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Abstract: Intratumor morphological heterogeneity reflects patterns of invasive growth and is an
indicator of the metastatic potential of breast cancer. In this study, we used this heterogeneity to identify
molecules associated with breast cancer invasion and metastasis. The gene expression microarray data
were used to identify genes differentially expressed between solid, trabecular, and other morphological
arrangements of tumor cells. Immunohistochemistry was applied to evaluate the association of the
selected proteins with metastasis. RNA-sequencing was performed to analyze the molecular makeup
of metastatic tumor cells. High frequency of metastases and decreased metastasis-free survival
were detected in patients either with positive expression of KIF14 or Mieap or negative expression
of EZR at the tips of the torpedo-like structures in breast cancers. KIF14- and Mieap-positive and
EZR-negative cells were mainly detected in the torpedo-like structures of the same breast tumors;
however, their transcriptomic features differed. KIF14-positive cells showed a significant upregulation
of genes involved in ether lipid metabolism. Mieap-positive cells were enriched in genes involved in
mitophagy. EZR-negative cells displayed upregulated genes associated with phagocytosis and the
chemokine-mediated signaling pathway. In conclusion, the positive expression of KIF14 and Mieap
and negative expression of EZR at the tips of the torpedo-like structures are associated with breast
cancer metastasis.
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1. Introduction

Invasion is the first step towards cancer metastasis [1,2]. During the invasion, cancer cells penetrate
surrounding tissue and then intravasate into blood vessels, where they spread via blood flow to
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distant organs, extravasate and form the micrometastases, which finally outgrow into macroscopic
metastases [1].

According to the classical concept, there are two modes of cancer cell invasion: single-cell (individual)
and collective invasion [3]. The type of cell movement is defined by cellular polarity, actin cytoskeleton
organization, and stability of cell–cell junctions [4–6]. Single-cell invasion is strongly associated
with a process of epithelial–mesenchymal transition (EMT), during which cancer cells lose epithelial
characteristics and obtain mesenchymal traits, namely increased motility and invasiveness [7,8].
In collective invasion, cancer cells are undergoing a partial EMT when mesenchymal traits are acquired
but epithelial features and intercellular contacts are not lost [6,9]. Collectively invading cells can be
part of large tumor masses or be formed into groups with the different architectural organization [3,10].

Although the mechanisms of cell migration and invasion have been described quite well, there are
currently no effective markers for the identification of invading cancer cells and, therefore, for assessment
of the invasive potential of tumors [11]. These markers could be used to identify patients at the high
risk of metastasis and to prescribe therapy aimed at interrupting the metastatic process. In addition,
these markers might represent targets for future therapeutics that block invasion and metastasis [11].

Invasive carcinoma of no special type (invasive ductal carcinoma), the most common form of
breast cancer, demonstrates significant intratumor morphological heterogeneity. Breast cancer cells
may be single or arranged in either small groups (two to five cells), collectively named discrete groups
of tumor cells, or multicellular structures: tubular, alveolar, solid, and trabecular structures (Figure 1).
These morphological structures have been found to represent transcriptionally distinct tumor cell
populations with varying degrees of EMT and invasiveness and to be associated with breast cancer
prognosis. Tubular and alveolar structures are transcriptionally similar and demonstrate similar
expression of epithelial and mesenchymal markers. Solid structures show an increase in mesenchymal
traits but retain epithelial features. Trabecular structures, small groups of tumor cells, and single
tumor cells display a pronounced mesenchymal phenotype and a dramatic decrease in epithelial
traits [12,13]. Breast cancers with trabecular structures or single tumor cells show increased metastatic
potential [14,15]. Based on these results, we assumed that tubular and alveolar structures show
decreased invasive potential, whereas solid and trabecular structures, as well as single tumor cells,
are highly invasive [12]. It is important to note that solid structures are morphologically heterogeneous
and represented by arrangements with either small bud-like or large torpedo-like sprouts. The last ones
probably can detach from solid structures and transform into torpedo-like structures [11] (Figure 1).

In this study, we aimed to identify the molecules associated with breast cancer invasion and
metastasis. The data of gene expression profiling of solid and trabecular structures, Gene Set Enrichment
Analysis, and the Human Protein Atlas were used to select genes associated with cell migration and
with heterogeneous expression at the protein level in breast cancer. Immunohistochemistry (IHC) was
used to evaluate the association of the selected proteins with metastasis. The modified immunostaining
procedure, fluorescence-guided laser microdissection, and RNA-sequencing were used to investigate
the molecular makeup of tumor cells associated with metastasis.
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Figure 1. Invasive breast carcinoma of no special type. The invasive component of the tumor is 
heterogeneous and represented by tubular (Tub), alveolar (Alv), solid, trabecular (Trab), and 
torpedo-like structures, as well as discrete groups of tumor cells including small groups of two to 
five tumor cells (Sgtc) and single tumor cells (Stc). Hematoxylin and eosin staining, 200× 
magnification. 

2. Results 

2.1. Molecules Potentially Associated with Breast Cancer Invasion 

Using the gene expression data of breast cancer morphological structures (GEO, GSE80754), we 
selected genes potentially associated with cancer invasion based on the following criteria: 

1. Differentially expressed genes (DEGs) in solid and trabecular structures as compared to 
normal breast epithelium (p < 0.1) (Table S1) and their association with cell migration according to 
Gene Set Enrichment Analysis [16] (Table S2). 

2. Genes expressed in solid and trabecular structures but not in tubular and alveolar structures 
(p < 0.05) and their association with cell migration according to literature data (Table S3). 

3. Expression of proteins encoded by the selected genes at the periphery and the tips of the solid 
and/or trabecular structures according to the Human Protein Atlas [17] (Figure S1). 

In total, four proteins were selected: HCLS1 associated protein X-1 (HAX1), kinesin family 
member 14 (KIF14), mitochondria-eating protein/spermatogenesis associated 18 (Mieap/SPATA18), 
and ezrin (EZR) (Table 1). 

Table 1. Genes differentially expressed in solid and trabecular structures and associated with cell 
migration. 

Gene 
Log-fold change 

Function 
Protein Expression 
Patterns in Breast Tub Alv Sol Trab Discr 

Figure 1. Invasive breast carcinoma of no special type. The invasive component of the tumor is
heterogeneous and represented by tubular (Tub), alveolar (Alv), solid, trabecular (Trab), and torpedo-like
structures, as well as discrete groups of tumor cells including small groups of two to five tumor cells
(Sgtc) and single tumor cells (Stc). Hematoxylin and eosin staining, 200×magnification.

2. Results

2.1. Molecules Potentially Associated with Breast Cancer Invasion

Using the gene expression data of breast cancer morphological structures (GEO, GSE80754),
we selected genes potentially associated with cancer invasion based on the following criteria:

1. Differentially expressed genes (DEGs) in solid and trabecular structures as compared to normal
breast epithelium (p < 0.1) (Table S1) and their association with cell migration according to Gene Set
Enrichment Analysis [16] (Table S2).

2. Genes expressed in solid and trabecular structures but not in tubular and alveolar structures
(p < 0.05) and their association with cell migration according to literature data (Table S3).

3. Expression of proteins encoded by the selected genes at the periphery and the tips of the solid
and/or trabecular structures according to the Human Protein Atlas [17] (Figure S1).

In total, four proteins were selected: HCLS1 associated protein X-1 (HAX1), kinesin family member
14 (KIF14), mitochondria-eating protein/spermatogenesis associated 18 (Mieap/SPATA18), and ezrin
(EZR) (Table 1).
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Table 1. Genes differentially expressed in solid and trabecular structures and associated with cell migration.

Gene
Log-Fold Change

Function Protein Expression Patterns
in Breast Cancer ‡Tub Alv Sol Trab Discr

HAX1 0.61 1.14 * 1.42 † 1.27 * −0.21 Regulator of cortical
actin cytoskeleton

Positive expression at the
periphery of solid structures

KIF14 1.34 2.56 3.87 * 3.42 * 2.73 Microtubule motor
protein

Positive expression
at the tips

of solid
structures

SPATA18 (Mieap) −1.68 * −1.62 −2.71 † −3.02 † −4.09 †
Regulation of

mitochondrial quality
and viability

Positive expression
at the tips

of solid
structures

EZR 1.73 * 1.09 1.99 † 1.91 † ND
Connection of major

cytoskeletal structures to
the plasma membrane

Negative expression
at the tips

of solid
structures

* p < 0.1; † p < 0.05; ‡ according to the Human Protein Atlas; ND, not determined; Tub, tubular; Alv, alveolar; Sol,
solid; Trab, trabecular structures; Discr, discrete groups of tumor cells.

2.2. Positive Expression of KIF14 and Mieap and Negative Expression of EZR Are Associated with Breast
Cancer Metastasis

Based on the IHC data, we assessed the association of the expression of HAX1, KIF14, Mieap,
and EZR with breast cancer metastasis. No significant association was found for HAX1. In contrast,
KIF14, Mieap, and EZR expression were significantly correlated to metastasis. Distant metastases were
more often detected in patients with expression of KIF14 and Mieap at the tips of the torpedo-like
structures in breast tumors as compared to KIF14- and Mieap-negative cases (66.7% versus 14.3%,
p = 0.003 and 70.0% versus 12.5%, p = 0.001, respectively; Table 2). Distant metastases were also
more frequently detected in patients with negative expression of EZR at the tips of the torpedo-like
structures than in EZR-positive cases (73.7% versus 13.3%, p = 0.001; Table 2). Metastasis-free survival
was decreased in patients with positive expression of KIF14 (HR 6.63, 95% CI: 1.50–29.29, p = 0.013)
and Mieap (HR 8.09, 95% CI: 1.83–35.75, p = 0.006) and negative expression of EZR (HR 7.65,
95% CI: 1.72–33.93, p = 0.007) at the tips of the torpedo-like structures (Figure 2).

It must be noted that torpedo-like structures were detected in 54.7% (46/84) of patients and just
their presence was not associated with breast cancer metastasis. In particular, distant metastases were
observed in 43.8% (20/46) patients with torpedo-like structures and 50.0% (19/38) patients without these
structures (p = 0.55). Distant metastasis was not also related to the positive expression of KIF14 and
Mieap and negative expression of EZR in other morphological arrangements of tumor cells: tubular,
alveolar, solid and trabecular structures and small groups of tumor cells (data not shown). In addition,
no significant association was found between expression of KIF14, Mieap, and EZR and molecular
subtype of breast cancer, tumor size, grade, lymph node metastases, and recurrence.

Table 2. Frequency of metastases in patients with expression of KIF14, Mieap, and EZR at the tips of
torpedo-like structures in breast tumor.

Distant
Metastasis

Nuclear Expression of KIF14 Cytoplasmic Expression of Mieap Cytoplasmic Expression of EZR

Positive Negative Positive Negative Positive Negative

No 7 (33.3) 12 (85.7) 6 (30.0) 14 (87.5) 13 (86.6) 5 (26.3)
Yes 14 (66.7) 2 (14.3) 14 (70.0) 2 (12.5) 2 (13.3) 14 (73.7)

p-value * 0.003 0.001 0.001

* Fisher’s exact test.
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Figure 2. Metastasis-free survival rates of patients with the expression of KIF14, Mieap, and EZR at 
the tips of the torpedo-like structures in breast tumors. Hematoxylin and Eosin-stained images with 
400× magnification. 
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2.3. Patterns of Expression of KIF14, Mieap, and EZR in Breast Cancer 

The representative images of IHC staining for KIF14, Mieap, and EZR proteins are provided in 
Figures S2–S4. In total, positive expression of KIF14 and Mieap and negative expression of EZR were 
observed in 58.4 (45/77), 45.4% (35/77), and 59.2% (45/76) of breast cancers, respectively. Positive 
expression of KIF14 and Mieap and negative expression of EZR were more often observed in 
trabecular (74.3–91.7%) and tubular structures (62.5–88.2%) as compared to other structures and 
single tumor cells (39.1–60.0%; p < 0.05; Tables S4–S6). 

2.4. Transcriptomic Profile of KIF14-Positive Tumor Cells Located in Torpedo-Like Structures 

We found 260 DEGs (p < 0.05) including 105 upregulated and 155 downregulated genes 
between KIF14-positive and KIF14-negative tumor cells located in torpedo-like structures (Table S7). 
Among the most upregulated genes were NHS (NHS Actin Remodeling Regulator), CNOT2-DT 
(long non-coding RNA PRANCR), THBS4 (thrombospondin 4), and others. The SLITRK6 gene was 

Figure 2. Metastasis-free survival rates of patients with the expression of KIF14, Mieap, and EZR at
the tips of the torpedo-like structures in breast tumors. Hematoxylin and Eosin-stained images with
400×magnification.

2.3. Patterns of Expression of KIF14, Mieap, and EZR in Breast Cancer

The representative images of IHC staining for KIF14, Mieap, and EZR proteins are provided
in Figures S2–S4. In total, positive expression of KIF14 and Mieap and negative expression of
EZR were observed in 58.4 (45/77), 45.4% (35/77), and 59.2% (45/76) of breast cancers, respectively.
Positive expression of KIF14 and Mieap and negative expression of EZR were more often observed in
trabecular (74.3–91.7%) and tubular structures (62.5–88.2%) as compared to other structures and single
tumor cells (39.1–60.0%; p < 0.05; Tables S4–S6).

2.4. Transcriptomic Profile of KIF14-Positive Tumor Cells Located in Torpedo-Like Structures

We found 260 DEGs (p < 0.05) including 105 upregulated and 155 downregulated genes between
KIF14-positive and KIF14-negative tumor cells located in torpedo-like structures (Table S7). Among the
most upregulated genes were NHS (NHS Actin Remodeling Regulator), CNOT2-DT (long non-coding
RNA PRANCR), THBS4 (thrombospondin 4), and others. The SLITRK6 gene was the most
downregulated gene in KIF14-positive cells (Figure 3A, Table S7). According to Kaplan–Meier
plotter [18], low expression of NHS, THBS4, and SLITRK6 is associated with poor relapse-free
survival (RFS) in breast cancer patients (Figure S5). The upregulated genes were predominantly related
to ether lipid metabolism, whereas the downregulated genes were mostly involved in AGE-RAGE and
T cell receptor signaling pathways (Figure 3B). The GO annotation revealed that upregulated genes are
prevalently associated with collagen fibril organization, whereas downregulated genes were related
to regulation of cellular protein localization and metabolic processes (Figure 3B). The complete list
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of Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) terms enriched in
KIF14-positive cells is given in Tables S8 and S9.
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Figure 3. Differential expression analysis of KIF14-positive tumor cells. Volcano plot of TOP 10 up- and
downregulated genes (A). TOP 10 KEGG signaling pathways and GO biological processes (B). Up- and
downregulated genes with an unadjusted p-value < 0.05 were used for functional enrichment analysis.
The left panel shows –log10p of the perturbation determined from a gene set test, whereas the right
panel demonstrates a percentage of genes from corresponding KEGG and GO nodes that are down-
and upregulated.

2.5. Transcriptomic Profile of Mieap-Positive Tumor Cells Located in Torpedo-Like Structures

A total of 226 DEGs (106 upregulated and 120 downregulated at p < 0.05) were identified
in Mieap-positive tumor cells as compared to Mieap-negative tumor cells located in torpedo-like
structures (Table S10). The most significantly upregulated genes included CCDC18 (Coiled-Coil
Domain Containing 18) and SAMD9 (Sterile Alpha Motif Domain Containing 9). Among the most
downregulated genes were FOSB (FosB Proto-Oncogene), GPR153 (G Protein-Coupled Receptor 153),
MYH4 (Myosin Heavy Chain 4), and others (Figure 4A). According to Kaplan–Meier plotter [18],
low expression of FOSB, GPR153, and MYH4 is associated with poor RFS in breast cancer patients
(Figure S6). The upregulated genes were enriched for the sulfur relay system, mitophagy, and synthesis
of heterocycles (e.g., molybdopterin cofactor (Figure 4B)). The downregulated genes were associated



Cancers 2020, 12, 1909 7 of 17

with the Hedgehog signaling pathway, morphogenesis of an epithelial tube, mammary gland
development, and other KEGG and GO terms (Figure 4B). The complete list of KEGG and GO
terms enriched in Mieap-positive cells is given in Tables S11 and S12.
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Figure 4. Differential expression analysis of Mieap-positive tumor cells. Volcano plot of TOP 10 up-
and downregulated genes (A). TOP 10 KEGG signaling pathways and GO biological processes (B).
Up- and downregulated genes with an unadjusted p-value < 0.05 were used for functional enrichment
analysis. The left panel shows –log10p of the perturbation determined from a gene set test, whereas the
right panel demonstrates a percentage of genes from corresponding KEGG and GO nodes that are
down- and upregulated.

2.6. Transcriptomic Profile of EZR-Negative Tumor Cells Located in Torpedo-Like Structures

There were 162 DEGs (98 upregulated and 64 downregulated at p < 0.05) between EZR-negative
and EZR-positive tumor cells located in torpedo-like structures (Table S13). The most upregulated
genes included CD109, ID4 (Inhibitor Of Differentiation 4), ST8SIA1 (ST8 Alpha-N-Acetyl-Neuraminide
Alpha-2,8-Sialyltransferase 1), NR4A1 (Nuclear Receptor Subfamily 4 Group A Member 1), and others.
The most significantly downregulated gene was SYCP3 encoding synaptonemal complex protein 3
(Figure 5A). According to Kaplan–Meier plotter [18], low expression of CD109, ID4, NR4A1, and SYCP3
is associated with poor RFS in breast cancer patients (Figure S7). The upregulated genes were involved
in the regulation of phagocytosis, chemokine-mediated signaling pathway, and synthesis and secretion
of several hormones, whereas the downregulated genes were mainly associated with homologous
recombination and beta-alanine metabolism (Figure 5B). The complete list of KEGG and GO terms
enriched in EZR-negative cells is given in Tables S14 and S15.
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Figure 5. Differential expression analysis of EZR-negative tumor cells. Volcano plot of TOP 10 up- and
downregulated genes (A). TOP 10 KEGG signaling pathways and GO biological processes (B). Up- and
downregulated genes with an unadjusted p-value < 0.05 were used for functional enrichment analysis.
The left panel shows –log10p of the perturbation determined from a gene set test, whereas the right
panel demonstrates a percentage of genes from corresponding KEGG and GO nodes that are down-
and upregulated.

2.7. KIF14- and Mieap-Positive and EZR-Negative Cells are Co-Localized in Torpedo-Like Structures

It turned out that positive expression of KIF14 and Mieap and negative expression of EZR were
mainly observed in torpedo-like structures of the same breast tumors. Simultaneous expression of
all three proteins was observed in 57.9% (11/19) of the patients with metastases. The co-expression
of any two proteins was detected in 15.8% (3/19) of the cases (Table S16). Multiplex IHC staining
demonstrated that KIF14 and Mieap positive expression and EZR negative expression were both
observed in the same cells and were specific for different cells within the tips of the torpedo-like
structures (Figure 6A). Nevertheless, RNA-sequencing showed no overlapping DEGs (p < 0.05) between
KIF14-positive, Mieap-positive, and EZR-negative cells (Figure 6B). Low overlapping was found when
all genes up- and downregulated in KIF14-positive, Mieap-positive, and EZR-negative cells were
analyzed (Figure 6C).
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Figure 6. Localization of KIF14-positive, Mieap-positive, and EZR-negative cells in the torpedo-like
structures. Expression of KIF14, Mieap, and EZR proteins in the torpedo-like structures. A white
bracket indicates the tip of the torpedo-like structures (A). Venn diagram summarizing the shared
DEGs among KIF14-positive, Mieap-positive, and EZR-negative cells (p < 0.05) (B). Venn diagram
summarizing all genes shared between KIF14-positive, Mieap-positive, and EZR-negative cells (C).

2.8. Expression of Classic Markers of Invasion in KIF14-Positive, Mieap-Positive, and EZR-Negative Cells

We checked whether Ki-67, urokinase-type plasminogen activator (uPA/PLAU), urokinase plasminogen
activator surface receptor (uPAR/PLAUR), and matrix metalloproteinases (MMP2, MMP9, and MMP13)
are expressed in KIF14-positive, Mieap-positive, and EZR-negative cells located in torpedo-like
structures. No significant up- or downregulation of genes encoding the above-mentioned proteins were
found. The exception was the downregulation of the MMP13 gene in KIF14-positive cells as compared
to KIF14-negative cells (Table S17). Nevertheless, multiplex IHC staining showed no differences in
MMP13 expression between tumor cells composing the torpedo-like structure (Figure S8).
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3. Discussion

Metastasis is a hallmark of malignant tumors and is responsible for 90% of cancer-related deaths [2].
Understanding the mechanisms of cancer cell movement, the discovery of markers for assessment of
invasive and metastatic potential, and the development of the therapeutics for prevention of cancer
dissemination are some of the main challenges in oncology. In this study, we used the intratumor
morphological heterogeneity in breast cancer, mainly solid and trabecular arrangements of tumor cells
possessing mesenchymal and invasive traits [12], as a model for the identification of molecules associated
with breast cancer invasion and metastasis. Our results indicate that positive expression of KIF14
and Mieap and negative expression of EZR at the tips of the torpedo-like structures are significantly
associated with breast cancer metastasis. KIF14- and Mieap-positive and EZR-negative cells were
mainly detected in the torpedo-like structures of the same breast tumors; however, their transcriptomic
features differed. This probably indicates the presence of three functionally-distinct types of tumor
cells at the tips of the torpedo-like structures. It is important to note that distant metastasis was
not associated either with just the presence of torpedo-like structures or KIF14, Mieap, and EZR
expression in other morphological structures. Thus, the activity of KIF14, Mieap, and EZR at the tips
of the torpedo-like structures predetermines the metastatic potential of breast cancer and KIF14- and
Mieap-positive and EZR-negative tumor cells are most likely potential metastasis-initiating cells.

Torpedo-like structures have been suggested by us recently and are one of the morphological
manifestations of the invasive component in breast cancer [11]. These structures represent the
formations of an irregularly elongated, mainly triangular shape, consisting of two to three parallel
rows of cells, and have a wide base and a pointed tip of up to three cells. In this study, torpedo-like
structures were detected in 54.7% of the breast cancers. The origin of torpedo-like structures and their
place in the evolution of intratumor morphological heterogeneity are a subject for further research.
Most likely, these tumor cell arrangements detach from solid structures with torpedo-like sprouts and
evolve to trabecular structures [11]. Thus, together with solid and trabecular structures, torpedo-like
formations of tumor cells can reflect patterns of collective cell invasion. In this regard, KIF14- and
Mieap-positive cells, as well as EZR-negative cells, located at the tips of the torpedo-like structures,
can possess migratory and invasive phenotype.

Kinesin-14 (KIF14) is known to play a role in intracellular transport [19] and is implicated in
cytokinesis [20]. In breast cancer, an increased level of KIF14 is related to high tumor grade and poor
overall survival [21]. The knockdown of KIF14 inhibits migration and invasion of breast tumor cells
in vitro [22]. In our study, KIF14-positive cells located at the tips of the torpedo-like structures show
a significant enrichment of upregulated genes associated with ether lipid metabolism. Previously,
it was found that increased ether lipid level in tumor cells is correlated with the aggressiveness of
cancer [23]. KIF14-positive cells also demonstrate the significant upregulation of the NHS gene encoding
a novel regulator of actin remodeling and cell morphology [24] and long non-coding RNA CNOT2-DT
(PRANCR) regulating cell cycle progression and clonogenicity [25]. In addition, KIF14-positive cells
show upregulation of the THBS4 (thrombospondin 4) gene that is known to possess proangiogenic and
proinflammatory activity in breast cancer [26,27]. Moreover, the NHS and THBS4 gene expression are
associated with RFS in breast cancer patients according to Kaplan–Meier plotter [18].

Mitochondria-eating protein (Mieap) controls mitochondrial quality by repairing or eliminating
unhealthy mitochondria [28,29]. The accumulation of lysosomal proteins in the mitochondria in a
Mieap-dependent manner results in mitochondrial autophagy or mitophagy [30]. Mitochondrial quality
control plays a pivotal role in cancer migration and invasion [31]. Disruption of mitophagy
processes leads to the accumulation of reactive oxygen species in the tumor microenvironment,
thereby modulating cancer cell growth, migration, invasion, and metastasis [29,31,32]. As expected,
Mieap-positive cells located at the tips of the torpedo-like structures are enriched in genes involved in
mitophagy (BNIP3, RRAS2, and PGAM5). These tumor cells also show the significant downregulation
of the FOSB gene whose depletion was recently found to promote proliferation and growth of
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triple-negative breast cancer cells by inactivating the p53 pathway [33]. In addition, the FOSB gene is
associated with RFS in breast cancer patients according to Kaplan–Meier plotter [18].

EZR is a member of the ezrin-radixin-moesin (ERM) family of proteins, which function as
cross-linkers between the plasma membrane and the actin cytoskeleton. Many studies showed that ezrin
is involved in the regulation of focal adhesion and invadopodia dynamics [34], and its overexpression
is associated with metastasis of various cancers including breast cancer [35–37]. Surprisingly, we found
that EZR negative expression at the tips of the torpedo-like structures is associated with breast cancer
metastasis. EZR-negative tumor cells are enriched in the phagocytosis and the chemokine-mediated
signaling pathway. One of the phagocytosis-associated genes, TLR2 encodes Toll-like receptor 2,
which is involved in the release of inflammatory cytokines and facilitation of cancer invasion and
metastasis [38,39]. The chemokine-mediated signaling pathway is represented by SLIT2 and SLIT3
genes that play a suppressive role in tumor metastasis [40] and are often epigenetically silenced in
a wide variety of cancers including breast cancer [41–43]. EZR-negative tumor cells also show the
significant upregulation of CD109, ID4, ST8SIA1, and NR4A1 genes. In breast cancer, CD109, ID4,
and ST8SIA1 are involved in the maintenance of stem cell phenotype [44–46], whereas NR4A1 promotes
TGF-β-induced EMT and invasion [47]. Besides, these genes are associated with RFS of breast cancer
patients according to Kaplan–Meier plotter [18].

The mechanisms underlying the differential activity of KIF14, Mieap, and EZR in torpedo-like
structures are unknown and further research is required. Probably, non-genetic factors may account
for changes in the expression of these proteins, because, according to TCGA, KIF14, EZR, and SPATA18
genes are very rarely mutated in breast cancer (less than 1%) [48]. It is also unclear if KIF14-
and Mieap-positive and EZR-negative cells interact with each other in torpedo-like structures and
whether their cooperation is needed for breast cancer invasion and metastasis. According to previous
studies, cellular cooperation is integrally important for effective cancer invasion [49–52]. Nevertheless,
despite these issues, the activity of KIF14, Mieap, and EZR in torpedo-like structures presents an
interest for further understanding mechanisms of invasion–metastasis cascade, and can be a potential
marker for predicting the risk of breast cancer metastatic spread. In this regard, our results emphasize
that several cancer markers together rather than in their singularity could provide a valuable tool
for the “metastatic stratification” of breast cancer patients, as previously reported by Massague and
colleagues [53–55]. In other words, metastasis always involves the cooperation of several genes.

The study has several limitations, and the findings should be interpreted with caution. The study
group is small and the results should be validated in independent and large cohorts. In addition,
research in vitro is required to confirm whether positive expression of KIF14 and Mieap, as well
as negative expression of EZR, are critical for breast cancer migration and invasion. In this regard,
it would be important to develop the 3D in vitro model that would mimic the intratumor morphological
heterogeneity of breast cancer including torpedo-like structures.

4. Materials and Methods

4.1. Patients

Eighty-four patients with IC NST (T1-4N0-3M0), between 31 and 78 years of age (mean age:
50.7 ± 9.88), were treated in the Cancer Research Institute, Tomsk NRMC (Tomsk, Russia) from 1991 to
2015. The clinicopathological parameters of breast cancer patients are provided in Table S18.

The formalin-fixed, paraffin-embedded (FFPE) samples of breast tumor tissue were used for
immunohistochemistry analysis. The frozen tumor and normal tissue specimens were used for
RNA sequencing.

The procedures followed in this study were in accordance with the Helsinki Declaration
(1964, amended in 1975 and 1983). All patients signed informed consent for voluntary participation.
The study was approved by the review board of the Cancer Research Institute, Tomsk NRMC on
19 March 2015 (the approval number is 3).
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4.2. Gene Expression Microarrays

The gene expression microarray data (GEO, GSE80754) of tubular, alveolar, solid, and trabecular
structures, as well as discrete groups of tumor cells, were evaluated using the R software (R Development
Core Team, 2008) and the limma package from BioConductor [56]. Log mean spot signals were taken for
further analysis. Expression levels were normalized to normal breast epithelium. The transcripts were
ranked for differential expression using a moderated t-statistic as implemented in the limma package.

4.3. Immunohistochemistry

IHC was applied to assess HAX1, KIF14, Mieap, and EZR expression in breast tumors (n = 84).
Seven-micrometer-thick sections of FFPE tumor samples were deparaffinized, rehydrated, and stained
as previously described [57]. The following antibodies were used: Rabbit anti-HAX1 (NBP1-54800, 1:50,
Novusbio, Centennial, CO, USA), rabbit anti-KIF14 (HPA038061, 1:500, Sigma, St. Louis, MO, USA),
rabbit anti-Mieap/SPATA18 (HPA036854, 1:100, Sigma, St. Louis, MO, USA), and rabbit anti-EZR
(HPA021616, 1:1000, Sigma, St. Louis, MO, USA). The stained sections were assessed for expression of
HAX1, KIF14, Mieap, and EZR in different morphological structures of breast tumors. In particular,
the assessment included the presence of structures (tubular, alveolar, solid, and trabecular) with
positive and negative cells at their periphery (up to 2 layers), the presence of tumor cells with positive
and negative expression at the tips (up to 3 rows) of the torpedo-like sprouts connected with solid
structures and the torpedo-like structures (not connected with solid structures), positive and negative
expression in single tumor cells, etc. The complete study protocol is given in Table S19. In total, 10 to
24 fields of view were analyzed per sample. Expression was counted as positive if it was observed in
at least 10 structures of the same type.

4.4. Multiplex Immunohistochemistry

Multiplex IHC was used to analyze the co-localization of KIF14, Mieap, and EZR proteins in
torpedo-like structures. Multiplex IHC was performed with a Bond RXm system (Leica, Hamburg,
Germany) with antibodies against KIF14 (HPA038061, 1:500, Sigma, St. Louis, MO, USA; detected by
Opal 520), Mieap/SPATA18 (HPA036854, 1:100, Sigma, St. Louis, MO, USA; Opal 620), EZR (HPA021616,
1:1000, Sigma, St. Louis, MO, USA; Opal 690), and MMP13 (MA5-14238, 1:25, Thermo Fisher Scientific,
Waltham, MA, USA). Protein blocking was performed using 3% BSA-PBS (Sigma, St. Louis, MO, USA).
TSA visualization was performed with the Opal 520, Opal 620, and Opal 690 (Opal seven-color IHC kit,
Perkin Elmer, Waltham, MA, USA). Staining was finished with a DAPI counterstain and slides were
enclosed in fluorescence mounting medium (Agilent, Santa-Clara, CA, USA). Slides were scanned
using the Vectra 3.0 (PerkinElmer, Waltham, MA, USA). Tissue imaging was performed using inForm
Advanced Image Analysis software (inForm 2.1.1 and 2.2.1; Perkin Elmer, Waltham, MA, USA).

4.5. RNA-Preserving Immunolabeling and Fluorescence-Guided Laser Microdissection

Seven-micrometer-thick sections of frozen breast tumor samples (n = 4) were mounted to PET-frame
slides (Carl Zeiss, Oberkochen, Germany) pre-treated by RNAZap (Thermo Fisher Scientific, Waltham,
MA, USA). The protocol of immunolabeling has been modified to prevent RNA degradation in the
tissue sections. Briefly, the sections were fixed in methanol (Sigma, St. Louis, MO, USA) for 5 min
and washed in PBS containing RNAlater (5:1; Thermo Fisher Scientific, Waltham, MA, USA) for 2 min.
Thereafter, the sections were incubated for 5 min with the primary antibody cocktail: anti-cytokeratin
7 (CK7, OV-TL, 1:50, Agilent, Santa-Clara, CA, USA) and either anti-KIF14 (HPA038061, 1:500, Sigma,
St. Louis, MO, USA) or anti-SPATA18/Mieap (HPA036854, 1:100, Sigma, St. Louis, MO, USA) or
EZR (HPA021616, 1:500, Sigma, St. Louis, MO, USA) in PBS:RNAlater (5:1) and washed two times in
PBS:RNAlater (5:1) for 2 min. Next, the sections were incubated for 5 min with the secondary antibodies:
AlexaFluor 488-conjugated anti-mouse IgG (H+L) and AlexaFluor 555-conjugated anti-rabbit IgG
(H+L) diluted in PBS:RNAlater (5:1). Finally, DAPI in PBS:RNAlater (5:1) was used to detect nuclei.
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The sections were washed two times for 5 s with PBS at room temperature, dehydrated, and air-dried.
As control of non-specific binding, sections were incubated with an appropriate primary antibody or
with only the secondary antibody. The RNA integrity number (RIN) of the samples obtained from the
immunolabeled sections is provided in Figure S9.

Laser capture microdissection guided under fluorescence (PALM, Carl Zeiss, Oberkochen,
Germany) was used to isolate CK7-positive KIF14+, KIF14−, Mieap+, Mieap−, EZR+, and EZR− cells
from the torpedo-like structures of breast tumors (Figure S10). Approximately 50 samples of each type
of cells were isolated from each breast tumor. In total, 24 microdissected specimens were collected.

4.6. RNA Extraction, Library Preparation, Sequencing, and Bioinformatic Analysis

RNA was extracted from the microdissected samples using the Single Cell RNA Purification Kit
(Norgen, Thorold, ON, Canada). RNA samples were immediately used to generate cDNA libraries
using SMARTer Stranded Total RNA-Seq Kit v2—Pico Input Mammalian (Takara, Mountain View,
CA, USA). The concentration of cDNA libraries was measured by the dsDNA High Sensitivity kit
on a Qubit 4.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and varied from 1.33 to
15.7 ng/uL. The quality of cDNA libraries was assessed using High Sensitivity D1000 ScreenTape
on a 4150 TapeStation (Agilent, Santa-Clara, CA, USA). Libraries were sequenced on a NextSeq500
instrument (Illumina, San Diego, CA, USA) using single-end 75 bp reads.

Raw reads were aligned to the GRCh38 reference genome using STAR v. 2.7.3a (https://github.
com/alexdobin/STAR) [58]. The number of mapped reads was counted by the featureCounts tool [59].
The DESeq2 package [60] was used to detect DEGs between KIF14-, Mieap-, and EZR-positive and
negative tumor cells. Genes with p-values < 0.05 were used for functional enrichment analysis by
Enrichr [61,62].

4.7. Statistical Analysis

Statistical analysis was performed using Statistica 8.0 (StatSoft, Tulsa, OK, USA) and XLStat
(Addinsoft, New York, NY, USA). Pearson’s Chi-square and Fisher’s exact tests were used to analyze
the association between expression of HAX1, KIF14, Mieap, and EZR proteins in breast tumors and
frequency of distant metastases. The Kaplan–Meier estimator with the log-rank test was used to analyze
metastasis-free survival rates of breast cancer patients with expression of HAX1, KIF14, Mieap, and EZR
proteins in tumors. Cox proportional hazard analysis was used to assess the association between
HAX1, KIF14, Mieap, and EZR expression and metastasis-free survival. Associations were reported
as hazard ratios (HRs) with 95% confidence intervals (95% CIs) and p-values (likelihood ratio test).
Differences were considered significant at p < 0.05. Association of DEGs in KIF14-, Mieap- positive and
EZR-negative cells with RFS in breast cancer patients was analyzed using Kaplan–Meier plotter [18].

5. Conclusions

Our results indicate that the positive expression of KIF14 and Mieap and negative expression of EZR
at the tips of the torpedo-like structures is associated with a high frequency of breast cancer metastasis.
The underlying mechanism most likely consists of the joint involvement of KIF14- and Mieap-positive
cells as well as EZR-negative cells in the realization of breast cancer invasion. In other words, KIF14,
Mieap, and EZR can be considered as markers of breast cancer invasion. Altogether, these results again
indicate the important role of intratumor morphological heterogeneity in breast cancer prognosis and
its potential attractivity as a useful model for the identification of prognostic markers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/7/1909/s1,
Figure S1: Expression of HAX1, KIF14, Mieap and EZR proteins in breast cancer (according to the Human
Protein Atlas). HAX1 is predominantly expressed at the periphery of solid structure. Positive expression of
KIF14 and Mieap and negative expression of EZR are observed at the tips of the solid structures; Figure S2:
Immunohistochemical staining for KIF14 in breast cancers; 200×magnification; Figure S3: Immunohistochemical
staining for Mieap in breast cancers; 200×magnification; Figure S4: Immunohistochemical staining for EZR in
breast cancers; 200×magnification; Figure S5: Association of DEGs (NHS, THBS4, and SLITRK6) in KIF14-positive
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cells with relapse-free survival in breast cancer patients according to Kaplan–Meier plotter database; Figure S6:
Association of DEGs (FOSB, GPR153, and MYH4) in Mieap-positive cells with relapse-free survival in breast
cancer patients according to Kaplan–Meier plotter database; Figure S7: Association of DEGs (CD109, ID4,
NR4A1, and SYCP3) in EZR-negative cells with relapse-free survival in breast cancer patients according to
Kaplan-Meyer Plotter database; Figure S8: Expression of KIF14, Mieap, EZR, and MMP13 in the torpedo-like
structure. Figure S9: RNA integrity (RIN) of tumor tissue section following RNA-preserving immunolabeling;
Figure S10: Fluorescence-guided laser microdissection on the example of CK7-positive Mieap-positive and
Mieap-negative cells of the torpedo-like structure in breast tumor; Table S1: Differentially expressed genes in
solid and trabecular structures compared to normal breast epithelia (p-value < 0.1); Table S2: Gene-set enrichment
analysis of cell migration in solid and trabecular structures; Table S3: Genes expressed in solid and trabecular
structures but not in tubular and alveolar structures of breast cancer (p-value < 0.05); Table S4: The frequency of
nuclear expression of KIF14 in different morphological structures of breast tumors; Table S5: The frequency of
cytoplasmic expression of Mieap in different morphological structures of breast tumors; Table S6: The frequency
of negative cytoplasmic expression of EZR in different morphological structures of breast tumors; Table S7:
Differentially expressed genes between KIF14-positive and KIF14-negative cells located in torpedo-like structures
(p < 0.05); Table S8: KEGG enrichment analysis of up- and downregulated genes in KIF14-positive cells located
in torpedo-like structures (p < 0.05); Table S9: GO enrichment analysis of up- and downregulated genes in
KIF14-positive cells located in torpedo-like structures (p < 0.05); Table S10: Differentially expressed genes between
Mieap-positive and Mieap-negative cells located in torpedo-like structures (p < 0.05); Table S11: KEGG enrichment
analysis of up- and downregulated genes in Mieap-positive cells located in torpedo-like structures (p < 0.05);
Table S12: GO enrichment analysis of up- and downregulated genes in Mieap-positive cells located in torpedo-like
structures (p < 0.05); Table S13: Differentially expressed genes between EZR-negative and EZR-positive cells
located in torpedo-like structures (p < 0.05); Table S14: KEGG enrichment analysis of up- and downregulated
genes in EZR-negative cells located in torpedo-like structures (p < 0.05); Table S15: GO enrichment analysis
of up- and downregulated genes in EZR-negative cells located in torpedo-like structures (p < 0.05); Table S16:
Breast cancer patients with distant metastasis and positive expression of KIF14 and Mieap and negative expression
of EZR at the tips of torpedo-like structures; Table S17: Expression of MKI67, PLAU, PLAUR, MMP2, MMP9,
and MMP13 genes in KIF14-positive, Mieap-positive, and EZR-negative cells located in torpedo-like structures;
Table S18: Clinicopathological parameters of breast cancer patients; Table S19: Protocol of the assessment of
immunohistochemical staining in breast tumors.

Author Contributions: Conceptualization, M.V.Z., V.M.P., E.V.D.; Methodology, M.V.Z., V.M.P., E.V.D.;
Formal analysis, T.S.G., S.Y.Z., A.M.K., N.M.N.; Investigation, T.S.G., L.A.T., N.M.N., N.V.K., M.V.Z.;
Resources, N.V.C.; Data Curation, T.S.G. and E.V.D.; Writing—Original Draft Preparation, T.S.G., S.Y.Z.,
N.M.N.; Writing—Review and Editing, V.M.P., E.V.D.; Visualization, S.Y.Z., L.A.T.; Supervision, E.V.D.;
Project Administration, N.V.C.; Funding acquisition, N.V.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (grant #19-75-30016). The funding agency
had no role in the design of the study, in the collection, analysis, and interpretation of data and in writing
the manuscript.

Acknowledgments: RNA-sequencing was carried out on the equipment of the Tomsk regional common use
center. Analysis of immunostained sections was performed in the Department of Pathological Anatomy, Siberian
State Medical University (Tomsk, Russia). Bioinformatic processing was carried out on the data analysis cluster of
the Institute of Cytology (Saint Petersburg, Russia).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial–mesenchymal transition and
implications for cancer. Nat. Rev. Mol. Cell Biol. 2019, 20, 69–84. [CrossRef] [PubMed]

2. Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging Biological Principles of Metastasis. Cell 2017,
168, 670–691. [CrossRef] [PubMed]

3. Friedl, P.; Alexander, S. Cancer invasion and the microenvironment: Plasticity and reciprocity. Cell 2011,
147, 992–1009. [CrossRef] [PubMed]

4. Friedl, P.; Gilmour, D. Collective cell migration in morphogenesis, regeneration and cancer. Nat. Rev. Mol.
Cell Biol. 2009, 10, 445–457. [CrossRef]

5. Khalil, A.A.; Ilina, O.; Gritsenko, P.G.; Bult, P.; Span, P.N.; Friedl, P. Collective invasion in ductal and lobular
breast cancer associates with distant metastasis. Clin. Exp. Metastasis 2017, 34, 421–429. [CrossRef]

6. Pandya, P.; Orgaz, J.L.; Sanz-Moreno, V. Modes of invasion during tumour dissemination. Mol. Oncol. 2017,
11, 5–27. [CrossRef]

http://dx.doi.org/10.1038/s41580-018-0080-4
http://www.ncbi.nlm.nih.gov/pubmed/30459476
http://dx.doi.org/10.1016/j.cell.2016.11.037
http://www.ncbi.nlm.nih.gov/pubmed/28187288
http://dx.doi.org/10.1016/j.cell.2011.11.016
http://www.ncbi.nlm.nih.gov/pubmed/22118458
http://dx.doi.org/10.1038/nrm2720
http://dx.doi.org/10.1007/s10585-017-9858-6
http://dx.doi.org/10.1002/1878-0261.12019


Cancers 2020, 12, 1909 15 of 17

7. Brabletz, T.; Kalluri, R.; Nieto, M.A.; Weinberg, R.A. EMT in cancer. Nat. Rev. Cancer 2018, 18, 128–134.
[CrossRef]

8. Nieto, M.A.; Huang, R.Y.Y.J.; Jackson, R.A.A.; Thiery, J.P.P. Emt: 2016. Cell 2016, 166, 21–45. [CrossRef]
9. Grigore, A.; Jolly, M.; Jia, D.; Farach-Carson, M.; Levine, H. Tumor Budding: The Name is EMT. Partial EMT.

J. Clin. Med. 2016, 5, 51. [CrossRef]
10. Westcott, J.M.; Prechtl, A.M.; Maine, E.A.; Dang, T.T.; Esparza, M.A.; Sun, H.; Zhou, Y.; Xie, Y.; Pearson, G.W.

An epigenetically distinct breast cancer cell subpopulation promotes collective invasion. J. Clin. Investig.
2015, 125, 1927–1943. [CrossRef]

11. Gerashchenko, T.S.; Novikov, N.M.; Krakhmal, N.V.; Zolotaryova, S.Y.; Zavyalova, M.V.; Cherdyntseva, N.V.;
Denisov, E.V.; Perelmuter, V.M. Markers of Cancer Cell Invasion: Are They Good Enough? J. Clin. Med. 2019,
8, 1092. [CrossRef] [PubMed]

12. Denisov, E.V.; Skryabin, N.A.; Gerashchenko, T.S.; Tashireva, L.A.; Wilhelm, J.; Buldakov, M.A.; Sleptcov, A.A.;
Lebedev, I.N.; Vtorushin, S.V.; Zavyalova, M.V.; et al. Clinically relevant morphological structures
in breast cancer represent transcriptionally distinct tumor cell populations with varied degrees of
epithelial–mesenchymal transition and CD44+CD24- stemness. Oncotarget 2017, 8, 61163–61180. [CrossRef]
[PubMed]

13. Zavjalova, M.V.; Perelmuter, V.M.; Slonimskaya, E.M.; Vtorushin, S.V.; Garbukov, E.Y.; Gluschenko, S.A.
Conjugation of lymphogenous metastatic spread and histologic pattern of infiltrative component of ductal
breast cancer. Sib. J. Oncol. 2006, 1, 32–35.

14. Gerashchenko, T.S.; Zavyalova, M.V.; Denisov, E.V.; Krakhmal, N.V.; Pautova, D.N.; Litviakov, N.V.;
Vtorushin, S.V.; Cherdyntseva, N.V.; Perelmuter, V.M. Intratumoral morphological heterogeneity of breast
cancer as an indicator of the metastatic potential and tumor chemosensitivity. Acta Naturae 2017, 9, 56–67.
[CrossRef] [PubMed]

15. Tashireva, L.A.; Zavyalova, M.V.; Savelieva, O.E.; Gerashchenko, T.S.; Kaigorodova, E.V.; Denisov, E.V.;
Perelmuter, V.M. Single Tumor Cells With Epithelial-Like Morphology Are Associated With Breast Cancer
Metastasis. Front. Oncol. 2020, 10, 1–12. [CrossRef]

16. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.;
Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

17. Uhlen, M.; Zhang, C.; Lee, S.; Sjöstedt, E.; Fagerberg, L.; Bidkhori, G.; Benfeitas, R.; Arif, M.; Liu, Z.; Edfors, F.;
et al. A pathology atlas of the human cancer transcriptome. Science 2017, 357, eaan2507. [CrossRef]

18. Györffy, B.; Lanczky, A.; Eklund, A.C.; Denkert, C.; Budczies, J.; Li, Q.; Szallasi, Z. An online survival
analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using microarray data of
1,809 patients. Breast Cancer Res. Treat. 2010, 123, 725–731. [CrossRef]

19. Miki, H.; Okada, Y.; Hirokawa, N. Analysis of the kinesin superfamily: Insights into structure and function.
Trends Cell Biol. 2005, 15, 467–476. [CrossRef]

20. Gruneberg, U.; Neef, R.; Li, X.; Chan, E.H.Y.; Chalamalasetty, R.B.; Nigg, E.A.; Barr, F.A. KIF14 and citron
kinase act together to promote efficient cytokinesis. J. Cell Biol. 2006, 172, 363–372. [CrossRef]

21. Corson, T.W.; Gallie, B.L. KIF14 mRNA expression is a predictor of grade and outcome in breast cancer.
Int. J. Cancer 2006, 119, 1088–1094. [CrossRef] [PubMed]

22. Ahmed, S.M.; Thériault, B.L.; Uppalapati, M.; Chiu, C.W.N.; Gallie, B.L.; Sidhu, S.S.; Angers, S.
KIF14 negatively regulates Rap 1 a-Radil signaling during breast cancer progression. J. Cell Biol. 2012,
199, 951–967. [CrossRef]

23. Benjamin, D.I.; Cozzo, A.; Ji, X.; Roberts, L.S.; Louie, S.M.; Mulvihill, M.M.; Luo, K.; Nomura, D.K. Ether lipid
generating enzyme AGPS alters the balance of structural and signaling lipids to fuel cancer pathogenicity.
Proc. Natl. Acad. Sci. USA 2013, 110, 14912–14917. [CrossRef]

24. Brooks, S.P.; Coccia, M.; Tang, H.R.; Kanuga, N.; Machesky, L.M.; Bailly, M.; Cheetham, M.E.; Hardcastle, A.J.
The Nance-Horan syndrome protein encodes a functional WAVE homology domain (WHD) and is important
for co-ordinating actin remodelling and maintaining cell morphology. Hum. Mol. Genet. 2010, 19, 2421–2432.
[CrossRef] [PubMed]

25. Cai, P.; Otten, A.B.C.; Cheng, B.; Ishii, M.A.; Zhang, W.; Huang, B.; Qu, K.; Sun, B.K. A genome-wide
long noncoding RNA CRISPRi screen identifies PRANCR as a novel regulator of epidermal homeostasis.
Genome Res. 2020, 30, 22–34. [CrossRef]

http://dx.doi.org/10.1038/nrc.2017.118
http://dx.doi.org/10.1016/j.cell.2016.06.028
http://dx.doi.org/10.3390/jcm5050051
http://dx.doi.org/10.1172/JCI77767
http://dx.doi.org/10.3390/jcm8081092
http://www.ncbi.nlm.nih.gov/pubmed/31344926
http://dx.doi.org/10.18632/oncotarget.18022
http://www.ncbi.nlm.nih.gov/pubmed/28977854
http://dx.doi.org/10.32607/20758251-2017-9-1-56-67
http://www.ncbi.nlm.nih.gov/pubmed/28461975
http://dx.doi.org/10.3389/fonc.2020.00050
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1126/science.aan2507
http://dx.doi.org/10.1007/s10549-009-0674-9
http://dx.doi.org/10.1016/j.tcb.2005.07.006
http://dx.doi.org/10.1083/jcb.200511061
http://dx.doi.org/10.1002/ijc.21954
http://www.ncbi.nlm.nih.gov/pubmed/16570270
http://dx.doi.org/10.1083/jcb.201206051
http://dx.doi.org/10.1073/pnas.1310894110
http://dx.doi.org/10.1093/hmg/ddq125
http://www.ncbi.nlm.nih.gov/pubmed/20332100
http://dx.doi.org/10.1101/gr.251561.119


Cancers 2020, 12, 1909 16 of 17

26. Muppala, S.; Xiao, R.; Krukovets, I.; Verbovetsky, D.; Yendamuri, R.; Habib, N.; Raman, P.; Plow, E.;
Stenina-Adognravi, O. Thrombospondin-4 mediates TGF-β-induced angiogenesis. Oncogene 2017, 36, 5189–5198.
[CrossRef] [PubMed]

27. Muppala, S.; Xiao, R.; Gajeton, J.; Krukovets, I.; Verbovetskiy, D.; Stenina-Adognravi, O. Thrombospondin-4
mediates hyperglycemia- and TGF-beta-induced inflammation in breast cancer. bioRxiv 2020. [CrossRef]

28. Kitamura, N.; Nakamura, Y.; Miyamoto, Y.; Miyamoto, T.; Kabu, K.; Yoshida, M.; Futamura, M.; Ichinose, S.;
Arakawa, H. Mieap, a p53-inducible protein, controls mitochondrial quality by repairing or eliminating
unhealthy mitochondria. PLoS ONE 2011, 6, e16060. [CrossRef]

29. Kamino, H.; Nakamura, Y.; Tsuneki, M.; Sano, H.; Miyamoto, Y.; Kitamura, N.; Futamura, M.; Kanai, Y.;
Taniguchi, H.; Shida, D.; et al. Mieap-regulated mitochondrial quality control is frequently inactivated in
human colorectal cancer. Oncogenesis 2016, 5, e181. [CrossRef]

30. Nakamura, Y.; Arakawa, H. Discovery of Mieap-regulated mitochondrial quality control as a new function
of tumor suppressor p53. Cancer Sci. 2017, 108, 809–817. [CrossRef]

31. Bordi, M.; Nazio, F.; Campello, S. The Close Interconnection between Mitochondrial Dynamics and Mitophagy
in Cancer. Front. Oncol. 2017, 7, 1–9. [CrossRef] [PubMed]

32. Vyas, S.; Zaganjor, E.; Haigis, M.C. Mitochondria and Cancer. Cell 2016, 166, 555–566. [CrossRef]
33. Zhang, R.; Li, X.; Liu, Z.; Wang, Y.; Zhang, H.; Xu, H. EZH2 inhibitors-mediated epigenetic reactivation of

FOSB inhibits triple-negative breast cancer progress. Cancer Cell Int. 2020, 20, 175. [CrossRef] [PubMed]
34. Hoskin, V.; Szeto, A.; Ghaffari, A.; Greer, P.A.; Côté, G.P.; Elliott, B.E. Ezrin regulates focal adhesion and

invadopodia dynamics by altering calpain activity to promote breast cancer cell invasion. Mol. Biol. Cell
2015, 26, 3464–3479. [CrossRef] [PubMed]

35. Jais, M.H.; Md Zin, R.R.; Muhd Hanapi, N.A.; Md Ali, S.A. Ezrin is Significantly Overexpressed in Luminal
A, Luminal B, and HER2 Subtype Breast Cancer. Appl. Immunohistochem. Mol. Morphol. 2017, 25, 44–48.
[CrossRef]

36. Yu, Z.; Sun, M.; Jin, F.; Xiao, Q.; He, M.; Wu, H.; Ren, J.; Zhao, L.; Zhao, H.; Yao, W.; et al. Combined expression
of ezrin and E-cadherin is associated with lymph node metastasis and poor prognosis in breast cancer.
Oncol. Rep. 2015, 34, 165–174. [CrossRef]

37. Ghaffari, A.; Hoskin, V.; Turashvili, G.; Varma, S.; Mewburn, J.; Mullins, G.; Greer, P.A.; Kiefer, F.; Day, A.G.;
Madarnas, Y.; et al. Intravital imaging reveals systemic ezrin inhibition impedes cancer cell migration and
lymph node metastasis in breast cancer. Breast Cancer Res. 2019, 21, 1–11. [CrossRef]

38. Kim, S.; Karin, M. Role of TLR2-dependent inflammation in metastatic progression. Ann. N. Y. Acad. Sci.
2011, 1217, 191–206. [CrossRef]

39. Wang, W.; Xu, G.-L.; Jia, W.-D.; Ma, J.-L.; Li, J.-S.; Ge, Y.-S.; Ren, W.-H.; Yu, J.-H.; Liu, W.-B. Ligation of TLR2
by Versican: A Link Between Inflammation and Metastasis. Arch. Med. Res. 2009, 40, 321–323. [CrossRef]
[PubMed]

40. Chen, W.F.; Gao, W.D.; Li, Q.L.; Zhou, P.H.; Xu, M.D.; Yao, L.Q. SLIT2 inhibits cell migration in colorectal
cancer through the AKT-GSK3β signaling pathway. Int. J. Colorectal Dis. 2013, 28, 933–940. [CrossRef]

41. Sharma, G.; Mirza, S.; Prasad, C.P.; Srivastava, A.; Gupta, S.D.; Ralhan, R. Promoter hypermethylation of
p16INK4A, p14ARF, CyclinD2 and Slit2 in serum and tumor DNA from breast cancer patients. Life Sci. 2007,
80, 1873–1881. [CrossRef]

42. Zhang, C.; Guo, H.; Li, B.; Sui, C.; Zhang, Y.; Xia, X.; Qin, Y.; Ye, L.; Xie, F.; Wang, H.; et al. Effects of Slit3
silencing on the invasive ability of lung carcinoma A549 cells. Oncol. Rep. 2015, 34, 952–960. [CrossRef]

43. Kim, M.; Kim, J.-H.; Baek, S.-J.; Kim, S.-Y.; Kim, Y.S. Specific expression and methylation of SLIT1, SLIT2,
SLIT3, and miR-218 in gastric cancer subtypes. Int. J. Oncol. 2016, 48, 2497–2507. [CrossRef] [PubMed]

44. Tao, J.; Li, H.; Li, Q.; Yang, Y. CD109 is a potential target for triple-negative breast cancer. Tumor Biol. 2014,
35, 12083–12090. [CrossRef]

45. Junankar, S.; Baker, L.A.; Roden, D.L.; Nair, R.; Elsworth, B.; Gallego-Ortega, D.; Lacaze, P.; Cazet, A.;
Nikolic, I.; Teo, W.S.; et al. ID4 controls mammary stem cells and marks breast cancers with a stem cell-like
phenotype. Nat. Commun. 2015, 6, 6548. [CrossRef]

46. Nguyen, K.; Yan, Y.; Yuan, B.; Dasgupta, A.; Sun, J.; Mu, H.; Do, K.-A.; Ueno, N.T.; Andreeff, M.; Battula, V.L.
ST8SIA1 Regulates Tumor Growth and Metastasis in TNBC by Activating the FAK–AKT–mTOR Signaling
Pathway. Mol. Cancer Ther. 2018, 17, 2689–2701. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/onc.2017.140
http://www.ncbi.nlm.nih.gov/pubmed/28481870
http://dx.doi.org/10.1101/2020.01.03.894436
http://dx.doi.org/10.1371/journal.pone.0016060
http://dx.doi.org/10.1038/oncsis.2015.43
http://dx.doi.org/10.1111/cas.13208
http://dx.doi.org/10.3389/fonc.2017.00081
http://www.ncbi.nlm.nih.gov/pubmed/28512624
http://dx.doi.org/10.1016/j.cell.2016.07.002
http://dx.doi.org/10.1186/s12935-020-01260-5
http://www.ncbi.nlm.nih.gov/pubmed/32477007
http://dx.doi.org/10.1091/mbc.E14-12-1584
http://www.ncbi.nlm.nih.gov/pubmed/26246600
http://dx.doi.org/10.1097/PAI.0000000000000258
http://dx.doi.org/10.3892/or.2015.3967
http://dx.doi.org/10.1186/s13058-018-1079-7
http://dx.doi.org/10.1111/j.1749-6632.2010.05882.x
http://dx.doi.org/10.1016/j.arcmed.2009.04.005
http://www.ncbi.nlm.nih.gov/pubmed/19608024
http://dx.doi.org/10.1007/s00384-013-1641-9
http://dx.doi.org/10.1016/j.lfs.2007.02.026
http://dx.doi.org/10.3892/or.2015.4031
http://dx.doi.org/10.3892/ijo.2016.3473
http://www.ncbi.nlm.nih.gov/pubmed/27082735
http://dx.doi.org/10.1007/s13277-014-2509-5
http://dx.doi.org/10.1038/ncomms7548
http://dx.doi.org/10.1158/1535-7163.MCT-18-0399
http://www.ncbi.nlm.nih.gov/pubmed/30237308


Cancers 2020, 12, 1909 17 of 17

47. Zhou, F.; Drabsch, Y.; Dekker, T.J.A.; de Vinuesa, A.G.; Li, Y.; Hawinkels, L.J.A.C.; Sheppard, K.-A.;
Goumans, M.-J.; Luwor, R.B.; de Vries, C.J.; et al. Nuclear receptor NR4A1 promotes breast cancer invasion
and metastasis by activating TGF-β signalling. Nat. Commun. 2014, 5, 3388. [CrossRef]

48. Koboldt, D.C.; Fulton, R.S.; McLellan, M.D.; Schmidt, H.; Kalicki-Veizer, J.; McMichael, J.F.; Fulton, L.L.;
Dooling, D.J.; Ding, L.; Mardis, E.R.; et al. Comprehensive molecular portraits of human breast tumours.
Nature 2012, 490, 61–70. [CrossRef]

49. Zhang, J.; Goliwas, K.F.; Wang, W.; Taufalele, P.V.; Bordeleau, F.; Reinhart-King, C.A. Energetic regulation of
coordinated leader–follower dynamics during collective invasion of breast cancer cells. Proc. Natl. Acad.
Sci. USA 2019, 116, 7867–7872. [CrossRef] [PubMed]

50. Aoki, T.; Nishita, M.; Sonoda, J.; Ikeda, T.; Kakeji, Y.; Minami, Y. Intraflagellar transport 20 promotes collective
cancer cell invasion by regulating polarized organization of Golgi-associated microtubules. Cancer Sci. 2019,
110, 1306–1316. [CrossRef] [PubMed]

51. Yang, C.; Cao, M.; Liu, Y.; He, Y.; Du, Y.; Zhang, G.; Gao, F. Inducible formation of leader cells driven by
CD44 switching gives rise to collective invasion and metastases in luminal breast carcinomas. Oncogene 2019,
38, 7113–7132. [CrossRef]

52. Commander, R.; Wei, C.; Sharma, A.; Mouw, J.K.; Burton, L.J.; Summerbell, E.; Mahboubi, D.; Peterson, R.J.;
Konen, J.; Zhou, W.; et al. Subpopulation targeting of pyruvate dehydrogenase and GLUT1 decouples
metabolic heterogeneity during collective cancer cell invasion. Nat. Commun. 2020, 11, 1533. [CrossRef]

53. Minn, A.J.; Gupta, G.P.; Siegel, P.M.; Bos, P.D.; Shu, W.; Giri, D.D.; Viale, A.; Olshen, A.B.; Gerald, W.L.;
Massagué, J. Genes that mediate breast cancer metastasis to lung. Nature 2005, 436, 518–524. [CrossRef]

54. Minn, A.J.; Gupta, G.P.; Padua, D.; Bos, P.; Nguyen, D.X.; Nuyten, D.; Kreike, B.; Zhang, Y.; Wang, Y.;
Ishwaran, H.; et al. Lung metastasis genes couple breast tumor size and metastatic spread. Proc. Natl. Acad.
Sci. USA 2007, 104, 6740–6745. [CrossRef]

55. Gupta, G.P.; Nguyen, D.X.; Chiang, A.C.; Bos, P.D.; Kim, J.Y.; Nadal, C.; Gomis, R.R.; Manova-Todorova, K.;
Massagué, J. Mediators of vascular remodelling co-opted for sequential steps in lung metastasis. Nature
2007, 446, 765–770. [CrossRef]

56. Gentleman, R.C.; Carey, V.J.; Bates, D.M.; Bolstad, B.; Dettling, M.; Dudoit, S.; Ellis, B.; Gautier, L.; Ge, Y.;
Gentry, J.; et al. Bioconductor: Open software development for computational biology and bioinformatics.
Genome Biol. 2004, 5, R80. [CrossRef]

57. Zavyalova, M.V.; Denisov, E.V.; Tashireva, L.A.; Gerashchenko, T.S.; Litviakov, N.V.; Skryabin, N.A.;
Vtorushin, S.V.; Telegina, N.S.; Slonimskaya, E.M.; Cherdyntseva, N.V.; et al. Phenotypic Drift as a Cause for
Intratumoral Morphological Heterogeneity of Invasive Ductal Breast Carcinoma Not Otherwise Specified.
Biores. Open Access 2013, 2, 148–154. [CrossRef] [PubMed]

58. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R.
STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

59. Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An efficient general purpose program for assigning sequence
reads to genomic features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

60. Anders, S.; Huber, W. Differential expression analysis for sequence count data. Genome Biol. 2010, 11, R106.
[CrossRef] [PubMed]

61. Chen, E.Y.; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Maayan, A. Enrichr: Interactive
and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinformatics 2013, 14, 1–14. [CrossRef]
[PubMed]

62. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.;
Jagodnik, K.M.; Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server
2016 update. Nucleic Acids Res. 2016, 44, W90–W97. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncomms4388
http://dx.doi.org/10.1038/nature11412
http://dx.doi.org/10.1073/pnas.1809964116
http://www.ncbi.nlm.nih.gov/pubmed/30923113
http://dx.doi.org/10.1111/cas.13970
http://www.ncbi.nlm.nih.gov/pubmed/30742741
http://dx.doi.org/10.1038/s41388-019-0899-y
http://dx.doi.org/10.1038/s41467-020-15219-7
http://dx.doi.org/10.1038/nature03799
http://dx.doi.org/10.1073/pnas.0701138104
http://dx.doi.org/10.1038/nature05760
http://dx.doi.org/10.1186/gb-2004-5-10-r80
http://dx.doi.org/10.1089/biores.2012.0278
http://www.ncbi.nlm.nih.gov/pubmed/23593567
http://dx.doi.org/10.1093/bioinformatics/bts635
http://dx.doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
http://dx.doi.org/10.1186/1471-2105-14-S18-S1
http://www.ncbi.nlm.nih.gov/pubmed/24564171
http://dx.doi.org/10.1093/nar/gkw377
http://www.ncbi.nlm.nih.gov/pubmed/27141961
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Molecules Potentially Associated with Breast Cancer Invasion 
	Positive Expression of KIF14 and Mieap and Negative Expression of EZR Are Associated with Breast Cancer Metastasis 
	Patterns of Expression of KIF14, Mieap, and EZR in Breast Cancer 
	Transcriptomic Profile of KIF14-Positive Tumor Cells Located in Torpedo-Like Structures 
	Transcriptomic Profile of Mieap-Positive Tumor Cells Located in Torpedo-Like Structures 
	Transcriptomic Profile of EZR-Negative Tumor Cells Located in Torpedo-Like Structures 
	KIF14- and Mieap-Positive and EZR-Negative Cells are Co-Localized in Torpedo-Like Structures 
	Expression of Classic Markers of Invasion in KIF14-Positive, Mieap-Positive, and EZR-Negative Cells 

	Discussion 
	Materials and Methods 
	Patients 
	Gene Expression Microarrays 
	Immunohistochemistry 
	Multiplex Immunohistochemistry 
	RNA-Preserving Immunolabeling and Fluorescence-Guided Laser Microdissection 
	RNA Extraction, Library Preparation, Sequencing, and Bioinformatic Analysis 
	Statistical Analysis 

	Conclusions 
	References

