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Basonuclin-2 regulates extracellular matrix production

and degradation
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Epithelial-mesenchymal transition is essential for tissue pat-
terning and organization. It involves both regulation of cell
motility and alterations in the composition and organization of
the ECM—a complex environment of proteoglycans and fibrous
proteins essential for tissue homeostasis, signaling in response
to chemical and biomechanical stimuli, and is often dysregulated
under conditions such as cancer, fibrosis, and chronic wounds.
Here, we demonstrate that basonuclin-2 (BNC2), a mesenchymal-
expressed gene, that is, strongly associated with cancer and
developmental defects across genome-wide association studies,
is a novel regulator of ECM composition and degradation. We
find that at endogenous levels, BNC2 controls the expression of
specific collagens, matrix metalloproteases, and other matriso-
mal components in breast cancer cells, and in fibroblasts that are
primarily responsible for the production and processing of the
ECM within the tumour microenvironment. In so doing, BNC2
modulates the motile and invasive properties of cancers, which
likely explains the association of high BNC2 expression with in-
creasing cancer grade and poor patient prognosis.
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Introduction

The interchangeable transformation between cells displaying ep-
ithelial or mesenchymal characteristics (epithelial-mesenchymal
transition [EMT]) facilitates both the migration of cells in a mes-
enchymal state and the subsequent re-establishment of an epi-
thelium. This is required at multiple stages during development,
including gastrulation, the migration of neural crest cells, and in the
formation of structures such as heart valves and kidney tubules.

Along with the reversion back to epithelial form (MET), EMT then
continues to play important roles in the adult, one example being
tissue repair where migration across a wound and subsequent re-
epithelialization is required for healing. However, this same process
that facilitates motility can also be commandeered by cancer, with
EMT/MET facilitating the local invasion of cancer cells and each of
the subsequent steps of intravasation, extravasation, and sec-
ondary tumour growth that are associated with metastatic pro-
gression (1, 2).

One of the most central aspects of EMT is the critical role it plays
in guiding the formation and organization of the ECM; a complex
network of proteins (known as the “matrisome”) that provides an
anchorage point for cells that regulates the activation of signaling
pathways driven by biomechanical and chemical signals and whose
composition is altered within the tumour microenvironment (3, 4).
Coupled with elevated stemness and chemoresistance, that is,
bestowed by mesenchymal gene expression, it is not surprising that
patients whose tumours have higher EMT signatures generally have
worse prognosis (5). Because of the importance of EMT and the
cancer-associated properties of mesenchymal cells, gaining a
better understanding of EMT, the ECM and novel regulators of these
processes are of significant interest. In this study, we interrogate
the function of one such potential new regulator, basonuclin-2
(BNC2), initially selected on the basis of its mesenchymal-specific
expression and its predicted direct repression by miR-200; a potent
enforcer of the epithelial phenotype and a critical regulator of the
E/M status of cells (6, 7).

With the exception of one in silico study in which BNC2 was
proposed to drive a mesenchymal state solely on the basis of its co-
expression with other genes (8), nothing has been reported spe-
cifically linking BNC2 to EMT. However, a number of reports do
implicate this gene in various important processes, including
cancer. Single-nucleotide polymorphisms (SNPs) in the physical
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proximity of the BNC2 gene were identified by genome-wide as-
sociation study (GWAS) as having the highest association with
ovarian cancer risk (9). Subsequent mapping studies reaffirmed
this observation, repeatedly identifying SNPs (10, 11, 12, 13), not
within the protein-coding region of BNC2, but at sites that are either
intronic or within a 44 kb region upstream of the BNC2 transcription
start site. Coupled with observations that BNC2 expression is
lower in ovarian cancer cell lines compared with normal tissue
(14) and that the deletion of SNP-containing regions decreases
expression (11), BNC2 was thereby implicated as an important
cancer-associated gene. Similar studies also note the association
of BNC2-related SNPs across a range of cancer types (esophageal
(15), prostate (16), bladder (17, 18, 19), liver (20), skin (21, 22, 23),
uterus (24, 25), stomach (26), and lung (27)).

Developmental functions are also indicated through deletion or
mutation of the BNC2 locus. In mice, BNC2 knockout is typically
embryonic lethal, with survivors dying shortly after birth with
craniofacial abnormalities, consistent with BNC2 expression in
mesenchymal cells of the palate and mesenchymal sheaths sur-
rounding cartilage and bone (28). BNC2 expression is induced
during cartilage differentiation in the developing arm (29) and
surviving BNC2-/- mice display dwarfism, leading to the suggestion
that BNC2 may be required for the survival or development of
chondrocytes (30). This in turn may explain extensive GWAS-linking
BNC2 with adolescent idiopathic scoliosis (31, 32, 33, 34, 35, 36). Body
curvature is reported in BNC2 knockout zebrafish that also display
developmental defects of the urinary tract (37), another phenotype
linked to BNC2 by human GWAS (38, 39). BNC2-/- mice also possess
shorter hair follicles, leading to the characterization of BNC2 ex-
pression in mesenchymal stem-like hair follicle progenitor cells
(30). Lastly of note, a mutagenesis approach in zebrafish linked
BNC2 to a defective striping pattern, where it was then discovered
that BNC2 is required for the survival and development of chro-
matophore cells that are responsible for pigmentation (40, 41).
Again, this is reflected in extensive human GWAS that have im-
plicated BNC2 with skin tone and freckling (42, 43, 44, 45, 46, 47, 48,
49, 50). A diverse array of phenotypic effects are thus linked to the
perturbation of BNC2; however, these may still point to common
mechanisms in cell survival, migration, differentiation, or some
aspect of EMT that manifests differently depending upon the nature
of BNC2 dysregulation and the developmental or cancer context
being examined.

In this study, we sought to explore the role of BNC2 in mesen-
chymal breast cancer cells in which it is naturally highly expressed.
We find BNC2 is not simply another general promoter of the
mesenchymal phenotype, but instead regulates the composition
and digestion of the ECM, which is consistent with the migratory,
invasive phenotype that endogenous BNC2 promotes in cancer
cells. This is also consistent with a very recent report in which BNC2
was associated with myofibroblast activation in fibrotic livers (51).

Here, we report that BNC2 is most highly expressed in tissue
fibroblasts, the cell type, that is, primarily responsible for the
constitution of the ECM, where BNC2 regulates the level of secreted
collagens and metalloproteases and the capacity of cells to digest a
gelatin substrate. The ECM as a whole is neither oncogenic nor
tumour suppressive, with extensive reports of both roles in cancer
depending upon context. Likewise, we note an intriguing paradox
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whereby reduced BNC2 expression is generally associated with
tumours; however, very high BNC2 expression is associated with
poor patient prognosis and higher tumour grade. We hypothesise
that the extensive regulation of ECM composition and digestion,
that is, controlled by BNC2 in both cancer cells and fibroblasts
is central to its frequently reported role in cancer and devel-
opment, but which until now has remained largely mechanisti-
cally uncharacterised.

Results

BNC2 is a mesenchymally expressed, EMT-responsive gene, that
is, targeted by miR-200

Whether a cancer has predominantly epithelial or mesenchymal
features can have a profound effect on patient outcome, with
mesenchymal characteristics promoting both the invasiveness of
cells and stem-like, chemoresistant properties (1, 2). In an effort to
characterize such tumours, individual breast cancer patient bi-
opsies were scored against an E/M gene expression signature (52),
which indicated that tumours with high BNC2 expression are more
mesenchymal in their nature (Fig 1A-D). This is the case regardless
of breast cancer subtype (Fig 1E) and is true, not only across primary
tumours but also across breast cancer cell lines (Fig 1F). Consistent
with a gene whose expression is predominantly mesenchymal,
BNC2 expression is progressively increased in epithelial cells
subjected to treatment with EMT-inducing TGF-B (Fig 1G-I). Un-
fortunately, the measurement of BNC2 expression is limited to
mRNA as, despite published and commercially available antibodies,
we have not been able to demonstrate that any are reliably capable
of detecting BNC2 protein, both at endogenous levels and when
tagged versions are expressed (Fig S1). Consistent with a mesen-
chymally expressed gene, and with that of a potential EMT-driver,
the 3'UTR of BNC2 also possesses predicted target sites for both
targeting classes of the miR-200 family (miR-200b/200c/-429 and
miR-200a/-141) (Fig 1)), especially miR-200b/-200c¢/-429 for which
there are three putative sites (two very confidently predicted),
placing it within the top 2.5% of all miR-200c predicted targets
(TargetScan algorithm, (53)). Accordingly, miR-200c decreases the
expression of endogenous BNC2 mRNA and the activity of a BNC2-
3’UTR luciferase reporter (Fig 1K and L).

BNC2 is not a general promoter of EMT

BNC2 is widely believed to function as a transcription factor (TF)
based on its reported nuclear localization and the presence of four
C2H2-type Zn-finger motifs, reminiscent of other DNA binding
proteins. Coupled with its mesenchymal expression, induction in
response to TGF-B and targeting by miR-200 (Fig 1), we initially
hypothesized that BNC2 is likely to directly drive a mesenchymal
transcriptional program, reminiscent of well-characterized EMT-
promoting TFs such as PRRX1 and members of the ZEB, SNAIL,
and TWIST families (54). Accordingly, BNC2 expression is positively
correlated with these genes and with other markers of mesen-
chymal cells across cancer cell line encyclopedia (CCLE) and breast
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Figure 1. Basonuclin-2 (BNC2) is a mesenchymally expressed, epithelial-mesenchymal transition responsive gene, that is, targeted by miR-200.

(A) An epithelial or mesenchymal score is attributed to individual tumours (breast cancer, TCGA) based upon previously established gene signatures (52). (B, C) BNC2
expression is labelled for all tumours on an epithelial versus mesenchymal axis, or when epithelial (B) or mesenchymal (C) genes are considered separately. (D) BNC2
expression across breast cancer samples (TCGA) stratified by high versus low mesenchymal score. (E) BNC2 expression in TCGA samples across breast cancer subtypes,
stratified by mesenchymal score. (F) BNC2 expression as measured by qRT-PCR across a panel of human breast cancer cell lines. CDH1 (E)-cadherin is an epithelial
marker, FN1 (fibronectin) is a mesenchymal marker. (G, H, 1) Relative BNC2 expression upon continuous TGF-B treatment of multiple epithelial-like cell lines (G) HMLE; (H)
MCF10A; (1) MDCK). (J) Predicted miR-200-responsive target sites within the BNC2 3'UTR. Scores (in brackets) for miR-200a or miR-200b binding are taken from TargetScan
7., in which the most confidently predicted sites are indicated by scores closer to 100. (K) BNC2 expression as measured by qRT-PCR in response to miR-200c in
mesHMLE cells. (L) Normalized activity of a BNC2-3'UTR Renilla/luciferase reporter gene in response to miR-200c. All data are representative of triplicate experiments.
* indicates P < 0.05, **P < 0.01, ***P < 0.001 (unpaired t test) relative to control transfection.

BNC2 regulates the extracellular matrix Orang et al. https://doi.org/10.26508/1sa.202301984 vol 6 | no 10 | €202301984 30of 17


https://doi.org/10.26508/lsa.202301984

>y D, o . o
s2epe Life Science Alliance

cancer patients (TCGA) (Fig S2). Conversely, BNC2 expression neg-
atively correlates with epithelial markers such as CDH1, ESRP1, and
ESRP2.

To test our hypothesis that BNC2 drives a mesenchymal phe-
notype, BNC2 was knocked down in three breast cancer cell lines
(BT549, HS578T, and mesHMLE) in which it is relatively highly
expressed (Fig 2A-C) or was induced in MCF7 cells in which it is not
normally present (Fig 2D and E). Expression of genetic markers of
mesenchymal or epithelial status was then assessed by qRT-PCR.
Other than a consistent reduction in ZEB2 upon BNC2 knockdown,
common markers of EMT were either unaffected, or only modestly
altered, but in a cell-specific manner that was not consistent with
the maintenance or enforcement of a mesenchymal phenotype as
we had hypothesized. Similarly, if BNC2 knockdown were to drive
MET, one would anticipate consistent trends in the expression of
the same genes used to score the epithelial or mesenchymal
characteristic of tumours in Figs 1A and 2F. No such trend was
observed. Furthermore, BNC2 perturbation had no obvious effect on
cell morphology (Fig S3) or on the distribution of actin or other EMT
markers as examined by immunofluorescence (Fig S4). Although we
cannot discount a role for BNC2 as a promoter of some aspect of a
hybrid E/M state, these observations collectively argue against
BNC2 directly driving a mesenchymal phenotype, despite itself
being highly mesenchymal-specific in its pattern of expression.

BNC2 is a core component of an EMT and ECM gene
expression module

Although the strong correlation between BNC2 gene expression and
known markers of EMT clearly demonstrates mesenchymal asso-
ciations (Fig S2), EMT represents a broad array of phenotypic
features, many of which are not necessarily captured through the
profiling of specific endpoint genes or EMT drivers. As such, we
performed a weighted gene co-expression network analysis
(WGCNA) which defines modules of genes that are differentially co-
expressed across samples, in this case ~1,200 breast cancer primary
tumours from TCGA. BNC2 was determined to be a strong “hub” gene
for a large co-expression module (arbitrarily designated “red,” Fig
3A), being the fifth (of 497 genes) most highly correlated with other
genes in the module. The function of genes in the BNC2-containing
“red” module is enriched in EMT- and ECM-associated processes as
indicated by gene ontology (GO) analysis (Figs 3B and S5).

Endogenous BNC2 regulates ECM composition and degradation

WGCNA indicates endogenous BNC2 expression is correlated with
that of EMT and ECM-associated genes. To identify genes whose
expression is dependent upon BNC2, endogenous BNC2 was
knocked down by siRNA in BT549 cells, the breast cancer cell line
that displayed the highest levels of BNC2 expression within the
CCLE, Depmap, (55). BNC2 knockdown strongly influenced the ex-
pression of genes associated with EMT and several related func-
tions that were identified in the patient WGCNA, including the same
ECM, collagen, and collagen catabolism processes (Figs 4A-E and
S6). This was particularly the case with a cohort of fibrillar-type
collagens (type I, Ill, V, XII), up-regulated by BNC2 knockdown, and
specific matrix metalloproteases (MMPs) which were substantially
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down-regulated upon BNC2 depletion (Fig 4F). Similar expression
patterns of collagens and MMPs in response to BNC2 depletion was
also seen in HS578T cells, another mesenchymal-like breast cancer
cell line that expresses abundant BNC2, and also in mesHMLE cells,
an immortalized epithelial breast cell line driven toward a mes-
enchymal phenotype by 3 wk of TGF-B exposure (Fig 4G). Accord-
ingly, production of both collagen type | and type V proteins are
strongly elevated after BNC2 knockdown in both BT549 and
HS578T cells (Fig 5A-C). Collectively, the identification of the genes
with which BNC2 is co-expressed in cancer patients (Fig 3, “red”
module), and the matrisomal genes whose expression is affected by
BNC2 perturbation (Fig 4), indicate that BNC2 may serve as a novel
regulator of ECM composition and processing.

Endogenous BNC2 controls collagen production and matrix
degradation in fibroblasts

Although BNC2 strongly influences collagen production in multiple
breast cancer cells, immunofluorescence analysis of collagens in
cells is not a clear representation of the collagen composition of
the ECM (Fig 5). Furthermore, it is not breast cancer cells but cancer-
associated fibroblasts that are primarily responsible for the pro-
duction and remodeling of ECM proteins in tumours (56, 57). With
this in mind, we sought to ascertain whether BNC2 is also a reg-
ulator of the ECM in fibroblasts, especially as it is in fibroblasts that
BNC2 is most abundantly expressed across tissues (Fig 6A). Simi-
larly, to breast cancer cells, BNC2 knockdown in mammary fibro-
blasts strongly down-regulates the expression of select MMPs and
up-regulates the expression of specific collagens at both the RNA
and protein levels (Fig 6B and C). Immunofluorescence analysis of
fibroblast cell-derived matrix (CDM) also confirms that BNC2
knockdown in fibroblasts increases the level of secreted collagen |
(Fig 6D). Furthermore, MDA-MB-231 mammary tumour cells seeded
into the CDM derived from fibroblasts in which BNC2 had been
knocked down exhibited a trend towards reduced motility relative
to those seeded into CDM derived from fibroblasts that had been
transfected with control non-targeting siRNA (Fig 6E). Consistent
with Mmp1 repression, BNC2 knockdown decreased the capacity of
fibroblast cells to degrade a fluorescent gelatin matrix (Fig 6F-H).
Taken together, these data suggest that BNC2 regulates the pro-
duction and degradation of the ECM, not only within cancer cells
themselves but also in cancer-associated fibroblasts that are
fundamental to establishing the tumour microenvironment.

BNC2 promotes cancer cell motility and invasion

The composition of the matrisome and the manner in which it is
modified and degraded is of particular relevance to the motility and
invasive properties of cells and thus, to their metastatic potential.
Consistent with an enhanced capacity of mesenchymal cells to
migrate, BNC2 knockdown across a number of cell lines (BT549,
HS578T, and mesHMLE) decreased motility, invasion, and wound
healing, and did so consistently with two independent siRNAs
and an inducible short hairpin construct in stable independent
clones (Figs 7A-H, S7, and S8). Conversely, Dox-inducible expression
of BNC2 in epithelial cells (MCF7 and T47D cells that otherwise
express very little endogenous BNC2) increased wound closure in
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Figure 2. Basonuclin-2 (BNC2) is not a core
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independent clonal cell lines after 3 d (Figs 7I-L, S7, and S8). To but far less than the effect size of BNC2 knockdown with regard to
check that the effects on motility/invasion are not biased by cell migration, invasion, and wound closure. ShRNA and Dox-inducible
number (that may alter on account of changes in proliferation, BNC2 had no effect on cell number, although each had significant
apoptosis etc.), crystal violet assays were performed (Fig S9). SIRNA effects on wound closure. These data, coupled with functional data
knockdown of BNC2 did result in a small decrease in cell number, from fibroblasts (Fig 6), suggest that cancer cell motility is regulated
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Figure 3. Basonuclin-2 is a central component of an epithelial-mesenchymal transition and ECM gene expression module.

(A) Graph visualization of a network derived from weighted gene co-expression network analysis performed using the 5,000 most differentially expressed genes among
TCGA breast cancer patients. The co-expression modules identified (shown as colours) are labelled with general functions based upon GO analysis. Basonuclin-2 was the
fifth most highly connected gene within the “red” cluster. (B) GO analysis results for the 170 most centrally associated genes (correlation with module eigengene of >0.7)

within the “red” co-expression module.

by BNC2 via two independent but converging mechanisms; directly
by altering the nature of the cancer cells themselves (for those in
which BNC2 is naturally expressed), and indirectly through cancer-
associated fibroblasts that produce and remodel the ECM.

BNC2 expression correlates with more aggressive cancer

The results presented thus far are consistent with those of a gene
whose expression promotes cancer progression; it is highly mes-
enchymal and its perturbation indicates a positive role in driving
cell invasion. Seemingly in contradiction, however, BNC2 has been
proposed to act as a likely tumour suppressor as it exhibits lower
expression in ovarian cancer cell lines than in non-cancerous
ovarian cells (14). We also find BNC2 is down-regulated in 9 of 28
cancer types, including breast cancer (Fig 8A), and trends toward
down-regulation in a further seven, whereas up-regulation is ob-
served in six cancer types, only three of which being statistically
significant (Fig S10A). Despite generally lower levels within the bulk
tumour, BNC2 expression increases with cancer stage (Figs 8B and
S10B) and elevated BNC2 expression correlates with lower survival
(Figs 8C, S10C, and S11). Prognosis becomes notably worse in pa-
tients whose level of BNC2 expression is highest (Figs 8C and S10C;
compare red and blue lines in upper/lower 10th percentiles,
quartiles, and halves (90/10; 75/25, and 50/50).

Critical to cancer outcome is not only the nature of the cancer
cells themselves but also the tumour microenvironment in which
they reside. As the microenvironment is largely shaped by the
actions of fibroblasts (59), and endogenous BNC2 is most broadly
and highly expressed in fibroblasts (Fig 6), we sought to question
in which population of tumour-associated cells that BNC2 is
expressed most highly. BT549 and HS578T breast cancer cells were
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selected for previous experiments, specifically because of their
high expression of BNC2. However, wider examination of the CCLE
indicates these are outliers as in most of the breast cancer cell
lines, BNC2 is either lowly expressed or absent (Fig 8D). This is in
contrast to the uniformly high level of BNC2, that is, expressed
across fibroblasts (Fig 8D). As we do not possess an antibody that
unequivocally detects endogenous BNC2 (Fig S1), we examined
single-cell sequencing derived from 26 breast cancer patients
(>130 K single cells) to determine cell-specific BNC2 expression (58).
We find that BNC2 is almost exclusively expressed in cancer-
associated fibroblasts, especially those of the s5 myofibroblast-
like subtype (Fig 8E) and was absent in the epithelial tumour cells
themselves (at least in this cohort of patients). BNC2 expression
closely paralleled that of the fibroblast marker FAP. Notably, the
exact same trend of poor prognosis was observed for the patients
who expressed the highest levels of FAP (Figs 8F and S10D) as was
observed for patients expressing the highest levels of BNC2. Col-
lectively, these data are consistent with cancer-associated fibro-
blasts being the primary source of BNC2-expressing cells in tumours.
The poor prognosis of patients expressing the highest levels of
BNC2, and the elevated expression of BNC2 at more advanced
cancer stages, may be more indicative of infiltrating fibroblasts
than it is necessarily that of BNC2 expression in the tumour cells
themselves.

Discussion

The ECM consists of a complex and dynamic cross-linked meshwork
of proteins that provides architectural and mechanical support to
cells and initiates and regulates physical and chemical stimuli that
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influence cell migration and invasion, proliferation, survival, dif-
ferentiation, and tissue morphogenesis (60). In cancer, the ECM
becomes dysregulated in composition and configuration which
influences the behavior of both the cancer cells themselves and the
cells that produce and modulate the ECM (such as cancer-
associated and adipocyte-derived fibroblasts; CAFs and ADFs)
(61, 62, 63).

In this study, we report a previously uncharacterised role for
BNC2 as an important regulator of multiple, specific genes that
produce, modify, and degrade the ECM. Among the most prominent
of these are fibrillar collagens (type I, lll, V, XI) that are causally
linked to tumour cell survival and metastasis (64). In parallel with
controlling expression of collagen genes, BNC2 also regulates the
expression of genes whose products bind and regulate collagen
proteins. For example, BNC2 knockdown down-regulates DCN, a
proteoglycan that binds collagen fibrils and regulates collagen fibre
formation (65). On the other hand, BNC2 knockdown up-regulates
the NID2 and MATN2 glycoproteins that have roles in ECM assembly
through extensive interactions with both collagenous and non-
collagenous matrisomal components (66, 67).

In addition to the matrisome, BNC2 also orchestrates complex
changes in the expression of multiple ECM-degrading proteases
such as specific members of the MMP family that include colla-
genases (MMP1), gelatinases (MMP9), stromelysins (MMP3), and
membrane-bound MMPs (MMP17, 25) that collectively process and
degrade a broad spectrum of collagens and other ECM components.
Complex regulation is also seen in the plasminogen activation (PA)
system; a key mechanism of ECM remodeling. Here, the ECM-
degrading protease plasmin is generated from plasminogen via
the actions of urokinase (UPA) or tissue-type (tPA) plasminogen
activators, encoded, respectively, by the genes PLAU and PLAT.
Plasmin activation is critical for the breakdown of blood clots
(fibrinolysis) and for cancer progression where PA dysregulation
affects cell adhesion and migration (68). We note BNC2 knockdown
results in the dramatic reduction of PLAT (whereas PLAU remains
very highly expressed) and of multiple serpin genes (A1, B2, B8, E1)
that are prominent uPA and tPA inhibitors (Fig S12A). This would
suggest that BNC2 regulates the PA system, and thereby ECM
remodeling, at multiple levels. Another example of the complex
regulation orchestrated by BNC2 can be seen within the sem-
aphorin family; secreted and membrane-associated signaling
proteins that were originally identified as regulators of axon
guidance, but that are now recognized to have other roles, including
in metastasis (69). It is interesting that upon BNC2 knockdown,
specific semaphorins and semaphorin (plexin) receptors are both
up- and down-regulated, suggesting a complex regulatory system
yet to be explored (Fig S12B). Lastly, we also observe that the ex-
pression of a number of pro-inflammatory cytokines is dependent

upon BNC2; most dramatically IL-1B, and also others including IL-6,
IL-8, LIF, and CCL5 (Fig S12C). These are noteworthy on account of
their promotion of cancer growth and metastasis, achieved via
multiple mechanisms including the promotion of EMT (70, 71, 72, 73,
74) and the release of MMPs (75, 76, 77). As the expression of cy-
tokines such as IL-1B correlates with poor prognosis across dif-
ferent cancer types, more advanced cancer stage and metastatic
spread (78, 79, 80), the importance of BNC2 regulating these
matrisome-adjacent genes also warrants further investigation.

Co-regulons have been used to suggest a putative role for BNC2
in the induction of EMT (8). GWAS that implicate BNC2-associated
alleles with adolescent idiopathic scoliosis (31, 32, 33, 34, 35, 36) also
implicate other ECM-associated genes and cytokines that we also
find to be under BNC2 control in our breast cancer system (MATN1,
MMP9, SOX9, IL-6 as examples) (35). Craniofacial developmental
defects observed after BNC2 knockout (28) likely have a contri-
bution of ECM remodeling, whereas hair follicle defects (30) suggest
a developmental role in mesenchymal progenitor cells that are
again consistent with a gene, that is, mesenchymally expressed in
the adult with an EMT-associated function.

This study, together with a recent publication detailing the in-
volvement of BNC2 in myofibroblasts during liver fibrosis (51), di-
rectly implicates BNC2 as a regulator of the ECM. Our findings are
broadly consistent with those reported by reference 51, who
showed that BNC2 is expressed in myofibroblasts, is induced during
fibrosis and is co-expressed with Col1A1. Here, we too report BNC2
is most highly expressed in fibroblasts (Fig 6), is induced by TGFB
(that promotes EMT and fibrosis, Fig 1G-1) and is co-expressed with
type-I collagens (Figs 3 and 8E). In contrast, however, reference 51
reports BNC2 knockdown decreased collagen expression in hepatic
stellate cells, whereas we find in mammary fibroblasts (and BNC2-
expressing breast cancer cells), BNC2 knockdown increases the
expression of collagen (both mRNA and secreted collagen protein).

Our data from mammary cells are consistent with the same
transcriptional programs driving both BNC2 and collagen expres-
sion, with BNC2 then acting upon collagen genes to limit their
excessive production. The explanation for why in different contexts,
BNC2 either promotes or inhibits collagen expression is unclear;
however, one intriguing possibility is suggested by the model
proposed by reference 51, in which YAP1 and SMAD proteins co-
associate with BNC2 on the promoters of matrisomal genes to drive
expression. It is interesting that YAP1 has been previously reported
to convert ZEB1from a transcriptional repressor to an activator (81).
One possibility is therefore that BNC2 might play either a positive or
a negative role depending upon which transcriptional co-factors
are present, be that YAP1 or otherwise.

On the basis of Zn-finger domains and nuclear localization, BNC2
is widely regarded as a transcription factor and thus, an obvious

Figure 4. Endogenous basonuclin-2 (BNC2) regulates the ECM and ECM degradation.

(A) Highly enriched ontologies of genes that were responsive to BNC2 siRNA transfection in BT549 cells (up- or down-regulated >3x) as measured by RNA-seq.

(B) Epithelial-mesenchymal transition was identified as particularly strongly enriched among BNC2-responsive genes by Gene Set Enrichment Analysis. These genes
largely represent the matrisomal component of epithelial-mesenchymal transition. (C) Heat map of gene expression from RNA-seq showing core matrisomal genes.
(D) Volcano plot generated from triplicate RNA-seq experiments after BNC2 knockdown. A selection of key matrisomal genes and ECM regulators are indicated. (E) Genes
that contribute to gene ontologies that are enriched in both co-expression with BNC2 in patient weighted gene co-expression network analysis (Fig 3A) and that are
regulated by BNC2 knockdown in BT549 cells (Fig 4A). (F, G) Select collagens and matrix metalloproteases that are responsive to BNC2 knockdown in RNA-seq (F) were
measured by gRT-PCR in BT549, HS578T and mesHMLE cells (G). * indicates P < 0.05, **P < 0.01, ***P < 0.001 (unpaired t test) relative to control transfection.
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Figure 5. Endogenous basonuclin-2 controls collagen expression.

(A, B) Localisation of endogenous collagen type-I or type-V and F-actin (phalloidin) after basonuclin-2 siRNA transfection in (A) BT549 and (B) HS578T cells. Bar indicates
10 um length. (C) Quantitation of collagen expression (488 nm fluorescence per cell). Individual measurements indicate average quantitation per cell from separate fields

of view (~8-15 cells in each case).

mechanism to account for the effects of BNC2 is the binding of DNA
and regulation of target gene transcription. To this end, two BNC2
ChIP-Seq studies have been published (10, 51) and it is noteworthy
that matrisomal genes are identified as enriched in both. However,
as a minor word of caution, we have not been able to demonstrate
this mechanism as the same commercially available BNC2 anti-
body, that is, used in these studies (which exhibits questionable
specificity, Fig S1), was not capable of immunoprecipitating either
endogenous BNC2 or a FLAG-tagged construct in our hands. A
FLAG-antibody did pulldown FLAG-BNC2; however, this failed to
result in the convincing co-precipitation of DNA. As such, we are
yet to fully define the complete mechanisms behind our obser-
vations though for now, direct regulation of matrisomal genes
remains the leading hypothesis.

Despite extensive linkage to cancer via GWAS, a role for BNC2 as
a regulator of the ECM is only now emerging. In the context of
cancer, this may apply to both the cancer cells themselves and to

BNC2 regulates the extracellular matrix Orang et al.

mesenchymal stromal cells such as fibroblasts that are primarily
responsible for matrix production and remodeling. The ECM as a
whole, and individual ECM components such as collagens and
MMPs, are widely implicated in cancer but whether in a tumour-
promoting or suppressing role is complex and context dependent.
Similarly, the tumour promoting or suppressing role of BNC2 ap-
pears to be similarly complex. We report seemingly contradictory
findings in that BNC2 is generally expressed at lower levels in
tumours compared with normal tissue (Figs 8 and S8); however,
high BNC2 expression in tumours corresponds to more advanced
disease, poorer prognosis, and the classification of increased types
of lower-survival tumours (metaplastic and claudin-low) (Figs 8,
$10,and S11). As these data were obtained from the bulk sequencing
of tissue, and because BNC2 is most highly expressed in fibroblasts,
one explanation is that the prognostic impact of BNC2 does not
derive from BNC2 expressed in the cancer cells themselves, but as a
marker of infiltrating fibroblasts. High levels of fibroblast infiltration
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Figure 6.

Endogenous basonuclin-2 (BNC2) controls collagen deposition and matrix degradation by fibroblasts.

(A) Cell-specific BNC2 expression (transcripts per million) derived from single-cell sequencing of human tissues (obtained from the Human Protein Atlas).
(B) Gene expression of selected collagens and matrix metalloproteases (as in Fig 4D) in response to knockdown of BNC2 in human fibroblasts (as in Fig 4D).
(C) Immunofluorescence analysis of endogenous collagen | and F-actin in fibroblasts in response to BNC2 siRNA. Bar indicates 10 ym length. (D) Immunofluorescence
analysis of collagen | in cell-derived matrix prepared from fibroblasts in which control or BNC2 siRNAs were transfected. (D, E) Motility of GFP-labelled MDA-MB-231
breast cancer cells on a 3D matrix derived from fibroblasts (shown in (D)) monitored. Speed and total distance traveled is shown (P-Val = 0.074 and 0.093, respectively).
(F) BNC2 was knocked down in fibroblasts and digestion of fluorescent gelatin matrix was visualized. (G) BNC2 expression after knockdown was measured by qRT-PCR.

(H) Quantitation of gelatin degradation from >250 cells. *
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indicates P < 0.05, **P < 0.01, ***P < 0.001 (unpaired t test) relative to control transfection.
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into tumours correlate with poor prognosis (82, 83). There is a
possibility that BNC2 may act as a tumour suppressor in the cancer
cells in which it is expressed (decreasing motility for example),
but the presence of high levels of BNC2 in tumour bulk se-
quencing could still be indicative of fibroblast infiltration and
thus, poorer outcomes. Determining whether BNC2 functions
as a tumour suppressor or an oncogene is therefore a nuanced
question that requires further investigation, particularly in re-
lation to the impact on cancer development from its role in
matrisome-secreting fibroblasts.

Materials and Methods

Cell culture and maintenance

All cell lines were maintained at 37°C with 5% CO, in media listed in
Table S1. Human mammary epithelial (HMLE) cells were obtained
from the Weinberg laboratory. Human mammary fibroblasts, im-
mortalized with hTert, were a gift from Roger Reddel (Children’s
Medical Research Institute, CMRI, Westmead). To induce EMT, HMLE,
MCF10A, and MDCK (Madin-Darby canine kidney) cells were treated
with 2.5 ng/ml TGF-B (R&D systems) for a minimum of 2 wk.

RNA extraction and real-time PCR

Total RNA was extracted using TRIzol (Invitrogen) following the
manufacturer's instructions. After RNA quantification (ND-1000;
NanoDrop spectrometer), 1 pg of RNA was reverse transcribed
using the QuantiTect Reverse Transcription Kit (QIAGEN). Quanti-
tative RT-PCR was performed on a Corbett Rotor-Gene 6000 de-
tection system (QIAGEN) using QuantiTect SYBR Green (QIAGEN).
Relative gene expression levels were determined using the com-
parative quantification feature of Rotor-Gene software and nor-
malized to GAPDH or ACTB. Primer sequences are listed in Table S2.

miRNA and siRNA transfection

Cells were transfected with miRNA mimics, siRNAs, or plasmids
using the Lipofectamine 2000 Transfection Reagent (Invitrogen) for
plasmids or RNAiMax (Invitrogen) for siRNAs and miRNAs following
manufacturer’'s protocols. 5-24 h post-transfection, media was
replaced. The sequences of the miRNA mimics and siRNAs are listed

Figure 7. Basonuclin-2 (BNC2) promotes cell motility and invasion.

(A) Representative siRNA-mediated knockdown of BNC2 expression across
immortalized breast and breast cancer cell lines. (B, C, D, E, F) Phenotypic effect
of BNC2 knockdown on (B, C) migration, (D, E) invasion, and (F) wound healing
comparing control to BNC2 siRNA-transfected cells. (B, C, D, E, F) siRNAs were
obtained from either GenePharma (B, D, F) or QIAGEN (C, E). (G, H) Wound closure
in BT549 cells in which BNC2 was knocked down using an inducible shRNA vector.
(1, ), K, L) Wound closure was measured 1-3 d after the induction of full-length
BNC2 by Dox in (I, J) MCF7 and (K, L) T47D cells. (H, J, L) Similar trends to
those shown in (H, J, L) were seen with two independent clonal cell lines.

* indicates P < 0.05, **P < 0.01, ***P < 0.001 (unpaired t test) relative to control
transfection, in each case making pair-wise comparisons between control and
BNC2-perturbed experiments.
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in Table S3. Final concentrations of 10 nM miR-200c mimic or 20 nM
SiRNA were used throughout. siRNAs were comprised by equally
mixing three GenePharma or two QIAGEN siRNAs (sequences listed
in Table S3) and compared with 20 nM of the respective siRNA
control.

Lentivirus production and transduction

2 x 10° HEK293T cells were seeded in T25 flasks the day before
transfection with 4 pg of the corresponding construct and viral
packaging plasmids (pLP1, pLP-VSVG, and pTAT; 1 ug each) using
12 ul Lipofectamine 2000 (Invitrogen) and 500 pl Opti-MEM (Gibco).
Viral supernatants were then collected after 72 h and used to
transduce cells (1:4) in the presence of 4 mg/ml polybrene.
Depending on the selection marker on the transfer plasmid, 1 ug/ml
of puromycin or 1 mg/ml G418 was used to eradicate un-transduced
cells. Cells were then grown for at least 72 h before further analyses.

Generation of inducible 3xFlag-tagged BNC2 overexpression
cell lines

Bacteria expressing BNC2 cDNA were obtained from DNASU (clone
ID# 859007). BNC2 was then amplified by PCR and cloned into the
BamH1 and Not1 restriction sites of the pENTER2B vector. 3-FLAG
tags were then introduced into the BamH1 and Apa1l restriction
sites. Using gateway cloning (Invitrogen), 3xFlag-BNC2 fragments
were then cloned into the pInducer20 vector. Lentivirus generation
and MCF7 and T47D cell transduction was performed as described
above. Flowcytometric single-cell sorting was performed using a
FACSMelody Cell Sorter (BD Bioscience) to isolate single cells. To
induce expression, MCF7 and T47D single clones were treated for
6 d with 0.05 and 1 ug/ml of doxycycline, respectively. qRT-PCR was
then performed to screen for BNC2-expressing cells.
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Generation of stable GFP-expressing BT549 and MDA-MB-231 cells

Lentiviral generation was performed using a pLV4301-enhanced
GFP transfer vector and packaging plasmid as outlined above.
BT549 and MDA-MB-231 cells were then transduced with viral
supernatants. After antibiotic selection (1 pg/ml puromycin),
flowcytometric cell sorting was performed to purify GFP-expressing
cells which were grown for a further 72 h before analyses.

Generation of inducible shBNC2 cell lines

Specific BNC2 shRNA and negative control shRNA were cloned into
a plnducer10 vector using Xhol and EcoRlI restriction sites. Len-
tivirus generation and BT549 cell transduction was performed as
previously described. After antibiotic selection (1 yg/ml puro-
mycin) and induction (1 yg/ml doxycycline), flow cytometry was
used to isolate m-cherry-expressing cells (as it is incorporated
into the pInducer vector). Single-cell sorting and qRT-PCR were
then performed to identify single clones with the best BNC2
knockdown efficiency.

Luciferase reporter assay

4 x 10* MDA-MB-231 cells were seeded in 24-well plates and co-
transfected with 10 nM scrambled or miR-200¢c mimics (mirvVana
miRNA mimic-MC11714), 100 ng firefly luciferase reporter plasmid
(pGL3),and 15 ng pRL-TK Renilla plasmid into which the first 3 kb of
the BNC2 3'UTR was cloned. 24 h post-transfection, cells were
lysed in passive lysis buffer (Promega) and activity measured
using the Dual-Luciferase Reporter Assay System (Promega) on a
GloMax-Multi Detection System (Promega). Relative luciferase
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activity was calculated as the ratio of Renilla to Firefly luciferase
activity.

Western analysis

Protein extracts were prepared using 1xRIPA buffer (Bio-Rad) (in-
cluding protease and phosphatase inhibitors). Protein was then
quantified using a BCA protein assay (Thermo Fisher Scientific). 20 g
of lysates were separated on Bolt Bis-Tris Plus 4-12% gels (Invi-
trogen), transferred to nitrocellulose, and blocked with 5% skimmed
milk in TBS-T. Membranes were incubated with primary antibody
overnight at 4°C and detected by HRP anti-mouse or rabbit sec-
ondary antibody in 5% skimmed milk in TBS-T at RT for 1 h. Mem-
branes were then visualised by ECL (GE Healthcare) according to the
manufacturer’s instructions and imaged using the ChemiDoc Touch
Imaging System (Bio-Rad). All antibodies are listed in Table S.

Immunofluorescent labelling

Cells were seeded on either 13 mm coverslips or in fibronectin-
coated chamber slides (BD Biosciences), fixed in 4% paraformal-
dehyde, permeabilized in 0.3% PBS-Triton X-100 for 5 min, blocked
in 3% BSA/0.1% PBS-T for 20 min, and labelled with 1:500 dilution of
primary antibody in 3% BSA/0.1% PBS-T overnight at 4°C, followed
by the relevant goat-anti-mouse/rabbit secondary antibodies
conjugated to either AlexaFluor 488 or AlexaFluor 555 in 3% BSA/
0.1% PBS-T (1:500; Invitrogen). After secondary antibody incubation,
F-actin labelling was performed using rhodamine phalloidin in 3%
BSA/0.1% PBS-T (1:300; Invitrogen) for 30 min. Coverslips were
mounted in Vectashield-containing DAPI (Vectorlabs). Confocal
images were acquired using Zeiss LSM 700 or Leica SP8 confocal
systems.

Wound-healing assay

5 x 10° cells were seeded in 24-well plates. Dox induction of BNC2
ShRNA or expression was performed for 6 d before 24 h serum
starvation. A scratch was made, and live cell imaging was conducted
for up to 72 h (10X objective lenses). Wound closure was calculated
using Image).

Migration and invasion assay

Following two rounds of BNC2 or control siRNA transfection, cells
were seeded (2 x 10° cells) without serum in Transwell (8.0 IM PET;
Costar) or Matrigel Invasion Chambers (8.0 IM PET; BD Biocoat)
covered in complete media. Cells were then incubated at 37°C for 8
and 24 h for migration and invasion assays, respectively, before
fixing in 4% paraformaldehyde. Transwells and Matrigel chambers
were washed extensively with PBS, permeabilized using 0.1% Triton
X-100, stained with DAPI (400 ng/ml in methanol), and mounted
with DAKO fluorescence mounting mediun (Agilent). Cells were
counted and averaged across six fields and counted using
Image). All assays were performed in triplicate.
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Gelatin degradation assay

Coverslips (18 mm diameter) were prepared by subjecting to a
30% nitric acid wash (30 min) followed by 0.01% poly-L-lysine
(Sigma-Aldrich) coating (15 min) and crosslinking with 0.5%
glutaraldehyde (10 min, including extensive PBS washing). Gel-
atin coating was performed by incubating coverslips with pre-
warmed 0.1% Oregon Green 488-conjugated gelatin (Invitrogen)
and 0.2% porcine gelatin for 10 min to which 5 mg/ml NaBH4 (a
reducing agent) was added (3 min). Coverslips were incubated in
complete media for 2 h at 37°C before seeding (2 x 10* cells/ml)
and overnight incubation. Cells were then fixed with 4% para-
formaldehyde in 5% sucrose (20 min at 37°C), permeabilized
in 0.5% Triton X-100-PBS (5 min), and immunolabelled (1:300;
AlexaFluor 647-Phalloidin). Coverslips were mounted in Vectashield-
mounting media (VectorLabs). Imaging was performed using
Zeiss LSM 700 and Leica SP8 confocal microscopes. Quantita-
tion of gelatin degradation was performed countinga minimum
of 250 cells per variable. The total area of gelatin degradation
was calculated using Image). All assays were performed in
triplicate.

CDM

Using a similar protocol to that previously published (84). Briefly,
18 mm sterilized coverslips were incubated in 0.2% gelatin (1 h at
37°C), washed with PBS, and cross-linked using 1% glutaraldehyde
(30 min at RT). Remaining glutaraldehyde was quenched using 1M
glycine (20 min at RT) and washed again with PBS. Coated cov-
erslips were incubated with complete DMEM for 1 h at 37°C before
seeding immortalized fibroblasts at 1 x 10° cells per coverslip, and
incubated overnight at 37°C before changing to medium sup-
plemented with 50 pg/ml ascorbic acid for 7 d. Medium was
changed daily. Cells were lysed with pre-warmed extraction buffer
(20 mM NH,OH and 0.5% Triton X-100 in PBS) for 5 min until cell
denudation was observed. Residual DNA was removed by incu-
bation with 10 pg/ml DNase | (37°C for 30 min) followed by 2x
PBS washes. The CDM were either used for immunofluorescence
analysis of collagen | and MMP1 or seeded with breast cancer
cell lines followed by live cell imaging for 48 h using an IN Cell
Analyzer 2200 (Cytiva) then cell movement was analyzed by Image)
TrackMate plugin (85).

Flow cytometry and single-cell sorting

Cells were washed in PBS, trypsinized, washed twice in PBS
containing 0.01M EDTA, and centrifuged at 350g for 5 min followed
by resuspension of the cell pellet in sorting buffer (ice cold 1xPBS,
5 mM EDTA, 1% FCS, and 25 mM HEPES; pH 7.0). Cells were then
filtered using 30 um sterile filters (BD Biosciences) and sorted
based on GFP or m-Cherry intensity compared with parental cells
using a BD FACSMelody Cell Sorter. Where single clones were
needed, pooled cells were sorted into single cells in 96-well plates
and grown in conditioned media before expanding into larger
flasks.
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RNA sequencing

RNA was prepared from cells using TRIzol according to the man-
ufacturer’s instructions. RNA quality was then checked using an
Agilent Bioanalyzer (all RIN values > 7) and concentration confirmed
using a Qubit HS RNA kit. Poly(A) RNA was then isolated using
NEBNext Poly(A) mRNA Magnetic Isolation Module columns and the
library prepared with KAPA RNA HyperPrep kits according to the
manufacturer’s instruction. Library sizes and yields were confirmed
with the Agilent Bioanalyzer and Qubit and were diluted to 4 nM
stocks. Libraries were pooled in equimolar ratios and sequenced
using a single-end 75 cycle high output kit on an Illumina Next-
Seq500 at the ACRF Cancer Genomics Facility. Three biological
replicates were prepared with and without knockdown of BNC2 in
BT549 cells. BNC2 knockdown was achieved using GenePharma
SiRNAs, with RNA prepared 6 d after siRNA transfection (specifically
chosen to allow sufficient time for the loss of BNC2 to permeate
across the gene expression network).

Sequencing read quality control and mapping

The FASTQ files were analyzed and quality-checked using FASTQC
(https:/ /www.bioinformatics.babraham.ac.uk/projects/fastqgc/).
Reads were mapped against the human reference genome (build
hg19) using the iGenomes UCSC hgl19 gene annotations using the STAR
(v2.6.1d) spliced alignment algorithm (86) with parameters—twopassMode
basic and quantMode GeneCounts and otherwise default pa-
rameters. Alignments were visualized and interrogated using the
Integrative Genomics Viewer v2.12.2 (87).

Differential expression analysis

Differential gene expression was performed using EdgeR (88) glmFit
and glmLRT methods to fit negative binomial generalized log-linear
models to the gene-level read counts produced by STAR. Genes
with a Q-value of < 0.05 were considered significant.

Breast cancer gene correlation network analysis

Weighted gene correlation network analysis was performed using the
R package WGCNA (89). A signed network was constructed from gene
expression data from TCGA breast cancer cohort (BRCA) for primary
tumours only (n = 1,094) in counts per million (CPM) format. Using
only genes on autosomal chromosomes, highly expressed genes
were selected by requiring expression to be at least 10 cpm in at least
20 samples. A pseudocount of one as added to the raw counts before
log, transformation whereupon we selected the 5,000 genes with the
largest range between the 90th and 10th percentiles of expression.
The distance matrix was created using distOptions = “method =
euclidean” and a Zk threshold of -3 was used which resulted in
identifying and discarding three samples as outliers. The data were
raised to a soft power of eight and used to produce a tree from the
topological dissimilarity matrix using method = “average.” To select
gene clusters, we performed dynamic branch cutting (method =
“hybrid,” minClusterSize = 20, deepSplitParam = 2) and merged
closely related modules using the mergeClose function (cutHeight =
0.15). Module eigengenes were determined and correlated with traits,
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and the statistical significance of this was evaluated using the cor
(use = “p") and the corPvalueStudent functions. Module membership,
a generalised version of intramodular connectivity, was calculated
for each gene and module eigengene combination, defined as the
correlation between the two. The resulting network was exported
using the exportNetworktoCytoscape function (with threshold = 0.1)
visualised in Gephi (90).

Gene ontology analysis

The gene ontology enrichment in WGCNA gene modules and BNC2
knockdown samples was characterised using the anRichment
package with the entire GO collection for “human” and Hallmark
collection from MSigDB (v7.4, organism = “human,” “MSigDB H:
Hallmark gene sets”). GO enrichment was calculated using a
threshold of “5 x 107" for thresholdType = “Bonferroni.” We dis-
carded gene sets larger than 1,000 or smaller than 25 genes.

Statistics and reproducibility

Statistical analysis was carried out using GraphPad Prism 8 soft-
ware, and data are represented as the mean with SD. Significance
was measured by two-tailed unpaired t tests, comparing BNC2
manipulated and control samples for all gRT-PCR, luciferase, and
migration/invasion assays presented. Significant P-values are in-
dicated by *P < 0.05, **P < 0.01, ***P < 0.001 relative to control
transfection as stated in figure legends. Pearson correlation of
BNC2 expression with epithelial/mesenchymal gene score (Fig
1A-C) and other genes (Fig S2A and B) is shown. Statistical sig-
nificance of enriched gene ontologies are calculated using the
bioinformatic packages described.

Data Availability

The RNA sequencing data from this publication have been de-
posited to the NCBI's Gene Expression Omnibus and are accessible
through GEO Series accession number GSE221228.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202301984.
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