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Abstract

Triple-negative breast cancer (TNBC) is the most difficult subtype of breast cancer to treat due to a
paucity of effective targeted therapies. Many studies have reported that breast cancer stem cells
(BCSCs) are enriched in TNBC and are responsible for chemoresistance and metastasis. In this
study, we identify LRP8 as a novel positive regulator of BCSCs in TNBC. LRP8 is highly
expressed in TNBC compared to other breast cancer subtypes and its genomic locus is amplified in
24% of TNBC tumors. Knockdown of LRP8 in TNBC cell lines inhibits Wnt/B-catenin signaling,
decreases BCSCs, and suppresses tumarigenic potential in xenograft models. LRP8 knockdown
also induces a more differentiated, luminal-epithelial phenotype and thus sensitizes the TNBC
cells to chemotherapy. Together, our study highlights LRP8 as a novel therapeutic target for TNBC
as inhibition of LRP8 can attenuate Wnt/p-catenin signaling to suppress BCSCs.

Keywords

LRP8; Triple-negative breast cancer; Breast cancer stem cells; Tumorigenesis; Wnt/B-catenin
signaling

"Corresponding author. miaoclo@umich.edu (M.-C. Lo). “Corresponding author. Department of Pharmaceutical Sciences, College of

Pharmacy, The University of Michigan, Ann Arbor, MI, 48109, USA. duxins@umich.edu (D. Sun).

Conflicts of interest
The authors declare that there is no conflict of interest regarding the publication of this article.

Declarations of interest
None.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.canlet.2018.09.022.


https://doi.org/10.1016/j.canlet.2018.09.022

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

1.

Page 2

Introduction

Triple-negative breast cancer (TNBC) is a heterogeneous disease diagnosed pathologically
by the lack of expression of estrogen receptor (ER), progesterone receptor (PR) and human
epidermal growth factor receptor 2 (HER2) [1]. Although accounting for only 10-15% of all
breast cancers, TNBC has the worst prognosis due to its high rate of relapse and metastasis
and the lack of effective targeted therapies [1,2]. Currently, cytotoxic chemotherapy is the
main therapeutic strategy for TNBC, irrespective of disease stage [3]. However, TNBC
patients with residual disease after chemotherapy have significantly worse survival than non-
TNBC patients with residual disease [4]. Therefore, recent research of TNBC focuses on
identifying novel therapeutic targets and mechanisms of chemoresistance.

The aggressive nature of TNBC has been attributed to the presence of cancer stem cells, also
termed “tumor-initiating cells”. These cells are characterized by their ability to self-renew
and differentiate into non-stem cancer cells that form the tumor bulk [5]. Cancer stem cells
have been identified as important targets for cancer treatment due to their enhanced
metastatic capability and resistance to conventional chemotherapy. Increasing evidence has
shown that breast cancer stem cells (BCSCs) are enriched in TNBC compared to other breast
cancer subtypes [6-10], which is concordant with the inherently aggressive clinical behavior
of TNBC. Thus, it is important to target BCSCs to achieve a better outcome in TNBC
treatment.

We conducted siRNA screening in a TNBC cell line to identify important regulators of
BCSCs in TNBC. From this screening, we identified low-density lipoprotein receptor-
related protein 8 (LRP8, also known as apolipoprotein E receptor 2, apoER?2) as a novel
positive regulator of BCSCs in TNBC. The biological function of LRP8 has been studied in
the developing brain where it has been shown to regulate neuronal migration. Upon binding
to its ligand, Reelin, at the cell surface, LRP8 triggers phosphorylation of the cytoplasmic
adaptor protein Disabled-1 (Dab-1) to activate the downstream signaling cascades [11-14].
A recent study reports that LRP8-Reelin signaling is also important for cognitive function
[15]. However, the function of LRP8 in cancers and cancer stem cells is not well studied.

Here, we show that LRP8 expression is elevated in TNBC as compared to other breast
cancer subtypes, which may be due to a higher rate of LRP8 copy number gain or
amplification in TNBC. Furthermore, higher LRP8 expression is associated with poor
patient survival. Knockdown of LRP8 decreases BCSCs, metastatic potential, and
tumorigenesis of TNBC and sensitizes TNBC cells to chemotherapy. Mechanistically, we
show that LRP8 knockdown leads to inhibition of Wnt/p-catenin signaling pathway and
potentially extracellular-signal regulated kinase (ERK)/MAPK pathway. In conclusion,
LRP8’s localization to the cell surface and its importance for maintaining BCSCs in TNBC
position LRP8 as a valuable therapeutic target for the treatment of TNBC through
eradication of BCSCs.
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2. Materials and methods

2.1. Cell lines and chemicals

HCC1937 was grown in RPMI11640 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 10% FBS and 1x Antibiotic-Antimycotic (Invitrogen; Thermo Fisher
Scientific, Inc.). SUM149 was grown in F12 (Invitrogen; Thermo Fisher Scientific, Inc.)
containing 5% FBS, 1x Antibiotic-Antimycotic, 5 pg/mL of insulin (Gibco; Thermo Fisher
Scientific, Inc.), and 1 ug/mL of hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA).
HEK?293T was grown in DMEM (Invitrogen; Thermo Fisher Scientific, Inc.) containing
10% FBS and 1x Antibiotic-Antimycotic. Cells were cultured in a 5% CO2 incubator at

37 °C. Docetaxel and 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium-bromide
(MTT) were purchased from Sigma-Aldrich.

2.2. siRNA knockdown of LRP8

Cells were transfected with Silencer Select siRNA (Thermo Fisher Scientific, Inc.) targeting
mRNA of LRP8 (Cat. No. s15367) in parallel with AllStars Negative Control siRNA (Cat.
No. S103650318, Qiagen, Palo Alto, CA, USA). Transfection was conducted by using
Lipofectamine RNAIMAX (Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer’s instructions.

2.3. Knockdown of LRP8 by inducible shRNA

Oligonucleotides containing the ShRNA sequence targeting mRNA of LRP8 (Supplementary
Table 2) were ligated into Agel and EcoRlI digested Tet-pLKO-puro lentiviral vector. The
LRP8 shRNA was designed to target a different mMRNA sequence from those targeted by the
LRP8 siRNA to confirm the effects of the siRNA. Tet-pLKO-puro was a gift from Dmitri
Wiederschain (Addgene plasmid # 21915) and TetpLKO-puro-Scrambled shRNA was a gift
from Charles Rudin (Addgene plasmid # 47541). To produce virus particles, the ShRNA
constructs were co-transfected with the packaging vectors psPAX2 and pMD2.G into
HEK293T cells. The viral supernatants were collected 48 h after transfection and then added
to cells in the presence of 4 pg/mL polybrene (Sigma-Aldrich). Twenty-four hours later,
cells were selected with puromycin (1 pg/mL) for 5 days. To induce shRNA knockdown,
doxycycline at a final concentration of 100 ng/mL was added to the culture media.

2.4. RNA-Seq and data analysis

SUM149 cells were transfected with control or LRP8 siRNA in quadruplicate. After 72 h,
total RNA was extracted with Direct-zol kit (Zymo, Irvine, CA, USA), and mRNA libraries
were prepared using TruSeq (Illumina, Hayward, CA). RNA-Seq was performed in the
University of Michigan DNA Sequencing Core using lllumina Hi-Seq 4000 with 50 cycle
single-end reads. The sequencing reads were mapped to human transcripts annotated in
GENCODE [16] using Bowtie [17]. Only uniquely mapped reads were used for further
analysis. Gene expression levels were estimated as reads/kilobase/million mapped reads
(RPKM) [18] using rSeq [19]. Differentially expressed genes were detected using edgeR
[20]. Genes with a FDR value < 0.05 and a fold change =2 folds were considered significant
(Supplementary Table 1). Gene ontology analysis was conducted using genes with a |log2
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fold change| (Jlog2FC|) = 1.5 in DAVID [21]. Gene Set Enrichment Analysis (Broad
Institute) was used to correlate gene functions and signaling pathways that are significantly
affected in LRP8 knockdown cells. All METABRIC data were accessed from the cBioPortal
for Cancer Genomics website [22,23].

2.5. Mammosphere formation assay

Mammosphere formation was conducted as previously reported [24]. Briefly, dissociated
single cells were seeded at a density of 5000 cells/well in Mammocult (StemCell
Technologies) in ultra-low attachment 6-well plates (Corning Inc., Corning, NY, USA).
After culturing for 6 days, primary mammospheres greater than 50 um in diameter were
counted. Primary mammospheres were then dissociated to single cells to be seeded at the
same density as the primary mammosphere culture for secondary mammosphere formation.

2.6. Invasion assay

In vitro cellular invasion and migration was evaluated by matrigel-based transwell assays
following the manufacturer’s instruction (Corning Inc.). Seventy-two hours after SiRNA
transfection, cells were seeded at a density of 1 x 10% in serum-free medium in the top
chamber of the transwell. Medium containing serum as attractant was added to the bottom
chamber of the transwell. Twenty-four hours after seeding, the migrated/invaded cells were
fixed with ice-cold methanol and stained with 0.05% crystal violet. Five pictures were taken
at 20x magnification in random fields.

2.7. Immunoblotting

Cells were lysed in RIPA buffer containing 5 mM EDTA, 1x protease inhibitor cocktail
(Thermo Fisher) and 1x phosphatase inhibitor cocktail (Millipore). Proteins were separated
by SDS-PAGE and probed with antibodies. LRP8 and CK19 antibodies were purchased
from Abcam (Cambridge, MA, USA). p-actin antibody was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Non-phospho (active) p-catenin (Ser33/37/Thr41l)
antibody was purchased from Cell Signaling (Danvers, MA, USA). The detailed information
of the antibodies was listed in Supplementary Table 3.

2.8. Flow cytometry

CD44 (BD Biosciences, San Jose, CA, USA) and CD24 (BioLegend, San Diego, CA, USA)
staining was conducted 3—-4 days after sSiRNA or shRNA knockdown of LRP8. The cells
were analyzed on a MoFlo Astrios flow cytometer (Beckman Coulter, Indianapolis, IN,
USA). Additional information of the antibodies was listed in Supplementary Table 3.

2.9. RNA preparation and qRT-PCR

Total RNA was extracted from siRNA treated cells with Direct-zol (Zymo) and then reverse
transcribed using QuantiTect Reverse Transcription kit (Qiagen). The cDNA was then
subjected to quantitative PCR on a QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific, Inc.) using SYBR Green (Thermo Fisher Scientific, Inc.). YWHAZ was used to
normalize and calculate relative gene expression. Primers used for gRT-PCR were listed in
the Supplementary Table 2.

Cancer Lett. Author manuscript; available in PMC 2020 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal. Page 5

2.10. Mouse xenograft model

The animal studies were conducted following the protocols approved by the University
Committee on the Use and Care of Animals at the University of Michigan. Female NOD/
SCID mice (Jackson Laboratory, Bar Harbor, ME, USA) were used to evaluate the effects of
LRP8 knockdown on tumor growth and tumorigenicity. Briefly, 5000 SUM149 cells
carrying doxycycline-inducible control or LRP8 shRNA were injected into the inguinal
mammary fat pad of 6-8-week-old mice. Doxycycline diet (625 mg/kg) (Envigo, Haslett,
MI, USA) was given to mice starting from 5 weeks after implantation when palpable tumors
were observed. At the end of tumor growth monitoring, tumors were harvested and
dissociated by using Tumor Dissociation Kit, human (Miltenyi Biotec, Auburn, CA, USA),
and then DAPI and H-2Kd (BD Biosciences) double-negative live human cancer cells were
sorted by flow cytometry. Limiting dilution assay was conducted by inoculating the sorted
and serially diluted cancer cells (2,500, 500 and 100 cells/inoculation) into the inguinal
mammary fat pad of tumor-free mice. Tumor formation was monitored for 3 months. The
frequency of tumor-initiating cells was calculated by using Extreme Limiting Dilution
Analysis (ELDA) [25].

2.11. Immunohistochemistry

Tumors were isolated from mouse xenografts and fixed in 10% formalin (Thermo Fisher
Scientific, Inc.) followed by paraffin embedding. Immunohistochemistry was performed in
the University of Michigan In-Vivo Animal Core (IVVAC). Briefly, slides were deparaffinized
and subjected to heat-induced antigen retrieval using a commercial pressure chamber
(Biocare Decloaker, Biocare Medical) and buffer (Biocare Diva). Immunostaining was
performed using an automated immunohistochemical stainer (Biocare Intellipath FLX®,
Biocare Medical, Concord, CA) and included blocking for endogenous peroxidases and non-
specific binding (Biocare Rodent Block M). The primary antibody (anti-CK19, cat #ab7754,
Abcam) was applied for 30 min at a concentration of 1:200. Detection was performed by a
biotin-free polymer based commercial detection system (Biocare Univ HRP Polymer) with
the chromogen diaminobenzidine (DAB) and a hematoxylin nuclear counterstain. Negative
controls were performed with each run using a universal control (Biocare #NC498) in place
of the primary antibody.

2.12. Immunofluorescence staining

FFPE sections were deparaffinized and rehydrated by dipping three times in xylene, two
times in 100% ethanol and once each in 95% and 70% ethanol. Antigen retrieval was
performed by heating slides in citrate buffer (pH = 6.0) in a microwave for 10 min. Samples
were then treated with ice-cold 1:1 Methanol:Acetone for 1 min and washed with PBS.
Blocking buffer consisting of 5% goat serum (Sigma Aldrich) diluted in PBS was applied at
room temperature for 1 h to prevent non-specific adhesion. Primary antibodies targeting
LRP8 (1:200), Cytokeratins 8/18 (1:200), and vimentin (5 ug/mL) were diluted in blocking
buffer and applied overnight in a humidified chamber at 4 °C. Sections were washed three
times for 5 min each with PBS. Secondary and direct-conjugated antibodies were diluted in
blocking buffer and applied for 6-8 h in a humidified chamber at 4 °C: CD44-BV510 (2 g/
ml), CD24 phycoerythrin (2 pg/ml), goat anti-mouse immunoglobulin M (IgM) AF488 (2

Cancer Lett. Author manuscript; available in PMC 2020 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Page 6

ug/mL), goat anti-rabbit immunoglobulin G (1gG) AF647 (2 ug/mL), and goat anti-guinea
pig immunoglobulin G (IgG) DL755 (2.5 pg/mL). Slides were again washed three times for
5 min each with PBS, then treated with DAPI (1 pg/mL, Thermo Fisher Scientific) to label
nuclei. Finally, the tissue sections were mounted with coverslips using Prolong Diamond
Antifade Mountant (Thermo Fisher Scientific) and imaged with an Olympus 1X-83
microscope using six optical filter sets corresponding to each fluorophore.

2.13. Chemoresistance test

SUM149 cells were transfected with control sSiRNA or LRP8-targeted siRNA. At 48 h after
transfection, cells were reseeded into a 96-well plate at a density of 1 x 104 cells/well.
Twenty-four hours later, cells were treated with Docetaxel from 0 to 500 nM for 72 h and the
cell viability was then measured by a MTT assay. Briefly, cells were incubated with 0.5
mg/mL of MTT solution at 37 °C for 2 h. The MTT solution was removed and then 50 pL of
DMSO was added to each well. The absorbance at 570 nm was read by using a plate reader
(BioTek, Winooski, VT, USA).

2.14. Statistical analysis

Two-tailed Student’s t-test was used to compare the statistical difference between two
groups. One-way ANOVA was used if the comparison involved more than two groups. A P-
value < 0.05 was considered significant.

3. Results

3.1

LRP8 is highly expressed in triple-negative breast cancer

To determine if LRP8 is expressed differentially among the various breast cancer subtypes,
we analyzed the METABRIC patient data set, which contains nearly 2,000 breast cancer
cases with gene expression, copy number alteration and clinical data [26]. Pathologically,
LRP8 expression was elevated in TNBC compared to other subtypes (Fig. 1a). Stratification
of this patient cohort based on molecular classification [27] identified higher LRP8
expression in basal-like breast cancer (Fig. 1b), a subtype that constitutes ~80% of TNBC
[28-30]. Using a genome-driven classification [26], elevated LRP8 expression was found
associated with the 1C10 subgroup of breast cancers that shows high concordance with the
basal-like subtype (Fig. 1c).

Further analysis of the METABRIC data set showed that elevated LRP8 expression in TNBC
may be due to copy number alterations. Among all METABRIC breast cancer patients, copy
number gain or amplification at the LRP8 genomic locus was identified in 142 cases (6.5%)
(data not shown). Interestingly, the incidence of LRP&copy number gain or amplification
increased to 23-24% in TNBC, basal-like and IC10 breast cancers (Fig. 1d—f). The claudin-
low subtype, which was common within TNBC [31], also showed a higher rate of LRP8
copy number gain or amplification compared to the luminal and HER2 subtypes (Fig. 1e).
Furthermore, patients with LRPE copy number gain or amplification had significantly higher
MRNA expression, suggesting that copy number alterations could be the causal mechanism
underlying elevated LRP8 expression in these patients (Fig. 1g). Lastly, patients with high
expression of LRP8 had poorer survival than the rest of the cohort (Fig. 1h), which may be
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due to the strong correlation between LRP8 expression and TNBC. The survival analysis
result of METABRIC was consistent with that of another data set [32] (Fig. 1i). Therefore,
the LRP8 expression level could potentially be used as a prognosis marker.

3.2. Knockdown of LRP8 decreases BCSCs and invasiveness in TNBC

To study the function of LRP8 in TNBC, we performed siRNA or doxycycline
(tetracycline)-inducible shRNA knockdown of LRP8 in two TNBC cell lines, SUM149 and
HCC1937 (Fig. 2a), and examined the effect on CD44*/CD24™ cells, a well-studied BCSC
population with self-renewal and tumor-initiating ability [33,34]. We found that LRP8
knockdown significantly reduced the percentage of CD44+/CD24" cells (Fig. 2b—d).
Consistent with the reduction of the CD44*/CD24~ BCSC population, LRP8 knockdown
decreased the mammosphere formation capacity of TNBC cells (Fig. 2e and f), indicating an
impairment of the self-renewal ability of BCSCs.

Epithelial cancer cells can acquire stemness and CD44*/CD24~ expression status through
epithelial-to-mesenchymal transition (EMT) [35], a process that also plays an important role
in cancer metastasis [36]. To investigate whether silencing of LRP8 was able to inhibit
metastasis of TNBC cells, we used a matrigel-based transwell assay to evaluate the effect of
LRP8 knockdown on cellular migration and invasion. The results showed that LRP8
knockdown significantly decreased both migration and invasion of TNBC cells (Fig. 3a and
b). Our data suggest that knockdown of LRP8 may decrease the metastatic potential of
TNBC.

3.3. Knockdown of LRP8 reduces tumorigenicity of TNBC

To investigate the impact of LRP8 knockdown on tumorigenesis, we used a doxycycline-
inducible vector to generate stable SUM149 cell lines carrying LRP8 shRNA (shLRP8) or
negative control ShRNA (shControl). Upon shLRP8 induction with doxycycline in vitro,
LRP8 protein was decreased to an almost undetectable level (Fig. 2a). These stable SUM149
cell lines were injected into the mammary fat pads of NOD-SCID mice and shRNA was
induced by doxycycline treatment when the tumors were palpable in all the mice. As shown
in Fig. 4a and b, LRP8 knockdown significantly suppressed tumor growth. Furthermore, the
result of the secondary limiting dilution transplantation experiment revealed that silencing of
LRP8 significantly reduced the frequency of tumor-initiating cells by 6-fold, from 1/204
(shControl) to 1/1208 (shLRP8) (Fig. 4c).

3.4. Signaling pathways altered by LRP8 knockdown in TNBC cells

To study the molecular mechanism of BCSC inhibition mediated by LRP8 knockdown, we
performed RNA sequencing (RNA-Seq) in SUM149 cells treated with control or LRP8
siRNA. Knockdown of LRPS8 resulted in 366 genes upregulated and 416 genes
downregulated at = 2 folds (edgeR FDR < 0.05) (Supplementary Table 1). To identify
signaling pathways and cellular functions affected by LRP8 knockdown, we conducted
pathway analysis and gene ontology (GO) analysis of the RNA-Seq data using DAVID. In
the pathways known to regulate self-renewal and stemness of cancer cells, canonical Wnt/p-
catenin signaling pathway was the most significantly dysregulated signaling pathway in the
LRP8 knockdown SUM149 cells (Fig. 5a). In addition, the GO analysis revealed that
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mitogen-activated protein kinase (MAPK) pathways were also interrupted by LRP8
knockdown (Fig. 5b). The alteration of the MAPK pathways might be due to the
dysregulation of MAPK phosphatases caused by LRP8 knockdown (Fig. 5b). Furthermore,
LRP8 knockdown significantly affected cell survival mechanisms such as proliferation and
apoptosis (Fig. 5b), which might be the reason for the reduced tumor burden in the LRP8
knockdown xenografts.

To determine the effect of LRP8 knockdown on the canonical Wnt/B-catenin pathway, we
first examined the level of active (non-phosphorylated) p-catenin [37,38] by western blot
and found that knockdown of LRP8 decreased the level of active p-catenin in SUM149 and
HCC1937 cells (Fig. 5¢). We next conducted gene set enrichment analysis (GSEA) of the
RNA-Seq data using a Wnt signature gene set [39] and demonstrated that Wnt target genes
were negatively correlated with the LRP8 knockdown SUM149 cells (Fig. 5d), indicating
that loss of LRP8 downregulated Wnt downstream targets. The quantitative reverse
transcription PCR (qRT-PCR) analysis of the selected Wnt target genes in the LRP8
knockdown SUM149 and HCC1937 further supported the inhibition of Wnt signaling in
these cells (Fig. 5e and f).

We also performed Western blot to examine the effects of LRP8 knockdown on MAPK
signaling pathways. We found that LRP8 knockdown decreased the phosphorylation of
ERK1/2 in both SUM149 and HCC1937 cells (Fig. 5g). However, LRP8 knockdown led to
opposite effects on the phosphorylation of p38 MAPK in SUM149 and HCC1937 cells (Fig.
5g). Given that silencing of LRP8 significantly altered the expression of MAPK
phosphatases (Fig. 5b), we examined the RNA-Seq data and found that dual-specific
phosphatases (DUSPs) were the most dysregulated MAPK phosphatases caused by LRP8
knockdown (Fig. 5h). We hypothesized that individual DUSPs might dominate the
dephosphorylation of MAPKSs in different cellular context. For instance, DUSP4-6 might
dominate the dephosphorylation of p38 MAPK over DUSP1, DUSP8, and DUSP16 in
HCC1937. Nevertheless, more studies will be needed to clarify how these DUSPs regulate
specific MAPK pathways in different cellular context.

LRP8 knockdown shifts TNBC cells towards a more differentiated, epithelial cell state

We next conducted a more comprehensive GSEA of the LRP8 knockdown RNA-Seq data.
We found that LRP8 knockdown shifted the gene signature of SUM149 cells from a basal-
mesenchymal state towards a more luminal-epithelial state (Fig. 6a—c). Specifically, gene
sets from mammary cells undergoing EMT were negatively correlated with the LRP8
knockdown cells (Fig. 6a). In addition, the genes that were upregulated in luminal breast
cancer and ER-positive breast cancer were positively correlated with the LRP8 knockdown
cells (Fig. 6b and c).

We next tested the hypothesis that TNBC cells were shifted from a basal-mesenchymal state
towards a more luminal-epithelial state upon LRP8 knockdown. We selected the classic
mesenchymal genes vimentin (VIM) and fibronectin (FN1) and epithelial genes E-cdherin
(CDH1) and mucin 1 (MUC1) and evaluated their expression by gRT-PCR. Knockdown of
LRP8 decreased the expression of mesenchymal genes and concomitantly increased the
expression of epithelial genes (Fig. 6d). This phenomenon was again confirmed by the
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immuno-fluorescence staining on tumor biopsies, which demonstrated a dramatic decrease
of vimentin and CD44 and increase of CD24 expression in the LRP8 knockdown tumors
(Fig. 6e). We also found that knockdown of LRP8 in cell culture and xenografts led to
elevated expression of CK19 (Fig. 6f, g), a luminal-epithelial cytokeratin of breast cancer,
whose negativity was correlated with poor prognosis [40,41]. Furthermore, LRP8
knockdown sensitized SUM149 cells to docetaxel treatment. The ICs of docetaxel was
significantly decreased by 2.4-fold in the LRP8 knockdown cells compared to control cells
(Fig. 6h). Together, our results indicated that silencing of LRP8 could shift TNBC cells
towards a more differentiated, epithelial cell state and sensitize them to chemotherapy.

4. Discussion

TNBC has poorer prognosis compared with other breast cancer subtypes due to its inherent
aggressiveness and the lack of targeted therapies [3]. Current treatments for TNBC are
limited to surgery and chemotherapy. The later has been shown to induce BCSCs [42],
which are believed to be responsible for metastasis and drug-resistance. As a result,
identification of therapeutic targets to eliminate BCSCs is necessary to achieve a better
outcome for TNBC patients. By investigating the METABRIC data set, we have found that
LRP8, a transmembrane protein, is highly expressed in TNBC in comparison to other breast
cancer subtypes. Not only does LRP8 serve as a marker of poor prognosis in breast cancer,
but our study also suggests that LRP8 is essential for the maintenance of BCSCs and
tumorigenicity in TNBC.

In our pathway analysis to scrutinize LRP8’s mechanism of action, we find that silencing of
LRP8 significantly inhibits Wnt signaling pathway. Our results support previous studies
which link LRP8 to Wnt signaling regulation. In normal tissues, LRP8 regulates osteoblast
differentiation through Wnt signaling [43]. In addition, LRP8 gene amplification and
overexpression have been reported in lung cancer and its oncogenic role has been suggested
to be linked to Wnt signaling [44]. In the canonical Wnt signaling pathway, LRP5/6 function
as Wnt co-receptors that bind to Wnt ligands and then inactivate the destruction complex to
prevent proteosomal degradation of p-catenin [45]. Like LRP5/6, LRP8 belongs to the low-
density lipoprotein receptor-related protein (LRP) family and shares the conserved domains,
such as LDL repeats and EGF receptor-like domains [46]. Furthermore, LRP8 has been
reported to interact directly with Wnt3a, indicating that LRP8 might serve as a novel Wnt
co-receptor [43]. Other studies have shown that ligation of LRP8 by activated protein C, a
plasma protein with anticoagulant and cytoprotective activities, leads to Dab-1
phosphorylation and subsequent activation of PI3K and AKT and inactivation of GSK-3p by
phosphorylation [47,48]. Phosphorylation of GSK-3p releases p-catenin from the
destruction complex and thereby stabilizes B-catenin [49-51]. Therefore, LRP8 may activate
Whnt signaling via different regulatory mechanisms. Our results and the previous studies
suggest that LRP8 plays an important role in activating Wnt signaling in TNBC.

It is worth noting that LRP8 is functionally redundant to LRP5/6 in Wnt signaling activation.
Therefore, one concern is that LRP5/6 may potentially compensate LRP8 knockdown-
mediated Wnt signaling inhibition. In our RNA-Seq data, we do not find LRP8 knockdown
elevate the expression of LRP5/6. Interestingly, LRP8 knockdown increase the expression of
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LRP1 by 2.3 folds (Supplementary Table 1). LRP1 has been reported to interact with
Frizzled-1, which causes the disruption of Wnt receptor/co-receptor complex formation and
thus represses the canonical Wnt signaling pathway [52]. Furthermore, LRP8 knockdown
increase the expression of SFRP1, the secreted Wnt antagonist, by 3.1 folds (Supplementary
Table 1). These data suggest that LRP8 knockdown can elevate the expression of Wnt
pathway repressors which may compromise LRP5/6-mediated Wnt signaling activation.
Such hypothesis is also supported by our mouse xenograft models, which demonstrate that
long-term knockdown of LRP8 still significantly inhibits tumorigenesis.

Whnt signaling plays a critical role in regulating self-renewal of stem cells and cancer stem
cells [53,54]. In a mouse model, Wnt3a is sufficient to sustain mouse mammary stem cells to
form spheres /n vitro and enhance the reconstitution of mammary gland /in vivo [55]. Studies
have shown that overexpression of Wnt1 in mice induces spontaneous mammary cancers
[56,57]. Recent work elegantly demonstrates that human mammary cells undergoing EMT
have increased expression of WNT5A and decreased expression or protein secretion of Wnt
antagonists SFRP1 and DKK1 [58]. Restoration of SFRP1 expression in these EMT
mammary cells reduces cell migration and mammaosphere formation /in vitro and inhibits
tumorigenesis in xenograft models [58]. In addition, Wnt signaling has been reported to be
particularly active in TNBC and is associated with metastasis and tumorigenesis in TNBC
[59-61]. These studies reveal the profound effects of Wnt signaling in BCSCs and TNBC,
hence highlighting the value of targeting LRP8 to inhibit Wnt signaling in TNBC.

Emerging evidence has demonstrated the importance of MAPK signaling pathways in
regulating EMT and TICs. Previous studies have demonstrated that activation of MAPK
pathways is required or can synergistically enhance TGF-B-induced EMT [62-65]. MAPKs
can also phosphorylate TWIST1, an EMT transcription factor, and thus protect it from
proteasome-mediated degradation [66]. In our study, silencing of LRP8 decreases the
phosphorylation of ERK1/2, which may contribute to the inhibition of EMT according to
previous studies [62,64—66]. Interestingly, LRP8 knockdown increases the phosphorylation
of p38 in HCC1937 cells. Given that silencing of LRP8 significantly inhibits the expression
of specific DUSPs, the elevated p38 phosphorylation in the LRP8 knockdown HCC1937
cells implies a potential resistant mechanism of targeting LRP8 as loss of DUSPs has been
reported to activate MAPK pathways and induce both stem cell-like phenotypes and
chemoresistance in TNBC [67,68]. Therefore, a more thorough study will be needed to
elucidate the effects of targeting LRP8 on DUSPs and the MAPK pathways.

TNBC/basal-like breast cancer has worse prognosis compared to the luminal subtypes of
breast cancer [69]. Also, TNBC has been linked to a less differentiated stem or progenitor
cell state contrary to the luminal subtypes which recapitulate a more differentiated epithelial
cell state in human mammary epithelial hierarchy [70]. As the emerging evidence proves the
contribution of BCSCs to tumorigenesis and drug-resistance, promoting TNBC cell
differentiation is a rational and potentially effective strategy for TNBC treatment. A recent
study has demonstrated that EMT reversion triggers mammary cells to leave the
mesenchymal tumor-initiating state and differentiate into a chemotherapy-sensitive epithelial
(non-stem) cell state [71]. Like the aforementioned study, our results show that upon LRP8
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knockdown, TNBC cells acquire the more differentiated luminal-epithelial gene signature
and become more sensitive to the treatment with docetaxel.

In conclusion, our study shows that LRP8 is a novel oncogene in TNBC. The expression of
LRP8 is highly associated with TNBC. Silencing of LRP8 can significantly suppress BCSCs
and tumorigenesis in TNBC via Wnt signaling inhibition. Furthermore, knockdown of LRP8
shifts TNBC cells to a more differentiated, luminal-epithelial cell state and sensitizes them
to chemotherapy. These results suggest LRP8 may serve as a therapeutic target to inhibit
BCSCs in TNBC.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
LRP8 is highly expressed in TNBC. a-c Breast cancer samples in the METABRIC data set

were stratified by different classification methods. LRP8 was found highly expressed in a
TNBC (****p < 0.0001, Student’s £Test), b basal-like subtype of the molecular subtypes
(Normal: normal-like breast cancer, Lum A: luminal A subtype, Lum B: luminal B subtype,
CL.: claudin-low subtype, Basal: basal-like subtype; ****p < 0.0001, One-way ANOVA),
and ¢ IC10 of the integrative clusters (****p < 0.0001, One-way ANOVA). d-f Percentage of
LRP8 copy number gain or amplification in breast cancer subtypes using different
classifications (****p < 0.0001, Xz-test). g Comparison of LRP8 expression between breast
cancer patients with LRP8 diploid (neutral) and those with LRP8 copy number gain or
amplification (Amp) (****p < 0.0001, Student’s #Test). h, i Kaplan-Meier survival analysis
of breast cancer patients with low or high expression of LRP8. h data from the METABRIC
data set and i data from Kaplan-Meier Plotter [32].
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Fig. 2.

LRP8 knockdown suppresses BCSCs in TNBC. a Western blot of LRP8 and p-actin (loading
control) in LRP8 (siLRP8) or control (siControl) siRNA treated SUM149 and HCC1937 and
in LRP8 (shLRP8) or control (shControl) shRNA treated SUM149. b-d Flow cytometry
analysis of CD44*/CD24~ BCSCs in SUM149 and HCC1937 with LRP8 knockdown by
SiRNA and in SUM149 with LRP8 knockdown by shRNA. e, f Primary and secondary
mammosphere formation in SUM149 and HCC1937 with LRP8 knockdown by siRNA. The
results of b-f were shown as mean + S.D. (n = 3, *p< 0.05, **p < 0.01, ***p< 0.001, ****p
< 0.0001, Student’s ~Test).
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Matrigel-based migration and invasion transwell assay. Migrated and invaded cells in a

SUM149 and b HCC1937 with LRP8 knockdown by siRNA. The results were shown as
mean = S.D. (n =5, ****p < 0.0001, Student’s #Test).
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Fig. 4.

LRP8 knockdown inhibits tumorigenesis of TNBC. a Tumor growth of SUM149 carrying
doxycycline-inducible shLRP8 (n = 7) or shControl (n = 5). The cells were injected into the
mammary fat pad of NOD-SCID mice. Doxycycline diet (DOX) was given when palpable
tumors were observed in all mice (6 weeks after implantation). The results were shown as
mean + S.D. (*p < 0.05, Student’s #Test). b Tumor weight at the end of tumor monitoring
(13 weeks after implantation). *p < 0.05, Student’s t-Test. ¢ Secondary limiting dilution
transplantation of the primary tumors. The frequency of tumor-initiating cells was calculated
by using Extreme Limiting Dilution Analysis (ELDA).
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Signaling pathways altered by LRP8 knockdown in TNBC cells. RNA-Seq was conducted
for SUM149 transfected with control siRNA or LRP8-targeted siRNA. a Pathway analysis
and b GO analysis of the differentially expressed genes from the RNA-Seq data were
conducted using DAVID. Canonical Wnt/p-catenin and MAPK signaling pathways were
enriched upon LRP8 knockdown. ¢ Western blot of active (Non-phospho) p-catenin and -
actin (loading control) in SUM149 and HCC1937 with LRP8 knockdown by siRNA. d
GSEA of the RNA-Seq data using a gene set of previously reported Wnt downstream target
genes. The expression of Wnt target genes was negatively correlated with the LRP8
knockdown cells. ES: enrichment score. e, f gRT-PCR for the selected Wnt target genes in
SUM149 and HCC1937. Gene expression fold change between siLRP8 and siControl was
calculated using the 272ACt method and YWHAZ was used for normalization. The results
were shown as mean + S.D. g Western blot of vinculin (loading control), phosphorylated and
total protein of p38 and ERK1/2 in SUM149 and HCC1937 with LRP8 knockdown by
SiRNA. h Gene expression fold change of DUSPs between siLRP8 and siControl in
SUM149 cells. RPKM: reads per kilobase million.
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Fig. 6.

Docetaxel log (nM)

LRP8 knockdown shifts TNBC cells from a basal-mesenchymal state to a more
differentiated luminal-epithelial state. a-c GSEA enrichment plots of EMT and luminal
breast cancer gene sets in the LRP8 knockdown RNA-Seq data. a (left panel) Genes
downregulated in mammary epithelial cells undergoing EMT (epithelial gene signature)
were positively correlated with the LRP8 knockdown cells; (right panel) Genes upregulated
in cells undergoing EMT (mesenchymal gene signature) were negatively correlated with the
LRP8 knockdown cells. Genes upregulated in luminal breast cancer (b) and ER-positive
breast cancer (c) were positively correlated with the LRP8 knockdown cells. NES:
normalized enrichment score, FDR: false discovery rate. d qRT-PCR for the selected
epithelial (CDH1: E-cadherin, MUC1: mucin 1) and mesenchymal (VIM: vimentin, FN1:

fibronectin) genes in SUM149 with siLRP8 or siControl. Fold change between siLRP8 and
siControl was calculated using the 22ACt method and YWHAZ was used for normalization.
The results were shown as mean + S.D. (n = 3, *p< 0.05, **p < 0.01, ***p< 0.001, ****p<
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0.0001, Student’s £Test). e Immunofluorescence staining of doxycycline-inducible control
or LRP8 knockdown SUM149 xenograft tumors. f Western blot of CK19 in SUM149 cells
with LRP8 knockdown by siRNA /n vitro. g CK19 IHC in SUM149 tumors with control or
LRP8 knockdown by doxycycline-inducible sShRNA. h Relative cell survival of siControl or
siLRP8 knockdown SUM149 cells treated with docetaxel (0, 1, 2.5, 10, 100, and 500 nM)
for 72 h. The results were shown as mean + S.D. (n = 3). ICs( of docetaxel was calculated
and compared (*p < 0.05, Student’s £Test).
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