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Abstract
Metastatic progression remains the major cause of death in human breast cancer. 
Cancer cells with cancer stem cell (CSC) properties drive initiation and growth of me-
tastases at distant sites. We have previously established the breast cancer patient-
derived tumor xenograft (PDX) mouse model in which CSC marker CD44+ cancer 
cells formed spontaneous microscopic metastases in the liver. In this PDX mouse, the 
expression levels of S100A10 and its family proteins were much higher in the CD44+ 
cancer cells metastasized to the liver than those at the primary site. Knockdown of 
S100A10 in breast cancer cells suppressed and overexpression of S100A10 in breast 
cancer PDX cells enhanced their invasion abilities and 3D organoid formation ca-
pacities in vitro. Mechanistically, S100A10 regulated the matrix metalloproteinase 
activity and the expression levels of stem cell–related genes. Finally, constitutive 
knockdown of S100A10 significantly reduced their metastatic ability to the liver in 
vivo. These findings suggest that S100A10 functions as a metastasis promoter of 
breast CSCs by conferring both invasion ability and CSC properties in breast cancers.
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1  | INTRODUC TION

Breast cancer is now the most frequently diagnosed cancer and 
the leading global cause of cancer death in women.1 Despite 
advances in the diagnosis and treatment of human breast can-
cer, advanced-stage metastatic breast cancers are difficult to 
cure.2,3 Metastasis involves complex series of cellular and molec-
ular events, characterized by local invasion, intravasation into the 
blood and lymphatic system, and localization and adaptation to 
metastatic sites. Distant lymph nodes, bone, lung, liver, and brain 
are the most common target organs for breast cancer metastasis.4 
Among them, post-recurrence survival is worst when multiple me-
tastasis is observed in the liver.5

Cancer stem cells (CSCs) are a subpopulation of the cells that 
retain high tumorigenic capacity and, at the same time, are able to 
sustain the formation of tumors that recreate the cellular diversity of 
the parent lesions from which they have been originally isolated.6 In 
the specific case of human breast cancers, the subset of cancer cells 
with CSC properties is enriched among cells defined by the CD44+/
CD24low/neg phenotype.6-8 We and others have shown that in epithe-
lial malignancies such as breast and colorectal cancers, the self-re-
newal ability of cancer cells with CSC properties is epigenetically 
regulated by their expression of microRNAs,6 such as miR-200c, miR-
142, and miR-221, which suppress the expression of B lymphoma Mo-
MLV insertion region 1 homolog (BMI1),7,9 adenomatous polyposis 
coli (APC),10 and RNA-binding protein Quaking (QKI), 11 respectively.

Highly tumorigenic properties of CSCs are associated with 
metastatic progression, especially at the initial steps of metasta-
ses.12 Indeed, gene expression analysis at the single-cell level has 
revealed that early-stage metastatic cells possess a distinct stem-
like gene expression signature.12 Modulators of differentiation and 
stem cell properties regulate metastatic abilities of breast cancer 
cells. For example, mutation, epigenetic silencing, or reduced ex-
pression of luminal differentiation factors in the mammary gland, 
such as GATA binding protein 3 (GATA3) and E74-like factor 5 
(ELF5), and the increased activity of stem cell factors, such as Snail 
Family Transcriptional Repressor 2 (SNAI2), SRY-Box Transcription 
Factor 9 (SOX9), Inhibitor of DNA Binding 1 (ID-1), Protein C recep-
tor (PROCR), and Metadherin (MTDH), has been shown to promote 
metastasis.13 We have previously shown that miR-93, which targets 
Wiskott-Aldrich syndrome protein family (WASF)3, functions as 
suppressor of CSC properties and metastasis in breast cancer.14

The S100 protein family is composed of 25 members of small di-
meric, EF-hand–type, calcium-binding cytosolic proteins with a molec-
ular weight of 10-12 kDa.15,16 Although S100 family members exhibit a 
high degree of sequence and structural similarity, they are not function-
ally interchangeable. S100 proteins are involved in multiple intracellular 
functions, which include: interacting with intracellular receptors or mol-
ecule subunits, membrane protein recruitment and transportation, tran-
scriptional regulation, and regulating enzymes, nucleic acids, and DNA 
repair.16 Serum amyloid A (SAA) 3, which is induced in premetastatic 
lungs by S100A8 and S100A9, has a role in the accumulation of my-
eloid cells and acts as a positive-feedback regulator for chemoattractant 

secretion and promotion of metastasis.17,18 Phospholipid-binding sites 
of annexin A2 anchor S100A10 to the cell surface, whereas the carbox-
yl-terminal lysines of the S100A10 subunits provide the binding sites 
for tissue plasminogen activator (tPA), plasminogen, and plasmin.19 The 
expression level of S100A10 increased by the oncoproteins promyelo-
cytic leukemia/retinoic acid receptor alpha (PML/RARα) and RAS, and 
its higher expression is linked to worse outcome in a number of cancer 
types including breast cancers.20

In this study, we analyzed metastasized CD44+ breast cancer 
cells in breast cancer patient-derived tumor xenograft (PDX) mice 
to identify the intrinsic factors that were associated with cancer 
cell metastasis. S100 protein family genes were upregulated in the 
CD44+ PDX cancer cells metastasized to the liver. Among them, 
S100A10 enhanced invasion ability and organoid-forming capacity 
of breast cancer cells, both of which are required for metastatic pro-
gression. Finally, we found that constitutive knockdown of S100A10 
suppressed the metastatic abilities of breast cancer cells in vivo.

2  | MATERIAL S AND METHODS

2.1 | Flow cytometry

Primary tumor specimens, xenograft tumors, and the liver of the PDX 
mice were dissociated using collagenase III (Worthington) and ana-
lyzed as previously described.14 Dissociated cells were stained with 
monoclonal antibodies conjugated to fluorescent dyes. Antibodies 
used in this study are anti-human CD44-allophycocyanin (APC, 
clone IM7, 1:20; Biolegend), anti-human leukocyte antigen (HLA) A, 
B, C-Alexa488 (clone W6/32, 1:20; Biolegend), anti-mouse H-2Kd/
H2-Dd-biotin (clone 34-1-2S, 1:40; eBioscience), and anti-mouse 
Cd45-biotin (clone 30-F11, 1:40; BD Biosciences) antibodies. Dead 
cells were depleted using 4,6-diamidino-2-phenylindole (DAPI).

2.2 | Gene expression profiling of PDX cells 
with microarray

Two thousand CD44+/HLA+ breast cancer PDX cells were sorted 
from the dissociated xenograft tumors and the liver of the PDX 
mice. From those cells, total RNA was extracted using RNeasy Mini 
Kit (Qiagen) according to the manufacturer's instruction. Then, 
cDNA was synthesized and amplified from total RNA, exploiting 
the Ovation Pico WTA System V2 (NuGEN). Next, cDNA samples 
were labeled with cyanine 3-dUTP, exploiting the SureTag DNA 
Labeling Kit (Agilent Tech.). Finally, cDNAs were subjected to frag-
mentation and hybridized on the SurePrint G3 Human GE ver3.0 
8x60K Microarray (Agilent Tech.) following the manufacturer's in-
struction. Data were normalized and filtered with three filters using 
GeneSpring (Agilent Tech.). To compare the gene expression values, 
we transformed values in normal scale x as follows:

value= log2(1+x).
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Raw and processed microarray data have been deposited in the 
GEO repository. The accession number is GSE15​1191 (GEO reviewer 
link: https://www.ncbi.nlm.nih.gov/geo/query/​acc.cgi?acc=GSE15​
1191).

2.3 | Reverse transcription (RT)–semiquantitative 
real-time PCR (qPCR)

The expression level of S100A10 was analyzed by RT-qPCR as de-
scribed previously.11,14 The following primers were used: S100A10 
forward, CAACGGACCACACCAAAATGC and reverse, CTGCCTA 
CTTCTTTCCCTTCTG; GAPDH forward, AGAAGGCTGGGGC 
TCATTTG and reverse, AGGGGCCATCCACAGTCTTC. Other prim-
ers including those used to analyze mRNA expression levels in or-
ganoid cells have been described previously.14,21 mRNA expression 
levels were normalized by those of GAPDH. Relative mRNA expres-
sion was calculated by using a ΔΔCT method.

2.4 | Cell lines

MDA-MB-231 and T-47D human breast cancer cells (ATCC cata-
log: HTB-26 and HTB-133) were obtained from the American Type 
Culture Collection (ATCC). Cell lines were cultured in Glutamax-
containing DMEM (Thermo Fisher Scientific) supplemented with 
10% fetal bovine serum (Thermo Fisher Scientific) and penicillin-
streptomycin (Thermo Fisher Scientific).

2.5 | Lentivirus production

The sequence of the full-length coding region of the S100A10 
mRNA (NM_002966.2 (GenBank)) was amplified by PCR and 
cloned into the pEIZ-HIV-ZsGreen lentivirus vector (Addgene: 
#18121).7 The shRNA sequences encoding for the S100A10 
shRNA constructs (shS100A10) were cloned between the BamHI 
and EcoRI sites of the miRZIP vector (System Biosciences) 
and sequenced. The following target sequences were used: 
shS100A10-1, CCATGATGTTTACATTTCACA; shS100A10-5, 
GACCAGTGTAGAGATGGCAAA. A negative control was pur-
chased from System Biosciences. Lentiviruses were produced as 
previously described.22 The culture supernatant containing len-
tivirus was collected and concentrated by LentiX concentrator 
(Clontech) and was resuspended in phosphate-buffered saline. 
Breast cancer cells constitutively expressing S100A10 shRNA 
constructs were established by infecting cells with lentivirus con-
structs at a multiplicity of infection (MOI) of 5 (breast cancer cell 
line) or of 30 (breast cancer PDX cells). Infected cells were pu-
rified based on puromycin resistance (1 µg/mL) or their ZsGreen 
expression.

2.6 | Gene set enrichment analysis (GSEA)

With respect to relevance to stem cells and invasion, our data were 
compared to signatures reported by Boquest et al23,24 (BOQUEST_
STEM_CELL_UP, BOQUEST_STEM_CELL_DN) and Rizki 
et al25 (RIZKI_TUMOR_INVASIVENESS_2D_DN, RIZKI_TUMOR_
INVASIVENESS_2D_UP, RIZKI_TUMOR_INVASIVENESS_3D_DN, 
RIZKI_TUMOR_INVASIVENESS_3D_UP), respectively. For the 
metric for ranking genes, log2_Ratio_of_Classes was used. The 
gene sets with which the comparison with our data showed a false 
discovery rate (FDR) lower than 0.25 were evaluated as relevant 
gene sets.

2.7 | Transwell cell invasion assay

Transwell cell invasion assays were performed as described previ-
ously,14 using a 24-well transwell insert with 8 µm pore size (Corning).

2.8 | Gelatin zymography

Gelatin zymography was performed according to the established 
method.26 Briefly, MDA-MB-231 cells were seeded into a 6-well plate, 
and from the next day the cells were starved for 48 hours. The cul-
ture supernatant was collected and centrifuged at 500 g for 5 min to 
remove debris, followed by concentration using an Amicon Ultra cen-
trifuge filter (Merck-Sigma). The total amount of protein was deter-
mined by Bradford ultra (Expedeon) according to the manufacturer's 
instruction. The same amount of protein was loaded into SDS-PAGE 
gel containing gelatin. After electrophoresis, the gel was washed for 
30 min twice in washing buffer (2.5% Triton X-100, 5 mmol/L CaCl2, 
50 mmol/L Tris-HCl [pH 7.5]) and incubated in incubation buffer (1% 
Triton X-100, 5 mmol/L CaCl2, 50 mmol/L Tris-HCl [pH 7.5]) overnight 
at 37°C. The gel was stained with Coomassie brilliant blue solution to 
visualize the matrix metalloproteinase (MMP) activity.

2.9 | Organoid assay

Cells constitutively expressing S100A10 shRNA, S100A10, or cor-
responding control lentivirus constructs were seeded on Matrigel 
(Corning) in 96-well plates (3 × 103 cells/well) and cultured at 
37°C with 5% CO2, as previously described.27 The cells were fixed 
8-10 days after seeding with 4% paraformaldehyde for 10 min at room 
temperature, and then the number of organoids larger than 100 μm 
(breast cancer PDX cells) or 150 μm (breast cancer cell lines) in diam-
eter was counted under an inverted fluorescent microscope (Axiovert 
200, Carl Zeiss) with Plan-Apochromat 20x NA = 0.8. Phase contrast 
and ZsGreen images were taken by AxioCam under the control of 
AxioVision. The ZsGreen images were used to measure the diameter.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151191
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151191
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151191
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2.10 | Hepatic metastasis model via a splenic 
injection for competitive transplantation assays

Equal numbers of MDA-MB-231-ZsGreen cells overexpressing 
S100A10 shRNA (shS100A10-1 ZsGreen) and MDA-MB-231 mCherry 
competitor were mixed 1:1 and injected into the spleen of NOD/SCID/
IL2Rγ−/− (NSG) mice (Charles River) as described previously.14 After 20 
to 30 days following the surgery, the mice were perfused with PBS and 
the liver was harvested. A part of the liver was fixed for histological 
examination and the rest of the liver was cut in pieces for dissociation.

2.11 | Statistical analysis

Data are presented as means  ±  standard deviation (SD). 
Comparisons between continuous data normally distributed with 
equal variance or unequal variances between groups were per-
formed using unpaired two-tailed Student's t-tests. Sample sizes, 
statistical tests, and P-values are indicated in the figures or figure 
legends. All P-values were two-sided, and P-values < 0.05 or 0.01 
were deemed statistically significant. Asterisks denote P-value 
significance.

FIGURE 1 Upregulation of S100-family proteins in the CD44+ breast cancer patient-derived tumor xenograft (PDX) cells metastasized to 
the liver. A, Sorting of the cancer stem cell marker CD44+ breast cancer cells from the liver and the primary site of breast cancer PDX mouse. 
Breast cancer PDX-KUB06 cells were transplanted into mouse mammary fad pad. In this PDX mouse model, breast cancer cells spontaneously 
metastasized to the liver. Left: schematic representation of the isolation of PDX cells from the breast cancer PDX mice. Upper right: flow 
cytometry profile of dissociated lin−/DAPI− breast cancer PDX cells. CD44+ cells within the red or green square gate were sorted. Lower right: 
immunostaining of primary tumor and liver. The tissues were stained with an anti-human HLA A, B, C-Alexa488 antibody for the detection 
of human breast cancer cells and 4,6-diamidino-2-phenylindole (DAPI). scale bar: 100 μm. B, Scatter plot of genes expressed in CD44+ PDX 
cells at the primary site and those in the liver. The gene expression levels were plotted using the log2 of normalized gene expression values. 
Genes whose expression values were more than two times higher or lower in the CD44+ PDX cells metastasized in the liver as compared 
to those at the primary site are depicted as green and red circles, respectively. Among them, S100 protein family genes whose expression 
values were more or less than two times higher are colored in yellow and gray, respectively. C, Upregulation of S100A10 in CD44+ PDX cells 
in the liver. Expression levels of S100A10 in the CD44+ and CD44− breast cancer cells sorted from the primary tumor or the liver of PDX mice 
were analyzed using semiquantitative RT-PCR. Data are presented as mean ± SD, n = 3, *P < 0.05. D, Comparison of S100A10 expression 
levels in breast cancer and normal tissues from the GENT2 GPL-96 platform (HG-U133A). Box plots display 10th, 25th, 50th, 75th, and 90th 
percentiles of S100A10 expression levels. **P < 0.0001. E, Relationship between S100A10 expression levels and overall survival rate from the 
same platform. Association between S100A10 expression levels and survival outcomes was statistically significant (P < 0.0001)

F I G U R E  2   Gene set enrichment analysis (GSEA) enrichment score curves. The gene sets for stem cells and tumor invasiveness were less 
enriched in shS100A10 MDA-MB-231 cells and highly enriched in metastasized cancer stem cells (CSCs) (PDX-KUB06). The y-axis represents 
the enrichment score (ES) and on the x-axis are genes (vertical black lines) represented in gene sets. The green line connects points of ES and 
genes. In each graph, probes on the far left (red) correlated with the most upregulated probes in the control MDA-MB-231 cells or CD44+ 
PDX cells metastasized in the liver, and probes on the far right (blue) correlated with the most upregulated probes in shS100A10 MDA-
MB-231 cells or CD44+ PDX cells in the primary site, respectively. Significance threshold set at FDR < 0.25
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2.12 | Supplementary appendix

Detailed descriptions of the methods including those for the experi-
ments for Supplementary Figures are provided in Appendix S1.

3  | RESULTS

3.1 | Upregulation of S100A10 in the CD44+ breast 
cancer PDX cells metastasized to the liver

Cancer metastasis is driven by cancer cells with CSC properties which 
survive multiple steps, including seeding, migration and successful col-
onization at distant sites.12 We have previously established the breast 
cancer PDX mouse model, in which CD44+ cancer cells spontaneously 
metastasized and formed micrometastases at distant sites.14,28,29 To 

characterize the breast CSCs that are involved in metastatic progres-
sion, we analyzed the human breast cancer PDX (KUB06) mouse gener-
ated by orthotopic xenotransplantation of luminal-type human breast 
cancer tissues.28 This PDX mouse is characterized by the formation of 
micrometastases in the liver when the diameter of tumors at the pri-
mary site reached ~2 cm (Figure 1A). In this model, consistent with the 
previous observation that metastasis is initiated by cancer cells with 
stem cell program,12 most of the cells metastasized in the liver were 
composed of CSC marker CD44+ cells (Figure 1A). Comparison of gene 
expression profiles between the CD44+ human breast cancer cells me-
tastasized to the liver (‘metastasized CSCs’) and those in the primary 
site (‘primary CSCs’) revealed that members of the S100 protein family 
were upregulated in metastasized CSCs compared with primary CSCs 
(Figure 1B). Given the observed expression patterns, we speculated 
that these members of the S100 protein family function as enhanc-
ers of the metastasis of CD44+ PDX cells. Indeed, S100A4, one of the 

F I G U R E  3   The knockdown of 
S100A10 suppressed the invasion of 
MDA-MB-231 cells. A, Transwell cell 
invasion assay was performed using MDA-
MB-231 cells constitutively expressing 
S100A10 shRNA or negative control 
(upper panels) and PDX-KUB06 cells 
(lower panels). Cell invasion was measured 
after 24 h. Representative micrographs 
and the number of invaded cells in five 
random fields per membrane are shown. 
Data are presented as mean ± SD n ≥ 3, 
*P < 0.05. B, Gelatin zymography of cells 
constitutively expressing S100A10 shRNA 
or negative control. Density of the band 
at approximately 90 kDa was measured. 
n ≥ 3, **P < 0.01
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F I G U R E  4   S100A10 regulates the 3D organoid formation capacities. A, Constitutive overexpression of S100A10 shRNA reduced the 3D 
organoid-forming capacity of MDA-MB-231 cells. n = 3, *P < 0.01, scale bar: 200 μm. B, Three-dimensional organoid-forming capacity of 
breast cancer patient-derived tumor xenograft (PDX) cells (KUB02 and 11) infected with lentivirus encoding S100A10 or S100A10 shRNA. 
n = 3, *P < 0.05, scale bar: 100 μm. C, The expression levels of cancer stem cell (CSC) markers. Breast cancer PDX-KUB06 cells constitutively 
expressing S100A10 or negative control were sphere-cultured for 6 d. The expression levels of CSC markers in PDX cells were measured by 
semiquantitative PCR. GAPDH was used as a control. *P < 0.05
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Analyses of cancer cells metastasized to the liver 
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highly upregulated S100 protein family members in the metastasized 
CSCs, promotes metastasis, and its higher expression is associated 
with poorer patient outcome.30 In this study, we focused on S100A10, 
which was one of the most highly upregulated S100 protein in me-
tastasized CSCs compared with primary CSCs (Figure 1B). We then 
analyzed the expression levels of S100A10 in CD44+ and CD44- can-
cer cells at the primary site and in the liver. Upregulation of S100A10 
mRNA in metastasized cancer cells was highly specific to CD44+ PDX 
cells metastasized in the liver, and its expression level was significantly 
lower in CD44- PDX cells metastasized in the liver and both CD44+ 
and CD44- PDX cells at the primary site (Figure 1C). Analyses of data-
base revealed that the expression level of S100A10 was significantly 
higher in cancer tissue than in normal tissue, and its higher expression 
was associated with poorer patient outcome (Figure 1D and E).

3.2 | S100A10 knockdown suppressed cell 
invasion abilities

Because S100A10 was upregulated in the CD44+ PDX cells success-
fully metastasized to the liver, first we evaluated the roles of S100A10 
in cellular functions, such as cell proliferation, death, migration, and in-
vasion of breast cancer cells. Breast cancer MDA-MB-231 cells were 
infected with lentivirus encoding shRNA sequences against S100A10 
(Figure S1). GSEA revealed that S100A10 may regulate stem cell phe-
notype and tumor invasiveness (Figure 2). Constitutive knockdown of 
S100A10 did not significantly affect cell proliferation, cell cycle pro-
gression, apoptosis, and migration of MDA-MB-231 cells (Figure  S2 
and S3). In contrast, in transwell cell invasion assays in which the upper 
surface of transwell inserts was precoated with Matrigel, constitutive 
knockdown of S100A10 using shS100A10-1 or -5 significantly reduced 
the number of MDA-MB0.-231 breast cancer cells invaded by 40% 
and 60%, respectively (Figure 3A). Cell surface S100A10 binds to an-
nexin A2 and cleaves and activates plasminogen, which then activates 
MMPs, such as MMP-3, -9, -12, and -13.31 The results of gelatin zy-
mography showed that knockdown of S100A10 significantly reduced 
the activity of MMP9 (gelatinase B) in MDA-MB-231 cells (Figure 3B). 
Finally, to confirm that the effects of S100A10 on breast cancer cells 
were observed irrespective of hormone receptor status, we infected 
shS100A10 to luminal-type breast cancer T-47D cells, and overex-
pressed S100A10 in luminal-type breast cancer PDX-KUB06 cells 
which weakly express S100A10. Knockdown of S100A10 in T-47D cells 
reduced and overexpression of S100A10 in PDX-KUB06 cells enhanced 
the cell invasion abilities without affecting their cell cycle progression 

and apoptosis (Figure 3A, Figures S4 and S5). These results suggest that 
S100A10 functions as a regulator of cell invasion in both hormone re-
ceptor positive and negative breast cancer cells and PDX cells.

3.3 | S100A10 enhanced the organoid-forming 
capacity of PDX cells

Acquisition and enhancement of CSC properties upregulate metastatic 
potential of cancer cells. To understand whether S100A10 had a di-
rect mechanistic role in enhancing CSC properties, we tested whether 
S100A10 was able to affect the three-dimensional (3D) organoid-form-
ing capacity of breast cancer cells. Organoid culture is a 3D culture 
method that enables ex vivo analysis of stem cell behavior and differ-
entiation.27 Infection of MDA-MB-231 cells with a lentivirus encoding 
for shS100A10-1 significantly reduced their capacity to grow as 3D or-
ganoids (Figure 4A). We then analyzed the effect of S100A10 on the 
3D organoid-forming capacity of luminal-type breast cancer PDX cells. 
Breast cancer PDX cells isolated from the primary site of PDX mice were 
infected with a lentivirus encoding for S100A10. Constitutive overex-
pression of S100A10 significantly increased their capacity to grow as 
3D organoids and enhanced the expression of stem cell–related genes, 
such as POU Class 5 Homeobox 1 (OCT4, POU5F1), SOX2, Nanog 
Homeobox (NANOG), SNAI1/2 (Figure 4B and C). In contrast, constitu-
tive knockdown of S100A10 did not significantly reduce the number of 
3D organoids formed by breast cancer PDX cells (Figure 4B), possibly 
because of low expression levels of S100A10 in the CD44+ PDX cells.

3.4 | S100A10 promotes the metastatic capacity of 
breast cancer cells in vivo

Because S100A10 is a regulator of cell invasion and 3D organoid-
forming capacities in vitro, we tested whether constitutive knock-
down of S100A10 was able to suppress metastasis of breast cancer 
cells in immuno-deficient NSG mice. MDA-MB-231 cells overex-
pressing shS100A10-1 or control MDA-MB-231 cells were ortho-
topically transplanted at the mammary fat pad region of NSG mice. 
Consistent with in vitro proliferation and apoptosis assays (Figure S2), 
constitutive knockdown of S100A10 did not affect tumor growth at 
the primary sites in vivo (Figure S6). However, in vivo metastatic ca-
pacity was significantly reduced in MDA-MB-231 cells constitutively 
overexpressing shS100A10-1 (Figure  5A). Micrometastases in the 
liver of the mice transplanted with shS100A10-1 cells were smaller in 

F I G U R E  5   Knockdown of S100A10-suppressed liver metastasis in vivo. Spontaneous metastases in the liver were analyzed 8 wk 
after xenotransplantation. A, Hematoxylin and eosin staining of the liver and number of metastatic foci in the liver. Arrows indicate the 
representative metastatic foci. B, Ki-67 staining of the liver and number of Ki-67–positive micrometasitasis in the liver. Data are presented 
as mean ± SD, n = 6, **P < 0.01, scale bar: 200 μm (low magnification) and 20 μm (high magnification). C, Schematic representation of the 
splenic injection of tumor cells and competitive transplantation assays. For the competitive transplantation assay, MDA-MB-231-ZsGreen 
cells overexpressing shS100A10-1 and MDA-MB-231 mCherry competitor (mixed 1:1) were transplanted into the spleen of immunodeficient 
NSG mice. The liver was perfused and dissociated 3 wk after the transplantation. Percentage of donor chimerism of the cancer cells 
metastasized in the liver was analyzed using a flow cytometry. Data are presented as mean ± SD, n = 3, *P < 0.05



4368  |     YANAGI et al.

number and size, and the number of Ki-67 positive micrometasitases 
was significantly smaller than that in the mouse transplanted with 
control cells (Figure 5A and B). Finally, we performed a competitive 
transplantation assay which is able to recapitulate the latter half of 
the metastatic cascades (ie, interaction with blood cells, extravasa-
tion, and/or colonization)32 to further confirm that S100A10 affects 
metastatic capacities of breast cancer cells in vivo. When MDA-MB-
231-ZsGreen cells constitutively overexpressing shS100A10-1 and 
MDA-MB-231-mCherry competitor (mixed 1:1) were transplanted 
into the spleen of immunodeficient NSG mice, the percentage of 
MDA-MB-231 mCherry competitor cells was significantly higher 
than that of shS100A10-1 ZsGreen cells among the cancer cells suc-
cessfully colonized to the liver (Figure  5C). These results suggest 
that breast cancer cells with constitutive reduction of S100A10 had 
a significant competitive disadvantage in the liver metastasis.

4  | DISCUSSION

Upregulation of S100-family protein expression is observed in many 
human cancers, including breast, lung, bladder, and gastric cancers.33 
For example, S100 proteins, such as S100A4, S100A7, S100A8, 
S100A9, and S100A11, secreted from cancer cells and stromal cells 
actively contribute to tumorigenic processes such as cell prolifera-
tion, metastasis, angiogenesis, and immune evasion.33-37 S100A10 is a 
unique member of the S100 protein family because it lacks a functional 
EF domain that mediates calcium ion–dependent protein-protein in-
teractions. In this study, we showed that upregulation of both inva-
sion ability and CSC properties are part of the mechanisms by which 
S100A10 confers metastatic potential to breast cancer cells and PDX 
cells. The fact that upregulation of S100A10 was characteristically ob-
served in the CD44+ breast cancer cells but not in CD44- breast can-
cer cells among the metastasized cells in the liver (Figure 1C) further 
supports a notion that S100A10 has specific roles in the regulation 
of the metastasis of breast cancer CSCs in vivo. Although S100A10 
promotes multiple oncogenic properties including proliferation, in-
vasion, and migration especially in ovarian cancers,38,39 the effect 
of S100A10 on proliferation and migration was not evident in breast 
cancer cells and PDX cells, suggesting that the effect of S100A10 on 
oncogenic properties is cell type–dependent (Figure S2-S6).

The interaction of S100A10 with annexin A2 and plasmin ac-
tivates various signaling molecules highly associated with CSC 
properties and/or cell invasion, including nuclear factor-κ B (NF-
κB), signal transducer and activator of transcription 3 (STAT3), 
and interleukin-6 signaling pathways.40,41 In addition, intracellular 
S100A10 binds to many binding partners, including annexin A2, 
protein kinase

PCTAIRE-1, phospholipase A2, and Bcl-2-associated death pro-
moter (BAD).41 We found that stem cell–related genes such as OCT4, 
SOX2, and NANOG were upregulated by S100A10 in PDX-derived or-
ganoids, and the pathways related to stem cell characters and tumor 
invasiveness are enriched by S100A10 overexpression (Figures 2 and 
4C). Together with our previous report that miR-93 functions as a 

metastasis suppressor by targeting WASF3, a regulator of both CSC 
properties and cell invasion,14 our findings suggest that S100A10 is 
among the molecules that promote metastasis of breast cancer CSCs 
especially at the initial stage of metastasis.

On the other hand, the carboxyl-terminal lysines of S100A10 bind 
to tPA and plasminogen, which stimulate plasmin production.42 Active 
plasmin degrades matrix proteins and then activates other proteases, 
including MMP-2 and MMP-9 gelatinases that play a role in the inva-
sion and metastasis of cancer through the destruction of the basal 
membrane and extracellular matrix. Endothelial cells from S100A10-
null mice demonstrated a 40% reduction in plasminogen binding and 
plasmin generation in vitro.19 In human macrophage, loss of S100A10 
expression results in a decrease in MMP-9 activation.43 Taken together, 
these data suggest that MMP-9 activation is one of the mechanisms in-
volved in the upregulation of invasion abilities (Figure 3). Indeed, higher 
expression of MMP-9 is significantly associated with a higher incidence 
of metastasis and relapse in breast cancer.44,45

Emerging in vivo evidence indicates that the biology of most S100 
proteins is complex and multifactorial.33 Considering the roles of tu-
mor-associated macrophages (TAMs) in CSC properties, growth, and 
metastasis of breast cancer cells,46,47 it is noteworthy to point out that 
S100A10 is a major mediator of macrophage recruitment in response 
to an inflammatory stimulus in vivo.43 Together, these data suggest the 
presence of multiple mechanisms by which S100A10 serves as an en-
hancer of CSC properties especially in the metastasis of breast cancers.
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