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Abstract: Human bladder cancer (BCa) exhibits morphological and molecular heterogeneity which can complicate
treatment. Morphologically, more than 90% of BCa is classified as urothelial cell carcinoma (UCC). Among other
histological variants, UCC with squamous differentiation (SqD) shows a worse prognosis than pure UCC. In addition,
basal-squamous BCa is enriched for SqD, and these tumors have a poor prognosis. Therefore, it is critical to eluci-
date the mechanisms to drive the basal-squamous phenotype of human BCa. Laminin-332 is a major glycoprotein
of the epithelial basement membrane. It is well known that laminin-332 is a favorable target for extracellular matrix
proteases such as matrix metalloproteinases (MMPs) in various diseases. Accumulating evidence indicates the
significant role of laminin-332 in tumorigenesis. Here, we analyzed the expression of laminin-332 genes (LAMAS3,
LAMB3, LAMC2) in molecular subtypes of human BCa using publicly available data from The Cancer Genome Atlas
(TCGA). Additionally, we also used g-RT-PCR to characterize laminin-332 gene expression between distinct molecu-
lar subtypes of human BCa cell lines. Our analysis of publicly available data show that laminin-332 genes are highly
expressed in the basal-squamous molecular subtype of human BCa. In addition, we show laminin-332 genes are
highly expressed in basal-squamous human BCa cell lines. Moreover, the expression of both LAMA3 and LAMC2 are
negatively correlated with expression of the luminal transcription factor (TF) FOXA1 in the TCGA data. We also dem-
onstrate that laminin-332 genes are downregulated by the overexpression of FOXA1 in a human basal-squamous
BCa cell line (5637). Taken together, these results suggest that laminin-332 gene expression may be a biomarker of
BCa patients with basal-squamous disease.
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Introduction ers including Forkhead Box Al (FOXA1), which
is required for urothelial differentiation [2]. On
the other hand, regions of SqD are often ob-
served in late stage MIBCa, and these tumors
exhibit a basal gene expression signature, in-
cluding elevated expression of high molecular
weight cytokeratins, cytokeratin 5 and 14
(KRT5, KRT14) [3-6]. Recent studies have clas-
sified human BCa into two major molecular sub-
types termed “luminal” and “basal-squamous”

According to the American Cancer Society
(ACS), it is estimated that 83,730 cases of bl-
adder cancer (BCa) were diagnosed in 2021
[1]. BCa exhibits morphological and molecular
heterogeneity which can influence systemic
and targeted therapy. Morphologically, more
than 90% of BCa is classified as urothelial cell
carcinoma (UCC). Evidence suggests that UCC
with squamous differentiation (SqD) confers a

worse prognosis relative to conventional UCC.
Several researchers demonstrated that the
majority of early stage, non-muscle invasive
BCa (NMIBCa), as well as a subset of muscle
invasive BCa (MIBCa) exhibit a luminal gene
expression signature enriched in luminal mark-

based on the expression of select genes, includ-
ing those described above. Currently, it is recog-
nized that the basal molecular subtype of BCa
with SgD is one of the most aggressive form of
BCa [7]. Therefore, it is essential to identify
molecular factors that contribute to the devel-


http://www.ajceu.us

Laminin-332 gene expression in human bladder cancer

opment of the basal subtype with SqD of human
BCa.

Laminins are large glycoproteins of the base-
ment membrane consisting of «, 3, and y chains
that form a cross-shaped heterotrimer (apy)
[8]. To date, genes of five a chains, four B
chains, and three y chains have been identified,
and a total of 16 laminin isoforms are defined
by the combination with different «, 3, y chains.
Laminin «, B, and y chains have distinct tissue-
specific expression patterns [9]. Therefore, in-
dividual laminin isoforms exhibit specific func-
tions in regulating cell proliferation, adhesion,
migration, survival and differentiation of tissue
during mammalian development [8, 10, 11].
Among laminin isoforms, laminin-332 is a major
glycoprotein of the basement membrane in the
epithelium and consists of a3, B3 and y2 cha-
ins encoded by the LAMA3, LAMB3, LAMC2
genes, respectively [12]. Laminin-332 interacts
with multiple cell surface receptors such as
syndecan-1, integrin a3p1, and integrin 634
to regulate cell adhesion, migration, and tissue
stability [13, 14].

Different from other laminin isoforms, it is
well known that laminin-332 is the target of
proteases such as matrix metalloproteinases
(MMPs) [15]. The short arm at the N terminus of
laminin y2 chain is cleaved by MMP-2 and MT1-
MMP (MMP-14). In particular, MMP-14 cleaves
off domain Ill (DI, known as EGF-like domain)
of the laminin y2 chain and the released DIl
fragment binds to epidermal growth factor
receptor (EGFR), leading to the acceleration of
cell migration [15-19]. Other MMPs (MMP-3,
12, 13, 19, 20) are also reported to cleave the
laminin y2 chain [20, 21]. In addition, cleavage
of the laminin B3 chain by matrilysin 1 (MMP-7)
promotes cell migration in colon cancer cells
[22]. Other non-MMP proteases are implicated
in the processing of laminin-332, including neu-
trophil elastase, BMP-1, mTLD, and cathepsin
S [23-26]. Thus, although abundant evidence
suggests that laminin-332 is a substrate for
various proteases, and this substrate func-
tion contributes to tumor aggressiveness, the
mechanisms of laminin-332 gene regulation
in distinct molecular subtypes of human BCa
remains unclear.

Our findings show that laminin-332 genes are
highly expressed in the basal-squamous mo-
lecular subtype of human BCa, as well as in rep-
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resentative basal-squamous BCa cell lines.
Additionally, we demonstrate that laminin-332
genes are downregulated by overexpression of
FOXA1 in a basal-squamous human BCa cell
line 5637. These results suggest that lamin-
in-332 genes are associated with basal-squa-
mous BCa and may serve as a marker to iden-
tify this aggressive molecular subtype.

Materials and methods
Cell culture

All human BCa cell lines were purchased as
described previously [27] and authenticity was
confirmed by short tandem repeat (STR) analy-
sis. The BCa cell lines RT4 and T24 were cul-
tured in McCoy’s Modified Medium with 10%
FBS. UMUC1 and UMUC3 cells were cultured in
Minimal Essential Medium (MEM) supplement-
ed with 10% FBS. SCaBER, HT1197, HT1376
and TCCSUP cell lines were cultured in MEM
following the addition of Non-Essential Amino
Acids (NEAA) and 10% FBS. 5637 and SW780
cell lines were cultured in Roswell Park memo-
rial Institute (RPMI) 1640 following the addition
of 10% FBS.

RNA extraction and quantitative real-time PCR
(q-RT-PCR)

Total RNA was extracted using the RNeasy
approach (Qiagen, Hilden, Germany) according
to manufacturer’s protocol. For cDNA synthe-
sis, reverse transcription was performed using
M-MLV reverse transcriptase (Thermo Fisher)
via manufacturer instructions. g-RT-PCR was
performed using QuantaStudio7 Real-Time PCR
System (Applied Biosystems, Foster City, CA).
Tagman probes used in this study were as fol-
lows. LAMA3 (Hs00165042_m1), LAMB3 (Hs-
00165078_m1), LAMC2 (Hs01043717_m1l).
Relative gene expression differences were cal-
culated by the AACt method. 18S ribosomal
RNA was used as an endogenous reference.

Overexpression of FOXA1 in basal-squamous
subtype of human BCa cell line

The day before transfection, 2x10° cells of
5637 BCa cells were plated in 6 well plates
(Corning Inc, Corning, NY). On the following
day, attached cells were transfected with 2.5
mg of the following plasmid constructs: pCM-
V6-Entry (CMV empty vector; Origene, Rock-
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Figure 1. Laminin-332 (LAMA3, LAMB3, LAMC2) gene expression is associated with basal-squamous BCa. (A)
LAMAS3, (B) LAMB3, (C) LAMC2 are enriched in basal-squamous subtype (basal-squamous vs. luminal, luminal
infiltrated, luminal papillary, and neuronal, P<0.0001, Mann-Whitney U test).

ville, MD), pCMV6-FOXA1 (Origene; RC206045)
using Lipofectamine 3000 (Life Technologies,
Carlsbad, CA). After 48 hours incubation, RNA
was extracted for analysis.

Statistical analysis

GraphPad Prism6 (GraphPad Software, San
Diego, CA) and R 3.5.0 [36] were used for sta-
tistical analysis. P<0.05 was considered as a
statistically significant. Mann-Whitney U test
was used to compare LAMAS3, LAMB3, LAMC2
expression between Luminal/Non-type and
Basal-squamous subtypes of human BCa cell
lines. Student’s t test was used to compare
FOXA1, LAMA3, LAMB3, LAMC2 expression
between parental 5637 and FOXAZ1-overex-
pressing 5637 cells. RNAseq-based gene ex-
pression data for the TCGA BLCA cohort (n=
408) was downloaded from the Broad Firehose
GDAC (https://gdac.broadinstitute.org/). Gene
expression subtypes, histological subtypes,
and squamous pathology classifications for the
TCGA BLCA cohort were obtained from the
Supplementary Data of Robertson et al. (2018)
[7]. The Kruskal-Wallis test was applied to
compare LAMA3, LAMB3, LAMC2 expression
levels in the TCGA cohort based on groups
defined by the molecular categorization of con-
ventional histomorphometric examination, and
gene expression subtype, respectively. Mann-
Whitney U test was applied to compare LA-
MA3, LAMB3, LAMC2 expression levels bet-
ween basal-squamous and all other molecular
subtypes combined (luminal, luminal infiltrat-
ed, luminal papillary, and neuronal) in the TCGA
BLCA cohort.
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Results

Elevated expression of laminin-332 genes
(LAMA3, LAMB3, LAMC2) was observed in
basal-squamous BCa

First, we investigated publicly available data
from TCGA in order to determine the associa-
tion of molecular subtype of human BCa with
laminin-332 genes (LAMA3, LAMB3, LAMC?2).
Our analysis revealed the differential expres-
sion of LAMA3, LAMB3, and LAMC2 across
molecular subtypes of human clinical samples
classified as basal-squamous, luminal, lumin-
al infiltrated, luminal papillary, and neuronal
(Figure 1A-C; LAMA3, P=3.78e-32; LAMBS3,
P=2.65e-25; and LAMC2, P=3.07e-29, Kruskal-
Wallis test). Intriguingly, expression of LAMAS3,
LAMB3, and LAMC2 is markedly different in the
basal-squamous subtype relative to all other
molecular subtypes combined (basal-squa-
mous vs. luminal, luminal infiltrated, luminal
papillary, and neuronal combined, LAMA3, P=
2.61e-34; LAMB3, P=7.96e-19; and LAMC2,
P=6.1e-30, Mann-Whitney U test). These re-
sults and the expression data illustrated in
Figure 1 suggest that laminin-332 gene expr-
ession is elevated in basal subtype of human
BCa specimens.

Laminin-332 genes (LAMA3, LAMB3, LAMC2)
are highly expressed in basal-squamous BCa
cell lines

In order to confirm the elevated expression of

laminin-332 genes observed in the basal-squa-
mous subtype of human BCa cancer tissues,
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Figure 2. Laminin-332 genes are highly expressed in basal-squamous BCa cell lines. (A-C) g-RT-PCR analysis of
MRNA expression of LAMA3 (A), LAMB3 (B), and LAM2C (C) in 10 human BCa cell lines. Data are expressed as the
mean * S.D. from two independent experiments. (D-F) Data of Luminal/Non-Type vs. Basal are expressed as the
medians + S.D. *P<0.05, ***P<0.001, Mann-Whitney U test.

we next utilized g-RT-PCR to examine the ex-
pression of laminin-332 genes in a panel of
human BCa cell lines that are representative of
luminal and basal-squamous BCa, as well as a
group of cell lines which does not fit under
either gene expression subtype (“non-type”)
[27]. g-RT-PCR results showed that LAMA3
(Figure 2A), LAMB3 (Figure 2B) and LAMC2
(Figure 2C) expression is significantly higher in
cell line models of basal-squamous disease
when compared with luminal and “non-type”
cell lines. (LAMA3, P=0.0007; LAMB3, P=
0.0149; LAMC2, P=0.0002, Mann-Whitney U
test) (Figure 2D-F). These results are in agree-
ment with our observations that high expres-
sion of these genes is observed in human BCa
basal-squamous subtype samples.

FOXA1 expression is negatively associated
with Laminin-332 genes (LAMA3, LAMC2) in
human BCa

The above observations led us to raise the
question about what factors result in the dif-
ferential expression of laminin-332 between
distinct molecular subtypes of human BCa. It is
known that FOXA1 plays a significant role in
the development of normal urothelium and it is
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expressed in UCC, while FOXA1 is lost in UCC
with SqD [28-30]. Moreover, FOXA1 is also
known as a pioneer factor that regulates gene
regulation by changing chromatin structure
[31]. In the TCGA BCa data set, distinct expres-
sion patterns of FOXA1 and laminin-332 genes
are observed in the basal-squamous and lumi-
nal subtypes (Figure 3A). A subsequent analy-
sis shows FOXA1 expression is negatively cor-
related with expression of LAMA3 (Spearman’s
rank correlation r=-0.35, P=4.13e-13) and
LAMC2 (Spearman’s rank correlation r=-0.32,
P=2.14e-11) (Figure 3B and 3C). These results
suggest that expression of FOXA1 and lam-
inin-332 genes (LAMA3 and LAMC2) are nega-
tively associated in human BCa tissues.

Overexpression of FOXA1 downregulated
laminin-332 genes (LAMAS3, LAMB3, LAMC2)
in a human BCa cell line with basal-squamous
subtype

Based on the inverse correlation between
expression of FOXA1 and laminin-332 genes
noted above, we hypothesized that FOXA1 may
repress expression of laminin-332 genes in the
basal-squamous BCa cells. To test this hypoth-
esis, we transiently overexpressed FOXA1 gene

Am J Clin Exp Urol 2022;10(5):311-319
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in a basal human BCa cell line (5637) and uti-
lized g-RT-PCR to investigate the difference of
laminin-332 gene expression at 48 hours af-
ter transfection between empty vector (control)
and FOXAZI-overexpressing cells. q-RT-PCR re-
sult shows that overexpression of FOXA1 was
successfully performed (Figure 4A) and all
laminin-332 genes (LAMA3, LAMB3, and LA-
MC2) are significantly decreased in FOXAI-
overexpressed 5637 cells (Figure 4B-D), sug-
gesting that FOXA1 plays a role in suppress-
ing the expression of laminin-332 genes in the
basal subtype.

Discussion

In this study, we characterized the expression
of laminin-332 genes (LAMA3, LAMB3, LAMC?2)
using publicly available data from TCGA as well
as in 10 commonly used human BCa cell lines.
Our results show that these genes are highly
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expressed in human BCa specimens with the
basal-squamous subtype, as are the basal
markers KRT6A, KRT14. These results were
confirmed by data showing high expression of
LAMAS3, LAMB3, and LAMC2 in a basal-squa-
mous BCa cell line. Collectively, these results
demonstrated that laminin-332 genes are ex-
pressed in a subtype-specific manner in human
BCa. Limitations of this current study include
the retrospective analysis of publicly available
human data.

Laminin-332 is a component of the basement
membrane and contributes to normal epithelial
cell adhesion, migration via integrin a331 and
cell stability via integrin a6p34. Moreover, it has
been reported that laminin-332 stimulates BCa
cell motility and invasion [32]. Laminin-332 is
also known to be favorable target for MMPs.
Among MMPs, MMP-2 is overexpressed in bas-
al-squamous subtypes when compared to lumi-

Am J Clin Exp Urol 2022;10(5):311-319



Laminin-332 gene expression in human bladder cancer

g FOXA1 °

*

B
o
o
1
—
(3]
1

(9]
o
o
1
—
o
1

200+

o
(&)
1

100+

Relative FOXA1 expression
Relative LAMA3 expression

=

e

(=
L

Empty FOXA1
¢ LAMB3 °

* %k

-
(3]
]

1.54

-
o
1

o
(4]
1

0.5

Relative LAMB3 expression
Relative LAMC2 expression

e
o
1

0.0
Empty FOXA1

Figure 4. Overexpression of FOXA1l downregulated laminin-332 genes
(LAMA3, LAMB3, LAMC2) in a human BCa cell line with basal-squamous
subtype. The day before transfection, 2x10° cells of 5637 bladder cancer
cells were plated in 6 well plates. Next day, attached cells were transfected
with 2.5 mg of the following plasmid constructs: pCMV6-Entry (CMV empty
vector), pCMV6-FOXA1 using Lipofectamine 3000. After 48 hrs incuba-
tion, RNA was extracted for g-RT-PCR analysis. mRNA expression of FOXAL,
LAMAS3, LAMB3, and LAMC2 were compared between empty vector - over-
expressed and FOXA1-overexpressed 5637 cell line. Data are expressed as
the mean + S.D. from three independent experiments. *P<0.05, **P<0.01,

****%pP<(0.0001 (Student’s t test).

nal-papillary subtypes of human BCa [33].
MMP-7 expression is also significantly elevat-
ed in basal-squamous subtypes when com-
pared to luminal-papillary subtypes of human
BCa [34].

Considering our results showing the expressi-
on of laminin-332 in basal-squamous subtypes
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Furthermore, the observation
of elevated laminin-332 ex-
pression in the basal-squa-
mous subtype led us to raise
the question of what factors
contribute to the differential
expression of laminin-332 bet-
ween distinct molecular sub-
types of human BCa. Our pre-
vious study demonstrated th-
at three luminal subtype tran-
scription factors (TF)s FOXA1,
GATA3, and PPARG cooperate
to shift the basal-squamous
— subtype to a luminal pheno-
type in human BCa cell lines
[27]. FOXA1 is known as a pio-
neer factor that opens chroma-
tin to regulate gene expression
as well as a TF, and it plays a
critical role in regulating gene
expression that drives urothe-
lial differentiation [30]. Addi-
tionally, loss of FOXA1 is as-
sociated with high grade, late
stage and enhanced BCa pro-
liferation [28].

Therefore, we specifically add-

ressed the role of FOXA1 in
laminin-332 gene expression by transiently
overexpressing FOXA1 in a human BCa cell line
exhibiting a basal-squamous subtype (5637).
Our results showed that overexpression of
FOXA1 in 5637 cells resulted in the downregu-
lation of all three laminin-332 genes, suggest-
ing that FOXA1 plays a role in repressing lam-
inin-332 gene expression in the basal-squam-
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ous subtype. However, one limitation of this
study is the fact that the exact mechanism by
which FOXA1 represses laminin-332 remains
unknown. Intriguingly, FOXA1 repressed the ex-
pression of transforming growth factor beta3
(TGFB3) by binding to the upstream enhancer
of TGFB3 gene in prostate cancer (PCa) cells
[35]. Therefore, laminin-332 gene suppression
by FOXA1 may be also induced by a similar
mechanism. As future work, chromatin immu-
noprecipitation sequencing (Chip-seq) analysis
will be required to identify FOXA1 binding re-
gions to regulate laminin-332 genes (LAMAS3,
LAMB3, LAMC2) in human BCa tissue as well
as in in vitro models.

In summary, we show that laminin-332 genes
are highly expressed in basal-squamous molec-
ular subtypes of human BCa cohort using TCGA
data as well as in human BCa cell lines.

Moreover, these three genes are downregulat-
ed by overexpressing FOXA1 in 5637 cells.

Collectively, these results suggest that lamin-
in-332 genes are associated with basal-squa-
mous BCa and may be a biomarker of BCa
patients with basal subtype.
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