 enhances tumorigenesis and co-
expresses and interacts with HER2 in breast
cancer cells [14]. STARD3 is a StAR-related lipid
transfer (START) domain-containing protein
family member, localizes in late endosomes
(LE), and has an essential function in the trans-
portation of cholesterol between the endoplas-
mic reticulum (ER) to endosomes [15]. It was
first found to be expressed in metastatic lymph
node clone 64 (MLNG4) in a screen for genes
overexpressed in invasive breast cancer tissue
[16]. Previous studies have shown that STARD3
is overexpressed in HER2+ BC cells [14, 17].
Conversely, knocking down STARD3 in HER2+
cancer cells reduces their growth [6, 17, 18],
suggesting that STARD3 may be an important
biomarker for HER2+ BC targeted therapy drug
development [19, 20]. There are not many pub-
lished data exploring the possibility of STARD3-
targeted therapy. Two recent studies reported
virtual studies of STARD3 inhibitors. Using
ligand-based virtual screening, Chitrala et al.
predicted ligands from the ZINC database with
D(-)-Tartaric Acid inhibitor (PDB code: 1EM2)
interrelates of the START domain of STARD3
[24]. Another inhibitor, VS1, was identified by
Lapillo et al. using the “in silico” research plat-
form [22]. Therefore, finding compounds that
can inhibit STARD3 is a challenging task.

Natural compounds are potential therapeutic
drugs due to their relative safety and synergis-
tic effects in combination with clinical drugs to
treat patients [23-25]. Several natural com-
pounds, such as inotilone, EGCG, Curcumin,
and phloretin, have received significant atten-
tion for their anti-cancer properties [25-27].
Curcumin, a polyphenolic compound found in
turmeric, has been demonstrated to have sev-
eral health benefits, such as antioxidant and
anti-inflammatory capabilities [26, 28]. It has
been reported to suppress the proliferation and
growth of cancer cells by inhibiting many signal-
ing pathways, including NF-kB activity, cyclin D,
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and PI3K/AKT [29, 30]. On the other hand, cur-
cumin induces apoptosis by increasing the pro-
duction of death receptors and caspases, acti-
vating the extrinsic apoptotic pathway [29, 31].

This study first confirmed that STARD3 is highly
expressed in breast cancer tissues, especially
in the HER2+ subtype. We also explored the
relationship between STARD3 and HER2 at the
protein level. We found that forcing STARD3
expression increased HER2 protein and pro-
moted the growth of HER2+ cancer cells.
Curcumin attenuates HER2 protein expression
and synergizes with STARD3 knockdown to
inhibit breast cancer cell proliferation. Through
the study of the mechanism, we believe that in
addition to HER2-targeted therapy for HER2+
breast cancer patients with high expression of
STARD3, an appropriate dose of curcumin in
the daily diet should help alleviate the disease.

Materials and methods
Chemicals and antibodies

Curcumin used in this study is a kind gift from
Professor Min-Hsiung Pan, Institute of Food
Sciences and Technology, National Taiwan
University, Taipei, Taiwan.

The chemical used is Hygromycin B (catalog
#J67371.XF, ThermoFisher Scientific, Waltham,
Massachusetts, USA), G418 disulfate salt (cat-
alog #4131, Bio-Techne, Minneapolis, MN,
USA), Cycloheximide (CHX, 01810 Sigma-
Aldrich, Germany), Bafilomycin A1 (BAF, 88899-
55-2, Tocris, Bristol, UK).

The commercial antibodies shown below were
purchased and used for western blotting,
immunofluorescence (IF) staining, and IHC fol-
lowing the manufacturers’ manual: anti-
STARD3 (ab3478, Abcam, Cambridge, UK),
anti-GAPDH (GTX627408, GeneTex, Irvine, CA,
USA), anti-AKT (GTX121937, GeneTex, Irvine,
CA, USA), anti-pAKT (#9271, Cell Signaling
Technology, Beverly, MA, USA). The following
antibodies were purchased from Santa Cruz
Biotechnology, CA, USA: anti-HER2 (sc-33684),
anti-HSP90 (sc-13119), anti-SRC (sc-8056),
anti-pSRC (sc-166860), anti-Cyclin D1 (sc-
83960), anti-p27 (sc-16410).

Cell culture

ATCC (American Type Culture Collection,
Manassas, Virginia, USA) provided cell lines
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such as BT474, HCC1954, SKBR3, AU565,
T47D, ZR-75, MCF-7, BT483, MDA-MB-231,
Hs-578T, HCC38, BT453, and MCF-10A, which
were validated and certified. MCF-10A cells
culture in DMEM/F12 with 20 ng/mL recombi-
nant human EGF, 0.5 pg/mL hydrocortisone, 1x
NEAA and 10 yg/mL insulin. All other cells were
grown in DMEM/F12 containing 10% heat-inac-
tivated FBS and 50 U/mL PSN. Cells were incu-
bated in a 37°C incubator with 5% carbon diox-
ide CO,,.

Human patient samples

According to permission from the Taipei Medical
University-Joint Institutional Review Boards, all
patient samples (n = 153) were obtained at
the Taipei Medical University Hospital, Taipei,
Taiwan, as approved by the Institutional Review
Board (IRB) and ethics committee of the institu-
tion (N202201070). The research was carried
out under-recognized ethical standards. The
clinical and pathological information on patient
samples was obtained from the Taipei Medical
University Joint Biobank.

Quantitative polymerase chain reaction (QPCR)
analysis

Following the previous study [32], the proce-
dure outlined was used for RNA extraction,
reverse transcription, and qPCR. The Roche
LightCycler LC2.0 was used for quantitative
polymerase chain reaction following the manu-
facturer’s instruction (Roche Molecular Bio-
chemicals, Mannheim, Germany). The STARD3
and HER2 mRNA levels were examined using
LightCycler v.4. Endogenous GUS mRNA expres-
sion was used to be normalized. The primers
are listed in Table S1.

Construction of plasmids

STARD3 overexpression plasmid: Amplified the
selected STARD3 sequence using PCR. The
PCR conditions were 95°C for 5 min, 95°C for
50 s, 62°C for 10 s, and 72°C for 120 s in 35
cycles; finally, 72°C for 10 min. The STARD3-
specific fragment was inserted into the pcD-
NA™5/TO vector (V103320, Thermo Fisher
Scientific, USA) cut by Hindlll and BamH1 to
generate the pcDNA™5/TO-STARD3 overex-
pression vector. The primers used are listed in
Table S1.

STARD3 knockdown and scramble plasmid:
Used BLOCK-iT™ RNAi Designer platform (at
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https://rnaidesigner.thermofisher.com/rnaiex-
press/) to predict the specific interference RNA
to STARD3. The siRNA fragments are shown in
Table S1.

These siRNA fragments were inserted into
pSUPER.retro.neo-GFP plasmids (Oligoengine,
Seattle, WA, USA) cut by Bglll and Hindlll restric-
tion enzyme to generate the pSUPER-STARD3
siRNA vector and the pSUPER-STARD3 scram-
ble vector.

Generation of stable cells

STARD3 stable overexpression cells: BT474
and SKBR3 cells were transfected with 1 yg of
plasmid (empty plasmid for control and pcD-
NA™5/TO-STARD3 plasmid) using the Neon
Transfection System (Thermo Fisher Scientific,
USA). Hygromycin B (400 pg/ml) treated the
transfected cells for 14 days. Then, the stable
cells (BT474-0OV, BT474-VT, SKBR3-0V, and
SKBR3-VT) were established.

STARD3 knockdown stable cells: HCC1954
and BT474 cells were transfected with 1 pg of
plasmid (pSUPER-STARD3 siRNA and the pSU-
PER-STARD3 scramble for control) using the
Neon Transfection System (Thermo Fisher
Scientific, USA). The transfected cells were
treated with 500 pg/ml G418 disulfate salt.
After 14 days of treatment, the stable cells
(HCC1954-si, HCC1954-sc, BT474-si, BT474-
sc) were established.

Wound healing assay

HCC1954 wild-type, scramble, and STARD3
knockdown stable cells were seeded with 10*
cells in each well using Culture-Insert 2 Well.
The fixed distance between the two wells is 0.5
mm. Images were captured at O and 12, 24,
and 36 h using the Leica DMI 4000B System
(Leica, Wetzlar, Germany). ImageJ software was
used to measure the closure areas. The experi-
ment was triplicated for the statistic.

Colony formation assay

Cells (HCC1954-WT, HCC1954-Sc, HCC1954-
si, BT474-0V, BT474-VT, BT474-WT) were seed-
ed at 300 cells in 3 cm culture dishes and incu-
bated for 14 days. Cells were then fixed with 4%
paraformaldehyde and stained with 0.5% crys-
tal violet. The captured images were analyzed
using Imagel) software. The experiment was
triplicated for the statistic.
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Immunofluorescence (IF) staining and Forster
resonance energy transfer (FRET)

The experiment was performed following our
previous report [32]. Cells (BT474-0V, BT474-
WT, SKBR3-0V, SKBR3-WT, HCC1954-Sc,
HCC1954-si, BT474-Sc, BT474-si) were stain-
ed with primary antibodies (anti-STARD3, anti-
HER2, anti-HSP90). The secondary fluores-
cence antibody was used as an anti-rabbit-Rho-
damine for anti-STARD3 and anti-mouse-FITC
for anti-HER2 and anti-HSP9O0. Then, the slides
were mounted using VECTASHIELD® Antifade
Mounting Medium. The FRET method for photo-
bleaching was performed following the manu-
facturer’s instructions using the Leica TCS SP8
Confocal System (Leica, Wetzlar, Germany).

Flow cytometry analysis

SKBR3-0V and SKBR3-VT cells (n = 3) were cul-
tured in a medium containing 0.04% FBS for 24
h to synchronize the cell cycle statuses. Cells
were then replaced with a fresh medium con-
taining 10% FBS and harvested at the time
points (0, 3, 6,9, 12, and 15 h). CytoFlex cytom-
eter system (Beckman Coulter, USA) was used
to collect flow cytometry data (10000 events),
and CytExpert software (Beckman Coulter,
USA) was used to analyze the proportion of
each phase in the cell cycle.

Transwell migration assay

SKBR3-0V and SKBR3-VT cells were seeded at
10* cells into the upper chambers of the
Transwell with the free FBS medium without
Matrigel. 500 pyL of DMEM/F12 medium sup-
plement 10% FBS was added in the lower
chambers and incubated for 24 h. The upper
chamber was washed with FBS three times.
Then, cells were fixed in 4% paraformaldehyde
(Sigma Aldrich, USA) and stained with crystal
violet 0.5%. The whole picture of the cells in the
upper chamber bottom was captured using
Leica DM500 Microscope with Microvisioneer
ManualWSI scanner system. The experiment
was triplicated for the statistic.

Immunohistochemistry (IHC) stain

The FFPE tumor sections from patients were
heated at 60°C for 20 min and then deparaf-
finized in xylene for 15 min. After rehydrating
with ethanol (100%, 90%, and 70% twice every
30 s, respectively), antigens were retrieved by
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boiling tumor sections in Tris EDTA (pH 9.0) buf-
fer for 20 min. The sections were incubated
with hydrogen peroxide 3% in methanol for 15
min and then blocked with BSA blocking bu-
ffer. Afterward, the primary antibodies (1:100)
were used to incubate the sections for 4 h
and secondary antibodies for 1 h. Then, immu-
nostaining was applied using DAB-Substrate
Chromogen System (K3468, Dako, Carpinteria,
CA, USA), resulting in brown color in the antigen
sites. After being stained with hematoxylin
and dehydrated, the slides were mounted and
sealed with a non-aqueous mounting medium.

Western blotting and immunoprecipitation as-
say

Cells were harvested on ice and extracted
protein using golden lysis buffer (5 mM EDTA,
20 mM Tris-HCI pH 8.0, 10 mM NaF, 137 mM
NaCl, 1% Triton X-100, 5 mM EGTA, and 10%
glycerol), including protease inhibitors. Brad-
ford assay (Bio-Rad) was used to examine the
protein concentration. The same amount of
protein lysates (35 pg) was loaded into 10%
SDS-PAGE gel and electrophoresis. Protein was
then transferred into a PVDF membrane (poly-
vinylidene fluoride, Millipore, Billerica, MA, USA)
and blocked using 5% fat-free milk for 1 h.
Membranes were incubated with the primary
antibody at room temperature for 2 h and
subsequently incubated with the HRP-con-
jugated secondary antibody at room tem-
perature for 1 h, followed by ECL substrate
(GE Healthcare), and finally captured by UVP
BioSpectrum 500 Imaging System (Thermo
Fisher Scientific, USA). The co-immunoprecipi-
tation experiments involved using 1 mg of total
protein extract from each cell sample. The
protein extracts were incubated overnight with
2 pg of Hsp90 or HER2 antibody and then
precipitated with protein A/G (Catalog #Topg-2,
Biotools, Taipei, Taiwan). The cell extracts and
the co-immunoprecipitated proteins were
equally loaded and separated by SDS-PAGE,
following the previously described protocol
[33].

Calculate the coefficient of drug interaction

The coefficient of drug interaction (CDI) was
used to examine the drug combination effect
[34]. The formula is CDI = AB/(A x B), where AB
is the ratio of the combined group to the control
group. A, B is the ratio of the individual drug to
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the control group. In our study, the knockdown
of STARD3 was used as drug A effect, curcumin
as drug B effect, and the combined curcumin
treatment on STARD3 knockdown cells as AB.
Regarding the combined use, CDI is compared
to 1, where CDI < 1 indicates the synergism, =
1 is additive, and > 1 is antagonism. Especially
CDI < 0.7 means the drugs have a strong
synergism.

Cancer dataset TCGA, TNMplot, and Kaplan-
Meier plotter analysis

Timer 2.0 of the TCGA database analyzed
STARD3 expression in breast cancer and oth-
er cancers (http://timer.cistrome.org/) [35].
TNMplot analysis of STARD3 expression be-
tween normal, tumor, and metastatic gene
array data, RNA-seq from TCGA, and microarray
from GEO (https://tnmplot.com/analysis/) [36].
The correlation between STARD3 and HER2
expression was also analyzed using this plat-
form. Overall Survival (0S), Recurrence-Free
Survival (RFS), and Distant Metastasis-Free
Survival (DFMS) in breast cancer were analy-
zed using Kaplan-Meier Plotter (https://km-
plot.com/, reference number 202991 _at) [37].
The LinkedOmics platform (http://linkedomics.
org/) was used to analyze the correlation
between STARD3 with different genes in breast
tumors [38]. STARD3 expression in cell lines
was referenced using the Genevisible database
platform (https://genevisible.com/search, ref-
erence number 202991 _at).

Statistical analysis

All data showed as mean + SD of three or more
independent replicates. The comparisons in
STARD3 mRNA levels in pair tumor and normal
tissues were calculated using the Chi-square
statistic. The two-tailed Student t-test was used
to compare the groups. The p values were cal-
culated using One-way ANOVA. The GraphPad
Prism 8.3 software and IBM SPSS v.20 were
used for statistical comparisons to calculate
the p values, and less than 0.05 indicated sig-
nificant statistics.

Results

STARD3 was preferentially expressed in hu-
man HER2+ breast tumors and HER2+ breast
cancer cell lines

Recent studies have shown that STARD3 be-
longs to the minimal amplicon and is frequently
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co-amplified with HER2 [5, 6]. Therefore, we
hypothesized that STARD3 expression might be
associated with HER2 in BC tumors. We per-
formed quantitative real-time PCR to test this
hypothesis to assess STARD3 mRNA expres-
sion levels in 153 pairs of BC tumors and near-
by normal tissues. Table 1 shows the associa-
tion of STARD3 with BC molecular subtypes,
clinical parameters, and demographic informa-
tion. The PCR amplification curves in the tumor
tissues were “left-shifted” (Figure 1A, red lines)
compared to the profiles in the normal tissues
(green lines), indicating that the tumor samples
had more STARD3 mRNA overall. The data was
then divided into two groups (N > T, n =23/153,
15% vs. N < T, n = 130/153, 85%; N = normal,
T = tumor) according to the STARD3 mRNA
expression pattern. The results indicated that
the expression of STARD3 was significantly
higher inthe N < T group compared tothe N >T
group (Figure 1B). Further analysis revealed
that HER2+ tumors showed a higher expres-
sion of STARD3 than HER2- tumors (Figure 1C).
Immunohistochemistry (IHC) was performed
on breast cancer (BC) tissues to confirm the
expression pattern of STARD3. Figure 1D
revealed a significant increase in STARD3
immunostaining in HER2+ tumor tissues com-
pared to triple-negative breast cancer (TNBC).
Moreover, HER2+ cell lines exhibited elevated
levels of STARD3 expression compared to lumi-
nal and TNBC cell lines, and MCF-10A was used
as a normal cell (Figure 1E). These observa-
tions suggest a positive correlation between
STARD3 expression and HER2 expression in BC
cell lines and breast tumors.

High expression of STARD3 in tumors is closely
associated with HER2 expression and poor
prognostic outcome

We further explored the correlation between
the high expression of STARD3 and the disease
process and prognosis of BC patients with the
database. The Timer 2.0 analyzer [35] was
used to analyze STARD3 and HER2 mRNA ex-
pression in a multi-cohort study. We found that
STARD3 mRNA was considerably higher in sev-
eral cancers, including breast cancer, com-
pared to normal tissues (Figure 2A). Remark-
able, STARD3 levels were higher in HER2+ sub-
type BC tumors than in other subtypes (basal,
luminal). TMNplot analysis [36] in the TCGA
RNA-seq database indicated that STARD3 was
highly expressed in both tumor and metastatic
tissues (Figure 2B). Similar observations were
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Table 1. Clinical parameters and fold differences in STARD3

S1A, S1B), with a correlation

mRNA expression in paired tumor/normal samples coefficient of 0.8335 (Figure
N > T Group N < T Group S1C).
Parameter p value
n Mean+SE n Meand+SE Furthermore, HCC1954 and BT-
1. Age 0.259 0.611 474 are in the top 10 cell lines
<55 13 1.75+048 66 6.38+0.74 with the highest STARD3 ex-
>55 10 2.31+051 64 8.61+133 pression in the Genevisible data-
2.ER 1.483 0.223 base analysis (Figure S1D). These
Negative 3 1.72+0.46 32 6.74+1.18 results are consistent with data
Positive 20 203+0.4 98 7.85+0.94 from western blot analysis of
3. PR 0.049 0.824 various cell lines (Figure 41E).
Negatve 8 2.04+058 48 6.93+0.86 Next, we analyzed the prognostic
Positive 15 1.97 £0.45 81 786+1.11 vglue O.f STARD3 mRNA .eXpreS_
sion using the Kaplan-Meier plot-
4. HER2 5535 0.019 ter database [39] to compare the
Negative 22 1.84 +0.33 95 6.65+0.69 clinical outcomes of all breast
Positive 1 5.24 35 10.09 +2.08 cancer patients by upper quartile.
5. TNBC 0.043 0.836 As shown in Figure 2F, high
TNBC 3 1.72+0.46 15 5.33+148 expression of STARD3 in BC tis-
NonTNBC 20 2.03+0.4 115 7.87+0.84 sues was associated with poorer
6. Pathology 0.695 0.874 overall survival (OS), recurrence-
D.C.IS 1 0.9 3 1059 + 3.82 free surv?val (RFS), _and distant
1.D.C 19 248+041 114 7.65+0.85 ?hetaStaS'S'f'lrfe S““’f‘_"a' (EMtiS)';
ese results confirme a
:VILCC i 11;)55 2 :;z i g:z STARD3 and HER2 expression
- ’ o was significantly associated with
7N 3.732 0.155 poor prognostic outcomes in BC
NO 12 1.65+049 46 741+155 patients.
N1 3 234+145 37 6.731+1.20
N2 0 15 741 + 1.99 Overexpression of STARD3 pro-
N3 1 261 11 11.25 + 2.73 motes HER2 cell proliferation,
8. Stage 0.165 c_ell migration, and colony forma-
Stage| 12 1.65+049 46 711155 tion
Stage Il 5 198+085 40 740+1.23 Recent studies demonstrated
Stagelll 1 1.44 26 798+1.42 that STARD3 might contribute to
Stage IV 2 261+£0.002 16 9.34+204 the progression and metastasis
9. Grade 0.859 0.651 of HER2+ cancer cells [19, 40].

Grade 1 2 423+.083 19 7.42+1.53
Grade2 13 1.99+0.52 63 7.68+0.94
Grade 3 7 152+031 45 746164

To understand the mechanism of
STARD3 overexpression-enhan-
ced HER2+ cell proliferation and

obtained in the GeneChip data of the GEO data-
base (Figure 2C). Pearson correlation coeffi-
cient and regression showed that STARD3 and
HER2 mRNA expression were correlated in
tumor (0.8, Figure 2D) and normal tissues
(0.71, Figure 2E), respectively. We explored
more TCGA datasets using the LinkedOmics
platform to validate this observation [38].
Heatmap and volcano plot again confirmed that
STARD3 had the highest correlation with HER2
expression in invasive breast cancer (Figure
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migration, BT474 and SKBR3
cells were selected as cell study
models. We established stable STARD3 over-
expressing cell lines (BT474-OV and SKBR3-
QOV). Empty vector-transfected cell lines were
used as controls (BT474-VT and SKBR3-VT)
(Figure 3A). Cell proliferation assays were
performed using the trypan blue assay. As
shown in Figure 3B, STARD3 overexpression
in both BC cells significantly promoted cell
growth compared with wild-type and empty
vector cells. In addition, the clonogenicity of
STARD3-0V cells was assessed. The results
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Figure 1. STARD3 overexpression in human HER2+ breast tumors and HER2+ BC cell lines. (A) Quantitative real-
time PCR to evaluate STARD3 mRNA expression level in 153 pairs of tumors (red lines) and adjacent normal tis-
sues (green lines) from BC patients. (B) Based on the STARD3 mRNA expression pattern, the gPCR data in (A) were
separated into 2 groups: N > T group and N < T group (N = normal, T = tumor). (C) The N < T group data in (B) were
subdivided into HER2+ and HER2- groups. (D) IHC staining observed STARD3 protein expression in HER2+ and
TNBC tumor tissues. (E) Western blot results observed STARD3 protein expression in HER2+, luminal, or TNBC cell
lines. The p values were calculated using the Student t-test (*P < 0.05, ***P < 0.001).

indicated that STARD3 overexpression in nificantly increased the number of migrated
BT474-0V cells significantly enhanced colony cells by Transwell migration assay compared to
formation compared to controls (Figure 3C). wild-type and vector groups assessed (Figure
STARD3 overexpression in SKBR3-0V cells sig- 3D).
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Figure 2. Using TCGA and Kaplan-Meier Plotter database to analyze the clinical prognosis of STARD3 and HER2
expression in BC tumor tissue. (A) Timer 2.0 of the TCGA database analyzed STARD3 expression between breast
cancer and some other tumors and adjacent normal tissues (Wilcoxon test *P < 0.05, **P < 0.01, ***P < 0.001).
(B and C) TNMplot analysis of STARD3 expression between normal, tumor, and metastatic gene array data, (B) RNA-
seq from TCGA, and (C) microarray from GEO. (D and E) Pearson correlation coefficient and regression analysis of
the correlation between STARD3 and HER2 expression in (D) tumor and (E) normal tissues (*P < 0.001). (F) Kaplan-
Meier Plotter (KM Plotter Database) analysis of STARD3 mRNA expression correlations with Overall Survival (0S),

Recurrence-Free Survival (RFS), and Distant Metastasis-Free Survival (DFMS) in a breast cancer panel.
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Figure 3. STARD3 overexpression promotes the malignant characterization of HER2+ cancer cells. A. Stable BT474
and SKBR3 cell lines overexpressing STARD3 protein were established. Vector control and the wild-type were con-
trols (OV, VT, WT). B. Trypan blue assay for detection of cell proliferation in STARD3 overexpressing BT474 and
SKBR3. Count the number of cells on days 1 and 3. C. Colony formation assay for detection of STARD3 overexpres-
sion in BT474-WT, VT, OV cells. Cells were fixed and stained with crystal violet after 14 days to count the colonies.
D. Transwell assay for detecting STARD3 overexpression in BT474-WT, VT, OV cells. Cells were fixed and stained with
crystal violet after 24 hours and counted migrated-cell numbers. E. A concept diagram of the study (Top). Cells from
synchronization were released from the 10% FBS treatment, and cells were harvested every 3 h for a total of 15
h. Flow cytometry analysis determines the percentage of cell populations in different cell cycle stages (middle and
low). The results were triplicated for statistics (bottom). All data are presented as mean + SD. The p values were
calculated using one-way ANOVA (*P < 0.05, ***P < 0.001).

We performed flow cytometry analysis in a
time-dependent to elucidate further that
STARD3 overexpression affects cancer cell
cycle progression (Figure 3E, n = 3). Before
evaluating cell populations at various cell
growth cycle stages, we performed synchroni-
zation tests by culturing cells in 0.04% FBS for
24 hours. Afterward, stimulation with 10% FBS
reactivated synchronized cells into the cell
cycle [26]. We could see that SKBR3-0V cells
were released from synchronization by 10%
FBS treatment, cells entered GO/G1 and S
phase faster than SKBR3-VT control cells, and
the ratio of GO/G1 and S phase was significant-
ly reduced from 6-9 hours. Meanwhile, the pro-
portion of SKBR3-0OV cells increased in the
G2/M phase at 6-9 h compared with SKBR3-VT
cells. Consistent with these results, western
blot analysis confirmed increasing the cell cycle
regulatory protein cyclin D1. In contrast, the
protein p27 [41], which inhibits cancer cell
growth, was downregulated (Figure 4F). These
findings suggest that STARD3 overexpression
promotes cell growth proliferation and migra-
tion through cell cycle regulation an oncogenic
role of STARD3 in HER2+ cancer cells.

Knockdown of STARD3 attenuates HER2 cell
proliferation, cell migration, and colony forma-
tion

To further evaluate whether STARD3 contrib-
utes to the malignant phenotype of HER2+ can-
cer cells, we performed knockdown experi-
ments using small interfering RNA (siRNA)
targeting STARD3. First, we established the
stable STARD3 knockdown (STARD3-si) and the
scramble (Sc) cells as control. Western blot was
used to confirm protein expression (Figure 4A).
STARD3 knockdown dramatically reduced cell
proliferation in HCC1954 and BT474 cells com-
pared to scramble and wild-type cells (Figure
4B). Also, STARD3-si cells exhibited a signifi-
cant inhibition of cells forming colonies com-
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pared to control cells (Figure 4C). HCC1954
cells were then subjected to a wound-healing
migration assay. Figure 4D showed that the
cell migration ability of STARD3-si cells was
substantially lower than that of scramble and
wild-type cells. In addition to analyzing the
malignant behavior changes of cancer cells, we
further explored the expression of proteins
related to cell growth and survival. Western blot
analysis in Figure 4E demonstrated that the
knockdown of STARD3 in HER2 cells signifi-
cantly downregulated cyclin D1 and HER2
downstream signals such as phosphorylated
AKT. Previous studies have shown that SRC is
a protein kinase-mediated signaling pathway
that can interact with various membrane pro-
teins, including HER2 [42]. Our study found
that STARD3 knockdown cells had significantly
reduced phosphorylated SRC (pSRC) levels.
Moreover, we observed a concomitant increase
in the expression of the cell cycle inhibitor pro-
tein p27 (Figure 4E). To further validate these
findings, we transfected BT474 and SKBR3
breast cancer cells with STARD3 overexpres-
sion plasmid. We assessed the effects of
STARD3 on the expression of these proteins
involved in cell growth and survival (Figure 4F).
Figure 4E and 4F demonstrated that STARD3
expression activated the signaling proteins
associated with cell proliferation and survival,
indicating that STARD3 protein is critical for the
malignant behavior of HER2+ breast cancer
cells and plays a key role.

STARD3 regulates and stabilizes HER2 expres-
sion at the protein level through interaction
with HSP9O0 and lysosomal degradation

As mentioned above, the expression of STARD3
was positively correlated with the HER2 protein
level in BC cells. However, the biological mech-
anism by which STARD3 interacts with HER2
remains unclear, prompting us to investigate
how STARD3 affects HER2 protein. In fact,
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Figure 4. STARD3 inhibition attenuates malignant features of HER2+ breast cancer cells. (A) Stable BT474 and
HCC1954 cell lines inhibiting STARD3 protein were established. Scrambled sequence and wild-type are controls (Si,
Sc, WT). (B) Trypan blue assay for detection of cell proliferation in STARD3-silenced BT474 and HCC1954. Count the
number of cells on Day 1 and Day 3. (C) Examination of how STARD3 inhibition in HCC1954-si, WT, and Sc cells af-
fects colony formation. Cells were fixed and stained with crystal violet after 14 days to count the colonies. (D) Wound
healing assay in HCC1954-si, WT, and Sc cells using Culture-Insert 2 Well. Calculate the wound closure rate at 12,
24, and 36 h. (E and F) The expression of cell cycle regulatory proteins and cell survival-related signaling proteins
were detected by Western blot in (E) STARD3 knockdown HCC1954 and BT474 cells and (F) STARD3 overexpression
BT474 and SKBR3 cells. GAPDH was used as an internal control protein. All data are shown as mean + SD. The p
values were calculated using one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).

western blot analysis showed that knockdown type (Figure 5A). Meanwhile, HER2 protein lev-
of STARD3 significantly reduced HER2 expres- els were significantly increased in STARD3-
sion compared with wild-type and scrambled- overexpressing cells (Figure 5B), suggesting
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Figure 5. STARD3 expression plays an essential role in maintaining HER2 protein stability. (A, B) HER2 expression
was detected in (A) STARD3 knockdown HCC1954 cells and (B) STARD3 overexpression BT474 cells by western blot.
(C) HER2 protein levels in HCC1954-sc and HCC1954-si cells treated with cycloheximide (CHX) using western blot.
HER2 expression was normalized with GAPDH, and its expression at time point O h served as a basal level control,
as shown in the right panel. (D) HCC1954-Sc and HCC1954-si cells were pretreated with 20 nM BAF for 4 h before
being treated for 24 hours with or without 20 yM CHX. Quantification of HER2 protein levels was normalized using
GAPDH, as described in (C), shown on the right. (E) FRET activity assay of STARD3/HSP9O0 protein-protein interaction
in BT474-0V cells. Western blot analysis of STARD3 and HSP9O is shown in the right panel. (F) Co-immunoprecipita-
tion (ColP) analysis was performed to test the interaction between HER2 and HSP9O in BT474-0V cells. Whole-cell
lysates were used as input controls. Immunoprecipitation was performed using anti-HSP9O antibody (IP:HSP9O0)
and anti-HER2 antibody (IP:HER2), respectively. (G-J) FRET activity assay detecting STARD3/HER?2 interaction in (G,
H) STARD3 overexpression cells and (I, J) STARD3 knockdown cells. Cells transfected with scrambled sequences
served as controls. Scale bar = 36.8 um. All data are shown as mean * SD. The p values were calculated using a

two-tailed unpaired Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).

that changes in STARD3 may affect HER2 sta-
bility. We performed gqRT-PCR analysis to inves-
tigate whether STARD3 regulated HER2 at the
transcriptional level. Neither knockdown nor
overexpression of STARD3 affected HER2
MRNA levels significantly (Figure S1F), indicat-
ing that the modulation of HER2 protein levels
by STARD3 was not due to changes in HER2
MRNA expression. Further studies are neces-
sary to elucidate the molecular mechanisms
through which STARD3 influences HER2
expression.

To further assess the effectiveness of STARD3
on HER2 stability, we performed a CHX chase
assay using the protein synthesis inhibitor
cycloheximide. STARD3-si and Sc cells were
treated with 20 yM CHX at indicated time
points (Figure 5C). As expected, HER2 and
STARD3 protein levels decreased slowly in a
time-dependent manner in scramble cells
(Figure S1E). In contrast, the degradation of
HER2 was more pronounced in HCC1954-si
cells after CHX treatment. These results imply
increased stability of HER2 in the presence of
STARDS.

We next explored whether lysosomes are
involved in HER2 degradation mediated by
STARD3 knockdown. Pretreated HCC1954-si
cells 20 nM of BAF (lysosomal inhibitor ba-
filomycin A1) for 4 hours and then co-treated
with 20 uM CHX and BAF for 24 hours.
Interestingly, we found that CHX treatment rap-
idly decreased HER2 protein in STARD3 knock-
down (HCC1954-si) cells compared to scram-
bled control (HCC1954-sc) cells. Meanwhile,
the lysosomal inhibitor BAF could restore the
reduced HER2 levels (Figure 5D), suggesting
that STARD3 protects HER2 from lysosomal
degradation.
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A chaperone system consisting of heat shock
protein 90 (HSP90) has been shown to protect
client proteins, including HER2, from ubiquitin-
mediated endocytosis [43]. Interestingly, STA-
RD3 overexpression in BT474 breast cancer
cells showed higher HSP9O and STARD3 fluo-
rescence signals than wild-type cells under the
same conditions (Figure 5E). Therefore, we fur-
ther investigated whether there was an interac-
tion between these two proteins. A photo-
bleaching FRET assay was performed to test
whether STARD3 interacts with HSP9O pro-
teins. The results showed that a significant
FRET activity signal was detected in STARD3
overexpressing cells (Figure 5E, yellow arrow),
implying that STARD3 overexpression could
enhance the interaction with HSP90 and pro-
mote HER2 protective ability.

To demonstrate the effect of STARD3 on HER2/
Hsp90 interaction, we conducted ColP analysis
on BT474 wild-type and STARD3 overexpres-
sion cells. Immunoprecipitation with anti-HER2
antibody (IP:HER2) revealed an increased
presence of HSP9O0 in the immunoprecipitated
complex, and immunoprecipitation HSP90
showed an increase in HER2 (Figure 5F), fur-
ther confirming the enhanced HER2/HSP90
interaction mediated by STARD3. These find-
ings suggest that STARD3 plays a crucial role in
facilitating the interaction between HER2 and
HSP90, potentially influencing the stability or
function of the HER2 protein complex.

Furthermore, overexpression of STARD3 signifi-
cantly increased the direct interaction of
STARD3 and HER2 in BT474-0V and SKBR3-0V
cells (Figure 5G, 5H). In contrast, STARD3
knockdown (Si) showed a lower FRET activity
signal than that of scrambled sequence (Sc)
control cells (Figure 51, 5J). Our results suggest
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that overexpression of STARD3 in HER2+ can-
cer cell lines may stabilize HER2 protein expres-
sion through direct interactions with HER2 and
HSP9O. Importantly, loss of STARD3 protein
expression resulted in HER2 degradation, as
described above (Figure 5A-C). Such results
suggest that targeting STARD3 protein expres-
sion in breast cancer cells could serve as a new
cancer treatment strategy.

Curcumin attenuates the proliferation of HER2
cells by inhibiting the expression of STARD3
and HER2

Based on our findings on the crucial role of
STARD3 in cancer development, STARD3 has
the potential to be a promising target for cancer
therapy. However, there are only two reports of
virtual screening studies on its inhibitors using
STARD3 as a target molecule and designing
drugs [21, 22]. Combining natural compounds
with tumor drugs is a relatively safe and effec-
tive strategy. This study used various potential
natural compounds to target STARD3 expres-
sion in HER2+ cancer cells. Curcumin effective-
ly decreased STARD3 protein levels in cancer
cells using western blot analysis in three HER2
cell lines (Figure 6A). To examine the cytotoxic-
ity of curcumin in HER2+ cell lines, an MTT
assay was performed, and MCF-10A was used
as a control group for normal cells. As shown in
Figure 6B, curcumin affects different cells dif-
ferently. HCC1954 cells are more sensitive
than BT474, and the inhibitory concentrations
(IC,,) are 14.35 and 37.0, respectively. In con-
trast, no significant cytotoxic effect was ob-
served on MCF-10A cells (Figure 6C). To evalu-
ate the time further- and dose-dependent
effects of curcumin on STARD3 protein expres-
sion, HCC1954 and BT474 cells were treated
with curcumin in a dose- and time-dependent.
Western blot analysis showed that curcumin
inhibited STARD3 expression in both cells
(Figure 6D). Furthermore, Figure 6E showed
that 15 yM curcumin inhibited cell proliferation
while reducing STARD3 and HER2 protein levels
(Figure 6D). Our findings show that curcumin
might be a promising natural cancer treatment
through inhibiting STARD3 and HER2 expres-
sion in HER2+ cancer cells.

Knockdown of STARD3 synergizes the cytotoxic
effect of curcumin in HER2 cell lines

Knockdown of STARD3 weakened the stability
of HER2, and curcumin could inhibit the expres-
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sion of STARD3. We expect whether clinical
treatment with curcumin can achieve a syner-
gistic anti-tumor effect by inhibiting STARD3. To
assess this hypothesis, we treated STARD3-si
breast cancer cells with the indicated doses of
curcumin and examined its inhibitory effect on
cell viability, colony formation, and migration.
As shown in Figure 7A, the STARD3-si cell via-
bility was dramatically reduced compared to
the wild-type and scrambled sequence con-
trols. Notably, the knockdown of STARD3 result-
ed in cells more sensitive to curcumin, which
prompted us to examine the growth inhibitory
effect by clonogenic survival assay (Figure 7B).
No remarkable difference was seen between
the untreated and 0.1 pyM curcumin groups.
The substantial difference began with the 1 uM
curcumin group and was strongest in the 5 uM
curcumin group.

In the cell migration assay, 15 yM curcumin sig-
nificantly inhibited the STARD3-si cell from
migrating and even induced cell death. In con-
trast, the scramble cells had a less inhibitory
effect (Figure 7C). Western blot analysis con-
firmed that STARD3-si cells in the curcumin-
treated group showed significantly suppressed
HER?2 levels compared with control cells (Figure
7D). HER2 protein in each group was normal-
ized and shown in the right panel. We found
that the downstream signaling pathway pAKT
protein, cell cycle regulatory protein Cyclin
D1, and pSRC were significantly reduced in
STARD3-si cells treated with curcumin. Simu-
ltaneously, p27, a cyclin-dependent kinase
(CDK) inhibitor, was significantly induced
(Figure 7D). In contrast, the expression of these
proteins was not apparent in the cells of the
scramble group.

To assess synergy, the coefficient of drug inter-
action (CDI) was examined according to the for-
mula shown, where STARD3-si is drug A, and
curcumin is drug B [44]. As shown in Table
2, curcumin treatment in combination with
STARD3 knockdown induced significant inhibi-
tory effects on cell viability, colony formation,
and cell migration. Notably, curcumin treat-
ment of HCC1954-si cells showed a strong syn-
ergistic effect (CDI less than 0.7) even at 5 uM
curcumin. Interestingly, we observed a syner-
gistic effect in the protein levels of key mark-
ers, including HER2, cyclin D1, p27, pAKT, and
pSRC. The CDI value was less than 1, indicating
a synergistic interaction between curcumin
treatment and STARD3 knockdown (Table S2).
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Figure 6. Curcumin treatment inhibits STARD3-mediated HER2+ cell growth. A. HER2+ cells were treated with natu-
ral compounds (25 uM) for 24 hours. STARD3 and HER2 expression was detected by western blot. DMSO was used
as a vehicle. GAPDH was used as an internal control. B. Cell viability detected IC_, of HCC1954, BT474, and MCF-10A
using an MTT assay. C. The confirmation of cell viability using the Trypan blue cell counter on HCC1954, BT474, and
MCF-10A. D. Treated BT474 and HCC1954 cells in a dose- and time-dependent manner of curcumin (0-25 uM) for
24 and 48 hours. Western blot results displayed the protein levels of STARD3 and HER2. E. Cell proliferation assay of
curcumin treatment on BT474 and HCC1954 cells. Cell number was counted on day 1 and day 2 of treatment using
Trypan blue. The p values were calculated using two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).

Collectively, this study demonstrates that a synergistic therapeutic effect. Our findings
STARD3 knockdown cells attenuate to HER2 imply that curcumin at appropriate doses has
cell lines and that curcumin exposure produces the potential to serve as a novel therapeutic
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Figure 7. Synergistic effect of curcumin combination treatment on STARD3 knockdown cells. A. Cell viability was
calculated using trypan blue after curcumin treatment of STARD3 knockdown BT474 and HCC1954 cells for 24
hours. B. After 14 days of treating HCC1954-si and scrambled sequence cells with curcumin, fixed cells with 4%
paraformaldehyde and 0.5% crystal violet were used to stain cells as indicated by the colony formation assay. The
right panel represents the number of colonies counted. C. A wound healing assay of curcumin-treated HCC195-si
stable cells. HCC1954-Sc was used as a control. The right panel represents the wound closure rate of HCC1954-si
and HCC1954-Sc cells after 24 hours of treatment. D. Treated HCC1954-si and Sc cells with curcumin for 24 hours.
The expression of STARD3, HER2, and their related proteins were examined using a western blot. GAPDH was used
as an internal control. HER2 protein expression in curcumin-treated cells was normalized with GAPDH and then
normalized with untreated cells shown in the right panel. The p values were calculated using two-way ANOVA (*P <
0.05, **P < 0.01, ***P < 0.001).

Table 2. The coefficient of drug interaction (CDI) between curcumin and STARD3 knockdown cells

Cell viability assay

si-01 Cur Combination CDI si-02 Cur Combination CDI

BT474

5uM 0.87 0.98 0.72 0.84 0.84 0.98 0.73 0.88

15 uM 0.87 0.86 0.49 0.74 0.84 0.86 0.55 0.86

25 uM 0.87 0.57 0.36 0.73 0.84 0.57 0.35 0.74
HCC1954

5 uM 0.73 0.85 0.41 0.67 0.84 0.85 0.52 0.76

15 uM 0.73 0.52 0.17 0.44 0.84 0.52 0.22 0.54

25 uM 0.73 0.27 0.00 0.16 0.84 0.27 0.11 0.52
Clonogenic assay

0.1 uM 0.71 0.95 0.66 0.99 0.75 0.95 0.71 1.00

1uM 0.71 0.75 0.57 1.08 0.75 0.75 0.64 1.14

5 uM 0.71 0.28 0.16 0.82 0.75 0.28 0.19 0.93
Cell migration

Oh 0.94 1.00 0.96 1.02

12 h 0.91 0.90 0.76 0.94

24 h 0.86 0.72 0.31 0.50

strategy for HER2+ breast cancer patients with
high STARD3 expression.

Discussion

Recent studies demonstrated the potential role
of co-amplified genes with HER2, such as
TOP2A, GRB7, and STARD3, which may contrib-
ute to HER2 therapy resistance through various
mechanisms [8]. STARD3 was reported to be
co-amplified with HER2, and high levels of
STARD3 are correlated to metastasis, poor
prognosis, and a diminished response to trastu-
zumab [13, 40, 45]. However, the mechanism
by which STARD3 associates with HER2 and
drives cancer cells remains unclear. Peretti et
al. [14] hypothesized that when STARD3 is over-
expressed, ER wraps around endosomal mem-
branes and creates membrane contact sites,
causing endosomes to lose their kinetic and
transient characteristics. Excess ER-late endo-
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some (LE) topology might lead to locking LE
and prevents their maturation into lysosomes.
This condition inhibits lysosomal degradation
of cell surface receptors, including HER2 and
other surface receptors. Therefore, since the
termination signal has been inhibited, the
receptor would recover, resulting in uncon-
trolled cancer cells. However, this hypothesis
has not been elucidated. Our study reveals that
STARD3 potentiates the regulation of HER2 via
direct STARD3/HER2, STARD3/HSP9O0 interac-
tion and promotes SRC, thereby driving HER2
cancer cell growth and metastasis.

Genetically, STARD3 is located on the long arm
of chromosome 17, close to HER2, and shares
the same transcription factor SP1. As such, it is
frequently co-amplified with HER2 and is highly
expressed in breast cancer tumors [8]. In a
cohort of 153 patients, we analyzed paired
breast tumors and adjacent normal tissue, giv-
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ing results consistent with high expression
of STARD3 mRNA in tumors, especially HER2+
BC tumors (Figure 1A-C). In addition, we
found higher STARD3 protein levels in HER2+
tumor tissues and HER2 cell lines compar-
ed with TNBC and Iluminal subtypes. We
generated STARD3-overexpressing cells (BT474
and SKBR3) and STARD3-knockdown stable
cell lines (HCC1954 and BT474) as research
platforms to study STARD3 oncogenicity. As
expected, STARD3 overexpressing cells pro-
moted HER2 cell proliferation, migration, and
colony formation. Concurrently, the knock-
down of STARD3 attenuated cell growth and
inhibited cell migration and colony formation.
Thus, STARD3 may contribute to the progres-
sion of HER2+ breast cancer.

Our study presents the first investigation of the
molecular mechanism underlying the interac-
tion between HER2 and STARD3, which had not
been previously explored in previous studies
[19, 22]. STARD3 knockdown reduced HER2
levels, whereas overexpression of STARD3 ele-
vated HER2 expression (Figure 5A, 5B). HER2
was rapidly degraded upon STARD3 loss and
restored by lysosomal inhibition, suggesting
that STARD3 can protect HER2 from lysosomal
degradation (Figure 5C, 5D). Heat shock pro-
tein 90 is an essential chaperone protein with
higher expression in cancer cells. Its critical
functions are correct folding, stabilization, acti-
vation, and protection of several client proteins,
including SRC, ATK, and HER2, which have cru-
cial features in cancer cell proliferation and
survival signaling pathways [46]. Our results
showed that overexpression of STARD3 in-
creased HSP9O levels and enhanced direct
STARD3/HSP9O0 interaction, thereby stabilizing
HER2 (Figure 5E).

STARD3 protein is mainly localized in the endo-
somal membrane, and its function is to trans-
port cholesterol from the plasma membrane or
endoplasmic reticulum to the LE [15]. Recent
studies have shown that STARD3 is frequently
observed in the plasma membrane of cells with
high STARD3 protein levels [19]. This observa-
tion explains our findings of increased FRET
activity between STARD3 and HER2 in STARD3-
overexpressing cells (Figure 5F, 5G). Thus,
STARD3 may regulate and stabilize HER2
expression at the protein level through interac-
tion with HSP90 and lysosomal degradation.
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Therefore, STARD3 may serve as a promising
molecular target in HER2+ BC, and our findings
may serve as the basis for future drug design
for targeted therapy.

Although HER2-targeted therapies have im-
proved survival in patients with HER2+ BC,
drug resistance still occurs frequently. There-
fore, it is essential to understand the mecha-
nism and develop new therapeutic strategies
[3]. SRC, a tyrosine kinase protein associated
with HER2, was reported to be promoted tra-
stuzumab-resistant [42, 47]. Our results indi-
cated that pSRC expression was decreased in
STARD3 knockdown cells and that curcumin
treatment synergistically suppressed pSRC ex-
pression. In contrast, overexpression of STA-
RD3 increased activated pSRC (Figures 4E,
7D), suggesting that STARD3 expression may
be involved in HER2-targeted therapy resis-
tance. Although STARD3 is essential to cancer
development and is recognized as a novel bio-
marker [5, 20], study on STARD3 inhibitors as
a cancer therapy is still limited [22]. Our
research showed that curcumin inhibits the
growth of cancer cells by inhibiting the expres-
sion of STARD3 and HER2. Furthermore, cur-
cumin treatment combined with the knock-
down of STARD3 showed significant synergy
in inhibiting cell proliferation, migration, and
colony formation. Both our results and previous
reports show that curcumin, a natural com-
pound with anti-cancer potential, has clinical
potential to enhance anti-tumor chemotherapy
with minimal side effects [23].

Altogether, our study suggests an underlying
molecular mechanism by which STARD3 regu-
lates HER2. The overexpression of STARD3 can
increase the level of HER2 and increase the
phosphorylation of SRC through the interaction
with  HSP9O, thereby promoting the HER2
downstream signaling pathway-related protein
pAKT to promote cell proliferation, survival,
and migration. Furthermore, overexpression of
STARD3 represses p27 and elevates cyclin D1,
resulting in accelerated cell cycle progression.
In contrast, the knockdown of STARD3 show-
ed reversible results, with the combination with
curcumin treatment significantly enhancing sy-
nergistic inhibition of HER2 cancer cells (Figure
8). Our findings also assist clinicians in further
evaluating the correlation between STARD3
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Figure 8. Graphic abstract. The red annotations indicated that STARD3
knockdown or/and curcumin treatment affected the related proteins.

overexpression and the prognosis of HER2
therapy-resistant breast cancer patients.

Conclusion

In conclusion, our work describes the molecu-
lar mechanism for the first time by which
STARD3 regulates HER2 expression, drives
cancer cell cycle progression, and contributes
to clinical outcomes. We also found that
STARD3 could be co-expressed with HER2 pro-
tein and associated with poor outcomes, sug-
gesting that STARDS3 is a crucial biomarker of
clinical prognosis. Therefore, targeting STARD3
is a promising therapeutic strategy. Since there
are currently no STARD3-targeting drugs, our
research suggests that curcumin could be a
potent natural STARD3 inhibitor. Our findings
suggest an innovative therapeutic suggestion
for HER2 therapy-resistant patients by target-
ing STARD3.
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Table S1. Primers used in the study

Oligonucleotides

Primers specific for STARD3 in real-time PCR
F: 5’-GGATGGTGCTGTGGAAC
R: 5-TCCCTGATGACAAGTAT
Primers specific for GUS in real-time PCR
F: 5-AAACAGCCCGTTTACTTGAG
R: 5-AGTGTTCCCTGCTAGAATAGATG
Primers specific for HER2 in real-time PCR
F: 5’-GGAAGTACACGATGCGGAGACT
R: 5’-ACCTTCCTCAGCTCCGTCTCTT
Primers specific for full-length STARD3
F: 5-AAAAAGCTTATGAGCAAGCTGCCCAGGGA
R: 5-AAAAAAA GGATCC TCACGCCCGGGCCCCCA
STARD3 siRNA fragments inserted into p.Super plasmid
SiRNA-1F: 5’-GATCCCCGCAGGGTCTGACAATGAATTTCAAGAGAATTCATTGTCAGACCCTGCTTTTTA-3’
siRNA-1R: 5’-AGCTTAAAAAGCAGGGTCTGACAATGAATTCTCTTGAAATTCATTGTCAGACCCTGCGGG-3’
siRNA-2F: 5’-GATCCCCGGCTTCATCGTGCTCAAGTTTCAAGAGAACTTGAGCACGATGAAGCCTTTTTA-3’
siRNA-2R: 5’-AGCTTAAAAAGGCTTCATCGTGCTCAAGTTCTCTTGAAACTTGAGCACGATGAAGCCGGG-3’
STARD3 scramble siRNA fragments inserted into p.Super plasmid
F: 5-GATCCCCCGTACGCGGAATACTTCGATTCAAGAGATCGAAGTATTCCGCGTACGTTTTTA-3’
R: 5-AGCTTAAAAACGTACGCGGAATACTTCGATCTCTTGAATCGAAGTATTCCGCGTACGGGG-3’
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Figure S1. Correlation between STARD3 mRNA expression and the other genes in breast cancer tumors, according
to TCGA database with LinkedOmics platform analysis. A. Correlation heatmap between STARD3 mRNA expression
with different genes in breast tumors. B. Volcano plot Pearson correlation of STARD3 with different genes in a posi-
tive and negative correlation. C. Pearson correlation between STARD3 and HER2 expression. D. Top 10 cell lines
with the highest STARD3 expression, including HCC1954 and BT474, in Genevisible database analysis. E. STARD3
expressions were normalized with GAPDH and its expression at time point O in the Cycloheximide (CHX) assay Figure
5E. F. Impact of STARD3 knockdown/overexpression on HER2 mRNA levels in HER2 cell lines. RT-qPCR analysis of
HER2 mRNA was calculated using the delta-delta Ct method (222%) to assess the relative fold gene expression. GUS
was used as a housekeeping gene. The p values were calculated using the Student t-test (ns: not significant).

Table S2. The coefficient of drug interaction (CDI) on protein expression in Figure 7D

Curcumin col

5 uM 15 uM 25 uM
STARD3 0.59 0.82 0.83
HER2 0.44 0.34 0.75
Cyclin D 0.76 0.93 0.60
p27 0.43 0.67 0.67
pAKT 1.68 0.52 0.30
pSRC 0.89 0.89 0.78




