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Abstract: Matrix-remodeling-associated protein 8 or MXRA8 is a transmembrane protein that can
bind arthritogenic alpha viruses like the Chikungunya virus and provide viral entry into cells.
MXRA8 can also interact with integrin β3 and thus possibly regulate cell–cell interactions and
binding to the extracellular matrix. While MXRA8 has been associated with reduced survival in
patients with colorectal and renal clear cell cancers, the role of MXRA8 in breast cancer remains
largely unexplored. Therefore, the aim of this research was to determine the role of MXRA8 in breast
cancer by knocking out MXRA8 in the human triple-negative breast cancer cell line MDA-MB-231.
The loss of MXRA8 reduced cell proliferation in vitro but had no effect on apoptosis or migration in
cultured cells. However, the loss of MXRA8 significantly delayed tumor development and reduced
metastatic dissemination to the lungs in a xenograft model. RNA sequencing identified three genes,
ADMATS1, TIE1, and BMP2, whose expression were significantly reduced in MXRA8-knockout
tumors compared to control tumors. MXRA8 staining of a human breast cancer tissue array revealed
higher levels of MXRA8 in primary tumors and metastases of aggressive tumor subtypes (TNBC and
HER2+) compared to less aggressive, ER+ breast cancers. Our findings demonstrate for the first time
that MXRA8 regulates the progression of human TNBC possibly through influencing the interaction
of tumor cells with their microenvironment.

Keywords: TNBC; MXRA8; metastasis; tumor initiation; xenograft model

1. Introduction

Matrix-remodeling-associated protein 8 (MXRA8) (also known as limitrin, DICAM,
and ASP3) is a transmembrane protein that was first identified in glial cells in 2003 [1].
Since its discovery, most of the MXRA8 research has focused on MXRA8′s function as a
transmembrane protein that can bind arthritogenic alpha viruses like the Chikungunya
virus and provide viral entry into cells [2]. Other functions attributed to MXRA8 include
regulation of the blood–brain barrier, cell–cell adhesion, and integrin signaling specifically
through heterophilic interaction with integrin αVβ3 [3–5].

The characterization of MXRA8 in most cancers, including breast cancer, is limited.
MXRA8 is frequently expressed at high levels in solid tumors compared to adjacent normal
tissue [6]. In colorectal cancer, MXRA8 was associated with a poor prognosis and correlated
with metastasis, recurrence, and an immunosuppressive tumor microenvironment [7].
MXRA8 has also been associated with reduced survival in renal clear cell carcinoma [8],
and MXRA8 promotes glioma by regulating ferroptosis [9]. MXRA8 is part of a 13-gene
panel associated with reduced survival in esophageal squamous cell carcinoma [10], a
10-gene interaction network in osteoblastic sarcoma [11], and a 7-gene signature associated
with metastasis in thyroid cancer [12]. However, these studies are correlative in nature and
do not investigate the impact of manipulating MXRA8 levels in cancer.

Our previous work implicated MXRA8 in the growth and metastasis of triple-negative
breast cancer (TNBC) [13]. TNBC is highly aggressive and lacks estrogen receptors (ERs)
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and human epidermal growth factor receptor 2 (HER2). While investigating potential
therapeutic strategies for treating TNBC, our lab found that TNBC expresses very low
levels of the microRNA family miR-200, and the re-expression of miR-200 in the TNBC cell
line MDA-MB-231 inhibited tumor growth and metastasis in vivo [13]. RNA sequencing
of the control and miR-200 re-expressing MDA-MB-231 cells identified MXRA8 as one
of the most significantly downregulated genes in MDA-MB-231 cells re-expressing the
miR-200c/141 cluster. The re-expression of the miR-200c/141 cluster in MDA-MB-231 cells
reduced MXRA8 expression as well as tumor growth and metastasis in vivo. MXRA8 was
also expressed at high levels in spontaneous lung metastases of MDA-MB-231 tumors [13].

To evaluate the function of MXRA8 in TNBC, the current study knocked out MXRA8
in MDA-MB-231 cells using CRISPR-Cas9. Loss of MXRA8 expression delayed tumor
development and metastasis in a xenograft model, thus providing the first evidence that re-
ducing MXRA8 can suppress TNBC metastasis. MXRA8 appears to regulate these processes
by altering genes like ADAMTS1 and TIE1 that influence the tumor microenvironment.
Moreover, breast cancers from patients with aggressive subtypes (i.e., TNBC and HER2+)
expressed higher levels of MXRA8 protein in primary tumors and metastatic lesions com-
pared to less aggressive, ER+ breast cancers.

2. Results
2.1. Characterization of MXRA8-Knockout Clones In Vitro

Two independent MXRA8-knockout clones (231MXRA8KO-O and 232MXRA8KO-V)
as well as a control clone (231MXRA8Con) were further characterized in vitro. The two
MXRA8-knockout clones were selected as 231MXRA8KO-O cells had an 18-base deletion
in MXRA8 (based on DNA sequencing, Figure S1) and very low MXRA8 expression
(Figure 1A), while 231MXRA8KO-V had the largest MXRA8 deletion (100 bases, based on
DNA sequencing, Supplemental Figure S1) and very low MXRA8 expression (Figure 1A).
MXRA8 expression was reduced by 97% in 231MXRA8KO-O and 98% in 231MXRA8KO-V
cells compared to 231MXRA8Con cells.

Proliferation was assessed using BrdU incorporation and flow cytometry. As shown in
Figure 1B, 231MXRA8KO-O cells had significantly lower proliferation than 231MXRA8Con
cells. Proliferation rate was reduced by ~16% in 231MXRA8KO-V cells compared to
231MXRA8Con cells, but this value was not significant (Figure 1B). Basal apoptotic rates
(Figure 1C) and transwell migration assays were also analyzed, but there were no significant
differences between MXRA8-knockout cells and control cells in either of these assays.

As MXRA8 might mediate some of the actions of miR-200s, and miR-200s have been
shown to increase the expression of the epithelial gene CDH1 while lowering the expression
of mesenchymal genes such as ZEB1/ZEB2, TWIST1/TWIST2, and SNAI1/SNAI2, the ex-
pression of these genes was evaluated (Figure 1C–J). Only ZEB2 (Figure 1J) was significantly
reduced in both 231MXRA8KO-O and 231MXRA8KO-V cells compared to 231MXRA8Con
cells. None of the other epithelial or mesenchymal genes differed significantly.

RNA sequencing was performed on three independent RNA samples from
231MXRA8Con, 231MXRA8KO-O, and 231MXRA8KO-V cells. Aligned reads in the MXRA8
gene were visualized in IGV, and Supplemental Figure S2 shows that all 231MXRA8KO-O
and 231MXRA8KO-V clones had a region that was not mapped by any reads, and this
is the region our MXRA8 guide RNA was reported to target (MXRA8 gRNA targeted
hg38:chr1:1354815-1354837). The region the MXRA8 gRNA targeted is found in all four
protein-coding transcripts of the MXRA8 gene and thus should induce a mutation in all
MXRA8 protein-coding transcripts. Table 1 shows the TPM values for the three protein-
coding MXRA8 transcripts that had TPM values > 1. For each transcript, the levels were
reduced to zero or nearly zero in both MXRA8-knockout clones.
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Figure 1. (A) The expression of MXRA8 in control (231MXRA8Con) and MXRA8-knockout 
(231MXRA8KO-O and 231MXRA8KO-V) cells as assessed via qRT-PCR. The percentage of (B) 
BrdU-positive or (C) annexin V-positive cells in MXRA8-knockout clones relative to the control 
clone as determined using flow cytometry. The expression of (D) CDH1, (E) VIM, (F) SNAI1, (G) 
SNAI2, (H) TWIST1, (I) TWIST2, (J) ZEB1, and (K) ZEB2 in 231MXRA8Con, 231MXRA8KO-O, and 
231MXRA8KO-V cells as determined by qRT-PCR. Three individual samples were evaluated, and 
the horizontal line represents the mean of the samples. ns, non-significant, * p < 0.05, ** p < 0.01, **** 
p < 0.0001. 

Figure 1. (A) The expression of MXRA8 in control (231MXRA8Con) and MXRA8-knockout
(231MXRA8KO-O and 231MXRA8KO-V) cells as assessed via qRT-PCR. The percentage of
(B) BrdU-positive or (C) annexin V-positive cells in MXRA8-knockout clones relative to the con-
trol clone as determined using flow cytometry. The expression of (D) CDH1, (E) VIM, (F) SNAI1,
(G) SNAI2, (H) TWIST1, (I) TWIST2, (J) ZEB1, and (K) ZEB2 in 231MXRA8Con, 231MXRA8KO-O,
and 231MXRA8KO-V cells as determined by qRT-PCR. Three individual samples were evaluated,
and the horizontal line represents the mean of the samples. ns, non-significant, * p < 0.05, ** p < 0.01,
**** p < 0.0001.
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Table 1. TPM values for MXRA8 protein-coding transcripts in MXRA8 knockouts and control.

Transcript ID Transcript Name 231MXRA8Con 231MXRA8KO-O 231MXRA8KO-V

ENST00000342753 MXRA8-202 1.8 ± 0.6 0.3 ± 0.2 0.1 ± 0.1

ENST00000309212 MXRA8-201 21.6 ± 2.1 0 ± 0 0 ± 0

ENST00000445648 MXRA8-203 3.8 ± 0.7 0 ± 0 0 ± 0

2.2. Characterization of 231MXRA8KO Clones In Vivo

To determine whether the loss of MXRA8 expression regulated mammary tumor initiation,
growth, or metastasis, 1 × 106 231MXRA8Con, 231MXRA8KO-O, or 231MXRA8KO-V cells
were injected into the fourth mammary gland of NCG mice (NOD-Prkdcem26Cd52Il2rgem26Cd22/
NjuCrl, Charles River, Wilmington MA, USA). Two different sets of injections were per-
formed. In the first set of injections, 231MXRA8Con, 231MXRA8KO-O, and 231MXRA8KO-
V cells were injected into three mice each. These mice were used as a pilot study to
determine if the loss of MXRA8 impacted mammary tumor development in vivo. Mam-
mary tumor onset was assessed via palpation, and once a tumor developed, it was mea-
sured twice per week using digital calipers. As shown in Figure 2A, tumors induced by
the injection of 231MXR8Con cells produced palpable tumors more quickly than either
231MXRA8KO-O or 231MXRA8KO-V tumors, and the 231MXRA8Con tumors grew rapidly
to approximately 10% of body weight by 44 days post-injection.

A second set of injections was performed with seven mice being used for each cell line.
One mouse injected with 231MXRA8KO-O cells became sick and had to be removed from
the study, and thus, only tumor onset was evaluated in this mouse. Figure 2A–C shows
tumor onset was significantly delayed in both 231MXRA8KO-O and 231MXRA8KO-V
injections compared to 231MXRA8Con injections (the data in Figure 2C were derived from
both sets of injections). Tumors produced by the injection of 231MXRA8KO-O cells grew
significantly slower than tumors produced by 231MXRA8Con injections (Figure 2D), and
231MXRA8KO-V tumors grew at a similar rate as control tumors (Figure 2D). With this set
of mice, tumors were collected when they reached approximately 10% of the mouse’s body
weight. Thus, the 231MXRA8Con tumors were collected 44 days post-injection (n = 10 over
both sets of injections), the 231MXRA8KO-V tumors were collected 65 days post-injection
(n = 7), and the 231MXRA8KO-O tumors were collected 90 days post-injection (n = 6).
Average tumor size at the time of collection was 682 ± 51 mm3 for 231MXRA8KOCon,
588 ± 93 mm3 for 231MXRA8KO-O, and 856 ± 76 mm3 for 231MXRA8KO-V tumors
(Figure 2E). There was no statistically significant difference in the tumor size of either
MXRA8-knockout tumors compared to control tumors at the time of collection. Histologi-
cally, tumors induced by 231MXRA8Con (Figure 2F,G) and 231MXRA8KO-V (Figure 2H,K)
cells were composed primarily of cuboidal-shaped epithelial cells and frequently contained
large regions of necrosis. 231MXRA8KO-O tumors typically had smaller regions of necrosis
and more variability in tumor cell shape (Figure 2G,I).

Lung tissue was evaluated histologically and following vimentin immunohistochemistry.
We have previously shown that a human-specific, anti-vimentin antibody stains metastatic
MDA-MB-231 cells but not murine lung cells [14]. Vimentin expression, as determined by
RNA sequencing, was not significantly different in 231MXRA8Con, 231MXRA8KO-O, and
MXRA8KO-V tumors. The percentage of lung area occupied by vimentin-positive cells was
determined using QuPath software v0.4.3 [15], and mice injected with 231MXRA8Con cells
(n = 10, both sets of injections) had a significantly higher lung metastatic burden than mice
injected with 231MXRA8KO-O (n = 6, second set of injections only) or 231MXRA8KO-V
(n = 7, second set of injections only) cells (Figure 3A–G). Since all primary mammary
tumors were approximately the same size when they were collected, and mice bearing
231MXRA8KO-O and 231MXRA8KO-V tumors had more time to metastasize (90 and
65 days, respectively) compared to 231MXRA8Con tumors (44 days), this observation truly
represents a decrease in lung metastases in MXRA8-knockout tumors.
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Figure 2. Tumor growth curves following the injection of 231MXRA8Con, 231MXRA8KO-O, and
231MXRA8KO-V cells when (A) tumors were collected once 231MXRA8Con tumors reached approxi-
mately 10% of body weight or (B) when the largest tumor from each cell line reached approximately
10% of body weight: (C) tumor onset, (D) tumor specific growth rate, and (E) tumor volume at
the time of collections for tumors induced by injection of 231MXRA8Con, 231MXRA8KO-O, and
231MXRA8KO-V cells. Representative histological images of tumors induced by (F,I) 231MXRA8Con
cells, (G,J) 231MXRA8KO-O cells, and (H,K) 231MXRA8KO-V cells. Scale bars for (F–H) are 600 µm,
and scale bars for (I–K) are 30 µm. ns, non-significant, **** p < 0.0001.
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231MXRA8Con tumors, (B,E) 231MXRA8KO-O tumors, and (C,F) 231MXRA8KO-V tumors. Scale 
bars for (A–C) are 1000 µm and for (D–F) are 60 µm. (G) Quantification of the % of lung tissue 
containing vimentin-positive tumor cells. ** p < 0.01, *** p < 0.001. 
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revealed that the 231MXRA8KO-O and 231MXRA8KO-V tumors were more similar to 
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Figure 3. Lung sections following staining of human vimentin from mice harboring
(A,D) 231MXRA8Con tumors, (B,E) 231MXRA8KO-O tumors, and (C,F) 231MXRA8KO-V tumors.
Scale bars for (A–C) are 1000 µm and for (D–F) are 60 µm. (G) Quantification of the % of lung tissue
containing vimentin-positive tumor cells. ** p < 0.01, *** p < 0.001.

To evaluate how MXRA8 regulates mammary tumor onset and metastasis, RNA
sequencing was performed on three independent samples of each tumor induced by the
injection of 231MXRA8Con, 231MXRA8KO-O, or 231MXRA8KO-V cells. Hierarchical
clustering (Figure 4A) using a Euclidean distance measure and PCA analysis (Figure 4B)
revealed that the 231MXRA8KO-O and 231MXRA8KO-V tumors were more similar to each
other than 231MXRA8Con tumors.
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Using a log fold change (FC) > 1 and a false discovery rate (FDR) < 0.01, 231MXRA8KO-
O tumors expressed 1041 genes at higher levels and 1434 genes at lower levels than control
tumors. The 231MXRA8KO-V tumors expressed 460 genes at higher levels and 1228 genes
at lower levels compared to control tumors. The 231MXRA8KO-O and 231MXRA8KO-V tu-
mors shared 1092 genes that were differentially expressed compared to the control tumors.
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The top ENCODE and ChEA pathway in both the 231MXRA8KO-O vs. 231MXRA8Con
tumor and the 231MXRA8KO-V vs. 231MXRA8Con tumor comparisons was SUZ12
(Figure 4C). Similarly, the top biological process and cellular component were related
to the extracellular matrix, cell adhesion, and the plasma membrane (Figure 4C). When the
differentially expressed genes were ranked based on FDR, 11 genes were found in the top-25
genes of both the 231MXRA8KO-O vs. 231MXRA8Con tumors and the 231MXRA8KO-V
vs. 231MXRA8Con tumors, and these genes are shown in the heatmap in Figure 4D. In
particular, ADAMTS1, TIE1, and BMP2 were in the top-10 differentially expressed genes in
both 231MXRA8KO-O vs. 231MXRA8Con tumor and 231MXRA8KO-V vs. 231MXRA8Con
tumor comparisons.

2.3. MXRA8 Protein Levels in Human Breast Cancer

To determine whether MXRA8 was relevant in human breast cancer, a tissue microar-
ray was probed with an anti-MXRA8 antibody. Figure 5A–C shows representative MXRA8
staining in an ER+ tumor, a TNBC, and a HER2+ tumor. Although the amount of MXRA8
staining was variable across primary tumors and metastatic lesions, aggressive tumors like
TNBC and HER2+ had significantly higher levels of MXRA8 staining in primary tumors
and metastatic lesions compared to less aggressive, ER+ tumors (Figure 5D,E).
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Figure 5. Representative images of MXRA8 staining of (A) an ER+ tumor, (B) a TNBC, and (C) a
HER2+ tumor from a human breast cancer tissue array. Scale bars in the top images were 200 µm and
in the bottom images were 30 µm. Quantification of the amount of MXRA8 staining in (D) primary
tumors and (E) metastases from less aggressive breast cancers (ER+) compared to more aggressive
breast cancers (TNBC and HER2+). * p < 0.05.
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3. Discussion

Our previous work identified MXRA8 as one of the genes regulated by the miR-200
family that appeared to play a role in mammary tumorigenesis [13]. This finding was
significant as only one other study had evaluated MXRA8 in breast cancer, and this study
reported that MXRA8 was expressed in the stroma of breast and colorectal cancers [15].
However, no additional characterization of MXRA8 was performed. Thus, our study is the
first to manipulate MXRA8 expression and determine its function in breast cancer. Our
findings indicate that the loss of MXRA8 expression suppresses mammary tumor onset and
metastasis. Moreover, we found higher levels of MXRA8 protein in patient samples from
aggressive breast cancer subtypes (TNBC and HER2+) compared to the less aggressive,
ER+ subtype.

Exactly how MXRA8 influences mammary tumor onset and metastasis remains unclear.
The pathway analysis of differentially expressed genes in control and MXRA8-knockout
tumors suggests that the loss of MXRA8 influences the interaction between tumor cells and
the tumor microenvironment. Pathways like extracellular matrix organization, cell–cell ad-
hesion via plasma membrane, and collagen-containing extracellular matrix were identified.
The ability of MXRA8 to influence the interactions between cells and the ECM is consistent
with reports that MXRA8 can bind to β3 integrin [16]. Integrins are cell-surface receptors
and are the main adhesion receptors that allow cells to interact with components of the ECM.
There are 18 alpha and 8 beta subunits forming 24 heterodimers, and the heterodimers vary
in their ability to bind specific proteins of the ECM. Integrins can also induce intracellular
signaling via focal adhesion kinase leading to activation of the RAS/MAPK and PI3K/AKT
signaling pathways [17]. Integrin heterodimers, including those containing β3 integrin
have been implicated in regulating breast cancer metastasis [17–20].

The loss of MXRA8 also led to a decrease in the expression of genes associated with
breast cancer, including ADAMTS1, TIE1, and BMP2. ADAMTS1 is a member of the
ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) family of
proteases that are secreted and bind to the extracellular matrix (ECM) [21]. ADAMTS1 is a
protease that can modulate the ECM by cleaving its components, and it has been implicated
in various physiological and pathological processes, including angiogenesis, inflamma-
tion, and tissue remodeling [21–25]. While an early study found that ADAMTS1 was one
of several ADAMTS genes downregulated in breast cancer compared to non-neoplastic
breast tissue [26], more recent studies have associated high ADAMTS1 expression with
increased breast cancer metastasis. Lu et al. showed that the knockdown of ADAMTS1
in MDA-MB-231 cells resulted in a reduction in metastatic burden, while the overexpres-
sion of ADAMTS1 in the weakly metastatic MDA-MB-231 subline 2279 promoted bone
metastases [27]. Similarly, Liu et al. [28] showed that the overexpression of ADAMTS1
promoted metastasis of the mammary carcinoma cell line TA3, while a proteinase-dead
ADAMTS1 prevented metastasis. Administration of an anti-ADMATS1 antibody reduced
the growth of the murine mammary tumor cell line 4T1 in vivo [29]. In transgenic MMTV-
PyMT mice, whole-body ADAMTS1 knockout reduced mammary tumor size and lung
metastatic burden [30].

Tyrosine kinase with immunoglobulin-like and EGF-like domains 1 (TIE1) is a receptor
tyrosine kinase that is important in regulating endothelial growth and survival as well
as lymphatic development [31–33]. While TIE2 can bind angiopoietin growth factors,
ligands for TIE1 have yet to be identified [34]. TIE1 can be expressed in the endothelial
cells of tumor blood vessels, and the loss of murine Tie1 has reduced xenograft tumor
growth and angiogenesis [32]. A high TIE1 expression predicts poor outcomes in breast
cancer patients [35].

Bone morphogenetic protein 2 (BMP2) is part of the transforming growth factor β

superfamily, and there are over 20 different BMPs [36]. Several cell types of the mammary
gland including epithelial cells and fibroblasts produce BMP2 to induce the proliferation
of luminal progenitor cells [37,38]. High levels of BMP2 have been found in the tumor
microenvironment of breast cancers and may promote epithelial transformation [37]. In
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xenograft models, BMP2 can promote EMT and metastasis [39], and BMP2 has been
associated with poor disease-free survival in breast cancer patients [40].

Additional support of our findings stems from a study characterizing sublines of
MDA-MB-231 cells with different metastatic potential. This study found that ADAMTS1,
TIE1, and BMP2 were all expressed at significantly higher levels in the highly metastatic
sublines compared to a weakly metastatic subline [41].

Therefore, the loss of MXRA8 may influence intracellular signaling pathways that in
turn alter the expression of genes like ADAMTS1, TIE1, and BMP2 that regulate breast
cancer metastasis. Alternatively, MXRA8-mediated signaling may regulate gene expression
through histone methylation. SUZ12 ChEA was the top ENCODE and ChEA pathway
in both MXRA8-knockout tumors compared to control tumors. SUZ12 is a component
of the polycomb repressor complex 2 (PRC2) which methylates lysine 27 on histone H3.
This histone methylation induces DNA condensation that reduces the access of gene
promoters to transcription factors. Interestingly, ADAMTS1 and BMP2 are predicted to be
regulated by SUZ12 [42]. It is also interesting to note that SUZ12 ChEA was also the top
ENCODE and ChEA pathway in MDA-231c141 tumors, the tumors where we identified
MXRA8′s potential role in breast cancer [13]. Therefore, it is possible that increased miR-
200c/141 levels reduce MXRA8 expression which in turn decreases the expression of breast
cancer progression genes like ADAMTS1 and BMP2 potentially through increasing histone
methylation. MXRA8 (logFC = −7.9, FDR = 2.5 × 10−209), ADAMTS1 (logFC = −3.7,
FDR = 2.3 × 10−14), and BMP2 (logFC = −2.9, FDR = 3.5 × 10−8) were all significantly
downregulated in MDA-231c141 tumors compared to MDA-231EV tumors [13]. However,
additional studies are required to further evaluate how MXRA8 can influence breast cancer
gene expression.

In summary, the loss of MXRA8 reduced breast cancer initiation and metastasis
in human triple-negative breast cancer cells, and high levels of MXRA8 protein were
associated with more aggressive breast cancer subtypes. These findings provide the first
evidence that MXRA8 is an important regulator of breast tumorigenesis and the foundation
for more detailed analysis of MXRA8′s role in breast cancer progression.

4. Materials and Methods
4.1. MXRA8 Knockout, Selection, and Cell Culture Conditions

MDA-MB-231 (cat # HTB-26) cells were purchased from ATCC (Manassas, VA, USA).
To knock out MXRA8, MDA-MB-231 cells were initially infected with a hEF1a Blast-
Cas9 lentiviral vector (cat# VCAS10126, Horizon/Dharmacon, Cambridge, UK). MDA-
231Cas9 cells were selected with 20 µg/mL of blasticidin, and Cas9 protein was confirmed
in the clones using Western blotting and an anti-Cas9 antibody (Figure S3, cat# 14697,
New England Biolabs, Whitby, ON, Canada). MDA-231Cas9 cells were transduced with
lentivirus that contained MXRA8 gRNA targeting hg38:chr1:1354815-1354837 of MXRA8
(VSGH10142-246490800, Horizon/Dharmacon, Cambridge, UK) or a control guide RNA
(cat# VSGC10215, Horizon/Dharmacon, Cambridge, UK). Cells underwent selection us-
ing puromycin (ant-pr-1, InvivoGen, San Diego, CA, USA), and single-cell clones were
seeded in 96-well plates and expanded. Genomic DNA was isolated from individual
clones, and the DNA spanning the cleavage site underwent PCR and T7E1 mismatch detec-
tion (Horizon/Dharmacon, Cambridge, UK). DNA from clones with suspected MXRA8
deletion was amplified using the MXRA8F1 primer GGC GTC AGG TAC CAG CAA GA
and the MXRA8R1 primer CAC GTG GAG GAG GCT CAA CA followed by sequencing
(Laboratory Services, University of Guelph, Guelph, ON, Canada). Clones with con-
firmed MXRA8 deletions were evaluated for MXRA8 expression using MXRA8 primers
(unique assay ID: qHsaCED0045992, Bio-Rad Laboratories, Mississauga, ON, Canada) and
qRT-PCR. Clones V (231MXRA8KO-V) and O (231MXRA8KO-O) were selected due to
the lowest MXRA8 expression compared to MDA-MB-231 cells containing control gRNA
(231MXRA8Con). 231MXRA8Con and knockout clones were maintained in DMEM media
(GIBCO, Burlington, ON, Canada) supplemented with 10% FBS, 2% glutamine, 1% sodium
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pyruvate, 1% 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid (HEPES), and 1% antibi-
otic/antimycotic. Cells cultures were maintained in media containing 1 µL/mL puromycin
(ant-pr-1, InvivoGen, San Diego, CA, USA) and 2 µL/mL blasticidin (sc-495389, Santa Cruz
Biotechnology, Dallas, TX, USA) for selection.

4.2. BrdU and Annexin V Flow Cytometry

For BrdU flow cytometry, an APC BrdU flow kit (BD Biosciences, San Jose, CA, USA,
cat #552598) was used following the manufacturer’s protocol. Briefly, cells were incubated
with 1mM BrdU in fully supplemented media for 24 h. Cells were then fixed, washed, and
analyzed on an Accuri C6 cytometer (BD Biosciences, San Jose, CA, USA) using a flow rate
of 35 µL/min, and 50,000 events were collected.

For annexin V flow cytometry, the BD Pharminogen APC Annexin V kit (BD Bio-
sciences, San Jose, CA, USA, cat #550475) was used following the manufacturer’s protocol.
Following trypsinization and two washes with cold PBS, 1 × 106 cells were suspended
in 1 mL of 1× binding buffer. Cells were then transferred into a new culture tube, and
5 µL of both APC Annexin V and 7-AAD were added to the solution along with 400 µL of
1× binding buffer. Samples were analyzed using an Accuri C6 cytometer (BD Biosciences,
San Jose, CA, USA) using a flow rate of 35 µL/min, and 25,000 events were collected.
Experimental controls consisted of an unstained sample, a sample treated with 5 µL of APC
Annexin V only, and a sample treated with 5 µL of 7-AAD only.

4.3. Invasion Chamber Assay

Invasion chamber assays were performed using 50,000 cells from each cell line as
previously described [16].

4.4. RNA Extraction and Real-Time PCR

RNA extraction and qRT-PCR for gene expression were performed as described in [16].
All gene primers were obtained from Bio-Rad Laboratories (Mississauga, ON, Canada):
MXRA8 (qHsaCED0045992), CDH1 (qMmuCID0005843), HPRT (qMmuCED0045738), SNAI1
(qMmuCID0024342), SNAI2 (qMmuCED0046072), TWIST1 (qMmuCED0004065), TWIST2
(qMmuCID0009652), VIM (qMmuCID0005527), ZEB1 (qMmuCID0009095), and ZEB2 (qM-
muCID0014662). HPRT was used as the housekeeping gene.

4.5. RNA Sequencing

RNA sequencing was performed by Novogene Corporation Inc. (Sacramento, CA,
USA) using total RNA extracted with the miRVana miRNA isolation kit (Thermo Fisher
Scientific, Burlington, ON, Canada) as previously described [16]. Three independent
samples were sequenced for the 231MXRA8Con, 231MXRA8KO-O, and 231MXRA8KO-V
cell lines and mammary tumors induced by cell injections. Fastq files were processed
using Genialis software v3.0 (Genialis Inc, Houston, TX, USA) following the standard
RNA-seq pipeline which uses BBDuk to remove adapters and trim reads, STAR to align
the reads, and featureCounts to generate gene-level counts. Hierarchical clustering and
PCA analysis were performed using Genialis software v3.0 (Genialis Inc., Houston, TX,
USA), and pathway analysis was performed using Enrichr software v3.0 [17,18]. The RNA
sequencing data have been uploaded to the GEO database as accession number GSE238018.

4.6. Animals and Ethics

Mice were housed and cared for following the guidelines established by the Central
Animal Facility at the University of Guelph and the guidelines established by the Canadian
Council of Animal Care. This study was approved by the Animal Care Committee at the
University of Guelph (AUP #4838). 231MXRA8Con, 231MXRA8KO-V, and 231MXRA8KO-
O cells were collected from logarithmically growing cultures, and 1× 106 cells were injected
into the 4th mammary glands of female NCG (NOD-Prkdcem26Cd52Il2rgem26Cd22/NjuCrl)
mice (Charles River, Wilmington MA, USA). Mice were monitored twice per week by
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palpating the mammary glands. Once a palpable mammary tumor was identified, the
tumor size was measured using digital calipers. Initially, 3 mice were injected with each cell
line, and the mammary tumors or mammary glands were collected when tumors induced
by 231MXRA8Con cells reached approximately 10% of body weight (44 days post-injection).
In a subsequent round of injections, seven mice were injected with each cell line, and
mammary tumors were collected when the largest tumor reached approximately 10% of
body weight (44 days post-injection for 231MXRA8Con tumors, 65 days post-injection
for 231MXRA8KO-V tumors, and 90 days post-injection for 231MXRA8KO-O tumors).
Mammary tumors were divided with a portion of the tumor being fixed in formalin for
paraffin sectioning, embedded in OCT for frozen sectioning, or flash frozen for DNA, RNA,
or protein analysis.

4.7. Tumor Specific Growth Rates (SGRs)

Tumor specific growth rates were calculated using the formula SGR = ln (V2/V1)/(t2 − t1),
where V1 and V2 are the tumor volumes at the time of palpation (t1) and euthanasia (t2),
respectively.

4.8. Histology and Immunohistochemistry

Mammary tumors and major organs were fixed in 10% formalin overnight and embed-
ded in paraffin. Sections were cut and stained with hematoxylin and eosin for histologic
analysis. Immunohistochemistry was performed as previously described [19], using a 1:200
dilution of an anti-vimentin antibody (ab16700, Abcam, Toronto, ON, Canada). Tissue
sections were scanned using a Motic Easyscan digital slide scanner (Motic, Richmond,
BC, Canada). Vimentin-stained sections were analyzed using the positive cell detection
feature of the QuPath software v0.4.3 [20]. This software determines the percentage of
vimentin-positive cells within the area of the image.

4.9. Tissue Microarray

The TMA BRM961a was purchased from ASMBIO (Cambridge, MA, USA). This
TMA contained 17 ER+, 24 HER2+, and 8 triple-negative primary tumors and lymph node
metastases from 11 ER+, 17 HER2+, and 8 TNBCs. Tumors were identified as ER+ if they
were ER+/PR+/HER2− or ER+/PR−/HER2−. The HER2+ tumors included any tumor that
was HER2+ and thus tumors that were ER−/HER2+ or ER+/HER2+. All triple-negative
tumors were ER−/PR−/HER2−. Immunohistochemistry of the TMA was performed with
heat-mediated antigen retrieval with citrate buffer pH 6 then stained using a concentration
of 1:100 for the anti-MXRA8 antibody (ab185444, Abcam, Toronto, ON, Canada). The
TMA was scanned using a Motic Easyscan digital slide scanner (Motic, Richmond, BC,
Canada) and analyzed with QuPath software v0.4.3 using the DAB channel only and the
positive cell detection feature. The threshold was set to 0.2, and values above the threshold
were considered positive, and values below the threshold were considered negative, with
smoothing set to 1. The thresholding was restricted to regions of the core that contained
tumor cells, and three independent regions were analyzed for each tumor, and then the
average percentage of positive pixels was used and plotted.

4.10. Statistics

To determine significance, an ANOVA test was performed followed by a Dunnett’s
multiple comparisons test using GraphPad Prism 9.5 software (San Diego, CA, USA).
Results were considered statistically significant when p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms241813730/s1.

https://www.mdpi.com/article/10.3390/ijms241813730/s1
https://www.mdpi.com/article/10.3390/ijms241813730/s1


Int. J. Mol. Sci. 2023, 24, 13730 13 of 15

Author Contributions: K.E.S. performed some of the real-time PCR and flow cytometry, monitored
tumor growth, collected some of the tissues, and performed the immunohistochemistry. C.A.S.
performed some of the qRT-PCR and helped with the flow cytometry, while K.L.W. performed the
cell injections, helped monitor the tumor-bearing mice, and collected some of the tissues. R.A.M.
oversaw the project, analyzed the RNA sequencing data, and wrote the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by a CIHR project grant (PJT-162218) awarded to R.A.M. K.E.S.
received a fellowship from the Ontario Veterinary College, University of Guelph.

Institutional Review Board Statement: Mice were housed and cared for following the guidelines
established by the Central Animal Facility at the University of Guelph and the guidelines established
by the Canadian Council of Animal Care. This study was approved by the Animal Care Committee
at the University of Guelph (AUP #4838).

Informed Consent Statement: Not applicable.

Data Availability Statement: The RNA sequencing data have been uploaded to GEO with the
accession number GSE238018, and this data will be released as soon as the manuscript has been
accepted for publication.

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

References
1. Yonezawa, T.; Ohtsuka, A.; Yoshitaka, T.; Hirano, S.; Nomoto, H.; Yamamoto, K.; Ninomiya, Y. Limitrin, a novel immunoglobulin

superfamily protein localized to glia limitans formed by astrocyte endfeet. Glia 2003, 44, 190–204. [CrossRef] [PubMed]
2. Zhang, R.; Kim, A.S.; Fox, J.M.; Nair, S.; Basore, K.; Klimstra, W.B.; Rimkunas, R.; Fong, R.H.; Lin, H.; Poddar, S.; et al. Mxra8 is a

receptor for multiple arthritogenic alphaviruses. Nature 2018, 557, 570–574. [CrossRef] [PubMed]
3. Charabati, M.; Grasmuck, C.; Ghannam, S.; Bourbonniere, L.; Fournier, A.P.; Lecuyer, M.A.; Tastet, O.; Kebir, H.; Rebillard,

R.M.; Hoornaert, C.; et al. DICAM promotes T(H)17 lymphocyte trafficking across the blood-brain barrier during autoimmune
neuroinflammation. Sci. Transl. Med. 2022, 14, eabj0473. [CrossRef]

4. Han, S.W.; Jung, Y.K.; Lee, E.J.; Park, H.R.; Kim, G.W.; Jeong, J.H.; Han, M.S.; Choi, J.Y. DICAM inhibits angiogenesis via
suppression of AKT and p38 MAP kinase signalling. Cardiovasc. Res. 2013, 98, 73–82. [CrossRef] [PubMed]

5. Jung, Y.K.; Han, S.W.; Kim, G.W.; Jeong, J.H.; Kim, H.J.; Choi, J.Y. DICAM inhibits osteoclast differentiation through attenuation
of the integrin alphaVbeta3 pathway. J. Bone Miner. Res. 2012, 27, 2024–2034. [CrossRef]

6. Song, D.; Jia, X.; Liu, X.; Hu, L.; Lin, K.; Xiao, T.; Qiao, Y.; Zhang, J.; Dan, J.; Wong, C.; et al. Identification of the receptor of
oncolytic virus M1 as a therapeutic predictor for multiple solid tumors. Signal. Transduct. Target Ther. 2022, 7, 100. [CrossRef]

7. Tan, L.; Fu, D.; Liu, F.; Liu, J.; Zhang, Y.; Li, X.; Gao, J.; Tao, K.; Wang, G.; Wang, L.; et al. MXRA8 is an immune-relative
prognostic biomarker associated with metastasis and CD8(+) T cell infiltration in colorectal cancer. Front. Oncol. 2022, 12, 1094612.
[CrossRef]

8. Li, S.; Xu, W. Mining TCGA database for screening and identification of hub genes in kidney renal clear cell carcinoma
microenvironment. J. Cell Biochem. 2019, 121, 3952–3960. [CrossRef]

9. Xu, Z.; Chen, X.; Song, L.; Yuan, F.; Yan, Y. Matrix Remodeling-Associated Protein 8 as a Novel Indicator Contributing to Glioma
Immune Response by Regulating Ferroptosis. Front. Immunol. 2022, 13, 834595. [CrossRef]

10. Zhang, D.; Qian, C.; Wei, H.; Qian, X. Identification of the Prognostic Value of Tumor Microenvironment-Related Genes in
Esophageal Squamous Cell Carcinoma. Front. Mol. Biosci. 2020, 7, 599475. [CrossRef]

11. Shen, R.K.; Huang, Z.; Zhu, X.; Lin, J.H. Bioinformatics analysis of differently expressed genes in osteoblastic sarcoma and
screening of key genes. Zhonghua Zhong Liu Za Zhi 2022, 44, 147–154. [PubMed]

12. Wu, L.; Zhou, Y.; Guan, Y.; Xiao, R.; Cai, J.; Chen, W.; Zheng, M.; Sun, K.; Chen, C.; Huang, G.; et al. Seven Genes Associated
With Lymphatic Metastasis in Thyroid Cancer That Is Linked to Tumor Immune Cell Infiltration. Front. Oncol. 2021, 11, 756246.
[CrossRef]

13. Simpson, K.E.; Watson, K.L.; Moorehead, R.A. Elevated Expression of miR-200c/141 in MDA-MB-231 Cells Suppresses MXRA8
Levels and Impairs Breast Cancer Growth and Metastasis In Vivo. Genes 2022, 13, 691. [CrossRef] [PubMed]

14. Kiflemariam, S.; Ljungstrom, V.; Ponten, F.; Sjoblom, T. Tumor vessel up-regulation of INSR revealed by single-cell expression
analysis of the tyrosine kinome and phosphatome in human cancers. Am. J. Pathol. 2015, 185, 1600–1609. [CrossRef]

15. Bankhead, P.; Loughrey, M.B.; Fernandez, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
[PubMed]

16. Han, S.; Park, H.R.; Lee, E.J.; Jang, J.A.; Han, M.S.; Kim, G.W.; Jeong, J.H.; Choi, J.Y.; Beier, F.; Jung, Y.K. Dicam promotes prolifera-
tion and maturation of chondrocyte through Indian hedgehog signaling in primary cilia. Osteoarthr. Cartil. 2018, 26, 945–953.
[CrossRef]

https://doi.org/10.1002/glia.10279
https://www.ncbi.nlm.nih.gov/pubmed/14603461
https://doi.org/10.1038/s41586-018-0121-3
https://www.ncbi.nlm.nih.gov/pubmed/29769725
https://doi.org/10.1126/scitranslmed.abj0473
https://doi.org/10.1093/cvr/cvt019
https://www.ncbi.nlm.nih.gov/pubmed/23386276
https://doi.org/10.1002/jbmr.1632
https://doi.org/10.1038/s41392-022-00921-3
https://doi.org/10.3389/fonc.2022.1094612
https://doi.org/10.1002/jcb.29511
https://doi.org/10.3389/fimmu.2022.834595
https://doi.org/10.3389/fmolb.2020.599475
https://www.ncbi.nlm.nih.gov/pubmed/35184458
https://doi.org/10.3389/fonc.2021.756246
https://doi.org/10.3390/genes13040691
https://www.ncbi.nlm.nih.gov/pubmed/35456497
https://doi.org/10.1016/j.ajpath.2015.02.019
https://doi.org/10.1038/s41598-017-17204-5
https://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.1016/j.joca.2018.04.008


Int. J. Mol. Sci. 2023, 24, 13730 14 of 15

17. Yousefi, H.; Vatanmakanian, M.; Mahdiannasser, M.; Mashouri, L.; Alahari, N.V.; Monjezi, M.R.; Ilbeigi, S.; Alahari, S.K.
Understanding the role of integrins in breast cancer invasion, metastasis, angiogenesis, and drug resistance. Oncogene 2021, 40,
1043–1063. [CrossRef]

18. Mao, L.; Wang, L.; Xu, J.; Zou, J. The role of integrin family in bone metabolism and tumor bone metastasis. Cell Death Discov.
2023, 9, 119. [CrossRef]

19. Mao, X.G.; Xue, X.Y.; Lv, R.; Ji, A.; Shi, T.Y.; Chen, X.Y.; Jiang, X.F.; Zhang, X. CEBPD is a master transcriptional factor for hypoxia
regulated proteins in glioblastoma and augments hypoxia induced invasion through extracellular matrix-integrin mediated
EGFR/PI3K pathway. Cell Death Dis. 2023, 14, 269. [CrossRef]

20. Kovacheva, M.; Zepp, M.; Berger, S.; Berger, M.R. Conditional knockdown of integrin beta-3 reveals its involvement in osteolytic
and soft tissue lesions of breast cancer skeletal metastasis. J. Cancer Res. Clin. Oncol. 2021, 147, 361–371. [CrossRef]

21. Kuno, K.; Iizasa, H.; Ohno, S.; Matsushima, K. The exon/intron organization and chromosomal mapping of the mouse ADAMTS-1
gene encoding an ADAM family protein with TSP motifs. Genomics 1997, 46, 466–471. [CrossRef] [PubMed]

22. Brown, H.M.; Dunning, K.R.; Robker, R.L.; Boerboom, D.; Pritchard, M.; Lane, M.; Russell, D.L. ADAMTS1 cleavage of versican
mediates essential structural remodeling of the ovarian follicle and cumulus-oocyte matrix during ovulation in mice. Biol. Reprod.
2010, 83, 549–557. [CrossRef] [PubMed]

23. Iruela-Arispe, M.L.; Carpizo, D.; Luque, A. ADAMTS1: A matrix metalloprotease with angioinhibitory properties. Ann. N. Y.
Acad. Sci. 2003, 995, 183–190. [CrossRef] [PubMed]

24. Luque, A.; Carpizo, D.R.; Iruela-Arispe, M.L. ADAMTS1/METH1 inhibits endothelial cell proliferation by direct binding and
sequestration of VEGF165. J. Biol. Chem. 2003, 278, 23656–23665. [CrossRef] [PubMed]

25. Nakamura, M.; Sone, S.; Takahashi, I.; Mizoguchi, I.; Echigo, S.; Sasano, Y. Expression of versican and ADAMTS1, 4, and 5 during
bone development in the rat mandible and hind limb. J. Histochem. Cytochem. 2005, 53, 1553–1562. [CrossRef]

26. Porter, S.; Scott, S.D.; Sassoon, E.M.; Williams, M.R.; Jones, J.L.; Girling, A.C.; Ball, R.Y.; Edwards, D.R. Dysregulated expression of
adamalysin-thrombospondin genes in human breast carcinoma. Clin. Cancer Res. 2004, 10, 2429–2440. [CrossRef]

27. Lu, X.; Wang, Q.; Hu, G.; Van Poznak, C.; Fleisher, M.; Reiss, M.; Massague, J.; Kang, Y. ADAMTS1 and MMP1 proteolytically
engage EGF-like ligands in an osteolytic signaling cascade for bone metastasis. Genes Dev. 2009, 23, 1882–1894. [CrossRef]

28. Liu, Y.J.; Xu, Y.; Yu, Q. Full-length ADAMTS-1 and the ADAMTS-1 fragments display pro- and antimetastatic activity, respectively.
Oncogene 2006, 25, 2452–2467. [CrossRef]

29. Hirano, T.; Hirose, K.; Sakurai, K.; Makishima, M.; Sasaki, K.; Amano, S. Inhibition of tumor growth by antibody to ADAMTS1 in
mouse xenografts of breast cancer. Anticancer Res. 2011, 31, 3839–3842.

30. Ricciardelli, C.; Frewin, K.M.; Tan Ide, A.; Williams, E.D.; Opeskin, K.; Pritchard, M.A.; Ingman, W.V.; Russell, D.L. The ADAMTS1
protease gene is required for mammary tumor growth and metastasis. Am. J. Pathol. 2011, 179, 3075–3085. [CrossRef]

31. Partanen, J.; Puri, M.C.; Schwartz, L.; Fischer, K.D.; Bernstein, A.; Rossant, J. Cell autonomous functions of the receptor tyrosine
kinase TIE in a late phase of angiogenic capillary growth and endothelial cell survival during murine development. Development
1996, 122, 3013–3021. [CrossRef]

32. D’Amico, G.; Korhonen, E.A.; Waltari, M.; Saharinen, P.; Laakkonen, P.; Alitalo, K. Loss of endothelial Tie1 receptor impairs
lymphatic vessel development-brief report. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 207–209. [CrossRef]

33. Qu, X.; Tompkins, K.; Batts, L.E.; Puri, M.; Baldwin, H.S. Abnormal embryonic lymphatic vessel development in Tie1 hypomorphic
mice. Development 2010, 137, 1285–1295. [CrossRef]

34. Saharinen, P.; Jeltsch, M.; Santoyo, M.M.; Leppänen, V.-M.; Alitalo, K. The TIE Receptor Family. In Receptor Tyrosine Kinases:
Family and Subfamilies; Wheeler, D.L., Yarden, Y., Eds.; Springer International Publishing: Cham, Switzerland, 2015; pp. 743–775.

35. Tiainen, L.; Korhonen, E.A.; Leppanen, V.M.; Luukkaala, T.; Hamalainen, M.; Tanner, M.; Lahdenpera, O.; Vihinen, P.; Jukkola,
A.; Karihtala, P.; et al. High baseline Tie1 level predicts poor survival in metastatic breast cancer. BMC Cancer 2019, 19, 732.
[CrossRef] [PubMed]

36. Liu, M.; Sui, L.; Fang, Z.; Jiang, W.G.; Ye, L. Aberrant expression of bone morphogenetic proteins in the disease progression and
metastasis of breast cancer. Front. Oncol. 2023, 13, 1166955. [CrossRef] [PubMed]

37. Chapellier, M.; Bachelard-Cascales, E.; Schmidt, X.; Clement, F.; Treilleux, I.; Delay, E.; Jammot, A.; Menetrier-Caux, C.; Pochon,
G.; Besancon, R.; et al. Disequilibrium of BMP2 levels in the breast stem cell niche launches epithelial transformation by
overamplifying BMPR1B cell response. Stem. Cell Rep. 2015, 4, 239–254. [CrossRef] [PubMed]

38. Clement, F.; Xu, X.; Donini, C.F.; Clement, A.; Omarjee, S.; Delay, E.; Treilleux, I.; Fervers, B.; Le Romancer, M.; Cohen, P.A.; et al.
Long-term exposure to bisphenol A or benzo(a)pyrene alters the fate of human mammary epithelial stem cells in response to
BMP2 and BMP4, by pre-activating BMP signaling. Cell Death Differ. 2017, 24, 155–166. [CrossRef]

39. Huang, P.; Chen, A.; He, W.; Li, Z.; Zhang, G.; Liu, Z.; Liu, G.; Liu, X.; He, S.; Xiao, G.; et al. BMP-2 induces EMT and breast
cancer stemness through Rb and CD44. Cell Death Discov. 2017, 3, 17039. [CrossRef] [PubMed]

40. Wang, S.; Gu, M.; Jiang, H.; Zheng, X. BMP-2 upregulates the AKT/mTOR pathway in breast cancer with microcalcification and
indicates a poor prognosis. Clin. Transl. Oncol. 2020, 22, 1263–1271. [CrossRef]

https://doi.org/10.1038/s41388-020-01588-2
https://doi.org/10.1038/s41420-023-01417-x
https://doi.org/10.1038/s41419-023-05788-y
https://doi.org/10.1007/s00432-020-03428-y
https://doi.org/10.1006/geno.1997.5064
https://www.ncbi.nlm.nih.gov/pubmed/9441751
https://doi.org/10.1095/biolreprod.110.084434
https://www.ncbi.nlm.nih.gov/pubmed/20592310
https://doi.org/10.1111/j.1749-6632.2003.tb03221.x
https://www.ncbi.nlm.nih.gov/pubmed/12814950
https://doi.org/10.1074/jbc.M212964200
https://www.ncbi.nlm.nih.gov/pubmed/12716911
https://doi.org/10.1369/jhc.5A6669.2005
https://doi.org/10.1158/1078-0432.CCR-0398-3
https://doi.org/10.1101/gad.1824809
https://doi.org/10.1038/sj.onc.1209287
https://doi.org/10.1016/j.ajpath.2011.08.021
https://doi.org/10.1242/dev.122.10.3013
https://doi.org/10.1161/ATVBAHA.109.196618
https://doi.org/10.1242/dev.043380
https://doi.org/10.1186/s12885-019-5959-8
https://www.ncbi.nlm.nih.gov/pubmed/31340773
https://doi.org/10.3389/fonc.2023.1166955
https://www.ncbi.nlm.nih.gov/pubmed/37333824
https://doi.org/10.1016/j.stemcr.2014.12.007
https://www.ncbi.nlm.nih.gov/pubmed/25601208
https://doi.org/10.1038/cdd.2016.107
https://doi.org/10.1038/cddiscovery.2017.39
https://www.ncbi.nlm.nih.gov/pubmed/28725489
https://doi.org/10.1007/s12094-019-02248-y


Int. J. Mol. Sci. 2023, 24, 13730 15 of 15

41. Johnstone, C.N.; Pattison, A.D.; Gorringe, K.L.; Harrison, P.F.; Powell, D.R.; Lock, P.; Baloyan, D.; Ernst, M.; Stewart, A.G.; Beilharz,
T.H.; et al. Functional and genomic characterisation of a xenograft model system for the study of metastasis in triple-negative
breast cancer. Dis. Model Mech. 2018, 11, dmm032250. [CrossRef]

42. Rouillard, A.D.; Gundersen, G.W.; Fernandez, N.F.; Wang, Z.; Monteiro, C.D.; McDermott, M.G.; Ma’ayan, A. The harmonizome:
A collection of processed datasets gathered to serve and mine knowledge about genes and proteins. Database 2016, 2016, baw100.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1242/dmm.032250
https://doi.org/10.1093/database/baw100
https://www.ncbi.nlm.nih.gov/pubmed/27374120

	Introduction 
	Results 
	Characterization of MXRA8-Knockout Clones In Vitro 
	Characterization of 231MXRA8KO Clones In Vivo 
	MXRA8 Protein Levels in Human Breast Cancer 

	Discussion 
	Materials and Methods 
	MXRA8 Knockout, Selection, and Cell Culture Conditions 
	BrdU and Annexin V Flow Cytometry 
	Invasion Chamber Assay 
	RNA Extraction and Real-Time PCR 
	RNA Sequencing 
	Animals and Ethics 
	Tumor Specific Growth Rates (SGRs) 
	Histology and Immunohistochemistry 
	Tissue Microarray 
	Statistics 

	References

