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Epidermal Integrin a3b1 Regulates
Tumor-Derived Proteases BMP-1, Matrix
Metalloprotease-9, and Matrix
Metalloprotease-3

Whitney M. Longmate1,4, Rakshitha Pandulal Miskin2,4, Livingston Van De Water1,2 and
C. Michael DiPersio1,3
As the major cell surface receptors for the extracellular matrix, integrins regulate adhesion and migration and
have been shown to drive tumor growth and progression. Previous studies showed that mice lacking integrin
a3b1 in the epidermis fail to form skin tumors during two-step chemical tumorigenesis, indicating a protu-
morigenic role for a3b1. Furthermore, genetic ablation of a3b1 in established skin tumors caused their rapid
regression, indicating an essential role in the maintenance of tumor growth. In this study, analysis of immor-
talized keratinocyte lines and their conditioned media support a role for a3b1 in regulating the expression of
several extracellular proteases of the keratinocyte secretome, namely BMP-1, matrix metalloprotease (MMP)-9,
and MMP-3. Moreover, immunofluorescence revealed reduced levels of each protease in a3b1-deficient tu-
mors, and RNA in situ hybridization showed that their expression was correspondingly reduced in a3b1-
deficient tumor cells in vivo. Bioinformatic analysis confirmed that the expression of BMP1, MMP9, and
MMP3 genes correlate with the expression of ITGA3 (gene encoding the integrin a3 subunit) in human squa-
mous cell carcinoma and that high ITGA3 and MMP3 associate with poor survival outcome in these patients.
Overall, our findings identify a3b1 as a regulator of several proteases within the secretome of epidermal tumors
and as a potential therapeutic target.
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INTRODUCTION
Integrins are the major cell surface receptors for the extra-
cellular matrix (ECM), regulating adhesion and migration
(Hynes, 2002). Integrins that are expressed on tumor cells
have critical roles in driving tumor growth and progression
(Cooper and Giancotti, 2019; Hamidi and Ivaska, 2018).
Important roles have been identified for the laminin-binding
integrin, a3b1, in tumorigenesis, including in the regulation
of the tumor cell secretome, as reviewed (Longmate, 2020;
Subbaram and DiPersio, 2011). For example, the roles for
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epidermal a3b1 in skin tumorigenesis have been elucidated
using the two-step model of tumorigenesis—one of the best-
characterized mouse models to study the stepwise tumor
growth and progression that recapitulate many features of
human carcinogenesis (Abel et al., 2009). Briefly, topical
treatment with the tumor initiator 7,12-dimethylbenz[a]-
anthracene followed by repeated treatment over weeks with
the tumor promoter 12-O-tetradecanoylphorbol-13-acetate
induces benign skin tumors (i.e., papillomas), a proportion
of which progress to squamous cell carcinoma (SCC)
depending on the genetic background (Abel et al., 2009).
Previous studies by our group and others have used this
model to demonstrate that epidermal a3b1 is essential for
skin tumor formation (Longmate et al., 2017; Sachs et al.,
2012) and that it is also required for the maintenance of
skin tumor growth (Longmate et al., 2021).

Several studies have revealed the important roles for
epidermal a3b1 in the regulation of the keratinocyte (KC)
secretome (He et al., 2018; Longmate et al., 2021; Ramovs
et al., 2020) and in cross-talk to stromal cells within the tu-
mor microenvironment (TME) (Longmate et al., 2021;
Ramovs et al., 2020; Zheng et al., 2019). Extracellular pro-
teases are major constituents of the secretome that contribute
to the state of the ECM by mediating matrix degradation and
remodeling (Bonnans et al., 2014), which is accomplished by
altering ECM constituents and biophysical properties (Niland
and Eble, 2020). Matrix metalloproteases (MMPs), in partic-
ular, are extracellular proteases that have a central role in
estigative Dermatology. This is an open
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Table 1. Summary of MK Lines Used in This Study, Including Information on Methods of Immortalization and
Transformation (Where Applicable)

MK Line Immortalization Method Transformation Method Original Reference

MK SV40 Large T antigen none DiPersio et al. (2000)

IMK p53�/� none Lamar et al. (2008)

TMK p53�/� RasV12 Lamar et al. (2008)

Abbreviations: IMK, immortalized mouse keratinocyte; MK, mouse keratinocyte; SV40, simian virus 40; TMK, transformed mouse keratinocyte.

See the Materials and Methods section for further details.
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regulating the TME (Niland and Eble, 2020), and MMPs are
critically involved in all stages of cancer progression (Flores-
Reséndiz et al., 2009; Gill and Parks, 2008). Indeed, the
progression of cancer is dependent on the proteolytic action
of MMPs on the ECM of the TME (Niland and Eble, 2020).
MMP-9 has been previously shown to be a3b1 dependent in
mouse KC (MK) lines immortalized with large T antigen
(DiPersio et al., 2000), and MMP-9 is elevated in SCC and
other skin cancers (Go�zdzialska et al., 2016; Ruokolainen
et al., 2004). Two other metalloproteases, BMP-1 and
MMP-3, have been implicated in the poor prognoses of
several cancers (Mehner et al., 2015; Rafi et al., 2021; Xiao
et al., 2020). We previously showed that BMP-1 is a3b1
dependent in MKs in vitro and during murine wound healing
in vivo (Longmate et al., 2018). Moreover, we identified
MMP-3 as part of the a3b1-dependent MK secretome using
mass spectrometry (Longmate et al., 2021), although we did
not assess a3b1 dependence of MMP-3 expression in vitro or
in vivo.

In this study, we aimed to investigate whether proteases
MMP-9, MMP-3, and BMP-1 are a3b1 dependent in three
independent immortalized (nontumorigenic) or trans-
formed (tumorigenic) KC lines in vitro as well as in murine
skin tumors in vivo. Whereas our previous studies were
performed in large T antigen‒immortalized, non-
tumorigenic MK cells, this study includes MK lines that
were immortalized or transformed with genetic lesions that
reflect common causal mutations in human SCC, namely
the deletion of the p53 tumor suppressor (immortalized
MK [IMK] cells) and expression of the RasV12 oncogene
(transformed MK [TMK] cells) (White et al., 2011). qPCR
analysis of all the three KC lines confirmed that a3b1
promotes Bmp1, Mmp9, and Mmp3 expression but not
Mmp2 expression, and immunoblot of the conditioned
media (CMs) from these lines showed that this pattern of
regulation is maintained at the level of protein secretion.
Immunofluorescence revealed that the levels of BMP-1,
MMP-9, and MMP-3 were reduced in a3b1-deficient skin
tumors in vivo. Moreover, RNA in situ hybridization (ISH)
confirmed that mRNA transcripts for Bmp1, Mmp9, and
Mmp3 were each reduced in a3b1-deficient tumor cells.
Bioinformatic analysis revealed that the expression of the
BMP1, MMP9, and MMP3 genes correlate with the
expression of ITGA3, the gene that encodes the integrin a3
subunit, in human SCC, validating the relevance of our
models to human SCC. Furthermore, higher expression of
ITGA3 and MMP3 were associated with poor survival
outcomes in these patients. Overall, our findings identify
a3b1 as a regulator of the KC protease secretome.
JID Innovations (2021), Volume 1
RESULTS
a3-Null MKs have reduced BMP-1, MMP-9, and MMP-3
gene expression and protein secretion

For our study, we utilized a panel of three different MK lines
that we developed previously in our laboratory: MK cells
were immortalized using simian virus 40 large T antigen
(DiPersio et al., 2000), IMK cells were immortalized by p53-
null mutation and are nontumorigenic (Lamar et al., 2008),
TMK cells were generated by transforming IMK cells with the
RasV12 oncogene and are tumorigenic (Lamar et al., 2008)
(Table 1). Each KC line was derived originally from either a
wildtype (a3þ) mouse or an a3-null, neonatal mouse (a3‒).

qPCR analysis revealed that a3-null cells of all the three
lines displayed significantly reduced levels of Bmp1, Mmp9,
andMmp3mRNA, indicating that integrin a3b1 induces their
gene expression (Figure 1a). In contrast, Mmp2 mRNA levels
were either higher or not significantly different in a3-null
cells (Figure 1a). The a3b1-dependent regulation of MMP-9
in the IMK and TMK lines confirms our previous report
(Lamar et al., 2008). As confirmed by immunoblot of cell
lysates, a3-null KCs of all the three lines have no detectable
a3 protein, (Figure 1b).

Consistently, immunoblotting of CM showed reduced
secretion of BMP-1, MMP-9, and MMP-3 proteins in the a3-
null cells of each line compared with the CM from the cor-
responding a3-expressing control line (Figure 2a and b).
Secreted MMP-2 levels were not significantly different,
although they did trend upward in two of the a3-null lines
(Figure 2a and b), consistent with the qPCR data (Figure 1a).
As expected, cell-associated MMP-9 and MMP-3 were also
a3b1 dependent, as determined by immunoblot of the cell
lysates from the TMK lines (Figure 2c). Compared with a3-
expressing TMKs, a3-null TMKs showed greatly reduced
levels of activated, processed forms of MMP-9 and MMP-3,
presumably on the cell surface (Figure 2c), reflecting what
was observed in the CM (Figure 2a and b). The indicated
bands for unprocessed and processed forms (Figure 2c) are
consistent in size (kDa) with reported sizes of mouse MMP-9
and MMP-3 (De Groef et al., 2015; DiPersio et al., 2000).
Collectively, these findings indicate that integrin a3b1 regu-
lates a subset of the KC protease secretome in vitro that in-
cludes BMP-1, MMP-9, and MMP-3 and that this regulation
occurs, at least in part, at the mRNA level.

Ablation of integrin a3b1 from skin tumors leads to reduced
levels of tumor cell‒derived BMP-1, MMP-9, and MMP-3

Next, we evaluated the in vivo levels of BMP-1, MMP-9, and
MMP-3, each confirmed as a3b1 dependent in vitro,
comparing the cutaneous tumor tissues that express or lack



Figure 1. a3-Null cells have reduced Bmp1,Mmp9, andMmp3 gene expression. (a) qPCR analysis showing the relative Bmp1mRNA and MMPmRNAs,Mmp9,

Mmp3, andMmp2, in each of theMK cell lines. Bars represent the mRNA of a3-null cells normalized to that of their respective a3-expressing control (dotted line);

n ¼ 3. Data are presented as mean � SEM; two-tailed t-test, *P < 0.05. (b) Whole-cell lysates from the keratinocyte panel were isolated and then assayed by

immunoblot for the integrin a3 subunit or for total ERK as a loading control; representative immunoblots are shown. ERK, extracellular signal‒regulated kinase;

IMK, immortalized mouse keratinocyte; MK, mouse keratinocyte; MMP, matrix metalloprotease; ns, nonsignificant; TMK, transformed mouse keratinocyte.
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epidermal a3b1. Constitutive ablation of a3b1 specifically in
the epidermis, achieved through Cre-mediated deletion of
floxed Itga3 alleles (K14Cre:a3flx/flx), reduced both size and
incidence of skin tumors that form in response to the two-step
tumorigenesis protocol, demonstrating that a3b1 is essential
for tumor formation (Longmate et al., 2017; Sachs et al.,
2012). However, greatly reduced tumor formation in these
mice prevented our ability to study a3b1-deficient tumor
tissue. To generate tumor tissues that lack epidermal a3b1,
we used K14CreERT:a3flx/flx mice to gain temporal control
over a3b1 deletion with tamoxifen (4-hydroxytamoxifen)-
inducible Cre recombination. Briefly, papillomas were
formed on the back skin of K14CreERT:a3flx/flx mice using the
two-step tumorigenesis protocol (see Materials and Methods
section). As we have described previously, topical treatment
with 4-hydroxytamoxifen after papilloma formation caused
the deletion of the floxed a3 gene, generating epidermal a3b1-
deficient papillomas, whereas the vehicle-treated papillomas
served as controls (Longmate et al., 2021). Consistent with our
in vitro findings, immunofluorescence showed reduced levels
of BMP-1, MMP-9, and MMP-3 protein in epidermal a3b1-
deficient tumors (Figure 3).

Interestingly, we observed variation in the distributions of
these three proteases within the tumors. BMP-1 appeared
concentrated at the tumor‒stroma border (Figure 3), consis-
tent with the findings of our previous study that revealed a
role for BMP-1 in laminin-g2 chain processing at the
epidermal‒dermal junction (Longmate et al., 2018). In
contrast, MMP-9 and MMP-3 were detected mainly in the
tumor stroma (Figure 3), possibly reflecting their functions as
remodelers of the stromal ECM. Indeed, several proteases are
known to be made by both tumor cells and tumor-associated
stromal cells (Breznik et al., 2017), and the presence of a
protease in the stromal compartment does not preclude its
manufacture, at least in part, by tumor cells. Therefore, we
performed ISH to evaluate whether the mRNA that encodes
each protease is a3b1 dependent within tumor cells. ISH was
first performed using our tumorigenic TMKa3þ and TMKa3‒
lines (Figure 4). Each mRNA probe detected its target in an
a3b1-dependent manner (Figure 4), consistent with our qPCR
data (Figure 1a). ISH of skin tumors revealed that the levels of
Bmp1,Mmp9, andMmp3mRNAs were reduced in the tumor
cells of epidermal a3b1-deficient papillomas tumors
compared with those in the control tumors (Figure 5a and b).
These data indicate that BMP-1, MMP-9, and MMP-3 are
supplied, in large part, by the tumor cells in an integrin
a3b1edependent manner (Figure 5c).

Expression of BMP1,MMP9, andMMP3 genes correlate with
ITGA3 gene expression in human SCC, and ITGA3, BMP1,
and MMP3 associate with poor survival outcome

Next, we used a bioinformatic approach (cBioPortal [Cerami
et al., 2012; Gao et al., 2013]) to analyze the publicly
available patient RNA-sequencing data (The Cancer Genome
www.jidinnovations.org 3
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Figure 2. a3-Null cells have reduced BMP-1, MMP-9, and MMP-3 protein secretion. (a, b) Samples of conditioned medium were prepared from each

keratinocyte line and analyzed by immunoblot for BMP-1, MMP-9, MMP-3, and MMP-2. (a) Representative immunoblots are shown. (b) The graph shows the

quantification of immunoblots; bars represent the normalized secreted protein from a3-null cells, relative to those of their respective a3-expressing control

(dotted line); n ¼ 3. Data are presented as mean � SEM; two-tailed t-test, *P < 0.05. (c) Whole-cell lysates from the TMK lines were isolated and then assayed by

immunoblot for MMP-9 and MMP-3 or for total ERK as a loading control; the indicated bands for unprocessed and processed forms are consistent in size (kDa)

with the reported sizes of mouse MMP-9 and MMP-3. ERK, extracellular signal‒regulated kinase; IMK, immortalized mouse keratinocyte; MK, mouse

keratinocyte; MMP, matrix metalloprotease; ns, nonsignificant; TMK, transformed mouse keratinocyte.
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Atlas, PanCancer Atlas) to elucidate the relevance of our
findings with human SCC. The analyzed dataset contains
examples of human primary head and neck SCC from stages
1 to 4. Indeed, the expression of the BMP1, MMP9, and
MMP3 genes each correlated with the expression of the a3
subunit gene (i.e., ITGA3) in human SCC (Figure 6a),
consistent with potential roles for BMP-1, MMP-9, and MMP-
3 as downstream effectors of integrin a3b1. Furthermore,
ITGA3 gene expression is predictive of a poor outcome in
human SCC, consistent with a protumorigenic role for a3b1
(Figure 6b). Importantly, MMP3 gene expression also shows a
significant association with poor survival in human SCC
(Figure 6b). A trend toward the association of BMP1 gene
expression with poor survival in human SCC was observed
but did not reach the 95% confidence interval (Figure 6b).

DISCUSSION
This study identifies epidermal integrin a3b1 as a regulator of
several proteases within the secretome of skin tumor cells.
JID Innovations (2021), Volume 1
We show that BMP-1, MMP-9, and MMP-3 are upregulated
in an a3b1-dependent manner in a panel of three different
immortalized and/or transformed KCs, two of which harbor
genetic lesions that mimic common mutations in human SCC
(Figures 1 and 2). This finding is consistent with the findings
of our previous studies that identified the a3b1-dependent
upregulation of BMP-1 and MMP-9 in different in vitro con-
texts (DiPersio et al., 2000; Iyer et al., 2005; Lamar et al.,
2008; Longmate et al., 2018). Importantly, in this study, we
show that this regulation is upheld in vivo where a3b1-
deficient skin tumors display reduced levels of Bmp1,
Mmp9, and Mmp3 mRNA and secreted protein (Figures 3
and 5). Moreover, bioinformatic analyses suggest that
BMP1, MMP9, and MMP3 gene expression correlates with
the expression of ITGA3, the gene that encodes the integrin
a3 subunit, in human SCC (Figure 6a), supporting the clinical
relevance of our murine models.

We have previously shown that the ablation of integrin
a3b1 from established skin tumors, achieved through genetic



Figure 3. Integrin a3b1‒‒deficient tumors display reduced levels of BMP-1, MMP-9, and MMP-3 protein. Tumor cryosections from control or a3eKO tumors

were immunostained for BMP-1, MMP-9, and MMP-3. n � 10 papillomas per group; The dashed line indicates the tumor‒stroma boundary. Bar ¼ 100 mm. For

each protease, the distributions between the two groups differed significantly (Mann‒Whitney U test: BMP-1 ¼ 0, MMP-9 ¼ 14, and MMP-3 ¼ 8); P < 0.01,

two-tailed. a3eKO, epidermal a3b1‒deficient papillomas; MMP, matrix metalloprotease; s, stroma; t, tumor.

Figure 4. Bmp1, Mmp9, and Mmp3 mRNA puncta are reduced in a3-null cells (TMK a3‒‒) versus those in control cells (TMK a3D). ISH of cultured TMK cells

was performed. Representative images are shown for Bmp1 mRNA (green) and Mmp mRNAs, Mmp9 (red) and Mmp3 (purple). Merged images show Bmp1

mRNA and MMP mRNAs, Mmp9 and Mmp3, together with DAPI (blue) to mark the nuclei. ISH, in situ hybridization; MMP, matrix metalloprotease; TMK,

transformed mouse keratinocyte.
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deletion of the Itga3 gene for the a3 subunit, leads to dra-
matic tumor regression in a murine model, indicating that
a3b1 is protumorigenic (Longmate et al., 2021). Consistently,
our current bioinformatic studies indicate that ITGA3 gene
expression is associated with poor survival in human SCC
(Figure 6b). MMP3 gene expression and to a lesser extent
BMP1 gene expression are also associated with poor survival
in human SCC (Figure 6b), in accordance with these pro-
teases being protumorigenic effectors downstream of a3b1.
These findings are consistent with those of previous studies
that have identified an association of poor survival with tu-
mor cell expression of MMP-3 in pancreatic, pulmonary, and
mammary carcinomas (Mehner et al., 2015) and with tumor
cell expression of BMP-1 in clear cell renal cell carcinoma
and gastric cancer (Rafi et al., 2021; Xiao et al., 2020).

Mechanistically, the a3b1-dependent regulation of BMP-1,
MMP-9, and MMP-3 occurred at the level of mRNA expres-
sion, which was reflected in protein secretion. However, this
does not preclude the possibility that a3b1 further regulates
protease secretion through the exocytic process or as cargo
within exosomes. Indeed, integrin-dependent signaling has
been shown to coordinate exocytic machinery during the
process of neurite sprouting in neurons (Gupton and Gertler,
2010), although it remains to be seen whether this is a gen-
eral mechanism of secretome regulation by integrins in other
contexts. Interestingly, integrins themselves are often found in
www.jidinnovations.org 5
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Figure 5. Bmp1, Mmp9, and Mmp3 mRNAs are reduced in a3b1-deficient tumors. (a, b) ISH to detect mRNA was performed on tumor cryosections. (a)

Representative images of tumor-derived Bmp1 mRNA (green) and MMP mRNAs, Mmp9 (red) and Mmp3 (purple) from control and a3b1-deficient (a3eKO)

tumors. The dashed line represents the tumor‒stroma boundary. Bar ¼ 50 mm. (b) Quantification of relative mRNA puncta in a3eKO tumors normalized to

control (dotted line); n ¼ 15 tumors per group. Mean � SEM, two-tailed t-tests; *P < 0.05. (c) Model: a3b1 regulates the secreted proteases from tumor cells that

alter the TME. a3eKO, epidermal a3b1‒deficient papilloma; ISH, in situ hybridization; MMP, matrix metalloprotease; s, stroma; t, tumor; TME, tumor

microenvironment.
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exosome cargo, and exosome-derived integrins have been
found to promote cancer progression (Fedele et al., 2015;
Krishn et al., 2019; Paolillo and Schinelli, 2017). Further-
more, it is important to note that in two of the three KC lines,
Mmp2 mRNA was downregulated by a3b1. Although the
level of protein secretion did not reach significance, it is
important to note that some proteases may not be regulated
by a3b1 or may be regulated differently.

Although this study indicates that metalloproteases are
likely contributors of the integrin a3b1‒dependent tumor
growth, the exact roles for BMP-1, MMP-9, and MMP-3 in the
growth and progression of cutaneous tumors remain to be
delineated and are likely to be complex (Niland and Eble,
2020). MMPs, in general, are known to degrade ECM bar-
riers and, by partial proteolysis, can also influence cells
through the release of soluble ECM fragments called matri-
kines (Niland and Eble, 2020). Previous studies have identi-
fied a role for integrin-dependent MMP-9 in promoting the
invasive capacity of epidermal tumor cells (Lamar et al.,
2008; Thomas et al., 2001). Furthermore, BMP-1 suppres-
sion has been shown to inhibit the motility of gastric cancer
cell lines (Hsieh et al., 2018), whereas MMP-3‒ablated
prostate tumors grew at a slower rate and were significantly
less vascularized in an in vivo murine model (Frieling et al.,
2020). In addition, it is possible that matrix degradation by
these proteases allows for the release of GFs from the cell
surface or matrix reservoirs allowing for enhanced tumor
growth (Gill and Parks, 2008; Page-McCaw et al., 2007). In
any case, it is likely that a3b1-dependent, tumor-derived
proteases such as BMP-1, MMP-9, and MMP-3 promote tu-
mor growth and progression through modifying the TME
(Figure 5c).
JID Innovations (2021), Volume 1
Although this study has identified BMP-1, MMP-9, and
MMP-3 as integrin a3b1‒dependent, tumor-derived pro-
teases (Figure 5c), extensive cross-talk to the TME indicates
the possibility that these proteases may also be contributed by
stromal cells in an epidermal a3b1-dependent manner.
Indeed, we previously identified several important roles for
epidermal a3b1 in the regulation of paracrine cross-talk to
stromal cells. Examples include cross-talk from KCs to
endothelial cells that promotes wound angiogenesis (Mitchell
et al., 2009), cross-talk from KCs to fibroblasts that controls
their differentiation state (Zheng et al., 2019), and cross-talk
from epithelial tumor cells to tumor-associated macro-
phages to support their survival (Longmate et al., 2021).
These so-called paracrine functions of a3b1 occur through
the regulation of secreted factors, which can modulate the
cross-talk to distinct cell types within the stroma or can
impact matrix composition and remodeling. Furthermore, it
has been shown that breast cancer cells induce the expres-
sion of MMP-9 by stromal fibroblasts through secreted fac-
tors, TNF-a and TGFb (Stuelten et al., 2005).

The early identification of MMPs as critical regulators of
cancer development and metastasis had indicated these
proteases as potentially exciting therapeutic targets. How-
ever, broad-spectrum MMP inhibitors have historically pro-
duced disappointing results clinically, as reviewed (Winer
et al., 2018). It is likely that more selective MMP inhibition
that is targeted to specific MMPs that drive tumor progres-
sion, appropriate for the tumor type and stage, would pro-
duce better results with lower toxicity (Winer et al., 2018). It
is intriguing to consider epithelial integrin a3b1 as a thera-
peutic target in the treatment of cancer because the pleio-
tropic effect of such targeting would inhibit several tumor-



Figure 6. Expression of proteases correlates with ITGA3 gene expression in human SCC, and ITGA3 and MMP3 associate with poor survival outcome. (a)

Analysis of mRNA expression data from human patients with SCC shows a significant correlation of ITGA3 expression with (left to right) BMP1, MMP9, and

MMP3 expression; Spearman correlation. Graphs were generated in cBioPortal. (b) KM plots showing a reduced overall survival probability of patients with high

ITGA3 orMMP3 gene expression. A trend toward an association between poor survival outcome and high BMP1 mRNA expression was observed, although this

was not statistically significant. Graphs were generated using KM plotter. All analyses utilized the head and neck SCC dataset; TCGA, PanCancer Atlas. HR,

hazard ratio; KM, Kaplan‒Meier; MMP, matrix metalloprotease; SCC, squamous cell carcinoma; TCGA, The Cancer Genome Atlas.
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promoting MMPs that could impact the microenvironment in
a potentially powerful way. Recently, a3b1 has been
exploited as a means of delivering targeted therapy to high
a3-expressing human tumor xenografts in mice through a
high-affinity and high-specificity peptide ligand called LXY30
(Zhang et al., 2021). Presumably, the efficacy of LXY30
would be further enhanced if the peptide could be modified
to not only target a3b1 but to inhibit it. Although it is possible
that systemic delivery of such treatment in humans may result
in adverse events, topical application or local injection may
be sufficient in the case of cutaneous SCC for efficacious
targeting of a3b1.

Invariably, the successful utilization of integrin targets as a
tool to mitigate tumor progression is complicated by the
complexity of the TME. Moving forward, it will be important
to further explore the efficacy of targeting integrin a3b1 on
tumor cells while considering the potential effects on the
secretome and the resulting impact on both the ECM and
distinct cell types within the TME.

MATERIALS AND METHODS
MK lines

LTAg-immortalized MK cells (MKa3þ or MKa3‒), p53-null IMK cells

(IMKa3þ or IMKa3�), or RasV12-transformed variants of the latter
lines (TMKa3þ or TMKa3�) that express or lack a3b1 were derived

previously (Iyer et al., 2005; Lamar et al., 2008). Cells were cultured

in MK growth medium as described (Lamar et al., 2008; Longmate

et al., 2014; Missan et al., 2014). Cell lines are tested several

times per year for mycoplasma using a PCR-based method (Young

et al., 2010), and all in vitro studies were conducted within 6

months of the test date.

RNA isolation and qPCR

RNA from cultured cells was isolated using Trizol Reagent (Life

Technologies, Waltham, MA) and DNase treated with Turbo DNA-

free Kit (Ambion, Waltham, MA). cDNA was generated using the

iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). qPCR was

performed using SsoAdvanced Universal SYBR Green Supermix

(Bio-Rad) in the Bio-Rad CFX96 Touch thermocycler under the

following conditions: (95 �C for 2 minutes) � 1 cycle; followed by

(95 �C for 5 seconds and 60 �C for 30 seconds) � 39 cycles; melt

curve analysis (65e95 �C, increment 0.5 �C for 5 seconds). The

primer sequences for BMP1 were forward: GACAACTCGGTACA-

GAGGAAAG and reverse: CGAACTGGGCATGGGAATAA. The

primer sequences for MMP9 were forward: CTGGAACTCA-

CACGACATCTT and reverse: TCCACCTTGTTCACCTCATTT. The

primer sequences for MMP3 were forward: CAGGAAGA-

TAGCTGAGGACTTTC and reverse: CTGCGAAGATCCACTGAAGAA.
www.jidinnovations.org 7
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The primer sequences for MMP2 were forward:

GCTCCACTCTTCTGGTTCTTC and reverse: CCCTCCTAAGC-

CAGTCTCTATTA. The primer sequences for TBP were forward:

TGTATCTACCGTGAATCTTGGC and reverse: CCAGAACTGAA-

AATCAACGCAG. The primer sequences for PPIA were forward:

CAAACACAAACGGTTCCCAG and reverse: TTCACCTTCCCAAA-

GACCAC. The primer sequences for NONO were forward:

GGAGGTGCTATGGGCATAAA and reverse: GGTTCCATCTGGCAT-

CATAGT. All the primers were purchased from IDT (Newark, NJ) and

were designed using the IDT PrimerQuest tool. The geometric mean

of three reference genes (TBP, PPIA, NONO) was used for normali-

zation. Relative mRNA levels in a3� cells compared with those in

their respective a3þ cells were calculated using the 2

ˇ

-(DDCt)
formula.

Preparation of CM

Cells were cultured in MK growth medium to ~80% confluence,

then switched to serum-free medium, and cultured for another 24

hours. CM was collected, centrifuged for 3 minutes at 2 � 103g to

remove cell debris, and concentrated using Amicon centrifugal fil-

ters with 3,000 molecular weight cut-off (Millipore, Darmstadt,

Germany).

Immunoblot

Whole-cell lysates were prepared in nonreducing buffer (Cell

Signaling Technology, Beverly, MA), and CM samples were prepared

as described earlier. Protein concentrations were determined using

the BCA Protein Assay kit (Pierce, Rockford, IL), and equal protein

was resolved by 10% SDS-PAGE and assayed by immunoblot using

the following antibodies at the indicated dilutions: anti‒BMP-1

(1:200, Thermo Fisher Scientific, Rockford, IL), anti‒MMP-3

(1:1,000, Abcam, Cambridge, MA); anti‒MMP-9 (1:1,000, Abcam),

anti‒MMP-2 (1:1,000, Abcam), anti‒a3 integrin subunit (1:1,000)

(DiPersio et al., 1995), or anti‒extracellular signal-regulated kinase

(anti-ERK; 1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA). The

secondary antibodies used were horseradish peroxidase‒conjugated

goat anti-rabbit IgG (1:1,500, Cell Signaling Technology, Danvers,

MA) or donkey anti-goat IgG (1:1,000, Santa Cruz Biotechnology),

as appropriate. Chemiluminescence was performed using Super-

Signal Kit (Pierce) and then was visualized using Bio-Rad ChemiDoc

MP imaging system with Image Lab software (Bio-Rad).

Mouse studies

Details of K14CreERT:a3flx/flx mice and two-step tumorigenesis ex-

periments were supplied previously (Longmate et al., 2021, 2017).

Briefly, topical treatment with 4-hydroxytamoxifen caused the

deletion of floxed genes (Vasioukhin et al., 1999), generating

confirmed epidermal a3b1-deficient papillomas, as detailed previ-

ously (Longmate et al., 2021). Vehicle-treated papillomas served as

control. Tumors used in these studies were collected on treatment

day 14 as described (Longmate et al., 2021). All animal experiments

were approved by the Institutional Animal Care and Use Committee

of Albany Medical College (Albany, NY).

Histology and immunostaining

Excised papillomas were embedded in optimal cutting temperature

(Electron Microscopy Sciences, Hatfield, PA), and 6 mm cryosections

were cut. Sections were used for in situ RNA detection (described in

the following section) or immunostained as follows. Sections were

rehydrated (0.02% Tween-20 and/or PBS) for 10 minutes, fixed (4%

paraformaldehyde and/or 5% sucrose and/or PBS) for 10 minutes,

permeabilized (0.4% TritonX-100 and/or PBS) for 10 minutes,
JID Innovations (2021), Volume 1
blocked (3% BSA, 0.1% glycine, 0.1% Tween-20) for 30 minutes,

blocked again (0.5% BSA, 10% goat serum, 0.1% Tween-20) for 30

minutes, and then stained with anti‒MMP-3 (1:50, Abcam) or anti‒

MMP-9 (1:50, Abcam). Alternatively, sections were rehydrated

(0.02% Tween-20 and/or PBS) for 10 minutes, fixed (4% para-

formaldehyde and/or PBS) for 5 minutes, permeabilized (0.4%

TritonX-100 and/or PBS) for 5 minutes, blocked (5% milk, 10% heat-

inactivated goat serum, PBS) for 1 hour, and then stained with anti‒

BMP-1 (1:100, Abcam). Secondary antibodies (Molecular Probes,

Eugene, OR) were Alexa Fluor 488 goat anti-rabbit IgG or Alexa

Fluor 594 goat anti-rabbit IgG (1:250e1:500). Sections were cos-

tained with DAPI, mounted with ProLong Gold antifade mounting

media (Molecular Probes), and imaged on a Nikon Eclipse 80i mi-

croscope (Tokyo, Japan) with a Photometrics Cool Snap ES camera

(Tucson, AZ). Semiquantitative analysis of immunostaining was

performed in a blinded fashion by assigning rank from least to most

staining for each antibody and was then statistically analyzed using

the Mann‒Whitney U test.

In situ RNA detection

ISH was performed using the RNAScope Fluorescent Multiplex V1

kit (Advanced Cell Diagnostics, Newark, CA) on cultured cells or

sections of fresh-frozen tumors (see the section discussed earlier).

Cultured cells plated on collagen-coated coverslips were fixed in 4%

paraformaldehyde for 30 minutes, dehydrated and rehydrated, and

then digested with protease III for 10 minutes. Fresh-frozen tumor

sections were fixed in 4% paraformaldehyde for 1 hour, dehydrated,

and digested with protease IV for 22 minutes. After pretreatment,

cells and tissue sections were incubated for 2 hours at 40 �C with

probes to detect BMP1 (311151), MMP9 (472401-C2), or MMP3

(480961-C3) mRNA, followed by wash and amplification steps ac-

cording to the manufacturer’s instructions. Sections were costained

with DAPI, mounted with ProLong Gold antifade mounting media

(Molecular Probes), and imaged on a Nikon Eclipse 80i microscope

with a Photometrics Cool Snap ES camera. Image analysis was

performed using Fiji ImageJ. Each image was individually thresh-

olded (Otsu), and the number of mRNAs was counted using the

analyze particles setting.

Bioinformatics

All bioinformatics analyses utilized patient data from the head and

neck SCC data set generated by The Cancer Genome Atlas Research

Network: https://www.cancer.gov/tcga. The data set contains 523

human samples from patients with primary head and neck SCC.

Graphs were generated using CBioPortal (Cerami et al., 2012; Gao

et al., 2013) or KM plotter (Nagy et al., 2021), as indicated.
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