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ABSTRACT
The ability to monitor changes in the expression and localization
of integrins is essential for understanding their contribution to
development, tissue homeostasis and disease. Here, we pioneered
the use of Crispr/Cas9 genome editing to tag an allele of the β4
subunit of the α6β4 integrin. A tdTomato tag was inserted with a linker
at the C-terminus of integrin β4 in mouse mammary epithelial cells.
Cells harboring this tagged allele were similar to wild-type cells with
respect to integrin β4 surface expression, association with the α6
subunit, adhesion to laminin and consequent signaling. These
integrin β4 reporter cells were transformed with YAP (also known as
YAP1), which enabled us to obtain novel insight into integrin β4
dynamics in response to a migratory stimulus (scratch wound) by live-
cell video microscopy. An increase in integrin β4 expression in cells
proximal to the wound edge was evident, and a population of integrin
β4-expressing cells that exhibited unusually rapid migration was
identified. These findings could shed insight into integrin β4 dynamics
during invasion and metastasis. Moreover, these integrin β4 reporter
cells should facilitate studies on the contribution of this integrin to
mammary gland biology and cancer.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Changes in the expression and localization of specific integrins
underlie the contribution of these receptors to a wide range of
biological and pathological processes (Bridgewater et al., 2012;
Desgrosellier and Cheresh, 2010; Hynes, 2002; Longmate and
DiPersio, 2017). The monitoring of these changes in real-time
facilitates rigorous evaluation of their significance and functional
contribution. The challenge to this approach, however, is preserving
integrin function and cell homeostasis. For this reason, genome editing
of integrins with Crispr/Cas9 technology has considerable potential.
Although techniques describing integrin tagging have been previously

described (De Franceschi et al., 2016; Huet-Calderwood et al., 2017;
Nader et al., 2016; Wang et al., 2015), Crispr/Cas9 genomic
engineering to knock-in fluorescent tags has not been used for this
purpose. This approach is ripe for employment because it allows direct
visualization of the integrin transcribed from the endogenous gene and
it circumvents the use of ectopic expression systems that have the
potential for artifacts. Given the challenges of monitoring integrins in
real-time, the use of this technology to study their plasticity is timely
and could be a useful resource for cell biologists.

A prime candidate for genome editing is the α6β4 integrin (referred
to as ‘integrin β4’ because this is the only one β4-subunit-containing
integrin). This integrin functions as a receptor for most laminins, and
it is expressed at the basal surface of many epithelial tissues
(Giancotti, 2007; Mercurio, 1995). The distinguishing structural
feature of integrin β4 is the atypical intracellular domain of the
integrin β4 subunit, which is distinct both in size (∼1000 amino acids)
and structure from any other integrin subunit (Tamura et al., 1990). A
major function of this intracellular domain is to link integrin β4 to
intermediate filaments in stable adhesive structures, termed
hemidesmosomes (HDs) (Borradori and Sonnenberg, 1999; Green
and Jones, 1996). Our lab pioneered studies demonstrating that
integrin β4 has a more dynamic role in promoting cell migration and
invasion (Lipscomb and Mercurio, 2005; Mercurio and Rabinovitz,
2001; Mercurio et al., 2001). Specifically, we discovered that integrin
β4 is mobilized from HDs in response to epithelial wounds or as a
consequence of carcinoma progression, and that it localizes in F-actin
protrusions where it facilitates migration and invasion (Lotz et al.,
1997; O’Connor et al., 2000, 1998; Rabinovitz and Mercurio, 1997;
Rabinovitz et al., 1999; Shaw et al., 1997). Subsequent studies have
confirmed and extended these findings (e.g. Colburn and Jones, 2018;
Santoro et al., 2003). These conclusions, however, were based primarily
on immunofluorescence microscopy of fixed cells using β4-specific
antibodies and not real-time imaging of integrin β4 in live cells. This
consideration is significant because the published data suggest that
rapid changes in integrin β4 expression and localization may occur
as cells acquire the ability to migrate.

In this Tools and Resources study, we used Crispr/Cas9-mediated
homologous donor recombination (HDR) to knock-in a tdTomato
tag to the cytoplasmic domain of the β4 integrin in mouse mammary
epithelial cells. Oncogenic transformation of these cells with YAP
(also known as YAP1) enabled real-time monitoring and comparison
of integrin β4 expression and localization in live, normal and
transformed epithelial cells in response to a scratch wound.

RESULTS
Design and approach for Crispr/Cas9-mediated integrin β4
tagging
We designed a strategy to knock-in a tdTomato tag connected by an
eight-amino-acid linker to the C-terminus of mouse integrin β4 by
using Crispr/Cas9-mediated HDR. Our approach was based onReceived 22 February 2019; Accepted 22 June 2019
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limiting the likelihood of the endogenous tag altering integrin β4
function, which includes laminin binding extracellularly and
integrin β4 signaling intracellularly. To accomplish this goal, we
inserted the tdTomato tag connected by a linker at the C-terminus
(cytoplasmic domain) near the last exon of integrin β4 because it
ensures that the tag will not interfere with laminin binding
extracellularly. The purpose of the linker was to provide space
between integrin β4 and the fluorescent tag to limit disruption of
integrin β4 interactions with cytoplasmic molecules.

Our initial step was to design, and test the cutting efficiency and
the effects on integrin β4 expression of four single guide (sg)RNAs
targeting the region of the last exon of mouse integrin β4. Our goal
in choosing a sgRNA and designing a corresponding donor plasmid
was to identify a sgRNA that exhibits the greatest cutting efficiency
and does not alter integrin β4 expression. As shown in Fig. 1A, none
of the four sgRNAs we tested reduced integrin β4 surface
abundance compared to a non-target sgRNA when co-transfected
with Cas9. This result can be explained because the sgRNAs we

Fig. 1. Design, approach and validation for Crispr/Cas9-mediated integrin β4 tagging. (A) Comma-d1 cells expressing Cas9 and either a non-target sgRNA
or one of four sgRNAs targeting the region of the last exon of mouse integrin β4 were processed for flow cytometry to determine the effects on integrin β4
surface abundance. (B) Genomic DNA was isolated from cells sorted as in A and was processed for TIDE analysis to quantify the cutting efficiency of each
sgRNA. The y-axis indicates the percentage of sequences altered. The predicted Cas9 cut-site is indicated by ‘0’ in the x-axis, which also depicts other sites away
from the predicted Cas9 cut-site that have insertions or deletions. (C) Comma-d1 cells were transfected with donor plasmid alone, or donor plasmid, sgRNA #2
and Cas9 plasmid, and processed for flow cytometry to quantify the proportion of tdTomato-positive cells, which were subsequently processed for single-cell
sorting. (D) Genomic DNA from clones as described in C was isolated and processed for PCR to determine the correct genomic insert of tdTomato.
(E) Immunoblotting was performed to confirm expression of tdTomato and the heterozygous tdTomato-tagged integrin β4 allele. (F) Expression of tdTomato
was quantified by flow cytometry to determine the percentage of tdTomato-positive cells.
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designed correspond to the region of the last exon of integrin β4, as
opposed to what is undertaken for Crispr/Cas9-mediated gene
knockout, which typically targets one of the first exons of a gene.
We ultimately chose sgRNA #2 because it exhibited the greatest
cutting efficiency as determined by Tracking of Indels by
Decomposition (TIDE) analysis (Fig. 1B), which is a quantitative
Sanger sequencing assessment that uses a decomposition algorithm
to quantify the frequency of insertions and deletions to determine
the degree of sgRNA cutting (Brinkman et al., 2014). sgRNA #2
targets a component of the TGA stop codon and cuts three base pairs
after the stop codon. Therefore, one consideration in the design of
the donor plasmid that corresponds to sgRNA #2 is to avoid Cas9
cutting the endogenous locus after HDR has occurred. To
accomplish this goal, we introduced silent mutations in the
component of the stop codon of the sgRNA (TGA to TAA) and
the protospacer adjacent motif (PAM), which also consists of a
component of the last codon (threonine) of integrin β4 (ACC to
ACG). We designed 900 base pair left and right homology arms in
the donor plasmid based on a high recombination efficiency
observed in prior studies (Zhang et al., 2017). The linker sequence
(GGSGGSGS) was placed directly upstream of tdTomato, and we
inserted a blasticidin-resistance gene in the donor plasmid because
the sgRNA #2/Cas9 plasmid contains a puromycin-resistance gene.

Validation of the correct genomic insert in mammary
epithelial cells
Following the design of the donor plasmid that corresponds to
sgRNA #2, we co-transfected circular donor, sgRNA and Cas9
plasmids into comma-d1 cells, which are mouse mammary
epithelial cells (Danielson et al., 1984; Deugnier et al., 2002) that
express integrin β4. After 72 h, we analyzed tdTomato expression
by flow cytometry, and observed that cells transfected with donor,
sgRNA and Cas9 exhibited 1.2% tdTomato-positive cells compared
to 0.1% for control cells transfected with donor only (Fig. 1C),
which is a similar number of fluorescent cells to what is observed for
other Crispr/Cas9 knock-in strategies (Lackner et al., 2015). Of
note, we also transfected linearized donor plasmid with sgRNA and
Cas9 but did not obtain any positive clones.
We subsequently performed a single-cell sort for tdTomato-

positive cells and grew surviving clones for the next 2–3 weeks to
screen for the correct genomic insert. Clones were initially screened
by PCR amplification of the junction between integrin β4 genomic
DNA and the left homology arm using the donor plasmid as a
negative control (Fig. 1D). Amplification of the regions between the
left homology arm and tdTomato, and the right homology arm and
tdTomato was performed using the donor plasmid as a positive
control (Fig. 1D). The heterozygous tdTomato-tagged integrin β4
allelewas verified by immunoblotting (Fig. 1E). Integrin β4 reporter
comma-d1 cells were 80% positive for tdTomato (Fig. 1F), which is
greater than other studies, reporting between 22% and 76% positive
cells when using alternative Crispr/Cas9 knock-in strategies
(Lackner et al., 2015). Subsequently, we validated our knock-in
approach in 4T1 cells, a mouse mammary cancer cell line that
expresses integrin β4 (Fig. S1A,B). This result demonstrates that our
strategy to knock-in a tdTomato tag to integrin β4 can be applied to
other experimental systems.

Integrin β4 reporter cells retain properties of parental cells
After validation of the correct genomic insert, we evaluated the
potential effect of the tdTomato tag on the function of integrin β4.
The comma-d1 reporter and parental cells exhibited similar levels of
integrin β4 at the cell surface indicating that the C-terminal

tdTomato tag did not alter integrin β4 surface localization (Fig. 2A).
Immunofluorescence microscopy substantiated the localization of
the tagged integrin on the cell surface (Fig. 2B). Also, analysis of Z
stacks of confocal images revealed that the tdTomato signal is
enriched on the basal surface of live adherent cells (Fig. S2). The
tdTomato tag also did not interfere with integrin α6 pairing
(Fig. 2C). Importantly, the reporter and parental cells did not differ
significantly in their ability to adhere to laminin111 (Fig. 2D) and,
consequently, activate Src (Fig. 2E), which is an effector of integrin
β4-mediated signaling (Brown et al., 2017; Merdek et al., 2007).

Comma-d1 cells exhibit mammary progenitor potential (Deugnier
et al., 2002, 2006; Taddei et al., 2008), and we did not observe
differences in the number ofmammospheres between the reporter and
parental cells in serial passage assays (Fig. 2F). This result indicates
that progenitor properties are not altered in the integrin β4 reporter
cells. Together, these data suggest that cyto-tagging integrin β4 using
Crispr/Cas9 does not alter its function. To determine if tdTomatowas
inserted in genomic loci other than integrin β4, we predicted the most
likely sites that Cas9 may cut based on the sgRNA we chose to
generate the reporter cells (sgRNA #2). We observed that tdTomato
was not inserted into these sites and that our knock-in is highly
specific (Fig. S3). Therefore, the resulting reporter cells are similar in
nature to parental comma-d1 cells and our strategy limited potential
off-target effects related to Crispr/Cas9 genomic alterations.

Real-time visualization of the expression and localization
of the β4 integrin in migrating cells
The generation of an integrin β4 reporter cell line provided an
opportunity to visualize integrin β4 expression and localization in
real-time by immunofluorescence video microscopy. Given the
established role of integrin β4 in cell migration, a scratch wound was
made in the monolayer immediately before filming. A burst of
integrin β4 expression was observed ∼6 h following wounding,
especially in cells at the wound edge, concomitant with an increase
in chemokinetic migration (Fig. 3; Movies 1, 2). However, therewas
little evidence of directional migration to heal the wound.

Based on the fact that the oncogenic transformation of epithelial
cells stimulates their migration, we transformed our reporter cell line
with YAP, which is a transcriptional effector of the Hippo tumor
suppressor pathway that has been implicated in breast cancer
progression, stemness, epithelial to mesenchymal transition and
drug resistance (Di Agostino et al., 2016; Sorrentino et al., 2017;
Zanconato et al., 2015, 2016, 2018; Zanconato and Piccolo, 2016).
More specifically, we used a constitutively active form of YAP
(5SA) to transform the comma-d1 reporter cells. This transformation
increased the expression of YAP target genes ANKRD1 and Cyr61
(also known as CCN1) (Fig. 4A,B), promoted soft agar colony
growth (Fig. 4C) and increased the number of mammospheres upon
serial passage (Fig. 4D). Interestingly, YAP transformation decreased
integrin β4 (ITGB4) mRNA expression (Fig. 4E), and it reduced
integrin β4 surface expression abundance markedly (Fig. 4F).

Immunofluorescence video microscopy of YAP-transformed
reporter cells in response to a scratch wound revealed directional
migration of cells into the scratch by 3 h and restoration of the
monolayer within 18 h of wounding (Fig. 5; Movies 3–6). We were
able to detect several noteworthy aspects of integrin β4 expression
and localization because of our ability to visualize endogenous
integrin in real-time. The most striking observation was an
induction of the integrin β4/tdTomato signal in cells proximal to
the wound edge, which was evident within 3 h of wounding. Given
that YAP transformation represses integrin β4 (Fig. 4E,F), this
observation implies that that the migratory stimulus imposed by the
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wound is sufficient to induce expression of this integrin. It also
appeared that the induction of integrin β4 expression was coincident
with the acquisition of motility in multiple cells. As the wounds
healed and the monolayer was restored, the integrin β4/tdTomato
signal diminished.
Another key observation was the dynamic polarization of integrin

β4 signal in cell protrusions (Movies 3–6; Fig. 5; Fig. S4), which is
consistent with its role in driving migration. Although it was not
feasible to quantify the velocity of individual cells because of the
heterogeneity of the population and the number of tdTomato-
positive cells, it was evident from observing the videos that the
tdTomato cells exhibited rapid directional migration and that some
of these cells migrated across the monolayer extremely quickly
relative to migrating neighboring cells (see arrows in Fig. 5;
Movies 3–6).

DISCUSSION
The results of this study demonstrate the usefulness of Crispr/Cas9
genome editing to tag endogenous integrins for studies aimed at
evaluating their expression, localization and function. We were able
to engineer an allele of the β4 integrin subunit with a tdTomato tag at

its C-terminus that retained the properties of the wild-type allele and
generate reporter cells harboring this tagged allele. This resource,
which enabled us to visualize integrin β4 in real-time, has distinct
advantages over the use of immunofluorescence microscopy
because it does not require fixation and is independent of issues
related to antibody specificity. Moreover, although the use of
expression plasmids containing an epitope tag has proven useful for
integrin studies (e.g. De Franceschi et al., 2016; Huet-Calderwood
et al., 2017; Nader et al., 2016; Wang et al., 2015), there are
potential artifacts with this approach including the level of
expression of the tagged integrin and competition with
endogenous integrin that are obviated by the use of Crispr/Cas9
genome editing. Although it has been shown that expression of
cyto-tagged integrin β1 plasmid may influence its function
(Galbraith et al., 2018), we did not detect any deficiency in the
ability of the cyto-tagged β4 integrin to heterodimerize with α6 or of
the reporter cells to adhere to laminin and activate Src. Moreover,
the data we generated from real-time imaging of migrating reporter
cells is consistent with our previous studies on the function of this
integrin. Although we cannot exclude the possibility that subtle
differences may exist between the endogenous and tagged integrin,

Fig. 2. Integrin β4 reporter cells exhibit
properties of parental cells. (A) Analysis of
integrin β4 surface expression by flow
cytometry of untransfected (green line), integrin
β4 reporter (blue line) and parental (red line)
comma-d1 cells. (B) Live-cell image showing
that the tdTomato signal is localized on the
surface of adherent comma-d1 reporter cells.
Scale bar: 25 µm. (C) Extracts of integrin β4
reporter cells were immunoprecipitated using
an anti-integrin α6 antibody and then
immunoblotted using an anti-integrin β4
antibody. Note that both the tagged and
untagged integrin β4 alleles associate with
integrin α6. (D) Cell culture dishes were coated
with laminin-111 and integrin β4 reporter and
parental comma-d1 cells were allowed to attach
for 1 h in serum-free medium. Subsequently,
Crystal Violet staining was performed to
compare laminin-111 attachment. (E) Cells as
in D were immunoblotted using an anti-pY416
Src antibody to assess Src activation.
Densitometry was performed on these
immunoblots using ImageJ (right graph).
(F) Mammosphere-forming ability was
assessed in integrin β4 reporter and parental
comma-d1 cells. P1 indicates passage 1 and
P2 indicates passage 2. Bar graphs in D–F are
mean±s.d., with dots representing the results
from three independent experiments. In D, E,
results are represented relative to control (set
at 1). There are no significant differences
between samples.
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our strategy of adding a linker between the C-terminus of the
integrin and the tdTomato tag appears to minimize adverse
functional consequences.
The most exciting and informative data we obtained was from our

analysis of integrin β4 expression and localization in response to a

migratory stimulus (scratch wound). Although previous studies by
our group and others had implicated integrin β4 in migration (Lotz
et al., 1997; O’Connor et al., 2000; Rabinovitz and Mercurio, 1997;
Rabinovitz et al., 1999; Sehgal et al., 2006; Shaw et al., 1997), the
ability to visualize endogenous integrin in real-time proved to be
quite powerful. This approach substantiated the dynamic nature of
integrin β4 during migration that we and others had observed based
on more indirect approaches (Mercurio et al., 2001), but it also
revealed novel insights. Specifically, we note the relatively rapid
increase in integrin β4 expression that appeared to be coincident
with the acquisition of motility in YAP-transformed reporter cells at
the wound edge. This observation is consistent with our previous
work demonstrating that integrin β4 expression is induced at the
edge of epithelial wounds (Lotz et al., 1997). Our new ability to
monitor integrin β4 localization in real-time, however, reveals the
dynamic nature of integrin β4 expression and localization in
response to a wound. In this regard, we also found that integrin β4
expression diminished rapidly as the wounds healed, which is
reminiscent of work on the regulation of integrin β4 half-life in
carcinomas (Witkowski et al., 2000). We were also struck by the
extremely rapid migration of some of the YAP-transformed integrin
β4-expressing cells, which was unexpected. These cells would not
have been detected without their ability to be imaged in real-time,
and their nature clearly merits further investigation. Taken together,
our data underscore the notion that integrin β4 expression and
localization can change rapidly in response to alterations in the
microenvironment. This consideration should be a note of caution,
for example, when interpreting data on the expression and
localization of integrin β4 in tumors based on the analysis of
static images.

The integrin β4 reporter cells that we have generated should be
quite useful for studying other aspects of the contribution of this
integrin to mammary gland biology and cancer. Comma-d1 cells are
progenitor cells and capable of populating a mammary gland upon
injection into the mammary fat pad of mice (Deugnier et al., 2002,
2006; Taddei et al., 2008). Long-term intravital microscopy (Ewald
et al., 2011) of the integrin β4-tagged comma-d1 cells could provide
novel insight into integrin β4 dynamics during mammary gland
development. The same approach could be used to visualize integrin
β4 during tumor formation in vivo using the YAP-transformed
reporter cells. Given that integrin β4 has been implicated in
metastasis (Falcioni et al., 1986; Hoshino et al., 2015; Lipscomb
and Mercurio, 2005), the presence of the tdTomato tag could
facilitate the isolation and characterization of circulating tumor cells
frommice harboring tumors generated by orthotopic injection of the
YAP-transformed reporter cells.

MATERIALS AND METHODS
Antibodies, flow cytometry and cell culture
Antibodies for immunoblotting (used at 1:1000) were against the following
proteins: actin (4970S, Cell Signaling Technologies), integrin β4 (ab29042,
Abcam), red fluorescent protein that cross-reacts with tdTomato (ab62341,
Abcam), Src (2108S, Cell Signaling Technologies), pY416 Src (2101S, Cell
Signaling Technologies), α6 (provided by Dr Anne Cress, University of
Arizona, Tucson, AZ) and the Myc tag (2278S, Cell Signaling
Technologies). Anti-integrin β4 antibody 34611A (ab25254, Abcam) was
used for flow cytometry. Comma-d1 cells were provided by Dr Nicholas
Tonks (Cold Spring Harbor, NY) and were cultured in Dulbecco’s Modified
Eagle Medium (DMEM)/F12 medium supplemented with 5% fetal bovine
serum, insulin, epidermal growth factor (EGF) and HEPES. 4T1 cells were
provided by Dr Leslie Shaw (University of Massachusetts Medical School,
Boston, MA) and were cultured in F12 medium supplemented with 5% fetal
bovine serum.

Fig. 3. Monitoring integrin β4 dynamics in non-transformed reporter cells
in response to a scratch wound. A scratch wound was introduced in integrin
β4 reporter comma-d1 cells, which weremonitored for 18 h. Representative still
images are shown. See Movies 1 and 2 for real-time immunofluorescence
video microscopy. Scale bar: 25 µm.
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Constructs, sgRNAs and transfection
We initially tested the cutting efficiency of four sgRNAs targeting the region
of the last exon of mouse integrin β4 (sgRNA #1, 5′-TGACCCAGGAA-
TTCGTGACC-3′; sgRNA #2 5′-CTGGGGCGCGGGGGAGGTTC-3′;
sgRNA #3 5′-GAGGAAGAAGGCGCTAGGAG-3′; sgRNA #4 5′-GAG-
AGAGCCACTGGCCGTTA-3′ by cloning each sgRNA into lentiCrispr V2
vector (Dr Wen Xue, University of Massachusetts Medical School, MA).
Cells were subsequently infected with lentivirus carrying each sgRNA and
puromycin selected (2 µg/ml) for 2 days. TIDE analysis (https://tide.nki.nl/)
was performed to assess the cutting efficiency of each sgRNA, as well as
flow cytometry to determine the effects on integrin β4 surface abundance.

After selecting the sgRNA #2 sequence, VectorBuilder (https://en.
vectorbuilder.com/) was used to construct puromycin resistant sgRNA
#2/Cas9 plasmid (VectorBuilder ID: VB180312-1135bvn) and the
corresponding blasticidin-resistance donor plasmid (VectorBuilder ID:
VB180312-1325zpa) to be transfected into comma-d1 cells. Approximately
75,000 cells were seeded in six-well plates. The next day, cells were
transfected with 800 ng sgRNA/Cas9 plasmid and 500 ng circular donor
plasmid using Lipofectamine 3000 (Thermo Fisher Scientific) and processed
for single-cell sorting 72 h later. Hygromycin-resistance Myc-5SA-YAP
vector was purchased from Addgene (plasmid #33093; deposited by
K. Guan) and was used to transform the integrin β4 reporter comma-d1 cells.

Crispr/Cas9 off-target analysis
Off-target genomic loci were identified and ranked as previously described
(Bae et al., 2014; Stemmer et al., 2015). PCR using primer pairs that bound
the locus of interest and the tdTomato reporter cassette was utilized to
assess for non-specific integration at the top four predicted sites. These
genomic loci and the primer sequences used to amplify them are described
in Fig. S3.

PCR
For quantitative (q)PCR, RNA was isolated using an RNA extraction kit
(BS88133, Bio Basic Inc) and cDNAs were produced using qScript cDNA
kit (#95047, Quantabio). The qPCR master mix used was SYBR green
(Applied Biosystems) and experiments were performed with three technical
replicates and normalized to the levels of 18S RNAs. The Massachusetts
General Hospital/Harvard Medical School PrimerBank (http://pga.mgh.
harvard.edu/primerbank/) was used to obtain qPCR primer sequences.

To assess the correct insertion of tdTomato, genomic DNA was isolated
using mammalian genomic DNA isolation kit (G1N70, Sigma) from
comma-d1 cells that were grown from single-cell clones. Primers were
designed to amplify the junction between integrin β4 genomic DNA and the
left homology arm (forward, 5′-AGGACCCCTCCAAATCAGTT-3′;
reverse, 5′-CAGGTCACCAGGTAGCCAAG-3′), the left homology arm

Fig. 4. YAP transformation of integrin β4 reporter cells.
(A) Expression of Myc–5SA-YAPor empty vector in integrin β4
reporter comma-d1 cells was evaluated by immunoblotting.
(B) Expression of the YAP target genes ANKRD1 and Cyr61
by means of qPCR in both populations was quantified and is
presented relative to that in empty vector cells (set at 1).
(C,D) Soft agar colony (C) and mammosphere formation
(D) was assessed in the control and YAP-transformed integrin
β4 reporter comma-d1 cells. P1 indicates passage 1 and P2
indicates passage 2. (E) integrin β4 mRNA expression was
quantified in the control and YAP-transformed cells by means
of qPCR and is presented relative to that in empty vector cells
(set at 1). (F) Analysis of integrin β4 surface expression by flow
cytometry of integrin β4 reporter cells expressing empty vector
or 5SA-YAP. Bar graphs show mean±s.d., with dots
representing the results from three independent experiments.
*P≤0.05; **P<0.005 (two-tailed t-test).
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and tdTomato (forward, 5′- GAGCTGGGACCTGTACTCCA-3′; reverse,
5′-GCTTCTTGTAATCGGGGATG-3′) and tdTomato and the right
homology arm (forward, 5′- CCCGGCTACTACTACGTGGA-3′; reverse,
5′-AGAACAAAAGGCTGGGGACT-3′).

Mammosphere and soft agar assays
UltraLow attachment six-well plates were used for mammosphere
experiments. Cells were plated in DMEM/F12 medium supplemented
with B27, EGF and fibroblast growth factor as previously described (Elaimy
et al., 2018; Goel et al., 2014). Serial passaging was performed by pelleting
and dissociating mammospheres with 0.05% trypsin for 15 min at 37°C to
obtain single cells, which were washed in 1× PBS, counted and re-plated in
UltraLow attachment six-well plates. Soft agar colony formation was
performed as previously described (Goel et al., 2012).

Immunoblotting and co-immunoprecipitation
Immunoblotting was accomplished by washing cells in 1× PBS and
scraping them on ice in RIPA buffer with EDTA and EGTA (BP-115DG,
Boston Bioproducts) supplemented with protease and phosphatase
inhibitors (Roche, 04693132001). Laemmli buffer (BP-111R, Boston
Bioproducts) was added to each sample and the lysate was boiled and
separated by SDS-PAGE. NP-40 lysis buffer (BP-119, Boston Bioproducts)
containing protease and phosphatase inhibitors (Roche, 04693132001) was
used to extract protein for co-immunoprecipitation. Protein A agarose beads
were added to the lysate and incubated for one hour at 4°C for pre-clearing.
Lysates were subsequently incubated with anti-integrin α6 antibody
(555736, BD Biosciences) or IgG overnight at 4°. The next morning
lysates were incubated again with protein A–agarose beads at 4°C for 1 h to
pull down the protein complexes, which were separated using SDS-PAGE
and immunoblotted for integrins α6 and β4.

Laminin attachment assay
Cell culture dishes were coated with laminin-111 (23017015, Thermo Fisher
Scientific) and blocked in 1% bovine serum album at for 1 h at 37°C. Cells
were trypsinized, plated on the laminin-111-coated plates in serum-free
medium and allowed to attach for 1 h. Subsequently, cells were lysed and
immunoblotted for pY416 Src and Src, or stained with Crystal Violet to
measure the optical density (OD) at 595 nm to determine the level of adhesion.

Scratch wound assay and microscopy
Cells were seeded on six-well plates and grown to confluency. Following the
introduction of a scratch with a pipet tip, a DeltaVision wide-field
deconvolution fluorescence microscope with temperature and CO2 control
was used to capture images at 20× total magnification of migrating cells at
15-min intervals for 18 h or 72 h using an A594 filter. A Zeiss Axio
Observer microscope with a 63× objective lens was used to obtain a Z-stack
of live adherent reporter cells.
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Fig. S1.  Generation of integrin β4 reporter 4T1 cells.  (A) 4T1 cells were transfected with 

donor plasmid and sgRNA #2/Cas9 and processed for flow cytometry to quantify tdTomato 

positive cells, which were subsequently processed for single-cell sorting.  (B) Genomic DNA from 

clones described (A) was isolated and processed for PCR to determine the correct genomic insert 

of tdTomato.    
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Fig. S2.  β4-tdTomato is expressed on the surface of comma-d1 reporter cells.  A Z-stack was 

performed to refine the localization of the tdTomato signal in adherent reporter cells.  Z-stack 

slices moving from the basal surface (Z=0 microns) towards the apical surface (Z=2.8 microns) 

demonstrate that the tdTomato signal is predominately on the cell surface. Top panel: Live cell 

fluorescence images show the distribution of tdTomato (red), and nuclei (blue). Bottom panel: 

Grey scale images show tdTomato only.  Scale bar: 10 microns.  
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Fig. S3.  Off-target analysis of integrin β4 reporter comma-d1 cells.  Genomic DNA was 

isolated from comma-d1 reporter cells and the indicated potential off-target sites were screened by 

PCR to determine reporter cassette integration.  The four genomic loci screened, and the primer 

sequences utilized are also shown.    
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Fig. S4.  Integrin β4 is present in cell protrusions of migrating cells.  Inset of still images of 

migrating cells from Movies 3 and 5 that show tdTomato/β4 in cell protrusions formed by 

migrating cells.  Arrows indicate cell protrusions.  
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Movie 1.  18-hour movie of control β4 reporter comma-d1 cells in response to a scratch wound 

using a green differential interference contrast (DIC) background.  Scale bar represents 25 

micrometers.    
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Movie 2.  Movie 1 without a DIC background.  Scale bar represents 25 micrometers.     

 

 

 

 

 

Movie 3.  An 18-hour movie of YAP-transformed β4 reporter comma-d1 cells in response to a 

scratch wound using a green DIC background.  Scale bar represents 25 micrometers.     
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Movie 4.  Movie 3 without a DIC background.  Scale bar represents 25 micrometers.     

 

 

 

 

 

 

Movie 5.  72-hour movie of YAP-transformed β4 reporter comma-d1 cells in response to a scratch 

wound using a green DIC background.  Scale bar represents 25 micrometers.     
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Movie 6.  Movie 5 without a DIC background.  Scale bar represents 25 micrometers.     

 

J. Cell Sci.: doi:10.1242/jcs.231241: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

http://movie.biologists.com/video/10.1242/jcs.231241/video-6

