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Oncolytic adenovirus encoding D
apolipoprotein A1 suppresses metastasis
of triple-negative breast cancer in mice
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and Jiwu Wei'"

Abstract

Background Dysregulation of cholesterol metabolism is associated with the metastasis of triple-negative breast
cancer (TNBC). Apolipoprotein A1 (ApoA1) is widely recognized for its pivotal role in regulating cholesterol efflux and
maintaining cellular cholesterol homeostasis. However, further exploration is needed to determine whether it inhibits
TNBC metastasis by affecting cholesterol metabolism. Additionally, it is necessary to investigate whether ApoA1-
based oncolytic virus therapy can be used to treat TNBC.

Methods In vitro experiments and mouse breast cancer models were utilized to evaluate the molecular mechanism
of ApoAT1 in regulating cholesterol efflux and inhibiting breast cancer progression and metastasis. The gene encoding
ApoA1 was inserted into the adenovirus genome to construct a recombinant adenovirus (ADV-ApoAT). Subsequently,
the efficacy of ADV-ApoAT1 in inhibiting the growth and metastasis of TNBC was evaluated in several mouse models,
including orthotopic breast cancer, spontaneous breast cancer, and human xenografts. In addition, a comprehensive
safety assessment of Syrian hamsters and rhesus monkeys injected with oncolytic adenovirus was conducted.

Results This study found that dysregulation of cholesterol homeostasis is critical for the progression and metastasis
of TNBC. In a mouse orthotopic model of TNBC, a high-cholesterol diet promoted lung and liver metastasis, which was
associated with keratin 14 (KRT14), a protein responsible for TNBC metastasis. Furthermore, studies have shown that
ApoAT, a cholesterol reverse transporter, inhibits TNBC metastasis by regulating the cholesterol/IKBKB/FOXO3a/KRT14
axis. Moreover, ADV-ApoAT1 was found to promote cholesterol efflux, inhibit tumor growth, reduce lung metastasis,
and prolonged the survival of mice with TNBC. Importantly, high doses of ADV-ApoAT administered intravenously and
subcutaneously were well tolerated in rhesus monkeys and Syrian hamsters.
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Conclusions This study provides a promising oncolytic virus treatment strategy for TNBC based on targeting
dysregulated cholesterol metabolism. It also establishes a basis for subsequent clinical trials of ADV-ApoAT in the

treatment of TNBC.

Keywords Cholesterol, Triple-negative breast cancer, Metastasis, Keratin 14, FOXO3a, Apolipoprotein A1, Oncolytic

virus

Introduction

Triple-negative breast cancer (TNBC) has a high rate of
distant metastasis, and effective therapies are lacking.
Patients with TNBC have poor overall survival, demand-
ing further investigation into the factors driving the
initiation and the progression of the disease [1]. Epide-
miological and large-scale gene sequencing studies have
reported high heterogeneity within TNBC tumors and
almost no common actionable targets [2]. With the prev-
alence of obesity, hyperglycemia, hyperlipidemia, and
hyperinsulinemia, metabolic disturbances are commonly
developed, resulting in an increased incidence of TNBC
[3]. The potential metabolic abnormalities that pro-
mote the progression of TNBC include increased total
cholesterol, circulating low-density lipoprotein (LDL)
cholesterol, triglycerides (TGs), insulin, and decreased
high-density lipoprotein (HDL) cholesterol [4]. Elevated
cholesterol biosynthesis is a hallmark of various cancers,
including glioblastoma, colorectal cancer, and breast
cancer [5, 6]. Previous studies showed that cholesterol
might participate in tumor progression through at least
three ways: (i) as initial substrates for bile acids, steroid
hormones, and other cholesterol derivatives, which are
pivotal risk factors for cancers [7, 8]; (ii) covalently mod-
ulating proteins involved in tumorigenesis and progres-
sion, such as hedgehog and smoothened [9]; (iii) assisting
the function of lipid raft to regulate the signal receptors
required for tumorigenesis [10]. In addition, cholesterol
metabolism is also critical for sustaining the activities of
immune cells including effector T cells, regulatory cells
(Tregs), T Helper 17 (Th17) cells, and macrophages, and
therefore determines antitumor immune responses [11].
Nevertheless, the mechanisms by which aberrant cho-
lesterol metabolism promotes TNBC progression and
metastasis are not yet fully understood.

Previous studies have consistently demonstrated a
strong correlation between high expression of LDLR, a
receptor responsible for the uptake of exogenous choles-
terol, and lower overall and recurrence-free survival in
patients with breast cancer [12]. Given the crucial role of
cholesterol in cancer progression, manipulating abnor-
mal cholesterol metabolism has emerged as a potential
therapeutic strategy, including inhibiting the de novo
synthesis pathway, suppressing cholesterol esterifica-
tion, and activating the LXR signal pathway [13, 14]. Sev-
eral clinical studies have reported the beneficial effects
of cholesterol reduction, achieved through the use of

statins, on the survival of patients with various cancer
types [15-17]. However, the impact of cholesterol-lower-
ing specifically in TNBC remains inconclusive [5, 18, 19].

Apolipoprotein A1l (ApoAl), the predominant protein
component of HDL, is widely recognized for its pivotal
role in regulating cholesterol transportation and main-
taining cellular cholesterol homeostasis [20]. Although
most studies have focused on the role of ApoAl in ath-
erosclerosis and cardiovascular disease, some studies
have revealed relatively lower levels of serum ApoAl in
patients with various cancers, including breast cancer
[21-23]. Particularly, patients with TNBC have shown
significantly decreased serum ApoAl levels compared to
luminal A and B molecular subtypes [24]. Furthermore,
a postoperative serum proteomics analysis conducted on
high-risk breast cancer patients revealed a correlation
between low ApoAl expression and the occurrence of
metastatic relapse [25]. Nevertheless, the precise mech-
anisms underlying the impact of ApoAl on TNBC pro-
gression and metastasis remain incompletely understood.

Oncolytic viruses (OVs) are viruses that occur natu-
rally or are genetically engineered to selectively replicate
within tumor cells, leading to their destruction while
sparing normal cells [26]. Adenovirus, herpes simplex
virus, and vaccinia virus are currently the three most
commonly utilized viruses in preclinical studies and clin-
ical trials for cancer treatment [27]. Adenoviruses are one
of the most widely studied viruses due to their several
advantages, such as ease of genome manipulation and the
feasibility of manufacturing high viral titers. In our previ-
ous study, the intratumoral injection of ADV-ApoA1l was
shown to reprogram the lipid metabolism of glioblas-
toma multiforme (GBM), restore TAMs’ phagocytosis,
and reactivate T cell anti-tumor immunity. However, it
remains unclear whether ADV-ApoA1l can exert similar
antitumor effects in breast cancer.

In the present study, we aimed to investigate the impact
of cholesterol on TNBC metastasis and explore poten-
tial therapeutic approaches by modulating cholesterol
metabolism. Our findings revealed that a high-choles-
terol diet promotes TNBC metastasis by upregulating
the expression of KRT14 in a mouse model. Conversely,
we observed that ApoAl inhibits TNBC metastasis by
regulating the cholesterol/IKBKB/FOXO3a/KRT14 axis.
Building upon these discoveries, we developed an onco-
lytic adenovirus encoding ApoAl and assessed its effi-
cacy in suppressing TNBC growth and metastasis across
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diverse mouse models, including orthotopic breast can-
cer, spontaneous breast cancer, and human xenograft
transplants. Furthermore, we conducted a comprehen-
sive safety assessment of the oncolytic adenovirus in Syr-
ian hamsters and rhesus monkeys.

Materials and methods

Cell lines

The cell lines employed in this study were obtained from
the American Type Culture Collection (ATCC, USA),
including 293T cells (human embryonic kidney cells),
HCC1937 cells, MDA-MB-231 cells (human triple neg-
ative-breast carcinoma), and 4T1 cells (mouse mam-
mary carcinoma cells). These cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco-
Thermo Fisher Scientific, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco). Specifically, 293T cells
were cultured in suspension using a serum-free medium
(Basalmedia, Shanghai, China) in spinner flasks (Jet-
biofil, Guangzhou, China). To generate the 4T14P°Al
and HCC19374P°Al cells, lentiviral transduction was
employed followed by subsequent puromycin selec-
tion. All cell lines were incubated at 37 °C in a 5% CO,
atmosphere.

CRISPR screening in 4T1 cells in vivo

The Genome-scale CRISPR-Cas9 transcriptional activa-
tion screening method employed in this study has been
previously described [28, 29]. In brief, lentiviruses for
establishing the transcription activation system were
obtained from Genechem Company (Shanghai, China).
Cells were plated at a low density of 1x 107 cells per T225
Flask, and the Lenti-sgRNA library was added at a MOI
of 0.5. After 48 h, cells were selected in the presence of
2 pg/ml puromycin. The in vivo genome-scale screening
was conducted following a previously published protocol
[30]. To deplete CD8" T cells, mice were injected with
CD8 antibodies one day before tumor inoculation. One
day later, BALB/c mice (n=6) were injected subcutane-
ously with 4T1 cells (5% 10° containing the transcription
activation system. On days 5 and 10 after tumor inocu-
lation, mice were sacrificed (n=3 for each time point),
and tumors were collected for genomic DNA extraction.
Significantly enriched or depleted sgRNAs were identi-
fied by comparing different time points, as described in a
previous report [31].

Online bioinformatic analysis

The correlation between cholesterol biosynthesis/efflux
genes and the survival of breast cancer patients was
analyzed using the Gene Expression Profiling Interac-
tive Analysis (GEPIA) online bioinformatic tool (http://
gepia.cancer-pku.cn) base on the tumor transcriptome
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sequencing data of breast cancer patients from The Can-
cer Genome Atlas Program (TCGA).

Cholesterol efflux assay

Cholesterol efflux was measured using a cholesterol
efflux assay kit (Biovision, CA, USA). Cells were seeded
in a 96-well tissue culture plate with 100 pl of growth
medium per well. A labeling medium was prepared by
mixing Labeling Reagent and serum-free RPMI medium.
Cells were then incubated in the labeling medium for 1 h.
Subsequently, the medium was replaced with an equili-
bration medium. The medium was aspirated, and 2%
LDL/VLDL-depleted cholesterol acceptors, diluted in
phenol red-free, serum-free RPMI medium, were added.
The plate was incubated for another 4 h, after which the
fluorescence intensity (RUF) of the supernatant and cell
lysis was measured (Ex/Em=485/523 nm). Cholesterol
efflux was calculated using the formula: Cholesterol
efflux= [RUF(supernatants)/ RUF(supernatants+ cells)]
%x100%. The absolute concentration of intracellular cho-
lesterol was measured using spectrophotometric tests
(Nanjing Jiancheng, Nanjing, China).

Chromatin immunoprecipitation sequencing (ChIP-Seq)
analysis

For the ChIP-Seq experiment, we utilized the Rabbit anti-
FOXO3a antibody (#ab12162) obtained from Abcam,
along with the Enzymatic Chromatin IP kit from Cell Sig-
naling Technology. To begin, 4T14P°A! cells were cultured
to reach 80% confluency and then cross-linked using 1%
formaldehyde at room temperature for 10 min. To pre-
pare the ChIP DNA, chromatin was digested with micro-
coccal nuclease and subsequently sonicated to generate
fragments ranging in size from 100 to 500 base pairs. Fol-
lowing this, RNAse A and proteinase K were employed
for further digestion, and the ChIP DNA was incubated
overnight with 4 pg of the anti-FOXO3a antibody. The
ChIP DNA was then purified using a column system
based on magnetic separation, and the resulting eluted
DNA was used as the input for the subsequent Chip-seq
analysis. The DNA sequencing and analysis procedures
were carried out by Novogene (Beijing, China).

Wound healing assays

Cells were seeded at a density of 5x10* cells per well
in 12-well plate and incubated in DMEM without FBS.
Once the cells reached 80% confluence, a scratch was cre-
ated across the surface of each well using a 10-ul pipette.
The scratches were then observed at specified time points
after the incubation period.

Transwell assays
Transwell assays were performed using 8 um pore size
Transwell chambers (Corning, NY, USA) that were
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pre-coated with rat tail type I collagen (Corning, NY,
USA). The cells were cultured in the Transwell chambers
for 24 h. Following the incubation period, the cells pres-
ent on the upper surface of the chamber membrane were
carefully eliminated using cotton swabs, while the cells
on the lower surface of the membrane were subjected
to staining using a solution composed of methanol and
0.1% crystal violet. The invaded cells were subsequently
observed and captured using a microscope (Olympus,
Tokyo, Japan). For each chamber, five random visual fields
were selected for analysis, with a 100 X magnification.

Three-dimensional matrigel culture

For Three-dimensional matrigel culture, a droplet of 20 pl
medium containing 100 cells was placed on the lower
surface of the dish cover and incubated overnight. Sub-
sequently, the droplets were seeded onto the Matrigel gel
(Corning, NY, USA). After a designated growth period,
images were captured using an inverted microscope at a
magnification of 100 X.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was extracted using Trizol (Invitrogen) fol-
lowing the manufacturer’s instructions. Reverse tran-
scription was performed, and qPCR was carried out
using the QuantStudio 5 instrument (Applied Biosys-
tems). GAPDH was used as an internal reference and co-
amplified with the target samples under identical qPCR
conditions. The primer sequences for qPCR are listed in
Table S1.

siRNA transfection

siRNAs were obtained from GenePharm (Shanghai,
China). Cells were transfected with siRNA (100 nM) for
48 or 72 h using Lipofectamine RNAi MAX Reagent
(ThermoFisher Scientific, MA, USA). The specific siR-
NAs used are provided in Table S2.

Western blot analysis

Cell culture medium was removed from the dishes, and
the cells were lysed in RIPA lysis buffer (Cell Signaling
Technology, MA, USA) supplemented with a protease
inhibitor cocktail (ThermoFisher Scientific). The super-
natants from cell lysis were collected and mixed with a
loading buffer containing 2-mercaptoethanol (2-ME),
followed by heating at 95 °C for 5 min. After separation
on a 10% SDS-PAGE gel, the proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane (Merck
Millipore, MA, USA) and incubated with specific pri-
mary antibodies including rabbit anti-KRT14 antibody
(Abcam Cambridge, UK), rabbit anti-FOXO3a antibody,
anti-GAPDH, anti-B-actin, anti-phospho-Akt, anti-phos-
pho-Ikb (Cell Signaling Technology), rabbit anti-histone
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H3.1 (Abmart, Shanghai, China), and mouse anti-Flag
(GenScript Biotech, Nanjing, China). After washing,
the membrane was probed with horseradish peroxidase
(HRP)-conjugated anti-mouse or rabbit IgG (GenScript)
and visualized using a western blot chemiluminescence
reagent (GE Healthcare, Giles, UK) and an imaging sys-
tem (Sage Creation Science, Beijing, China).

Immunofluorescence

For immunofluorescence staining, cells cultured on poly-
L-Lysine-coated coverslips were fixed with 4% PFA and
permeabilized using 0.25% Triton-X. The cells were then
incubated overnight at 4 °C with the primary antibody,
rabbit anti-FOXO3a (Cell Signaling Technology), fol-
lowed by incubation with an AlexaFluor568-conjugated
secondary antibody. Nuclei were counterstained with
Hoechst 33,258 (Beyotime Biotechnology, Shanghai,
China). The rabbit anti-KRT14 antibody (Abcam) was
used as the primary antibody for the frozen section of the
tumor tissue.

Cholesterol deprivation and replenishment

To induce cholesterol deprivation, cells were treated with
5 mmol/L LXR623 (MedChemExpress, Monmouth Junc-
tion, NJ, USA) for 48 h. For cholesterol replenishment,
cholesterol-saturated Methyl-B-cyclodextrin (MBCD-
cholesterol) was prepared. In brief, cholesterol was dis-
solved in chloroform: methanol (1:1 vol/vol) and added
to a glass tube for solvent evaporation. The dried choles-
terol was then mixed with a DMEM containing 5 mM
MBCD. The sealed tube was incubated overnight in a
shaking bath at 37 C.

Recombinant oncolytic adenovirus construction,
purification, and expansion

The shuttle plasmid for recombinant adenovirus con-
struction was synthesized by GenScript (Nanjing,
China). This plasmid contained the reporter gene EGFP
and adenovirus E1A gene, which were linked by a T2A
peptide sequence and controlled by the CMV pro-
moter. The expression of ApoAl was governed by the
EFla promoter. The recombinant oncolytic adenovirus
expressing ApoAl was obtained through homologous
recombination between the shuttle plasmid and the
adenovirus backbone pAd/PL-DEST (Thermo Fisher Sci-
entific, Invitrogen, Carlsbad, CA, USA). After digestion
with the restriction enzyme Pacl, the linear recombinant
adenoviral vector was transfected into 293T cells using
the jet-PEI transfection reagent (Cat# 101-10 N, Polyp-
lus-transfection, France). The recombinant adenovirus
was then amplified in 293T cells and purified via iodix-
anol gradient ultracentrifugation. Virus titration was
determined by adding serially diluted virus to a 96-well
plate seeded with 293T cells (10,000 cells/well). The cells
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were cultured for 4 days, and fluorescence plaques were
counted. The virus titer was calculated using the follow-
ing formula: TCID50=107 + (S/10—0.5) / ml, pfu/ml=0.7
x TCID50/ml, where S is the total number of fluores-
cence-positive wells and N is the number of replicates.

Replication of the oncolytic adenovirus in tumor cells

4T1 cells were seeded at a density of 5% 10* cells per well
in a 24-well plate and incubated in a 5% CO, incubator
at 37 °C. Once the cells reached 90% confluence, they
were infected with the recombinant oncolytic adeno-
virus at a multiplicity of infection (MOI) of 0.1. After
24, 48, 72, and 96 h, the cells were harvested, subjected
to three freeze-thaw cycles, and centrifuged at 3000 x
g for 10 min. The virus supernatants were collected for
viral genome extraction. The number of virus copies was
determined using qPCR.

Animal models

All animal experiments were conducted according to the
guidelines approved by the Animal Care and Use Com-
mittee of the Medical School of Nanjing University. Six-
week-old female BALB/c mice, nude mice, and NCG
(NOD/ShiLt]Gpt-Prkdce™26C452[12rg®m26C422/Gpt)  mice
were purchased from GemPharmatech Co., Ltd. (Nan-
jing, China). Female MMTV-PyMT mice were purchased
from Nanjingziyuan Co., Ltd (Nanjing, China).

To establish an orthotopic tumor model, BALB/c mice
were orthotopically inoculated with 4T1 or 4T1-lucifer-
ase cells into the fourth mammary glands. To establish
a humanized MDA-MB-231 model, NCG mice were
orthotopically inoculated with MDA-MB-231 cells into
the fourth mammary glands. When the tumor volume
reached 100 mm?®, mice received intravenous injection
of 2x10° human peripheral blood mononuclear cells
(PBMCs). Mice were sacrificed if the tumor volume
exceeded 2000 mm?, Tumor length (L) and width (W)
were measured every two days using Vernier calipers,
and the tumor size (V) was calculated using the formula:
V=(LxW?/2.

For high-lipid feeding, tumor-bearing BALB/c mice
were fed a Western or high-cholesterol diet. The West-
ern diet contained 1.25% cholesterol and 0.5% sodium
cholate, while the high-cholesterol diet contained 1.5%
cholesterol and 0.5% sodium cholate. These diets pro-
vided approximately 40% kilocalories from fat, 20% from
protein, and 40% from carbohydrates for the Western
diet, and approximately 9.4% kilocalories from fat, 14.7%
from protein, and 75.9% from carbohydrates for the high-
cholesterol diet. The diets were obtained from Dytes Inc.
(Wuxi, Jiangsu, China).

For hydrodynamic administration, the ortho-
topic model (luciferase) was established as previ-
ously described. Ten days later, the primary tumor was
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surgically excised, and the ApoAl expression plasmid
(10 pg/mouse) was injected via the tail vein once a week.
Lung metastasis was monitored by bioluminescence
analysis on day 40.

For oncolytic virus therapy, upon reaching a tumor size
of 100 mm? (day 0), mice were randomly assigned to vari-
ous groups and administered intratumoral (I.T.) injec-
tions of saline, ADV-ApoAl, or ADV-Ctr (5x10% PFU)
on days 1, 3, and 5. MMTV-PyMT mice with spontane-
ous breast cancer underwent intratumoral injections of
ADV-ApoAl (5x10% PFU) every week for two weeks.
The presence of lung metastasis was assessed three weeks
later.

Single-sample gene set Enrichment Analysis (ssGSEA)

The ssGSEA was used to quantify immune cell infiltra-
tion, which was performed via R packages (GSVA, ver-
sion 3.18) as previous describe [32].

H&E staining and immunohistochemistry (IHC)

The tumor tissues were fixed with 4% paraformaldehyde
and subsequently sectioned into 5-um-thick slides. These
slides were then subjected to standard H&E staining
procedures. For IHC analysis, the slides were incubated
overnight at 4 °C with a primary antibody against phos-
phorylated p65 (Cell Signaling Technology, Danvers,
MA, USA). Following this, the slides were incubated with
HRP-conjugated streptavidin for 1 h at room tempera-
ture. Visualization was achieved using the DAB chromo-
gen (Zhongshan Golden Bridge, Beijing, China). Images
were captured at 100 x and 400 x magnifications using a
microscope (Zeiss, Oberkochen, Germany).

Toxicity of ADV-ApoAT1 in Syrian hamster and Rhesus
monkey

A total of 30 Syrian hamsters were randomly assigned
to 3 groups based on body weight, with each group con-
sisting of 5 male and 5 female hamsters in equal pro-
portions. In the dose range finding (DRF) groups, the
hamsters were intraperitoneally (LH.) or intravenously
(LV.) administered either 5x10'* VP/kg or 1.2x10'? VP/
kg of the ADV-ApoAl for five consecutive days. After a
two-day rest period, the hamsters were treated with the
virus for another five consecutive days. A negative con-
trol was used, consisting of a solvent without viral par-
ticles. Blood samples were collected 24 h after the final
viral injection for clinical chemistry tests.

The same procedures were performed on Rhesus mon-
keys (n=10) for DRF. For MTD evaluations, the Rhesus
monkeys (n=4) received a single treatment of 2x10'3
VP/kg of ADV-ApoAl either intraperitoneally (I.LH.) or
intravenously (I.V.). For Histological examination, Rhesus
monkeys were subcutaneous injected with ADV-ApoAl
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Fig. 1 Cholesterol metabolism was pivotal for TNBC progression. (a) Schematic representation of the in vivo screen using the mouse genome-scale
CRISPR-Pool SAM library. 4T1 cells were infected with lentiviral CRISPR-Pool SAM library, and subcutaneously (s.c.) inoculated into mice. CD8* T cells were
depleted by injecting CD8 antibodies one day prior to tumor inoculation to allow tumor formation. Tumors were collected on days 5 and day 10 for
sgRNA sequencing. (b) Bubble graph depicting the Gene Ontology (GO) enrichment analysis of gene sets in tumor tissues between day 5 and day 10. (c)
4T1 cells were s.c. inoculated into BALB/c mice and fed with a western diet, high-cholesterol diet, or normal diet. Mice were sacrificed on day 14 (n=5)
and the metastatic nodes were counted. (d) Representative images of H&E staining of lung and liver tissues from mice. (e) Serum was collected on day
10 and cholesterol (CHOL), low-density lipoprotein (LDL), high-density lipoprotein (HDL) and Triglyceride (TG) levels were measured. (f) Survival of mice
receiving different diets was monitored. (g) Relative mRNA levels of krt14 in tumor tissues were measured using gPCR. *p <0.05; **p <0.01; ***p < 0.001

(1.5x 10" VP/kg) for 6 times. Tissues were collected 24 h
after the last viral injection.

Statistical analysis

The statistical analyses were conducted using GraphPad
Prism software (version 9.5.1, La Jolla, California, USA).
The data were presented as mean+SD. A Student t-test
or One-way ANOVA analysis was employed to deter-
mine the differences between groups. Correlation analy-
sis was performed using Pearson or Spearman methods.
A significance level of P<0.05 was considered statistically
significant.

Results

Dysregulation of cholesterol metabolism promotes the
progression and metastasis of TNBC

To explore the essential metabolic pathways involved in
TNBC progression, we conducted a CRISPR/Cas9 gain-
of-function screen using a pooled lentiviral synergistic
activation mediator (SAM) library. The 4T1 cells were
infected with the library [29] and then transplanted into
CD8" T-cell-depleted mice to facilitate tumor growth
[33]. Tumors were collected on days 5 and 10 to assess
tumor formation and progression, respectively (Fig. 1a).
Comparing the representation of the sgRNA library, we
observed significant implications of pathways associ-
ated with phospholipid transporters and cholesterol
efflux in the progression of 4T1 breast cancer (Fig. 1b).
Gene expression profiles of breast cancer and normal
tissue from TCGA and The Genotype-Tissue Expres-
sion (GTEx) project indicated that gene sets related to
cholesterol transport and efflux were enriched in breast
cancer, while gene sets associated with cholesterol bio-
synthesis were downregulated in breast cancer (Fig. S1a).
Moreover, gene sets for cholesterol transport and efflux
were more enriched in TNBC than other molecular types
(nTNBC) (Fig. S1b).

To further investigate the correlation between the dys-
regulation of cholesterol metabolism and the progression
of TNBC, we established a 4T1 orthotopic breast cancer
xenograft model and fed tumor-bearing mice a high-
cholesterol diet to examine the impact of cholesterol on
tumor metastasis. In this model, the consumption of a
high-cholesterol diet resulted in a notable increase in the
number of metastatic nodules in both the lung and liver,
whereas a Western diet (high fat and cholesterol) solely

amplified the number of metastatic nodules in the lungs
(Fig. 1c, d). Compared to mice on a normal diet, those
fed a Western diet or a high-cholesterol diet exhibited an
approximately 2- to 3-fold increase in serum cholesterol
levels, a 6- to 9-fold increase in serum LDL levels, and a
1.5 to 2-fold increase in serum HDL levels. Conversely,
TG levels were observed to decrease by half in mice on
these diets (Fig. 1le). Furthermore, both the Western diet
and the high-cholesterol diet significantly shortened the
survival time of tumor-bearing mice (Fig. 1f). Addition-
ally, we observed an elevated expression of KRT14 in
tumor tissue from the mice fed either a Western diet or
a high-cholesterol diet (Fig. 1g). Further analysis revealed
that breast cancer patients with higher expression lev-
els of cholesterol efflux-related genes, such as ApoAl
and NR1H3 (also known as LXRa), appeared to have
extended survival rates. Surprisingly, the expression of
genes SREBF1, SREBF2, or HMGCR, which are key regu-
lators of cholesterol biosynthesis, did not impact survival
outcomes (Fig. S1c). These findings strongly suggest that
dysregulation in cholesterol metabolism plays a pivotal
role in the progression and metastasis of TNBC.

ApoA1 suppresses the lung metastasis of TNBC by
promoting cholesterol efflux

ApoAl, a major constituent of HDL, has been demon-
strated to facilitate cholesterol efflux and reverse trans-
port [34]. To investigate whether ApoA1l could influence
the progression and metastasis of TNBC by promot-
ing cholesterol efflux, we employed lentiviral vectors to
transduce 4T1 and MDA-MB-231 cells, resulting in the
generation of stable cell lines overexpressing ApoAl,
namely 4T14P°A! and MDA-MB-2314P°A1, As expected,
ApoAl was efficiently produced and secreted into the
culture medium of 4T14P°Al cells (Fig. 2a). Further-
more, we observed that the transgene of ApoAl did not
alter the proliferation characteristics of 4T14P°Al and
MDA-MB-2314P°A1 cells (Fig. 2b; Fig. S2a), but signifi-
cantly enhanced cholesterol efflux in these cells, lead-
ing to a notable reduction in intracellular cholesterol
levels. (Fig. 2c-e; Fig. S2b-d). In comparison to mice
bearing 4T1¥T tumors, mice bearing 4T14P°A! tumors
exhibited elevated levels of HDL in their sera, along
with decreased levels of cholesterol (Fig. 2f, g). Further-
more, mice bearing 4T14?°A! tumors displayed deceler-
ated tumor growth, and prolonged survival compared
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Fig. 2 ApoAT1 inhibited metastasis of TNBC. (a) A stable 4T1 cell line overexpressing ApoA1, 4T1ApoAT, was generated through lentivirus infection, and
the expression of ApoA1 was detected using ELISA. (b) Proliferation of 4T14P°" and the parental cell line 471" was determined using MTT assay. (c) and
(d) Cholesterol efflux was measured using a cholesterol efflux assay kit. (e) Intracellular cholesterol levels were measured using spectrophotometric tests.
BALB/c mice were orthotopically inoculated with 4T1%" and 4T1P°A" cells. (f) and (g) Serum was collected on day 10 to measure high-density lipoprotein
(HDL) and total cholesterol (TC) levels. (h) Tumor volume in the orthotopic mouse model. (i) Survival of tumor-bearing mice (n=7). (j) Mice were sacrificed
on day 16 (n=5) to calculate lung metastasis, and representative H&E staining images are shown. k) Micro-CT image of lung metastasis. I) and m) Tumor
volume of the 4T1-luciferase orthotopic mouse model and survival of mice (n=7). Mice were high-pressure hydrodynamically injected with an ApoA1
expression plasmid (pApoAT1) via the tail vein. n) Lung metastasis of the 4T1-luciferase orthotopic mouse model, in which the primary tumor was surgi-
cally excised 10 days after tumor inoculation. o) Wound healing assays of 4T1"VT or 4T14P°AT cells. p) Migration of 4T1 cells transfected with either ApoA1
expressing plasmid (pApoA1) or control plasmid (vehicle) was tested using wound healing assays. q) Invasion of 4T1"T or 4T14P°*! was evaluated by
Transwell assays. Invasive cells were stained with crystal violet (left), and absorbance was measured at 590 nm after reconstitution of crystal violet (right).

r) Colony formation of 4T1"T or 4T14P°"" cells cultured in Matrigel and imaged at 24, 48, and 72 h. *p < 0.05; **p < 0.01; ***p <0.001

to mice bearing 4T1VT tumors (Fig. 2h, i). Histological
examination and micro-computed tomography (CT)
imaging further revealed that the prolonged survival of
4T14P°A bearing mice was attributed to a reduction
in lung metastatic nodules (Fig. 2j, k). Similarly, hydro-
dynamic administration of ApoAl-expressing plasmids
through the tail veins of mice significantly impeded the
growth of 4T1 orthotopic xenografts and significantly
prolonged the survival of tumor-bearing mice. (Fig. 2I-
m). Moreover, the administration of the ApoAl-express-
ing plasmid significantly decreased lung metastases in
4T1 orthotopically implanted mice following primary
tumor resection (Fig. 2n). Consistent with these find-
ings, impaired migration and invasion were observed
in ApoAl-overexpressing TNBC cells, as evidenced by
wound-healing and Transwell chamber assays (Fig. 2o-
q; Fig. S2e). Additionally, the results of the three-dimen-
sional culture demonstrated that 4T14P°A! cells exhibited
weaker clonogenic and invasive abilities compared to
their parental 4T1 cells. (Fig. 2r). These results indicated
that ApoA1l has the potential to suppress lung metastasis
in TNBC by promoting cholesterol efflux.

ApoAT1 inhibits lung metastasis of TNBC by downregulating
the expression of KRT14

KRT14 is a structural component of the cytoskeleton and
is known to be positively expressed in the leader tumor
cell clusters that collectively disseminate in breast can-
cer metastasis [35]. Notably, distant metastases appear
to occur more frequently in TNBC patients compared
to non-TNBC patients. Consistent with these observa-
tions, our analysis of the TCGA dataset confirmed that
the expression of KRT14 in tumor samples from TNBC
patients was higher than in samples from non-TNBC
patients (Fig. 3a). In vivo experiments further validated
the role of KRT14 in metastasis, as mice challenged with
KRT14-knockdown 4T1 cells (4T1**T4~XP) exhibited a
longer lifespan and reduced lung metastasis compared to
mice challenged with control 4T1 cells (4T1%) (Fig. 3b-
d). Next, to explore the regulatory effect of ApoAl on
KRT14 expression at the transcriptional level, we per-
formed qRT-PCR assays. The results demonstrated a

significant decrease in KRT14 mRNA levels in both
ApoAl-overexpressing plasmid-transfected 4T1 cells or
the 4T14P°A! cells (Fig. 3e, f). Consistently, transcriptome
analysis revealed a prominent downregulation of KRT14
in 4T14P°A1 cells compared to 4T1¥T cells (Fig. 3g).
Gene set enrichment analysis (GSEA) of differentially
expressed genes further supported these findings, show-
ing higher mRNA levels of desmosome-related genes in
4T1VT cells compared to 4T14P°A! cells (Fig. 3h, i), which
is in line with previous reports linking KRT14 expres-
sion to desmosome adhesion complex genes [35]. At the
protein level, transfection of ApoA1l-overexpressing plas-
mid in HCC1937, MDA-MB231, and 4T1 cells resulted
in a significant reduction in KRT14 expression (Fig. 3j,
k). Consistently, reduced KRT14 expression was also
observed in 4T14P°Al cells and tumor tissues obtained
from orthotopic models established with these cells
(Fig. 31, m).

Given our previous findings on ApoAl-induced cho-
lesterol efflux, we sought to explore whether the regula-
tion of KRT14 expression by ApoAl is linked to its effect
on cholesterol efflux. To address this, we compared the
effects of LXR623, an LXR agonist known to mediate
cholesterol efflux, with ApoAl on KRT14 expression.
Similar to ApoAl, LXR623 was found to downregulate
KRT14, suggesting that ApoAl-mediated cholesterol
efflux may be involved in the suppression of KRT14
expression (Fig. 3n). Intracellular cholesterol efflux is
often accompanied by upregulation of exogenous cho-
lesterol uptake and de novo synthesis, primarily medi-
ated by the pivotal modulator SREBP2. In line with this,
we observed elevated proteolytic cleavage of SREBP2 in
4T14PAL cells (Fig. 30), along with increased transcrip-
tion of downstream genes such as HMGCR and LDLR
(Fig. 3p). Furthermore, transfection of 4T1 cells with
an LDLR-overexpression plasmid resulted in a slight
increase in KRT14 expression (Fig. 3q). The involve-
ment of the ABCA1 receptor in ApoAl-mediated choles-
terol efflux was further supported by the presence of the
ABCA1 antagonist disulfonic acid hydrate disodium salt
(DIDS), which mitigated the downregulation of KRT14
in 4T1%P°A! cells (Fig. 3r). Similarly, the knockdown of
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Fig. 3 ApoAT1 inhibit metastasis of TNBC trough downregulating KRT14. (a) KRT14 expression in tumor samples from patients with TNBC (n=299) and
other types of breast cancers (non-TNBC, n=1605). Data collected from TCGA. (b) The KRT14 knockdown cell line, 4T1*8"4~K0 was generated using lenti-
virus containing KRT14-specific shRNA, and KRT14 expression was confirmed by western blotting. (c) and (d) Survival curve and lung metastasis of mice
orthotopically inoculated with 4T1<FT14=K0 or 4TIV (e) and (f) mRNA expression of KRT14 in 4T14°°A! and 4T1 cells infected with pApoA1 plasmid, tested
using gPCR. (g) Volcano plots of transcriptome comparison between 4T14°°AT and 4T1"T cells. (h) and (i) GSEA and expression pattern of desmosome-
associated genes in ATIWT and 4T1APOAT cells, (j) and k) Expression of KRT14 in 4T1, MDA-MB-231, and HCC1937 cells transfected with pApoA1 plasmid,
tested using western blotting. ) Expression of KRT14 in 4T14P°1 cells. m) Orthotopically injected 4TTWT and 4T1ApoA1 cells into BALB/c mice. Tumors
were collected on day 7 for immunofluorescence analysis of KRT14. n) Expression of KRT14 in 4T1 cells in the presence of LXR623. o) Expression of the
precursor of sterol regulatory element-binding transcription factor 2 (SREBP2, 125 kDa) in 4T14°°A and 4T1"T cells. p) mRNA levels of cholesterol uptake or
de novo synthesis-related genes. HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; LDLR: low-density lipoprotein receptor; SQLE: squalene epoxidase.
q) Expression of LDLR and KRT14 in 4T1 cells transfected with LDLR-encoding plasmid pLDLR. r) 4T1*P°A" cells were treated with or without TmM of DIDS,
and KRT14 expression was determined 24 h later using western blotting. s) Expression of KRT14 in ABCA1 knockdown 4T1 cells (4T1sh-ABCA1) transfected
with pApoAT1 plasmid. Cells were collected 48 h after pApoA1 transfection. t) Expression of KRT14 in 4T14P°A1 cells in the presence of 2 um of cholesterol-
saturated methyl-b-cyclodextrin. u) mRNA expression of KRT14 in 4T14PAT+KRT14 ce|ls generated using a KRT14-encoding lentivirus. v) Lung metastasis of
mice orthotopically inoculated with 4T14PPAT+KRTT4 o 4T1APOAT ) The migration, invasion, and colony formation abilities of 4T1/P°A" cells transfected
with either KRT14 expressing plasmid (pKRT14) or control plasmid (pCtr). w) Cell mgration was tested using wound healing assays. x) Cell invasion was
evaluated using transwell assays and stained with crystal violet. y) Colony formation of cells was analyzed using colony formation assays in Matrigel and

imaged at 24, 48, and 72 h. **p <0.01; ***p < 0.001; ****p < 0.0001

ABCAL1 expression using shRNA reversed the expression
of KRT14 in ApoAl-overexpressing 4T1 cells (Fig. 3s).
Consistent with these findings, KRT14 was upregulated
in 4T14POAL cells when cultivated in a medium supple-
mented with additional cholesterol (Fig. 3t). The res-
toration of KRT14 expression in 4T1P°A! cells using
KRT14-overexpressing lentivirus increased the num-
ber of lung metastatic nodules in mouse models estab-
lished with these cells (Fig. 3u, v). Moreover, enhanced
cell migration, invasive abilities, and clonogenic capa-
bilities were observed in 4T14P°A! cells transfected with
the KRT14-overexpressing plasmid (Fig. 3w-y). Taken
together, these results suggest that ApoAl-mediated cho-
lesterol efflux reduces the lung metastases of TNBC by
downregulating KRT14 expression.

ApoA1 downregulates KRT14 transcription by enhancing
the expression of the transcription factor FOXO3a
Transcriptional regulation of gene expression often
involves the action of transcription factors. To identify
potential transcription factors involved in the down-
regulation of KRT14 by ApoAl, we analyzed transcrip-
tome data from 4T14P°A! and 4T1%7 cells (Fig. 4a) and
performed an intersection of the gene list showing dif-
ferential expression between these twe cell lines, and the
predicted gene list of suppressive transcription factors.
As shown in Fig. S3a, four genes, including FOXO3a,
hypoxia-inducible factor-1 (HIF-1), SMAD Family Mem-
ber 3 (SMAD3), and Aryl Hydrocarbon Receptor (Ahr),
were identified. We observed that the downregulation of
KRT14 by ApoAl was partly abolished in 4T14P°A! cells
transfected with HIF-1, SMAD3 or Ahr siRNA (Fig. S3b).
Notably, the ApoAl-induced decrease in KRT14 mRNA
levels was increased 5-fold in one FOXO3a-silenced
4T1AP°AL cell line (Fig. 4b). Furthermore, we investigated
other transcription factors known to regulate KRT14
expression based on existing literature, such as CCAAT

Enhancer Binding Protein a and B (CEBPA and CEBPB),
TP53, and SP1. None of them were found to be respon-
sible for the downregulation of KRT14 by ApoAl (Fig.
S3b). Additionally, we observed a significant increase
in FOXO3a mRNA level in 4T14P°A! cells compared to
4T1¥T cells, which was confirmed using qRT-PCR assay
(Fig. 4c). Additionally, knockdown of FOXO3a using
siRNA in 4T14P°A! cells led to an increase in the expres-
sion of KRT14 at the protein level (Fig. 4d) and improve
cell migration (Fig. 4e).

To determine the specific DNA sequence in the KRT14
promoter recognized by FOXO3a, we constructed a
series of truncated KRT14 promoter-luciferase reporter
vectors. Our results indicated that the region located
—800 to —2000 base pairs (bp) upstream of the tran-
scriptional initiation site was essential for the inhibition
of KRT14 transcription (Fig. 4f). Within this region, four
FOXO3a binding motifs were expected in the KRT14
promoter. Luciferase assays revealed that mutation of
the binding site at -872 to -879 attenuated the suppres-
sive effect of FOXO3a on KRT14 transcription (Fig. 4g).
Furthermore, chromatin immunoprecipitation using
an antiFOXO3a antibody confirmed the direct binding
of FOXO3a to the KRT14 promoter (Fig. 4h). Finally,
we analyzed expression levels of KRT14 and FOXO3a
in 100 tumor tissues from patients with biopsy-proven
breast cancer using immunohistochemistry (Fig. 4i). We
observed an inverse correlation between the expression
of KRT14 and FOXO3a (Fig. 4j). Moreover, FOXO3a
exhibited a positive correlation with serum levels of
ApoAl and HDL (Fig. 4k, 1). Overall, these findings sug-
gested that ApoA1l enhances the expression of FOXO3a,
which in turn represses KRT14 transcription by directly
binding to the KRT14 promoter.
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Fig.4 ApoA1 downregulates KRT14 transcription by enhancing the expression of the transcription factor FOXO3a. (a) Volcano plots comparing transcrip-
tion factors between 4T1%°°AT and 4T1"T cells. (b) 4T1%P°A" cells were transfected with the indicated siRNAs for 48 h. mRNA levels of KRT14 were deter-
mined by qPCR. (c) mRNA levels of FOXO3a in 4T147°A! and 4T1"T cells determined by gPCR assay. (d) Protein levels of KRT14 determined by western blot.
(e) Migration of 4T1 cells transfected with FOXO3a siRNA or control siRNA, determined by wound healing assays. (f) Luciferase reporter gene plasmids
controlled by truncated promoters of KRT14 were generated. 4T1"T and 4T1°°A" cells were transfected with these plasmids, and luciferase activity was
measured 48 h later. The lengths of the upstream region of the KRT14 transcription initiation site are indicated (-1~-2000, -1~-1500, -1~-800, and — 1~-
500). (9) Luciferase reporter gene plasmids controlled by mutant promoters of KRT14 were generated, and luciferase activity was measured 48 h later. The
wide-type promoter of KRT14 is represented by -1~-2000 WT, while the mutation sites are indicated as -879 ~ -872, -1716 ~ -1709, -1950 ~ -1943, and
— 1960 ~ -1953. (h) CHIP-seq was performed in 4T14°°A" lysates using an anti-FOXO3a antibody. IGV analysis of CHIP-seq coverage is shown, indicating the
promoter region of KRT14 with a red arrow. (i) Representative image of immunohistochemical staining of KRT14 and FOXO3a in surgical human breast
cancer specimens. (j) Correlation analysis of FOXO3a expression with KRT14 expression. k) Correlation analysis of FOXO3a expression with serum ApoA1
levels in patients with breast cancer. 1) Correlation analysis of FOXO3a expression with serum HDL levels in patients with breast cancer. *p < 0.05; **p < 0.01

ApoA1 downregulates KRT14 transcription by promoting
the nuclear translocation of FOXO3a
Previous studies have shown that FOXO3a can be phos-
phorylated at distinct sites and sequestered in the cyto-
plasm [36]. Therefore, we investigated whether ApoAl
influenced the phosphorylation and nuclear transloca-
tion of FOXO3a. As depicted in Fig. 5a, increased nuclear
levels of FOXO3a (nFOXO3a) were observed in 4T14P°A
and HCC193747°Al cells compared to 4T1¥T and
HCC1937%T cells. Furthermore, in 4T14P°A1 cells that
were transfected with a FOXO3a-overexpressing plas-
mid, we observed a dose- and time-dependent increase
in the expression of nFOXO3a (Fig. 5b). Immunofluo-
rescence staining demonstrated that the FOXO3a was
translocated from cytoplasm to nuclear in 4T1 cells that
transfected with ApoAl-overexpressing plasmid for 8 h
(Fig. 5¢). Correspondingly, a dose-dependent decrease in
KRT14 expression was observed in 4T14P°AL cells trans-
fected with FOXO3a-overexpressing plasmid (Fig. 5d).

Previous studies have demonstrated that inhibi-
tion of IKBKB (IKKp, IKK2) leads to nuclear transloca-
tion of FOXO3a, and Ser644 of FOXO3a is required for
the IKBKB-mediated phosphorylation [37]. To inves-
tigate whether ApoAl affects the expression of IKKs,
we performed a qRT-PCR assay and found a significant
decrease in the mRNA expression of IKK complex com-
ponents, including IKBKB, IKBKE (IKK3), and IKBKG,
in 4T1%P°AL cells compare to 4T1VT cells (Fig. 5e). More-
over, transfection of an ApoAl-overexpressing plasmid
in 4T1 and HCC1937 cells resulted in an increase in Akt
phosphorylation and a decrease in IkB phosphorylation
(p-IkB). Interestingly, the phosphorylation of FOXO3a at
the S315 site (p-S315-FOXO3a, which is the Akt phos-
phorylation site) was not changed between ApoAl-
overexpressing plasmid transfected cells and the control
cells (Fig. 5f). Consistently, we also observed a decrease
in phosphorylated p65 in tumor tissues from mice inocu-
lated with 4T14P°A! compared to those inoculated with
4T1VT (Fig. 5g).

To identify the specific kinase responsible for phos-
phorylating FOXO3a in the current experimental set-
ting, we generated a series plasmids encoding wild-type

FOXO3a and FOXO3a mutants. These FOXO3a mutants
have mutations at specific sites that render them resis-
tant to phosphorylation modification by Akt, ERK, or
IKBKB. As shown in Fig. 5h, only the IKBKB-FOXO3a
mutant resulted in a increase of nFOXO3a and decrease
in KRT14, indicating that the nuclear translocation of
FOXO3a in 4T1 cells primarily relied on the IKBKB path-
way. Moreover, overexpression of IKBKB, but not IKBKE,
and IKBKG, significantly upregulated the expression
of KRT14 in 4T1%P°AL cells (Fig. 5i). These results sug-
gested that the phosphorylation of FOXO3a induced by
IKBKB was involved in the ApoAl-mediated regulation
of KRT14 in TNBC.

Oncolytic adenovirus encoding ApoA1 substantially
inhibited the growth and metastasis of TNBC

Considering the inhibitory effect of ApoAl on lung
metastasis in TNBC, we postulated that ApoAl could be
utilized in oncolytic virus therapies. To explore this pos-
sibility, we engineered an oncolytic adenovirus encod-
ing ApoAl (ADV-ApoAl) and assessed its antitumor
efficacy (Fig. 6a). Following infection with ADV-ApoAl,
4T1 and MDA-MB-231 cells efficiently expressed and
secreted ApoAl protein (Fig. 6b, c). Furthermore, ADV-
ApoAl effectively replicated in 4T1, MDA-MB-231, and
HCC1937 cells, exhibiting similar viral replication capac-
ity to the control Virus (ADV-Ctr) (Fig. 6d-f). Notably,
ADV-ApoAl infection led to a significant reduction in
intracellular cholesterol in 4T1 cells, when compared to
ADV-Ctrl (Fig. 6g). Additionally, the overexpression of
adenovirus early region 1 (E1A) in 4T1 and HCC1937
cells significantly upregulated the expression of ABCA1
(Fig. 6h), indicating a potential synergistic effect of ADV
and ApoA1 on cholesterol efflux.

In an orthotopic 4T1 model (Fig. 6i), treatment with
ADV-ApoALl significantly suppressed tumor growth and
prolonged the survival of tumor-bearing mice, as com-
pared to ADV-Ctr and PBS (Fig. 6j, k). To investigate the
impact of oncolytic viruses on the tumor immune micro-
environment, we performed next-generation sequenc-
ing on orthotopically transplanted tumors that were
intratumorally injected with oncolytic viruses. We then
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Fig. 5 ApoA1 downregulates KRT14 transcription by promoting the nuclear translocation of FOXO3a. (a) The level of nuclear FOXO3a (nFOX03a) in
ApoAT stable-expressed cells (4T14P°* and HCC193747°AT) was assayed using western blotting. (b) The level of nFOXO3a in 4T14P°! cells transfected with
the indicated dose of FOXO3a-overexpressing plasmid (pFOXO3a). (c) The nuclear translocation of FOXO3a was detected using immunofluorescence
staining. 4T1 cells were transfected with pApoAT1 for the indicated time, then fixed and subjected to immunofluorescence staining as described in the
Methods section. (d) The expression of KRT14 in 4T1 cells transfected with the indicated dose of pFOXO3a. (e) The difference in mRNA levels of CHUK,
IKBKB, IKBKE, and IKBKG between 4T1*P°T and 4T1"T cells. CHUK: component of inhibitor of nuclear factor Kappa B kinase complex; IKBKB: inhibitor of
nuclear factor Kappa B kinase B (IKB) subunit beta; IKBKE: inhibitor of IKB subunit epsilon; IKBKG: inhibitor of IKB subunit gamma. (f) The expression of
pAkt, p-S315-FOX03a (S315 site phosphorylated by Akt), and phosphorylated IkB (p-IkB) in 4T1 and HCC1937 cells transfected with pApoA1 was detected
by western blotting. (g) Tumor samples were collected from mice orthotopically inoculated with 4T1"T or 4T1P°AT cells, and phosphorylated p65 was
measured with IHC. (h) The level of nFOXO3a and KRT14 in 4T1"WT and 4T14P°A cells transfected with a series of plasmids encoding flag-conjugated wild-
type FOXO3a (WT) or mutant FOXO3a, which mutate the sites phosphorylated by Akt, ERK, and IKK (Akt-mut-O3a, ERK-mut-O3a, and IKK-mut-O3a). (i) The

expression of KRT14 in 4T1°P°A1 cells transfected with IKBKB, IKBKE, or IKBKG encoding plasmids. **p <0.01, ***p < 0.001

utilized the Single-sample Gene Set Enrichment Analy-
sis (ssGSEA) method to conduct enrichment analysis of
gene sets for immune cells. The results depicted in Fig. 61
demonstrate that, compared to the PBS and ADV-Ctr
treated groups, the ADV-ApoAl treated group exhibited
a higher presence of immune cells in the tumor micro-
environment. Furthermore, ADV-ApoAl treatment of
mice resulted in an increase in nFOXO3a and a decrease
in p-IkB, p65, and KRT14 in orthotopic tumors (Fig. 6m).
To assess the anti-tumor effects of immune cells associ-
ated with oncolytic viruses, we established an orthotopic
MDA-MB-231 nude mouse breast cancer model and
treated it with intratumoral injections of PBS, ADV-Ctr,
and ADV-ApoAl, respectively. As illustrated in Fig. 6n,
no differences in tumor volume were observed among
the three treatment groups. However, treatment with
ADV-ApoAl significantly reduced tumor growth in an
MDA-MB-231 humanized murine TNBC model (Fig. 60,
p)-

Subsequently, we established several metastasis mod-
els of TNBC and to investigate the anti-tumor effect of
ADV-ApoAl on metastasis. In a luciferase-labeled 4T1
orthotopic model (Fig. 7a), none of the 6 mice treated
with ADV-ApoAl exhibited lung metastases. In contrast,
3 out of 6 mice in the ADV-Ctr or PBS treated groups
developed lung metastases, and 2 of them succumbed to
lung metastases (Fig. 7b). Notably, treatment with ADV-
ApoAl markedly diminished the transcription of KRT14
in tumor tissues (Fig. 7c). Surprisingly, ADV-Ctr upreg-
ulated the expression of EMT-related genes, including
snail, vimentin, slug, and zebl compare to PBS, whereas
ADV-ApoAl significantly decreased them (Fig. 7d).
Consistant with the orthotopic tumor, ADV-ApoAl
treatment of mice resulted in a decrease in p-IkB, p65,
and KRT14 in the metastasis ¢ tumors (Fig. 7e). In an
MDA-MB-231 orthotopic model (Fig. 7f), treatment with
ADV-ApoAl significantly reduced the number of lung
metastatic nodules and extended the survival of tumor-
bearing mice (Fig. 7g, h). Similarly, ADV-ApoAl treat-
ment resulted in a significant reduction in the number
of lung metastatic nodules in MMTV-PyMT mice with
spontaneous breast cancer (Fig. 7i, j). Taken together,

these results suggest that oncolytic virus ADV-ApoAl
effectively inhibits tumor growth, reduces lung metasta-
ses, and prolongs the survival of mice with TNBC.

ADV-ApoA1 demonstrates high safety in Syrian hamsters
and Rhesus monkeys

To evaluate the preclinical safety of ADV-ApoAl in spe-
cies other than mice, we conducted safety assessments in
Syrian hamsters and rhesus monkeys. Animals treated
with ADV-ApoAl did not exhibit any significant changes
in food consumption or weight loss compared to the
vehicle control group (data not shown). Only mildly ele-
vated levels of ALT (125.0£16.0 U/L vs. 33.6%+13.6 U/L
prior to viral injection) were observed in rhesus mon-
keys receiving an intravenous dose of ADV-ApoAl at
1x10" VP/kg (Tables 1 and 2). Histological examination
in Rhesus monkeys showed that subcutaneous injection
of high-dose ADV-ApoA1l (1.5x10'? VP/kg) for 6 times
did not produce toxic side effects on the heart, spleen,
stomach, rectum and testicles, except for causing slight
necrosis and immune cell infiltration in the liver (Fig. S4).
However, these liver injuries resolved spontaneously after
a 30-day recovery period. These data suggest that ADV-
ApoAl is a safe agent in the preclinical setting in treating
TNBC.

In summary, our results reveal a novel metastatic regu-
lating axis, cholesterol-IKBKB/FOXO3a/KRT14, through
which cholesterol promotes metastasis of TNBC. Manip-
ulating cholesterol metabolism through the oncolytic
virus ADV-ApoAl proves to be an effective and safe
treatment strategy for TNBC.

Discussion

Triple-negative breast cancer (TNBC), characterized by
its highly aggressive nature, poses significant challenges
in terms of treatment [38]. In this study, we elucidated
the roles and mechanisms of cholesterol in the progres-
sion and metastasis of TNBC. Notably, we identified, for
the first time, the inhibitory effect of ApoAl on TNBC
metastasis, achieved through the regulation of the cho-
lesterol/IKK/FOXO3a/KRT14 axis. Furthermore, we
developed an oncolytic adenovirus expressing ApoAl,
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Fig. 6 ADV-ApoAT inhibits TNBC growth in mouse models. (a) Scheme of the adenovirus backbone for ADV-ApoAT and ADV-Ctrl. (b) and (c) Expression
of ApoAT in the supernatant of culture media from 4T1 and MDA-MB-231 cells infected with ADV-ApoA1 and ADV-Ctrl detected using ELISA. (d) to f)
Quantification of the replication ability of ADV-ApoA1 and ADV-Ctrl in 4T1, MDA-MB-231, and HCC1937 cells using gPCR. g) 4T1 cells infected with ADV-
ApoAT or ADV-Ctrl for 48 h, and intracellular cholesterol stained with filipin. h) 4T1 and HCC1937 cells transfected with E1A encoding plasmid in vitro, and
mRNA levels of ABCAT determined by gPCR. i) Treatment scheme of the 4T1 orthotopic breast cancer model. j) and k) Tumor volume curve and survival of
mice treated with oncolytic virus. I) Estimation of immune cell infiltration using the ssGSEA method. m) Expression of nFOXO3a, p-IkB, p65, and KRT14 in
4T1 orthotopic tumors treated with PBS, ADV-Ctr, or ADV-ApoAT. n) Tumor volume of nude mice with an orthotopic MDA-MB-231 breast cancer model,
which was established and treated similar to 4T1 orthotopic breast cancer model. 0) Treatment scheme of the humanized orthotopic MDA-MB-231 breast
cancer model in NCG mice. p) Tumor volume curve of mice treated with oncolytic virus. n.s:: no significant difference; *p <0.05, **p <0.01, ***p <0.001,

***%p <0.0001

which effectively enhanced cholesterol efflux, resulting in
the inhibition of TNBC growth and metastases (Fig. 8).
Importantly, this therapeutic approach demonstrated
good tolerability in both rhesus monkeys and Syrian
hamsters. This study provides insights into the develop-
ment of effective treatments for TNBC.

KRT14 is a structural constituent of the cytoskel-
eton and participates in the assembly of desmosomes
and hemidesmosomes as a major intermediate filament.
KRT14 is considered a regulator of cell-cell and cell-
extracellular matrix interactions. Breast cancer cells can
propagate KRT14-positive (KRT14*) and KRT14-neg-
ative (KRT14") daughter cells via the asymmetric divi-
sion and thereby generate heterogeneity [39]. Compare
to KRT14~ breast cancer cells, KRT14" breast cancer
cells exhibited more invasiveness in three-dimensional
organoid assays and an enhanced ability to develop cir-
culating tumor cell clusters. A previous study showed
that KRT14* breast cancer cells located at the invasion
front or interface between the tumoroid and extracellu-
lar collagen and mediated collective dissemination [35,
40]. Another recently published study has demonstrated
that EZH2 is capable of catalyzing the trimethylation of
lysine 27 of histone H3 (H3K27me3), thereby facilitat-
ing the upregulation of KRT14 and promoting peritoneal
metastasis in TNBC [41]. Consistent with earlier studies,
our findings in this study revealed that knocking down
KRT14 led to reduced metastasis of 4T1 breast cancer
and prolonged survival in mice. Conversely, we observed
that feeding mice a high-cholesterol diet significantly
upregulated KRT14 expression and promoted breast
cancer metastasis. With these results, we unveiled the
relationship between cholesterol and KRT14 in TNBC
metastasis, providing a plausible explanation for the pre-
viously observed phenomenon of cholesterol promoting
TNBC metastasis [42]. Based on this significant finding,
we believe that KRT14 represents a promising therapeu-
tic target for TNBC, and interventions aimed at target-
ing KRT14 may prove to be an effective strategy against
TNBC.

Since KRT14 is downstream of cholesterol, it can be
regulated by modulating upstream cholesterol metabo-
lism, thereby influencing the metastatic characteristics
of breast cancer. There are two approaches to reducing

intracellular cholesterol levels: inhibiting de novo synthe-
sis and promoting its efflux. Statins have been reported
to effectively inhibit de novo cholesterol synthesis and
tumor progression [17, 43]. On the other hand, LXRa
inhibitors or ApoA1 can be employed to promote choles-
terol efflux. However, previous studies have shown that
while LXRa inhibitors enhance cholesterol efflux from
cells, they may also induce the upregulation of multidrug
resistance pumps, leading to chemotherapy resistance
[44]. ApoAl, as the primary protein component of HDL,
has demonstrated the ability to facilitate cholesterol
efflux and reverse transport [34]. Consistent with these
reports, our study demonstrates that ApoA1l significantly
enhances cholesterol efflux in breast cancer cells, directly
reducing intracellular cholesterol levels. Additionally,
ApoA1l can lower serum cholesterol levels by increasing
serum HDL levels. Notably, we discovered that ApoAl
regulates KRT14 expression through the cholesterol/
IKK/FOXO3a axis. Previous studies have confirmed that
FOXO3a functions as a tumor suppressor gene in breast
cancer, inhibiting VEGF-A/NRP1 signaling and breast
cancer metastasis by driving miRNA signatures [45].
In this study, we reveal, for the first time, that FOXO3a
directly interacts with the KRT14 promoter, transcrip-
tionally repressing KRT14 expression in breast cancer.
Analysis of tumor tissues from breast cancer patients fur-
ther confirmed the negative correlation between KRT14
and FOXO3a. Previous studies have indicated that
FOXO3a is primarily regulated by the PI3K/Akt, ERK,
and IKK signaling pathways, and the phosphorylation of
FOXO3a affects its nuclear translocation [37, 42, 46]. Our
study demonstrates that cholesterol-mediated cytoplas-
mic retention of FOXO3a primarily occurs via the IKBKB
signaling pathway, rather than the PI3K/Akt or ERK sig-
naling pathways, confirming earlier findings that IKK
negatively regulates FOXO3a in breast cancer [37].

In our in vitro experiments, we observed that trans-
fecting breast cancer cells with a plasmid overexpress-
ing ApoAl or infecting them with a lentivirus carrying
ApoAl gene resulted in inhibited migration of breast can-
cer. Similarly, in mouse models of breast cancer, ApoAl
demonstrated its ability to suppress metastasis of breast
cancer. These findings suggest that ApoAl-based gene
therapy holds promise as a strategy for treating breast
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Fig.7 ADV-ApoA1 inhibits TNBC metastasis in mouse models. (@) Treatment scheme of the 4T1-luciferase orthotopic breast cancer model. (b) Monitoring
of tumor metastasis using bioluminescence analysis. (c) mMRNA level of KRT14 in tissue from the 4T1-luciferase orthotopic breast cancer model, assayed
by gPCR. (d) mRNA levels of KRT14 and EMT-associated genes in tissue from the 4T1-luciferase orthotopic breast cancer model, assayed by gPCR. (e)
Expression of p-IkB, p65, and KRT14 in 4T1 metastatic tumors of mice that was treated with PBS, ADV-Ctr, or ADV-ApoA1 in orthotopic tumors. (f) Treat-
ment scheme of the MDA-MB-231 orthotopic breast cancer model in nude mice. (g) Mice sacrificed on day 20 after the first oncolytic virus treatment,
lung tissue collected and used for H&E staining. The number of metastatic nodes was calculated. (h) Survival curve of mice treated with oncolytic virus. (i)
Treatment scheme of the MMTV-PyMT mice. (j) Mice sacrificed three weeks after the first virus injection, lung tissue sections were collected and used for

H&E staining. The number of metastatic nodes was calculated. ns: no significant difference; *p < 0.05; **p < 0.01

cancer metastasis. Notably, we discovered that E1A, an
early protein of adenovirus, significantly upregulates
the expression of ABCA1l, a membrane-bound recep-
tor essential for ApoAl-mediated cholesterol efflux [47].
This characteristic makes replicative adenovirus an ideal
vehicle for delivering ApoA1l. Therefore, in this study, we
utilized adenovirus carrying ApoAl to construct a rep-
licative oncolytic adenovirus (ADV-ApoAl) for breast
cancer treatment. As anticipated, infection of breast can-
cer cells with ADV-ApoAl promoted cholesterol efflux,
reduced KRT14 expression, decreased lung metastases in
TNBC-bearing mice, and prolonged their survival. To the
best of our knowledge, this is the first instance of employ-
ing an oncolytic virus to manipulate cholesterol efflux as
a means to control TNBC metastasis.

In addition to the cell-intrinsic effects mediated by
KRT14, it has been discovered that cholesterol induces
CD8* T cell exhaustion in the tumor microenviron-
ment (TME) [48]. Moreover, KRT14 expression has been
implicated in MHC class II presentation in breast can-
cer [35], suggesting that down-regulation of KRT14 in
TNBC could result in increased MHC II expression and

facilitate the activation of CD4* T cells. In our previous
study [49], we discovered that the accumulation of cho-
lesterol in tumor-associated macrophages (TAMs) signif-
icantly hinders the mitochondrial translation of TAMs,
which ultimately impacts their phagocytic function.
Conversely, the intratumoral injection of ADV-ApoAl
can reprogram the lipid metabolism of the GBM tumor
microenvironment, modulate cholesterol efflux, restore
TAMs’ phagocytosis, and reactivate TAM-T cell anti-
tumor immunity. Additionally, the therapeutic efficacy of
ADV-ApoAl in GBM models was nullified after deplet-
ing CD8* T cells, indicating that the anti-tumor effect of
ADV-ApoAl is dependent on CD8* T cells. In the cur-
rent study, we observed that ADV-ApoAl exhibited a
greater capacity to recruit immune cells compared to
ADV-Ctr, indicating that ApoA1l may impact the infiltra-
tion and activation of immune cells through cholesterol
and its downstream signal. Therefore, in immune-com-
petent mice with TNBC, ADV-ApoAl exhibited thera-
peutic potential by exerting both cell-intrinsic and
cell-extrinsic effects, including the stimulation of anti-
tumor immune responses. To address this question, we

Table 1 Serum biochemistry profiles of Syrian hamsters after ADV-ApoAT1 injection

Control 5x10'2VP/Kg (DRF-I.H.) 1.2x10'?VP/Kg (DRF-L.V.)
Male (n=5) ALT (U/L) 722+180 438497 496480
AST (U/L) 372448 346+43 516+132
ALP (U/L) 189.8+8.2 2320+184 199.2+20.1
CK (U/L) 818443015 5456+239.7 789.4+3923
LDH (U/L) 14564210 14204269 193.0+46.7
AMY (U/L) 1771742427 2277.3+2604 1840.4+144.1
LIP (U/L) 54.9+5.1 370482 507476
BUN (mmol/L) 64+1.1 57+09 53405
CREA (mmol/L) 162+34 140410 152408
GLU (mmol/L) 125417 93+10 102423
Female (n=5) ALT (U/L) 528+7.1 354+48 656+237
AST (U/L) 408+4.5 434448 594+113
ALP (U/L) 201.2+189 24524224 2014+149
CK (UL 1005.4+503.0 871.2+4589 1153443956
LDH (U/) 13184311 149.6+30.3 2002+47.5
AMY (U/L) 2487.7+405.5 2551.1+199.9 2375.0+517.0
LIP (U/L) 545+94 450+7.0 457462
BUN (mmol/L) 70+08 52408 64+05
CREA (mmol/L) 188+26 142436 162428
GLU (mmol/L) 103+17 89+20 88+25

I.H., hypodermic injection; LV., intravenous injection. DRF, dose range finding. ALT, alanine amiotransferase; AST, aspartate aminotransferase; ALP, alkaline
phosphatase; CK, creatine kinase; LDH, lactate dehydrogenase; AMY, serum amylase; LIP, lipase; BUN, blood urea nitrogen; CREA, creatinine; GLU, glucose
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Table 2 Serum biochemistry profiles of adult Rhesus monkeys after ADV-ApoA1 injection

Control 5x10"2VP/Kg 2.4x10""VP/Kg 1x 10" VP/Kg 1x10" VP/Kg

male (n=6) (DRF-1.H.) (DRF-LV.) (MTD-L.H.) (MTD-LV.)

female (n=6) male (n=1) male (n=1) male (n=1) male (n=1)

female (n=1) female (n=1) female (n=1) female (n=1)

ALT (U/L) 336+136 31.0+230 19.0+£5.0 320+20 1250+16.0"
AST (U/L) 50.1+20.1 50.0+5.0 335405 415+55 70.0£26.0
ALP (U/L) 64722147 424.0+81.0 803.0+£60.0 5750+£14.0 468.5+55
CK(U/L) 1036.7+1776.3 1267.0+11120 219.0+96.0 4520+175.0 2445+104.5
LDH (U/L) 597.9+2579 689.0+54.0 54154335 512.0+201.0 57151805
AMY (U/L) 6105+£145.0 689.2+97.2 6150+£111.9 419.7+£22.0 532.6+44.9
LIP (U/L) 2744220 540+384 16.5+3.7 18.1+3.8 302+3.7
BUN (mmol/L) 7317 69+1.2 63+20 63+0.1 7614
CREA (mmol/L) 465+6.9 46.0+3.0 440+50 475+75 51.0+40
GLU (mmol/L) 49+06 47+04 46+0.3 41+0.2 48+0.2

I.H., hypodermic injection; L.V., intravenous injection. DRF, dose range finding (12-Day course of 10 viral injections); MTD, maximum tolerated dose (1 viral injection).
ALT, alanine amiotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; CK, creatine kinase; LDH, lactate dehydrogenase; AMY, serum amylase; LIP,
lipase; BUN, blood urea nitrogen; CREA, creatinine; GLU, glucose. 'P<0.05, compared with that in untreated group
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utilized nude mice lacking T cells to establish the MDA-
MB-231 orthotopic model. In this model, we found that
ADV-ApoAl did not demonstrate superior efficacy com-
pared to ADV-Ctrl or PBS in inhibiting tumor growth.
These results indicate that the therapeutic impact of
ADV-ApoAl on tumor growth requires the involve-
ment of T cells, aligning with our previous findings in
GBM models. However, in the NCG humanized mouse
model (where immune function was restored in immu-
nodeficient mice through intravenous PBMC injection),
ADV-ApoAl exhibited greater efficacy than ADV-Ctrl in
impeding tumor growth, further emphasizing the crucial
role of T cells in contributing to the anti-tumor effects
of ADV-ApoAl. Moreover, even in nude mouse mod-
els, ADV-ApoAl treatment markedly impeded the lung
metastasis of breast cancer cells, indicating that the role
of ADV-ApoAl in inhibiting breast cancer metastasis

primarily involves the regulation of the cholesterol/
IKBKB/FOXO3a/KRT14 axis.

Toxicity and side effects are crucial factors that restrict
the clinical application of oncolytic viruses. In this study,
we discovered that ADV-ApoAl exhibited manageable
toxicity and did not induce adverse effects in rhesus
monkeys and Syrian hamsters, irrespective of whether
administered intravenously or intratumorally. These find-
ings provide significant assurance for the future clinical
implementation of ADV-ApoAl. In addition, the clinical
efficacy and application of adenovirus may be somewhat
limited due to the presence of pre-existing neutralizing
antibodies in the general population [50]. In this study,
ADV-ApoAl is derived from adenovirus serotype 5, and
the neutralizing antibodies induced by it primarily tar-
get the adenoviral hexon protein. A promising strategy
involving molecular retargeting has been attempted to
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overcome this challenge. Recently, a study focused on
using a combination of mutations in the hexon HVR1
loop with a hexon mutation that abolishes coagulation
factor X (FX) binding, as well as a penton mutation that
redirects the virus from macrophage f3-containing inte-
grins to integrins with other B subunits present on epi-
thelial tumor cells [51]. In another study, a bifunctional
linker containing a tumor-specific ligand and the adeno-
viral hexon domain DE1 was utilized to conjugate anti-
adenoviral antibodies. This approach effectively engages
antiviral antibodies to recognize and combat tumors [52].
Moving forward, similar strategies should be explored for
ADV-ApoAl to address the potential impact of neutral-
izing antibodies on its therapeutic efficacy.

Conclusions

In this study, we provide evidence that ApoAl effectively
inhibits TNBC metastasis through the regulation of the
cholesterol/IKBKB/FOXO3a/KRT14 axis. Furthermore,
our findings suggest that the gene therapy strategy utiliz-
ing oncolytic adenovirus encoding ApoAl is not only safe
but also holds great promise for TNBC treatment. ADV-
ApoAl emerges as a potent biological agent with signifi-
cant potential, warranting further investigation in clinical
studies.
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