
Original Article
Overexpression of BIRC6 driven by
EGF-JNK-HECTD1 signaling is a potential
therapeutic target for triple-negative breast cancer
Yongpeng Li,1,2,10 Yanan Tan,3,4,10 Lijuan Wen,5 Zhihao Xing,6 Changxu Wang,7 Liuhui Zhang,8 Kai Wu,1

Haiyan Sun,1 Yuqing Li,1 Qifang Lei,1 and Song Wu1,9

1The Third Affiliated Hospital of Shenzhen University (Luohu Hospital Group), Shenzhen 518000, China; 2Guangzhou Institutes of Biomedicine and Health, Chinese

Academy of Sciences, Guangzhou 510530, China; 3Department of Clinical Oncology, The University of Hong Kong-Shenzhen Hospital, Shenzhen 518053, China;
4Shenzhen Institute of Synthetic Biology, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China; 5National Engineering

Research Center for Modernization of Traditional Chinese Medicine-Hakka Medical Resources Branch, College of Pharmacy, Gannan Medical University, Ganzhou

341000, China; 6Department of Laboratory Medicine, Shenzhen Children’s Hospital, Shenzhen 518000, China; 7Shanghai Institute of Nutrition and Health, Chinese

Academy of Sciences, Shanghai 200031, China; 8Department of Urology, the First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, China; 9Teaching

Center of Shenzhen Luohu Hospital, Shantou University Medical College, Shantou 515000, China
Triple-negative breast cancer (TNBC) is an aggressive and high-
ly lethal disease. The lack of targeted therapies and poor patient
outcome have fostered efforts to discover newmolecular targets
to treat patients with TNBC. Here, we showed that baculoviral
IAP repeat containing 6 (BIRC6) is overexpressed andpositively
correlatedwith epidermal growth factor (EGF) receptor (EGFR)
inTNBCcells and tissues and thatBIRC6overexpression is asso-
ciated with poor patient survival. Mechanistic studies revealed
that BIRC6 stability is increased by EGF-JNK signaling, which
prevents ubiquitination and degradation of BIRC6 mediated
by the E3 ubiquitin ligase HECTD1. BIRC6 in turn decreases
SMAC expression by inducing the ubiquitin-proteasome
pathway, thereby antagonizing apoptosis and promoting the
proliferation, colony formation, tumorsphere formation, and
tumor growth capacity of TNBC cells. Therapeutically, the PE-
Gylated cationic lipid nanoparticle (pCLN)-assisted delivery of
BIRC6 small interfering RNA (siRNA) efficiently silences
BIRC6 expression in TNBC cells, thus suppressing TNBC cell
growth in vitro and in vivo, and its antitumor activity is signifi-
cantly superior to that of the EGFR inhibitor gefitinib.Ourfind-
ings identify an important regulatory mechanism of BIRC6
overexpression and provide a potential therapeutic option for
treating TNBC.
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INTRODUCTION
Triple-negative breast cancer (TNBC), as defined by the absence of
the estrogen receptor (ER) and the progesterone receptor (PR) and
lack of human epidermal growth factor receptor 2 (HER2) overex-
pression or amplification, comprises 12%–17% of all breast cancers.1

Compared with other subtypes, TNBC is usually more aggressive, and
patients have a higher rate of early distant recurrence and a worse
prognosis.2–5 PARP inhibitor and PD-L1 antibody are currently
approved as therapies for BRCA-mutated and PD-L1-positive
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TNBC, respectively.6,7 However, targeted therapeutic treatments for
TNBC are still in the early stage of development, while chemotherapy
remains the standard treatment.8 Therefore, the identification of
novel molecular targets that might be effectively targeted in TNBC
is urgently needed.

Baculoviral IAP repeat containing 6 (BIRC6), also known as Apollon
or BRUCE, is a giant (relative molecular mass of 530,000) and less-
studied member of the Inhibitor of Apoptosis Proteins (IAP) family.9

BIRC6 bears a single baculoviral IAP-repeat (BIR) domain and a
unique ubiquitin-conjugating (UBC) enzyme domain at the N and
C termini, respectively.10 Because of the presence of UBC domain,
BIRC6 functions as a chimeric E2/E3 ubiquitin ligase and facilitates
proteasomal degradation of proapoptotic proteins SMAC, caspase-
9, HtrA2, and p53.11–14 Further investigations are needed to deter-
mine which of these proteins is the main downstream regulator of
BIRC6.

Ample evidence indicated that BIRC6 is highly expressed in many
cancer types including de novo acute myeloid leukemia, prostate can-
cer, non-small-cell lung cancer, ovarian cancer, hepatocellular carci-
noma, esophageal squamous cell carcinoma, and colorectal cancer,
where elevated expression of BIRC6 is significantly correlated with
poor clinical outcome.14–20 However, the expression pattern and bio-
logical function of BIRC6 during TNBC tumorigenesis are not well
understood. More importantly, the mechanisms underlying BIRC6
overexpression in cancer remain unclear.
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Currently, there is no clinical inhibitor targeting BIRC6.21 Gene ther-
apy using small interfering RNA (siRNA) has shown great potential
to downregulate specific gene expression in cancer cells.22 However,
the widespread application of unmodified siRNAs is severely limited
because of their rapid degradation within serum full of nucleases and
poor intracellular uptake into target tissues.23 To date, a variety of
nanocarriers such as liposomes, polymeric nanoparticles, carbon
nanotubes, and metallic nanoparticles have been developed to effi-
ciently deliver siRNA.23,24 Among those formulations, lipid nanopar-
ticles (LNPs) are the most advanced delivery systems that have
enabled clinical translation of siRNA therapeutics.25 Therefore, we
hypothesize that LNP-assisted delivery of BIRC6-siRNA can silence
BIRC6 expression in TNBC cells with no adverse effects.

In this study, we aimed to characterize the mechanism of BIRC6 over-
expression and evaluated its therapeutic potential in TNBC. We
demonstrated that epidermal growth factor (EGF) receptor (EGFR)
signaling was a major upstream regulator driving high expression
of BIRC6. Consistent with EGFR, BIRC6 was highly expressed in
TNBC cells and tissues and BIRC6 overexpression was associated
with poor patient survival. Mechanistically, EGF-JNK signaling upre-
gulated the expression of BIRC6 by blocking E3 ubiquitin ligase
HECTD1-mediated ubiquitination and proteasomal degradation.
BIRC6 further promoted TNBC cell survival and tumorigenesis by
antagonizing SMAC-mediated apoptosis. Therapeutically, PEGylated
cationic lipid nanoparticles (pCLNs) were developed to effectively
deliver BIRC6-siRNA to silence BIRC6 expression in TNBC, with
the aim of inhibiting TNBC tumorigenesis without adverse effects.
Interestingly, BIRC6 depletion was more effective to suppress
TNBC cell growth in vitro and in vivo compared to EGFR inhibition.
These findings reveal the importance of targeting overexpressed
BIRC6 triggered by EGF-JNK-HECTD1 signaling in TNBC.

RESULTS
BIRC6 expression is positively correlated with EGFR and

associated with poor prognosis in TNBC

To identify the upstream regulator of BIRC6, we analyzed the associ-
ation between the expression of BIRC6 and signaling pathways by
performing gene set enrichment analysis (GSEA) in the TCGA breast
cancer dataset (n = 1,222) with the R package “fgsea.” Results showed
that gene sets of EGFR were enriched in samples with high expression
of BIRC6 (Figure 1A). Because EGFR signaling is often highly active
in TNBC,26 we sought to determine whether EGFR regulated BIRC6
expression. We generated doxycycline-inducible EGFR-knockdown
Hs578T and MDA-MB-468 TNBC cells with the specific short
hairpin RNA (shRNA). Immunoblot analysis showed that EGFR
can be efficiently depleted upon doxycycline treatment, which also
led to decreased BIRC6 expression (Figure 1B). Next, we detected
endogenous BIRC6 and EGFR expression in a panel of breast cancer
cell lines. Compared with the normal breast epithelial cell lines or
non-TNBC cell lines, BIRC6 expression tended to be higher in
TNBC cell lines, which was consistent with EGFR expression (Fig-
ure 1C). We also confirmed the association between BIRC6 and
EGFR in TNBC tissues by using immunohistochemistry (IHC) stain-
ing. Among 90 TNBC human tissues, both BIRC6 (66/90: 73.3%) and
EGFR (34/90: 37.8%) levels were increased and showed a positive cor-
relation (Figures 1D and 1E; p = 0.008, r = 0.2776). Therefore, BIRC6
is overexpressed and positively correlated with EGFR expression in
TNBC.

Using 500 TCGA patient data from the OncoLnc database, we found
that high BIRC6 expression was significantly associated with the poor
overall survival (OS) of patients with breast invasive carcinoma (p =
0.04, Figure 1F). Similarly, another Kaplan-Meier plotter database
also showed shorter relapse-free survival (RFS) in patients with
high BIRC6 expression in TNBC (p = 0.0074, Figure 1G).
EGF-JNK signaling increases BIRC6 stability

Since EGFR signaling can lead to high expression of BIRC6 in TNBC,
we sought to explore the mechanisms underlying EGFR activation-
regulated BIRC6 expression. Immunoblot analysis showed that EGF
treatment increased the protein expression of BIRC6 in Hs578T
and MDA-MB-468 cells within 5–30 min (Figure 2A; Figure S1A).
However, BIRC6 mRNA levels did not increase significantly in
response to EGF (Figure S1B), suggesting that EGF regulates BIRC6
posttranslationally rather than transcriptionally or translationally.

EGF treatment can activate several downstream signaling pathways,
including RAS-RAF-MAPK, PI3K-AKT, PAK-JNKK-JNK, and Src
kinase.27 To determine which of these pathways might be required
for EGF-stimulated BIRC6 protein expression, we treated Hs578T
cells with specific inhibitors of these pathways including trametinib
(MEK), MK2206 (AKT), SP600125 (JNK), and saracatinib (Src).
The EGF-stimulated increase in BIRC6 protein was only abrogated
in the presence of the JNK inhibitor (Figure 2B; Figure S1C), suggest-
ing that the JNK pathway is the primary signaling pathway involved
in EGF-mediated BIRC6 regulation. The co-immunoprecipitation
assay showed that JNK can bind to BIRC6 (Figure 2C). Furthermore,
we found that EGF treatment caused JNK activation, whereas it
reduced the ubiquitination level of BIRC6 (Figure 2D). We also per-
formed pulse-chase experiments with cycloheximide (CHX) to
inhibit new protein synthesis and found that SP600125 decreased
BIRC6 protein stability (Figure 2E; Figure S1D), whereas EGF, which
induced JNK activation, increased BIRC6 protein stability (Figure 2F;
Figure S1E). Taken together, these results indicate that EGF-JNK
signaling contributes to the stabilization of BIRC6.
The E3 ligase HECTD1 regulates BIRC6 stability during EGFR

activation

To identify the potential E3 ubiquitin ligase responsible for BIRC6
degradation, we performed co-immunoprecipitation in myc-tagged
BIRC6-transfected 293T cells by using anti-BIRC6 or anti-myc anti-
bodies. We subsequently used mass spectrometry analysis to identify
E3 ligase among BIRC6 binding partners. We found that the E3 ubiq-
uitin ligase HECTD1 can be detected in BIRC6 and myc immunopre-
cipitates (Figure 3A). Also, endogenous interaction between BIRC6
and HECTD1 was found in Hs578T cells (Figure 3B).
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Figure 1. BIRC6 expression is positively correlated with EGFR and associated with poor survival in TNBC

(A) Gene set enrichment analysis was performed in the TCGA breast cancer dataset (n = 1,222) with R package “fgsea.” (B) Cells harboring an inducible EGFR-specific

shRNA were treated with doxycycline hyclate for the indicated times, and the indicated proteins were detected by immunoblotting. (C) The expression profiles of BIRC6 and

EGFR in eight TNBC and seven non-TNBC cell lines plus two breast normal cell lines were assessed by immunoblotting. The cell lines with high expression of EGFR are

indicated in red. (D) Representative IHC staining for BIRC6 and EGFR in 90 tumor samples from TNBC patients. Case J07A2470 and Case J07A2313 are representative of a

TNBC patient with BIRC6 and EGFR double high expression or double low expression, respectively. (E) Correlation between BIRC6 and EGFR expression in 90 tumor

samples from TNBC patients. (F and G) Kaplan-Meier curves for OS (F) and RFS (G) in breast cancer patients with different BIRC6 expression. Patients were grouped into

BIRC6-low or BIRC6-high based on the BIRC6 mRNA expression value.
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Figure 2. EGF-JNK signaling regulates BIRC6 stability

(A) After serum starvation for 48 h, cells were treated with EGF for 30 min, followed by immunoblotting as indicated. (B) After serum starvation, Hs578T cells were treated with

or without SP600125 (10 mM) for 1.5 h and then treated with EGF for 30min. Equal amounts of cell lysates were immunoblotted with the indicated antibodies. (C) Hs578T cell

lysates were immunoprecipitated with an anti-BIRC6 antibody, followed by immunoblotting as indicated. (D) Hs578T cells were treated with or without EGF (100 ng/mL) and

then treated with MG132 (10 mM) for another 6 h. Cell lysates were immunoprecipitated with an anti-BIRC6 antibody, followed by immunoblotting as indicated. (E) Hs578T

cells were treated with or without SP600125 (10 mM) and then treated with cycloheximide (CHX, 100 mg/mL) for the indicated times. Cell lysates were immunoblotted with the

indicated antibodies. (F) After serum starvation, Hs578T cells were treated with or without EGF and then treated with CHX (100 mg/mL) for the indicated times. Cell lysates
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We next examined whether BIRC6 stability is regulated by HECTD1.
Forced overexpression of HECTD1 reduced the endogenous BIRC6
levels, and HECTD1-mediated BIRC6 downregulation could be
rescued by the proteasome inhibitor MG132 (Figure 3C), suggesting
that HECTD1 induced BIRC6 protein reduction through the protea-
some pathway. Conversely, HECTD1 knockdown caused accumula-
tion of endogenous BIRC6 (Figure 3H), demonstrating that HECTD1
is a negative regulator of BIRC6. In addition, CHX chase assays showed
that HECTD1 overexpression accelerated BIRC6 protein degradation
(Figure 3D), whereas BIRC6 protein was more stable after HECTD1
knockdown (Figure 3E). To further investigate whether degradation
of BIRC6 was mediated through ubiquitination, we cotransfected
293T cells with Myc-BIRC6, Flag-HECTD1, and HA-ubiquitin and
treated the cells with MG132. A significant increase in BIRC6 ubiqui-
tination was observed in HECTD1-transfected cells (Figure 3F). We
also found that HECTD1 depletion decreased the ubiquitination of
endogenous BIRC6 (Figure 3G). Therefore, HECTD1 is a E3 ligase tar-
geting BIRC6 protein for ubiquitination and degradation.

To further determine whether HECTD1 mediated BIRC6 stability
during EGFR activation, we treated HECTD1-knockdown cells with
EGF. Results revealed that BIRC6 expression in HECTD1-knock-
down cells did not increase significantly in response to EGF (Fig-
ure 3H). Moreover, EGF treatment attenuated the interaction
between BIRC6 and HECTD1 (Figure 3I). Overall, these data reveal
that HECTD1 regulates BIRC6 stability during EGFR activation.

BIRC6 promotes TNBC cell growth by inhibiting SMAC-

mediated apoptosis in vitro and in vivo

To explore the biological functions of BIRC6 in TNBC, we established
stable BIRC6-knockdown clones in Hs578T (Figure 4A) and MDA-
MB-468 (Figure S2A) cells. Knockdown of endogenous BIRC6 in
TNBC cells significantly decreased cell proliferation and colony
growth (Figures 4B and 4C; Figures S2B and S2C). Moreover,
BIRC6 knockdown significantly diminished the capacity of TNBC
cells to form tumorspheres (Figure 4D; Figure S2D), suggesting that
BIRC6 may be involved in the survival of TNBC stem cells. To inves-
tigate the function of BIRC6 in vivo, we subcutaneously injected
BIRC6 stable knockdown clones of MDA-MB-468 into nude mice
and monitored tumor growth. Importantly, BIRC6 knockdown
completely blocked tumor growth (Figure 4E).

To further confirm that BIRC6 promotes TNBC cell growth, we en-
gineered a BIRC6-knockout (KO) clone in Hs578T cells by using
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Figure 3. HECTD1 promotes BIRC6 ubiquitination and degradation during EGFR activation
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the CRISPR-Cas9 gene editing system and subsequently established
BIRC6 re-expressing clone in KO cells (Figure 4F). Similar to the
observations above, BIRC6 KO also significantly decreased the prolif-
eration (Figure 4G) and colony formation (Figure 4H) and tumor-
sphere formation capacity (Figure 4I) of TNBC cells. Notably, re-
expression of BIRC6 efficiently rescued the survival-suppressive
role induced by BIRC6 KO (Figures 4G–4I). These loss-of-function
studies suggest that BIRC6 promotes cell survival and tumor growth
in TNBC.

Next, we sought to figure out how BIRC6 regulates cell growth in
TNBC. Annexin V/propidium iodide (PI) dye binding assay revealed
802 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
that BIRC6 knockdown significantly increased the proportion of
apoptotic cells in TNBC cells (Figure 4J; Figure S2E). Furthermore,
we also found that BIRC6 knockdown strikingly induced upregula-
tion of apoptosis-associated proteins including cleaved PARP, cyto-
chrome c, and cleaved caspase-3, -6, -7, and -9 (Figure S2F). Cell cycle
analysis showed that BIRC6 knockdown resulted in a strong rise of a
sub-G1 population, indicative of apoptotic cells, whereas no obvious
changes in other phases were observed (Figure S2G). Thus, BIRC6
promotes cell growth mainly by inhibiting apoptosis.

Previous studies have demonstrated that BIRC6 can facilitate protea-
somal degradation of pro-apoptotic proteins, including SMAC,
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caspase-9, HtrA2, and p53.11,13,14 We therefore tested whether these
proteins might be involved in BIRC6 silencing-induced apoptosis.
Interestingly, silencing of SMAC, but not caspase-9, p53, and
HtrA2, could dramatically rescue cell proliferation (Figure 4K) and
colony growth (Figure 4L) and decrease caspase cleavage (Figure 4M)
in Hs578T cells with endogenous BIRC6 knockdown. Subcutaneous
xenograft experiments showed that SMAC depletion largely reversed
the suppression effect of BIRC6 knockdown on tumor growth (Fig-
ure 4N) by blocking apoptosis (Figure 4O; Figure S2H). Collectively,
these results demonstrate that SMAC is a major downstream regu-
lator of BIRC6 and plays a crucial role in the growth-suppressive ef-
fect of BIRC6 silencing.

BIRC6 controls SMAC protein stability in TNBC

To determine whether the EGF-JNK-BIRC6 axis regulates SMAC
expression, we assessed the expression of BIRC6 and SMAC under
the condition of EGF-JNK activation. BIRC6 expression was upregu-
lated; meanwhile SMAC expression was downregulated in Hs578T
and MDA-MB-468 cells after EGF treatment (Figure 5A). Moreover,
knockdown of EGFR by shRNA decreased the expression of BIRC6
and increased the expression of SMAC (Figure 5B).

We next investigated the underlying mechanism of BIRC6 regulation
of SMAC expression in TNBC. Exogenously expressed Myc-BIRC6
and Flag-SMAC were coimmunoprecipitated in 293T cells (Fig-
ure S3A). The endogenous interaction between BIRC6 and SMAC
was further confirmed with Hs578T cells (Figure 5C). In addition,
BIRC6 knockdown increased the steady-state expression of SMAC
(Figure 5D), whereas it did not cause a significant difference in
SMAC mRNA levels (Figure S3B), suggesting that BIRC6 regulates
SMAC at the posttranscriptional level. CHX chase assays showed
that BIRC6 overexpression led to decreased SMAC protein stability
(Figure 5E). Furthermore, BIRC6 increased the ubiquitination level
of co-transfected SMAC (Figure 5F). Notably, we detected the protein
expression profiles of SMAC in breast cancer cell lines and found that
SMAC protein levels were much higher in non-TNBC cell lines (Fig-
ure 5G) and were negatively correlated with BIRC6 protein levels
(Figure 5H). Altogether, these results indicate that BIRC6 downregu-
lates SMAC expression by promoting the ubiquitination and degrada-
tion of SMAC in TNBC.

The pCLN/siRNA complex facilitates the cellular uptake and

tumor accumulation of BIRC6-siRNA

Modifying LNPswith polyethylene glycol (PEG) is widely used to pro-
long their circulation following systemic delivery and is a useful strat-
Figure 4. BIRC6 promotes TNBC cell growth and tumorigenesis by blocking S

(A–D) Immunoblotting analysis (A), MTT assay showing growth (B), colony formation ass

scramble or BIRC6 shRNA. (E) The growth curves of xenografts derived from MDA-MB-

(F), MTT assay showing growth (G), colony formation assay (H), and tumorsphere ass

Representative plots of cell apoptosis analysis in Hs578T cells with or without BIRC6 k

immunoblotting analysis (M) were performed in Hs578T cells transduced with the in

transduced with the indicated shRNAs. (O) Representative IHC staining for BIRC6, SMA

0.01, ***p < 0.001.
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egy for maximizing the efficiency of targeting tumor tissue.28 To
silence BIRC6 expression in TNBC cells, we developed a cationic
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)-based LNP
system with PEGylation (pCLNs) to encapsulate BIRC6-siRNA (Fig-
ure 6A). pCLNs showed the regularmorphology and size homogeneity
of LNPs in the range of �100 nm (Figure 6B). Negatively charged
siRNA was absorbed into the positively charged lumen of pCLNs to
form the pCLN/siRNA nanocomplex by incubation at room temper-
ature. After mixing pCLNs with siRNA, the particle size changed from
100.2± 11.2 nm to 155.3± 1.6 nm, and the zeta potential changed from
40.6 ± 4.41 mV to 18.9 ± 1.31 mV, suggesting that the pCLN/siRNA
complex was prepared successfully (Figure S4A). As reported, nano-
particles with particle size < 200 nm tend to accumulate in tumor sites
by the enhanced permeation and retention (EPR) effect.29,30 On the
other hand, the electrostatic interaction between the pCLNs and
siRNA leads to condensation of the nucleic acid, which facilitates
the mobility of siRNA and protects it from environmental enzymes.31

We then tested the optimal ratio of pCLNs to siRNA by gel retardation
assay. The mobility of the siRNA through the gel was reduced as the
amount of pCLNs increased, and the siRNA band was completely
blocked in the well at a mass ratio of 60:1 (Figure S4B).

We next evaluated intracellular uptake behavior of the pCLN/siRNA
complex in MDA-MB-468 cells by flow cytometry and confocal mi-
croscopy. Flow cytometry analysis showed that the proportion of
fluorescent cells increased with increasing incubation times of Cy3-
siRNA and maintained a high level even 12 h after incubation (Fig-
ure 6C), indicating that the pCLNs were internalized. In line with
this finding, confocal microscopy analysis revealed that the fluores-
cence intensity was significantly enhanced after 4 and 12 h of incuba-
tion (Figure 6D).

To achieve efficient cytoplasmic gene silencing, it is essential for
siRNA carriers to escape from lysosomes after entering the cell. If
Cy3-siRNA can escape from the lysosomes into the cytoplasm, then
the fluorescence signal will not be colocalized with LysoTracker
Blue and will remain red. After 4 h of incubation, the red (Cy3-
siRNA) and blue (LysoTracker) fluorescence were colocalized in the
MDA-MB-468 cells (Figure 6D), indicating that the Cy3-siRNA
was located in the lysosomes. After 12 h of incubation, the red fluo-
rescence was separated from the blue fluorescence, suggesting that
the Cy3-siRNA had escaped from the lysosomes into the cytoplasm.

We wondered if pCLN-coated siRNA could pass through the blood-
stream to reach tumor sites and is stable in circulation. Mice were
MAC-mediated apoptosis

ay (C), and tumorsphere assay (D) were performed in Hs578T cells transduced with

468 cells transduced with scramble or BIRC6 shRNA. (F–I) Immunoblotting analysis

ay (I) were performed in Hs578T cells with BIRC6 KO or BIRC6 re-expression. (J)

nockdown. (K–M) MTT assay showing growth (K), colony formation assay (L), and

dicated shRNAs. (N) The growth curves of xenografts derived from Hs578T cells

C, and cleaved caspase-3 in tumor tissues from mice. Data are means ± SD. **p <
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Figure 5. BIRC6 decreases SMAC expression by regulating ubiquitination in TNBC

(A) After serum starvation for 48 h, cells were treated with EGF (100 ng/mL) for 30 min, followed by immunoblotting as indicated. (B) Scramble or EGFR-knockdown Hs578T

and MDA-MB-468 cells were collected for immunoblotting with the indicated antibodies. (C) Hs578T cells were immunoprecipitated with an anti-BIRC6 antibody and

subjected to immunoblotting analysis. (D) Immunoblotting of the indicated proteins in Hs578T cells transduced with scramble or BIRC6 shRNA. (E) Hs578T cells expressing

Myc-tagged BIRC6 were treated with CHX (100 mg/mL) for the indicated times and then immunoblotted with the indicated antibodies. (F) After being transiently transfected

with the indicated plasmids, 293T cells were immunoprecipitated with an anti-Flag antibody and then subjected to immunoblotting analysis. Cells were treated with 10 mM

MG132 for 6 h before being lysed. (G) The expression profiles of SMAC in eight TNBC and seven non-TNBC cell lines plus two breast normal cell lines were assessed by

immunoblotting. The protein expression levels were normalized to that of 184A1. (H) Correlation between BIRC6 and SMAC protein expression in eight TNBC and seven non-

TNBC cell lines.
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injected via the tail vein with free Cy3-siRNA or pCLN/Cy3-siRNA.
The biodistribution of the nanocomplexes in mice was assessed by
in vivo imaging. As shown in Figure 6E, the pCLN/Cy3-siRNA-in-
jected group demonstrated a gradual increase in fluorescence inten-
sity in the tumor, with fluorescence maintained even at 36 h after
injection, whereas no fluorescence in the tumor can be observed in
the Cy3-siRNA-injected group. Furthermore, ex vivo images of major
organs showed that the pCLN/siRNA complex was primarily accu-
mulated in the tumor, whereas the Cy3-siRNA only showed negligible
accumulation in the tumor (Figures S4C and S4D). These results sug-
gest that pCLN/Cy3-siRNA can be efficiently delivered to the tumor
sites after injection and is stable in circulation.

The pCLN/siBIRC6 complex is more effective than EGFR

inhibitor to suppress TNBC cell growth in vitro and in vivo

Despite elevated expression of EGFR in TNBC, EGFR inhibitors
showed limited clinical effect in TNBCpatients.26,32 Since BIRC6 over-
expression is partially attributed to EGFR activation, we sought to
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 805
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(A) Schematic diagram of the synthesis process for pCLN/

siRNA. (B) Size distributions and transmission electron

microscope (TEM) images of pCLNs (left) and pCLN/

siRNA (right). Scale bar in TEM images: 100 nm. (C)

Intracellular fluorescence intensities of Cy3-siRNA were

determined by flow cytometry after MDA-MB-468 cells
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for the indicated times. (D) Intracellular localization and

lysosomal escape were observed by confocal laser scan-

ning microscopy (CLSM) after MDA-MB-468 cells were

incubated with pCLN/Cy3-siRNA for the indicated times.

(E) In vivo imaging of MDA-MB-468 xenograft-bearing

mice after tail vein injection of free Cy3-siRNA or pCLN/

Cy3-siRNA for the indicated times.
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compare the antiproliferation and antitumor activities between BIRC6
silencing andEGFR inhibition. ThepCLN/siBIRC6 complex efficiently
knocked down the BIRC6 protein expression and significantly sup-
pressed cell proliferation in high-EGFR-expressing MDA-MB-468
cells (Figure 7A). By contrast, various EGFR inhibitors did not effi-
ciently inhibit the proliferation of MDA-MB-468 cells even at high
concentrations; only afatinib, which inhibits ErbB family members
other than EGFR, showed modest antiproliferation effect (Figure 7B).
Annexin V/PI dye binding assay established that the pCLN/siBIRC6
complex significantly increased the level of apoptosis compared with
that induced in the gefitinib-treated cells (Figures 7C and 7D).

Next, we evaluated the antitumor effects of the pCLN/siBIRC6 com-
plex and gefitinib in an orthotopic nude mouse model implanted with
806 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
MDA-MB-468 cells. The pCLN/siBIRC6 treat-
ment suppressed tumor growth more signifi-
cantly than gefitinib did (Figure 7E). The tumor
volumes in mice treated with pCLN/siBIRC6
were reduced by 91.58% compared with those
in the gefitinib group (Figure 7F). Moreover,
the tumor weight in the pCLN/siBIRC6 group
was also lower than that in the gefitinib group
(Figure 7G). IHC staining revealed that the
pCLN/siBIRC6 treatment resulted in stronger
inhibition of cell proliferation (Ki67) and induc-
tion of cell apoptosis (cleaved caspase-3) than
gefitinib (Figures 7H and 7I).

We then investigated the in vivo toxicity of the
pCLN/siBIRC6 complex. No significant changes
in body weight were observed in mice treated
with the pCLN/siBIRC6 complex (Figure S5A).
H&E staining of the major organs, including
the liver, lung, heart, spleen, and kidney, also
showed no marked histological changes between
the pCLN/siBIRC6 group and the other groups
(Figure S5B). Taken together, these results reveal
that the pCLN/siBIRC6 complex is more effective than EGFR inhib-
itor to suppress TNBC tumorigenesis with no adverse effects.

DISCUSSION
TNBC is the most aggressive subtype of breast cancer, with limited
therapeutic options, requiring the discovery of new targeted thera-
pies.8 BIRC6 has been shown to be frequently overexpressed in mul-
tiple human cancers,14–19,33–35 whereas the role of BIRC6 in TNBC
and themechanism of its overexpression in cancers remain unknown.
Our study confirmed that BIRC6 expression was elevated in TNBC
and led to worse survival. Targeting BIRC6 by shRNA or CRISPR-
Cas9 in TNBC cell lines significantly inhibited proliferation, colony
formation, and tumorsphere formation in vitro and tumor growth
in vivo. Importantly, our data indicated that EGFR activation was a
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major upstream regulator to increase BIRC6 expression in TNBC.
EGFR signaling leads to the activation of several downstream cas-
cades; we demonstrated that EGF-mediated increase in BIRC6 pro-
tein expression primarily involved activation of the JNK signaling
pathway. A limitation of this study is that we have not clarified
how JNK regulates BIRC6 protein stability. One could speculate
that EGF-JNK-induced stabilization of BIRC6 involves phosphoryla-
tion, which deserves to be further explored experimentally. Moreover,
IHC staining with a TNBC tissue microarray showed a nearly 2-fold
difference in the sample size between BIRC6-positive and EGFR-pos-
itive patients (Figure 1E, 66 versus 34), suggesting that other upstream
factors regulating BIRC6 expression need to be identified in addition
to EGFR signaling.

A previous study reported that the RING finger-containing ubiquitin
ligase Nrdp1 promoted ubiquitination and proteasomal degradation
of BIRC6.36 By BIRC6 co-immunoprecipitation followed by mass
spectrometry, we identified HECTD1 as a novel E3 ubiquitin ligase
of BIRC6. Our finding indicated that HECTD1 regulated BIRC6 pro-
tein stability by ubiquitination during EGFR activation. EGF stimula-
tion attenuated the interaction between BIRC6 and HECTD1, thus
reducing the ubiquitin level of BIRC6. Notably, the E3 ligase Nrdp1
was not involved in regulating the protein stability of BIRC6 during
EGFR activation.

The non-adherent tumorsphere assay has been widely used to enrich
for cancer stem cells.37 To resist apoptotic stimuli, cancer stem cells
usually express high levels of anti-apoptotic proteins.38 Previous
studies revealed that BIRC6 was highly expressed in colonospheres
and mammospheres through proteomic and microarray analysis,
respectively.39,40 EGF is a routinely added growth factor in tumor-
sphere culture, which may help cancer stem cells to survive by resist-
ing anoikis.41 Sippel et al. found that downregulation of BIRC6
reduced neural progenitor cell (NPC) number and removal of EGF
from the culture medium of neurospheres decreased the levels of
BIRC6, suggesting that the level of BIRC6 is important in controlling
cell proliferation in NPCs.42 In this study, we showed that EGF treat-
ment upregulated BIRC6 expression by increasing protein stability,
and BIRC6 depletion dramatically reduced tumorsphere formation
and increased the ratio of apoptosis in TNBC. Together, we can spec-
ulate that BIRC6 may promote cancer stem cell survival by inhibiting
apoptosis upon EGF stimulation.

BIRC6 is a giant IAP protein with an N-terminal single BIR domain
and a C-terminal UBC domain.43 Via the UBC domain, BIRC6 is re-
Figure 7. Effect of pCLN/siBIRC6 complex on TNBC cell growth in vitro and in

(A) Immunoblotting of BIRC6 (left) and relative cell proliferation rates (right) in MDA-MB-4

proliferation rates. (B) Immunoblotting of pEGFR (top) and relative cell viability (bottom) in

(C and D) Representative plots of cell apoptosis analysis (C) and data quantification of the

complexes. Data are means ± SD. (E) Representative images of the tumors dissected fro

each group). (F) Relative tumor volume in MDA-MB-468 xenograft-bearing mice recei

various treatment. (H) Representative images of IHC analysis of Ki67 and cleaved caspa

Ki67 and cleaved caspase-3 staining by Image-Pro Plus. The integrated optical density
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ported to ubiquitinate and facilitate proteasomal degradation of pro-
apoptotic proteins, including SMAC, caspase-9, p53, and HtrA2.11–14

Our data showed that the suppression effect of BIRC6 knockdown on
cell survival was rescued only by SMAC depletion and not by
silencing of caspase-9, p53, and HtrA2. Furthermore, BIRC6 knock-
down increased SMAC protein stability, thus inhibiting caspase
cascade reaction and ultimate apoptosis. Therefore, UBC domain-
mediated SMAC ubiquitination was crucial for BIRC6 to inhibit
apoptosis and promote cell survival in TNBC.

Gene therapy using siRNA has emerged as a promising therapeutic
method to treat various diseases by silencing specific gene expres-
sion.44 LNPs are the leading delivery system for enabling the thera-
peutic potential of siRNA.45 In this study, pCLNs based on a LNP sys-
tem were prepared to efficiently deliver BIRC6-siRNA into TNBC
cells in vitro and in vivo. The siRNA markedly downregulated
BIRC6 expression in TNBC, thus inhibiting cell growth and tumori-
genesis, with no adverse effects. In line with previous findings, our re-
sults demonstrated that EGFR was abnormally overexpressed in
TNBC, whereas inhibitors against EGFR did not significantly sup-
press TNBC cell growth. By contrast, BIRC6 silencing caused by
pCLN/siBIRC6 complex was more effective to inhibit TNBC cell pro-
liferation and tumor growth, suggesting that BIRC6 may be a more
potential target to treat TNBC than EGFR. In summary, our study
provides the evidence that BIRC6 is a new therapeutic target in
TNBC and pCLN-assisted delivery of BIRC6-siRNA holds promise
as a therapeutic approach for TNBC.
MATERIALS AND METHODS
Cell culture and compounds

All the cell lines were obtained from the American Type Culture
Collection (ATCC,Manassas, VA, USA) and were confirmed by short
tandem repeat (STR) identification. Two breast epithelial cell lines,
MCF10A and 184A1, were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)-F12 medium, supplemented with 5% fetal bovine
serum (FBS), 10 mg/mL insulin, 20 ng/mL EGF, 100 ng/mL cholera
toxin, 0.5 mM calcium chloride, and 500 ng/mL hydrocortisone. All
other cell lines were cultured in DMEM-F12 medium containing
10% FBS in a 37�C incubator supplemented with 5% CO2. Antibiotics
(penicillin and streptomycin) were added to the medium according to
the manufacturer’s instructions.

Compounds including SP600125, trametinib, MK2206, saracatinib,
CHX, MG132, erlotinib, gefitinib, afatinib, dacomitinib, rociletinib,
vivo

68 cells treated with the indicated pCLN complexes. Data are mean ± SD relative cell

MDA-MB-468 cells treated with the indicated EGFR inhibitors. Data aremeans ± SD.

apoptotic cells (D) in MDA-MB-468 cells treated with gefitinib or the indicated pCLN

mMDA-MB-468 xenograft-bearing mice receiving various treatments (n = 5 mice in

ving various treatments over time. (G) Weight of tumors dissected from mice after

se-3 in MDA-MB-468 xenograft tumors. (I) Quantification analysis of mean density of

(IOD) values are represented as means ± SD.
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and osimertinib were purchased from Selleck Chemicals. Doxycycline
hyclate was obtained from Santa Cruz Biotechnology.

Tissue microarray and immunohistochemical staining

The human TNBC tissue microarray (HBreD090Bc01) was pur-
chased from Shanghai Outdo Biotech. The tissue microarray was
incubated with primary antibodies against BIRC6 (1:1,000, Abcam,
ab19609) or EGFR (1:750, Santa Cruz, sc-373746), detected with
biotin-conjugated secondary antibody and streptavidin-horseradish
peroxidase (HRP), and visualized by 3,30-diaminobenzidine (DAB).
Images were scanned by Aperio ScanScope XT (Leica Microsystems,
Germany).

For xenografts, the tumor mass was isolated frommice and fixed with
4% paraformaldehyde. IHC was performed on 5-mm-thick paraffin
sections. The sections were deparaffinized in xylene, rehydrated
with graded ethanol, and then processed for antigen retrieval by mi-
crowave heating for 20 min in 1 mM EDTA (pH 8.0). To block the
endogenous peroxidase, the sections were incubated with 3%
hydrogen peroxide for 10–15min. After pre-incubation in 5% normal
goat serum to prevent nonspecific binding, the samples were incu-
bated with primary antibodies specific to BIRC6, SMAC, cleaved cas-
pase-3, and Ki67. Subsequently, the sections were incubated with
biotin-conjugated secondary antibody and streptavidin-HRP. Immu-
noreactive signal was detected by DAB as the location of antigens. Af-
ter counterstaining with hematoxylin, slides were mounted for
imaging.

Plasmids

The coding sequence of human SMAC was cloned from the cDNA of
293T cells and inserted into a pCMV10-3xFlag vector. The pcDNA3-
myc-BIRC6 plasmid was kindly provided by Prof. Xin-Yuan Liu
(Center for Excellence in Molecular Cell Science, Chinese Academy
of Sciences, Shanghai, China). Flag-tagged HECTD1 was purchased
from OriGene (RC221760). Transfection was performed with Lipo-
fectamine 3000 (Invitrogen) according to the manufacturer’s instruc-
tions. The shRNA oligonucleotides were cloned into the pLKO.1 or
Tet-pLKO-puro vector using AgeI and EcoRI sites. The shRNA oligo-
nucleotide sequences are listed in Table S1. All the constructs were
confirmed by DNA sequencing.

Lentivirus production and infection

Lentiviral shRNA constructs, packaging plasmids pMDLg/pRRE,
pRSV-Rev, and pMD2.G, were transfected together into 293T cells
to produce viruses. Culture medium was collected and filtered with
a 0.4-mm filter 48 and 72 h after transfection. The viral medium
was concentrated with PEG8000, re-suspended with BSA, and saved
for infection. Target cells were infected with viral particles for 24 h in
the presence of polybrene (10 mg/ml). Positive cells were selected with
puromycin for 5–7 days.

CRISPR-Cas9-mediated gene deletion

BIRC6-deficient cells were established with the CRISPR (clustered
regularly interspaced short palindromic repeats)-Cas9 system.46
The plasmid expressing Cas9, single-guide RNA (sgRNA), and puro-
mycin was transfected into Hs578T cells. After transfection and
transient selection with puromycin for 3 days, the single-cell suspen-
sion was seeded into 96-well plates without puromycin at a density
of 0.5 cells per 100 mL. KO clones were selected by immunoblot anal-
ysis for the lack of BIRC6 protein and further confirmed by
sequencing. The guide sequence used was 50-gggaccatcaaagtcatcga-
30 for BIRC6.

BIRC6 KO clones were transfected with the plasmid expressing the
coding sequence of human BIRC6 and neomycin. After transfection
and selection with G418, BIRC6 KO clones re-expressing BIRC6
were isolated by single-cell dilution cloning and identified by immu-
noblot analysis for expression of BIRC6 protein.

Immunoblotting

Cells were lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS), containing
1mMNa3VO4, 5mMNaF, and cOmplete Protease Inhibitor Cocktail
(Roche, 11873580001). Lysed cells were scraped and sonicated for 15
s. Equal amounts of protein samples were separated by SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) or nitrocellulose
membranes. Membranes were blocked with 5% milk and then incu-
bated with the indicated primary antibodies overnight at 4�C.
HRP-conjugated secondary antibodies (Jackson ImmunoResearch)
were further incubated for 1 h at room temperature. Chemilumines-
cence signals were detected by the Tanon 6100 Gel Image Systemwith
ECL substrate (Pierce, 32106 or Bio-Rad, 1705061).

The following primary antibodies were used: antibodies against
BIRC6 (Abcam, ab19609), EGFR (Santa Cruz, sc-373746), JNK
(Santa Cruz, sc-7345), pJNK (Cell Signaling, 4668), pERK1/2 (Cell
Signaling, 4370), pAKT (Cell Signaling, 4060), pSrc (Cell Signaling,
6943), Ubiquitin (Cell Signaling, 3936), HECTD1 (Santa Cruz, sc-
134976), PARP (Cell Signaling, 9542), cytochrome c (Santa Cruz,
sc-13156), cleaved caspase-3 (Cell Signaling, 9664), cleaved caspase-
6 (Cell Signaling, 9761), cleaved caspase-7 (Cell Signaling, 8438),
cleaved caspase-9 (Cell Signaling, 7237), SMAC (Santa Cruz, sc-
393118), Myc (Abcam, ab9132), HA (Santa Cruz, sc-7392), Flag
(Sigma, F3165), pEGFR (Cell Signaling, 3777), Vinculin (Santa
Cruz, sc-25336), and b-tubulin (Abcam, ab135209).

Co-immunoprecipitation

Cells were lysed in cell lysis buffer (20 mM Tris-HCl pH 7.5, 0.15 M
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyro-
phosphate, 1 mM beta-glycerophosphate) containing 5 mM NaF and
cOmplete Protease Inhibitor Cocktail. Lysates were pre-cleared with
protein A/G agarose beads (Santa Cruz, SC-2003) and the appropriate
immunoglobulin G (IgG) for 30 min and were then immunoprecip-
itated with the indicated antibodies overnight at 4�C. The beads were
added in each sample for another 3 h the next day, followed by
washing 5 times with cell lysis buffer. Finally, the beads were boiled
in loading buffer for 5 min, and samples were further subjected to
immunoblotting.
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Immunoprecipitation and mass spectrometric analysis of

BIRC6-associated proteins

After transient transfection with myc-tagged BIRC6 for 48 h, 293T
cells were lysed with cell lysis buffer and were further immunoprecip-
itated with anti-Myc or anti-BIRC6 antibody. The precipitants were
subjected to SDS-PAGE, and total proteins were visualized by Coo-
massie blue staining and excised for liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis.

RNA isolation and real-time PCR

Total RNA was isolated with TRIzol reagent and was then reverse
transcribed into cDNA with a PrimeScript RT Reagent Kit (Ta-
kaRa). Quantitative PCR was performed with a SYBR Green PCR
Kit (QIAGEN, 208054) according to the manufacturer’s instruc-
tions. Relative mRNA levels of target genes were normalized to
ACTB mRNA. Primers used were for BIRC6 forward 50-cagcagctct-
tatcagcatgt-30 and reverse 50-aactgtggcccacttagcaac-30; for SMAC
forward 50-cgcgcagcgtaacttcattc-30 and reverse 50-ccaaagccaatcgtca-
cagtttt-30; and for ACTB forward 50-tccatcatgaagtgtgacgt-30 and
reverse 50-gagcaatgatcttgatcttcat-30.

Cell proliferation and viability assay

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to assess the cell growth rate and viability. Cells
were seeded on 96-well plates in 100 mL of DMEM-F12 supplemented
with 10% FBS. For the cell proliferation experiment, 20 mL of MTT
(Amresco, 5 mg/mL) was added to the cells every day. For cell
viability analysis, when cells were treated with the indicated inhibitors
or LNP formulations for 72 h, 20 mL of MTT was added to each well.
After incubation for 4 h, 50 mL of triplex solution (10% SDS, 5%
isobutanol, and 12 mM HCl) was added to each well and cells were
incubated for 12–20 h. The absorbance was then measured with a
spectrophotometer at a wavelength of 570 nm. Cell proliferation
rate was normalized to day 0 in each group. Cell viability rate was
normalized to DMSO-treated control.

Colony formation assay

Cells were plated in 6-well plates at a density of 2,000 (Hs578T) or 6,000
(MDA-MB-468) cells per well and incubated at 37�C for 10–14 days to
ensure that colonies reached >50 cells per plate. Colonies were fixed
and stained with a mixture of 6.0% glutaraldehyde and 0.5% crystal vi-
olet for at least 30min. The colony numberwas determined by theCol-
ony Counter developed by Tanon.

Mammosphere culture

Single suspension cells were plated into ultralow-attachment 6-well
plates (Corning, 3457) at a density of 10,000 (Hs578T) or 15,000
(MDA-MB-468) cells per well. Cells were cultured in a serum-free
DMEM-F12 medium supplemented with 1% penicillin-streptomycin,
2% B27 (Gibco, 17504-044), 20 ng/mL EGF (PeproTech, AF-100-15),
20 ng/mL basic fibroblast growth factor (bFGF) (PeproTech, 100-18B),
and 4 mg/mL heparin. To prevent cell aggregation, 0.5% methylcellu-
lose (Sigma) was added to the medium. The mammospheres larger
than 50 mm in diameter were counted 7–10 days after culturing.
810 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Flow cytometric analysis

For cell cycle analysis, single suspension cells were fixed with 70% ice-
cold ethanol for 12–24 h at 4�C and then stained with a Cell Cycle and
Apoptosis Analysis Kit (Beyotime Biotechnology, C1052). Flow cytom-
etry was then used to detect the DNA content in PI-stained samples.

An Annexin V-FITC (fluorescein isothiocyanate) Apoptosis Detec-
tion Kit (Beyotime Biotechnology, C1063) was used to assess the
apoptotic rate according to the manufacturer’s protocol. All the
data were analyzed by ModFit or FlowJo software.

In vivo tumor xenograft model

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Shenzhen University. All the
mice were purchased from the Shanghai Slac Laboratory Animal
Co. Ltd.

To evaluate the effect of BIRC6 knockdown on tumor growth, 5� 106

MDA-MB-468 cells were injected subcutaneously into the right flank
of female nude mice at 4–5 weeks of age. To examine the effect of
SMAC depletion on the BIRC6 knockdown-mediated tumor-sup-
pressive role, 4 � 106 Hs578T cells were mixed with Matrigel (1:1)
and were injected subcutaneously into the right flank of female
non-obese diabetic (NOD)/severe combined immunodeficiency
(SCID) mice at 6–8 weeks of age. Tumor was measured at the indi-
cated time points, and tumor volume was calculated by the formula
0.5 � length � width2. After mice were sacrificed, tumor samples
were collected and analyzed by IHC analysis.

To detect the antitumor effect of pCLN/siBIRC6 complexes and gefi-
tinib, 5� 106MDA-MB-468 cells were injected into the mammary fat
pads of female nude mice at 4–5 weeks of age. When the tumor vol-
ume reached �100 mm3, the mice were randomly assigned to four
treatment groups. Gefitinib was administered at 100 mg/kg daily by
oral gavage. pCLN/siBIRC6 (20 mg of siBIRC6 per injection) or an
equal dose of pCLN/siRNA negative control (siNC) was intrave-
nously injected. The injections were repeated once a week for 6 weeks.
Tumor volume and body weight of mice were observed. Heart, liver,
spleen, lung, kidney, and tumor tissues were harvested for histological
analysis.

pCLN/siRNA preparation and characterization

pCLNs were synthesized via the solvent diffusionmethod as described
previously.47 In brief, 0.75 mg of PEG-distearoyl phosphatidyletha-
nolamine (DSPE), 3 mg of DOTAP, 10.5 mg of dipalmitoylphospha-
tidylcholine (DPPC), and 0.75 mg of cholesterol were dissolved in
ethanol (1.5mL) andmaintained at 60�C. Subsequently, this dissolved
solution was rapidly dispersed in F68 solution (15 mL, 0.1% w/v) at
60�C under the condition of 400 rpm stirring. After 5 min, the newly
prepared solution was placed at room temperature to obtain the
pCLNs.

pCLNs were mixed with BIRC6-siRNA (sequence: 50-GUUU
CAAAGCAGGAUGAUG tt-30) at room temperature for 30 min to
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form the pCLN/siBIRC6 complex. The size distribution and zeta po-
tential of the pCLN/siRNA complex were determined with a dynamic
light scattering (DLS) spectrometer (3000HS; Malvern Instruments,
Malvern, UK), and the morphology of the complex was observed
by transmission electron microscopy (TEM).

Agarose gel electrophoresis

The efficiency of siRNA binding was assessed via agarose gel electro-
phoresis. pCLNs were mixed with siRNA in different pCLN:-to-
siRNA mass ratios (10:1, 20:1, 40:1, 60:1, 100:1) at room temperature
for 30min. The suspension of pCLN/siRNA complex was analyzed on
a 1% agarose gel with GelRed in tris-acetate-EDTA buffer. Electro-
phoresis was performed at 100 V for 30 min, and the bands were visu-
alized on an ultraviolet transilluminator.

Cellular uptake and lysosomal escape of siRNA

Cy3-labeled siRNA was used in cellular uptake and lysosomal escape
studies of pCLN/siRNA. MDA-MB-468 cells were seeded in 24-well
plates or 35-mm glass-bottom culture dishes and incubated over-
night, after which they were transfected with pCLN/Cy3-siRNA for
1 h, 4 h, and 12 h or free Cy3-siRNA for 1 h at a final siRNA concen-
tration of 100 nM. To assess cellular uptake of siRNA, the cells were
collected by trypsin treatment and subjected to fluorescence analysis
by flow cytometry. To study the escape of siRNA from lysosomes, the
lysosomes was stained with LysoTracker Blue at 37�C for 30 min. Co-
localization of LysoTracker Blue and Cy3-siRNA was observed by
confocal laser scanning microscopy (CLSM).

In vivo imaging of siRNA

To assess the biodistribution of pCLN/Cy3-siRNA in tumor of mice,
MDA-MB-468 cells were implanted into the mammary fat pads of fe-
male nude mice to generate an orthotopic model of TNBC. When the
tumor volume reached �100 mm3, pCLN/Cy3-siRNA or free Cy3-
siRNA was injected intravenously at a siRNA dose of 20 mg. At the
appointed time after injection, mice were imaged with a Maestro
in vivo Imaging System (CRI).

Statistical analysis

The data are presented as means ± SD. The statistical significance
between different groups was analyzed by Student’s t test, except
that log rank was used for survival analysis. Statistical significances
are denoted as not significant (n.s.; p > 0.05), *p < 0.05, **p < 0.01,
***p < 0.001.
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