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B1 integrin tyrosine phosphorylation by oncogenic kinases, such as
Src, has been predicted to induce tumorigenesis by disrupting ad-
hesion and modifying integrin signaling. We directly tested this
hypothesis by subjecting mice with “nonphosphorylatable” tyrosine-
to-phenylalanine substitutions in the conserved p1 cytoplasmic tail
NPxY motifs to a model of cutaneous carcinogenesis in the pres-
ence or absence of elevated Src activity. We found that hydropho-
bic phenylalanine substitutions of both tyrosines diminished the
binding of tail-interacting proteins, including talins and kindlins,
resulting in reduced p1-mediated adhesion, focal adhesion kinase
(FAK) signaling, and epidermal progenitor cell-derived skin tu-
mors. However, increased Src activity drove tumor formation in-
dependent of the phenylalanine substitutions by enhancing FAK
activity, which in turn maintained the epidermal progenitor state
and blocked keratinocyte differentiation. We conclude that a Src/
FAK signaling unit inhibits differentiation to promote tumor-
igenesis downstream of B1 integrin and independent of 1 inte-
grin tyrosine phosphorylation.
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Integrins are heterodimeric transmembrane cell surface adhe-
sion receptors consisting of a and p subunits (1). The f1
integrins, which represent the largest integrin subfamily, pro-
mote fundamental cellular processes such as migration, pro-
liferation, differentiation, and survival and are indispensable for
development and tissue homeostasis. Tumor cells also express
p1 integrins (2); however, their contribution to tumor growth
in the presence of high oncogenic tyrosine kinase activity is
poorly understood.

Shortly after the discovery of the p1 integrin subunit, fibro-
blasts transformed by the avian oncogenes v-Src, v-Fps, v-ErbB,
and v-Yes were shown to contain phosphorylated tyrosines in the
B1 cytoplasmic tail (3). The 1 tail contains two tyrosine residues
(Y783 and Y795) that are part of conserved NPxY motifs es-
sential for recruiting talin and kindlin. These in turn facilitate 1
integrin coupling to the actin cytoskeleton and maintain integrins
in an active signaling state (4). v-Src was shown to phosphorylate
f1 integrin tails on Y783 and Y795 (5-7). Based mainly on
structural and biochemical studies, it is thought that phosphor-
ylated Y783 and Y795 block talin and kindlin binding, re-
spectively (5, 8-10). In support of these studies, it has been
demonstrated that v-Src expression in fibroblasts decreases 1
integrin-dependent adhesion, focal adhesion formation, cyto-
skeletal organization, fibronectin assembly, migration, and che-
motaxis (7, 11). Moreover, expression of mutant 1 and p3
integrin in which the tyrosine of the membrane-proximal NPxY
motif was substituted with a “nonphosphorylatable” phenylala-
nine rescued the inhibitory effects of v-Src on integrin function
(7, 12). These findings support a model in which p1 integrin in-
activation through phosphorylation (9) promotes transformation
and anchorage-independent growth (7, 13).

This model has several inconsistencies, however. First, levels
of Bl tyrosine phosphorylation are extremely low in non-
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transformed cells (6) and are difficult to detect even in the
presence of v-Src (3, 7). Thus, the significance of phosphorylated
cell surface Bl is unclear. Second, substitutions of f1 and B3
integrin tail tyrosines with nonphosphorylatable phenylalanines
have been shown to inhibit rather than increase integrin function
in the absence of v-Src in vitro (14-16). Third, in sharp contrast
to the proposed v-Src-mediated phosphorylation and inacti-
vation of Pl integrins, the growth of cutaneous or mammary
gland tumors requires Bl expression and function (17-19).

To determine the role of 1 cytoplasmic tyrosines in vivo, we
and others have generated mice harboring Y783F-, Y795F-, or
YY783/795FF (YYFF)-substituted p1 integrins (20, 21). Such
mice develop and age normally and thus allow testing of whether
B1Y-to-F substitutions interfere with tumor formation in the
presence or absence of increased Src activity. The epidermis was
chosen as a model system because epidermal cells lack 3, have
low levels of av, and predominantly express pl integrins. Our
experiments revealed that phenylalanine substitutions in both, but
not in either one, of the p1 NPxY motifs diminish tumorigenesis
when Src activity is low, but play no role when Src activity is high.

Results

For this study, we crossed mice harboring nonphosphorylatable
tyrosine-to-phenylalanine knock-in substitutions at position Y783
and/or Y795 (Y783F, Y795F, and YYFF) of the pl integrin
cytoplasmic domain (21) with a mouse strain carrying a human
c-Src transgene controlled by the K5 promotor (22). WT and
BIYYFF mice with and without the Src transgene developed
normally and showed normal skin morphogenesis and homeo-
stasis irrespective of a 20-fold increased Src protein level,
a fourfold increased Src activity, and elevated levels of p1
integrin tyrosine phosphorylation (Fig. S1). We next made use of
the two-stage carcinogenesis model involving 7,12-dimethylbenz
[a]anthracene and 12-O-tetradecanoylphorbol-13-acetate (TPA)
to test the effects of p1Y-to-F substitutions on tumor devel-
opment in the presence or absence of the Src transgene. In the
absence of the Src transgene, f1YYFF mice developed fewer
tumors and developed them later than WT animals (Fig. 1.4 and
B). Single p1Y783F and p1Y795F substitutions showed no dif-
ference from WT, however (Fig. 1 4 and B). An increase in Src
activity through the Src transgene increased tumor incidence and
burden to the same extent in WT and p1YYFF mice (Fig. 1 C
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Fig. 1. Two-stage carcinogenesis. (A and B) Tumor incidence and burden of nontransgenic animals relative to the start of promotion with TPA. (C and D) The
same data depicted for Src transgenic animals. The cohort size was 23 animals per group.

and D), indicating that Src promotes tumorigenesis independent
of p1 phosphorylation.

Our results suggest that Y-to-F substitutions interfere with p1
function primarily by affecting the recruitment of p1 tail-binding
proteins. To test this hypothesis, we used SILAC-based quanti-
tative proteomics (Fig. S2) and compared the binding affinities
of full-length WT and B1Y-to-F cytoplasmic tail peptides (Fig.
2A4). To identify nonspecific background binding, we subtracted
binding to a scrambled peptide from the pool of proteins pulled
down with the WT peptide. A total of 24 proteins, including
talins, kindlins and the ILK/PINCH/parvin complex, were found
to specifically interact with the WT p1 tail peptide (Fig. 2B).
We next compared the binding of specific f1 tail interactors
to YYFF-, Y783F-, and Y795F-substituted Bl peptides (Fig. 2
C-E). By performing agglomerative hierarchical clustering, we
identified proteins with reduced binding to p1Y783F (B1Y783-
directed binding) or to p1Y795F (p1Y795-directed binding) (Fig.
2F). Although binding of the ILK/PINCH/parvin complex was
minimally affected by p1Y-to-F substitutions, binding of talins to
the p1Y783F mutation and of kindlins to the f1Y795F mutation
was reduced by ~50% compared with WT peptides (Fig. 2G).
This is in contrast to f1Y783/Y795A mutations, which almost
completely blocked the binding of talins and kindlins, respec-
tively (23).

Whereas the f1Y783A and f1Y795A mutations are embryonic
lethal (manuscript in preparation), mice harboring f1Y-to-F
substitutions are viable and fertile, suggesting that the reduced
protein binding to the latter are functionally irrelevant for nor-
mal development and physiology. To test whether p1Y-to-F
substitutions interfere with p1 function in a cellular context, we
performed functional assays with keratinocytes. Freshly isolated
p1Y-to-F keratinocytes exhibited a 20-30% reduction in 1
integrin surface levels compared to WT, but reached WT levels
after culturing on collagen for 1 wk or when spontaneous im-
mortalization occurred (Fig. 34). We used keratinocytes with
comparable Bl integrin surface levels to quantify the activation
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epitope 9EG7 (24). We found reduced binding of 9EG7 antibody
to keratinocytes carrying a double, but not a single, f1Y-to-F
substitution (Fig. 3B). Levels of 9EG7 epitope were unaffected
by increased Src activity. The reduced integrin activity conferred
by the p1YYFF mutation could be rescued with MnCI2 (Fig. 3B),
which shifts integrins into the high-affinity state independent of
intracellular cues.

We next assessed keratinocyte adhesion by performing a
spinning-disk hydrodynamic shear stress assay (Fig. 3C) (25).
The adhesion strength of double, but not single, p1Y-to-F ker-
atinocytes was reduced by >40% (Fig. 3D), indicating decreased
functional adhesive bonds as a consequence of the double-
BLYYFF substitution. In line with these findings, we observed
reduced phosphorylation of the p1 integrin effector focal adhe-
sion kinase (FAK) at Y397 and Y861 in double, but not single,
B1Y-to-F keratinocytes grown on collagen (Fig. 3E). In kerati-
nocytes carrying the Src transgene, FAK phosphorylation was
strongly induced irrespective of the p1YYFF substitution.

Our data indicate that tumor development correlates with
phospho-FAK-Y397/Y861 levels in WT and p1Y-to-F keratino-
cytes. Because FAK was shown to promote tumorigenesis
through epithelial stem cell maintenance (26), we next analyzed
epidermal stem cell/long-term resident epidermal progenitor cell
numbers with the BrdU label-retention method. We identified
similar numbers of label-retaining cells (LRCs) in the bulge of
hair follicles from WT and p1YYFF mice regardless of whether
or not the Src transgene was present (Fig. 4 A and B). In con-
trast, LRCs were significantly reduced in the interfollicular epi-
dermis of p1YYFF mice lacking the Src transgene (Fig. 4 A and
B). In line with these results, the colony-forming efficacy of
freshly isolated p1YYFF keratinocytes was reduced, but was
increased in the presence of the Src transgene to the level of WT
keratinocytes carrying the Src transgene (Fig. 4C).

The increased colony-forming efficacy of the Src transgene in
WT and B1YYFF mice suggests that Src may facilitate kerati-
nocyte stem cell maintenance and inhibit differentiation. To test
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this hypothesis, we determined the proteome and transcriptome
of keratinocytes at subconfluence and at confluence before and
after exposure to high Ca®* levels, which is known to trigger
keratinocyte differentiation. The global mRNA profile of sub-
confluent WT and Src transgenic keratinocytes was similar in the
absence of high Ca®*, as assessed by Affymetrix GeneChip hy-
bridization and subsequent Pearson correlation analysis across
arrays (P = 0.98; Fig. S3); however, their differentiation re-
sponse at both the protein and mRNA levels differed. The
comparison of Ca**-induced proteins up-regulated in WT over
Src transgenic keratinocytes (Fig. 4D) or vice versa (Fig. 4E)
revealed that elevated Src activity suppressed the induction of
differentiation-associated proteins and induced extracellular
matrix components and modifying enzymes. These distinct re-
sponses to Ca* were confirmed by Western blot analysis (Fig.
4F) and RT-PCR (Fig. 4G). A Src-imposed reduction of the
differentiation markers K1, K10, and CSRP1 was not reversed by
the pIYYFF substitution (Fig. 4G). A Src-induced inhibition of
differentiation also was observed in papillomas derived from
mice that underwent two-stage carcinogenesis (Fig. S4 A4 and B).
Moreover, only Src-transgenic papillomas dedifferentiated into
carcinomas within a 20-wk period of TPA promotion (Fig. S4 C
and D).

Beczluse FAK activity as assessed by Y397/Y861 phosphory-
lation increased in response to elevated Src activity (Fig. 3E), we
tested whether Src suppresses keratinocyte differentiation via
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FAK. We depleted FAK mRNA in Src transgenic keratinocytes
using three different siRNAs and used a universal negative
siRNA as a control (SIC). Whereas siRNA #1 had intermediate
activity, siRNAs #2 and #3 reduced total FAK protein levels to
<10% of that in the SIC-treated cells (Fig. 54). When Src
transgenic keratinocytes treated with siRNAs #2 and #3 were
exposed to Ca?*, the induction of K1 and K10 mRNAs increased
to nearly the levels seen in WT mice (Fig. 5 B and C). In con-
trast, when the less-efficient siRNA #1 was used to deplete FAK,
the Src-imposed block on differentiation was relieved much less
effectively (Fig. 5 B and C). The specificity of the siRNA-me-
diated knockdown was confirmed by reexpression of an siRNA-
resistant mouse FAK cDNA (Fig. S5).

Discussion

Phosphorylation of B1 cytoplasmic tyrosines by Src has been has
been predicted to induce transformation and anchorage-in-
dependent growth by disrupting adhesion and modifying integrin
signaling (7, 11, 13). In sharp contrast, we did not observe ab-
normal skin tumor growth in mice carrying a f1Y783F sub-
stitution or a B1Y795F substitution, regardless of whether or not
Src activity was increased. When both p1 tail tyrosines were
replaced by phenylalanines, an inhibitory effect on tumorigenesis
was seen, but only at endogenous levels of Src activity. When
Src activity was increased, the B1YYFF substitution had no
detectable effect on tumorigenesis, suggesting that the tumor-
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epitope and adhesion strength. Interestingly, this was not ob-
served with single Y-to-F substitutions, indicating that both
NPxY motifs contribute to adhesive bond formation. Similarly,
double, but not single, p1Y-to-F substitutions had a significant
impact on FAK phosphorylation and tumorigenesis. FAK phos-
phorylation on Y397/Y861 has been shown to correlate with the
amount of actinomyosin-generated tension applied to the p1 tail
(30, 31). Building tension across p1 integrin requires a functional
p1 tail talin/kindlin—F-actin interface, which is likely impaired
by the B1YYFF substitution and responsible for the reduced
FAK activation. Reduced p1 signaling in p1YYFF epidermis
could explain a defect in tumor initiation (18, 32), which is highly
dependent on P1 function and downstream activation of FAK
(17, 19, 33, 34).

The impaired recruitment of talins and kindlins to the p1Y-to-F
tails is unexpected and indicates that integrins with such muta-
tions cannot be considered “pure” nonphosphorylateable integ-
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rins. An alternative approach would be to engineer mice in which
the tyrosines are substituted with a phospho-mimicking acidic
residue (B1Y to D/E). But because such substitutions interfere
with integrin localization to focal adhesions (35) and thus are se-
riously flawed, we did not consider them. Despite these limi-
tations, we were able to correlate the extent of Src-induced f1
phosphorylation with integrin function and tumor rates. Most
notably, increasing Src activity strongly induced tumor load, and
this occurred to the same extent in both WT and p1YYFF mice.
This finding clearly suggests that although B1 phosphorylation
interferes with talin/kindlin binding much like p1Y-to-F sub-
stitutions (8-10), and thus likely interferes with skin tumorigenesis
much like p1Y-to-F substitutions, the “tumor-suppressive” effect
of p1 phosphorylation at high Src activity is negligible in the face of
the tumor-promoting capabilities of Src (36).

Srcis not dependent on 1 phosphorylation to boost skin cancer
rates. Moreover, Src rescues the inhibitory effects of a functionally
impaired f1YYFF integrin on signaling through FAK (Fig. 3E).
Because 1 signaling through FAK is a function of extracellular
matrix stiffness (18, 30, 31), constitutive high FAK activity induced
by oncogenic levels of Src may lead keratinocytes to misinterpret
their environment and to trigger context-inappropriate biological
responses, for example, to Ca®* as a physiological epidermal dif-
ferentiation stimulus. Interestingly, Src-transgenic keratinocytes
exhibited constitutive high expression of the otherwise mechano-
sensitive YAP/TAZ target gene CTGF (Fig. 4E) (37). siRNA-
mediated depletion of FAK rescues this aberrant Src-imposed
differentiation block. In line with these results, both p1 integrin-
and FAK-deficient epidermis and mammary gland are resistant to
malignant transformation (17-19, 34) and show reduced numbers
of undifferentiated progenitor cells (26, 38). Src transgenic kera-
tinocytes also acquired a secretory phenotype, and a number of
proteins were induced that are overexpressed in cutaneous stem
cells vs. differentiated progeny (39, 40). In addition, Src-induced
proteins are abundantly expressed in many epithelial cancers, in-
cluding squamous cell carcinomas of the skin (41).

Although the B1YYFF substitution clearly triggered a re-
duction in integrin activity, the development and postnatal life
of pIYYFF mice proceeds without obvious abnormalities (20,
21). This is an interesting observation from a medical stand-
point, because it suggests that, contrary to previous assumptions
(42), down-regulation of Bl signaling to physiological levels at
an early stage of tumor development may be exploited to sup-
port antitumor/anticancer chemotherapy without the risk of
side effects.

Materials and Methods

Mouse Strains. Mice with B1YY783/795FF (YYFF), Y783F, or Y795F sub-
stitutions (21) were backcrossed for six generations to a FVB/N background.
A Src transgene was introduced by crossing F5-generation mutants with
FVB/N bovine K5 promoter-driven human WT c¢-Src transgenic mice (22).

Experimental Procedures on Mice. Cutaneous two-stage chemical carcino-
genesis was performed as described previously (22). Details are provided in S/
Materials and Methods.

Tissue Processing and Antibodies. Skin samples were processed as described
previously (21). The antibodies used for immunohistology and Western blot
analysis are listed in S/ Materials and Methods.

Keratinocyte Culture. Primary keratinocytes were isolated from adult mice as
described previously (43). Colony-forming efficacy was defined as the per-
centage of cells that formed a colony of three or more cells.

Transcriptome Analysis and RT-PCR. Total RNA from culture keratinocytes was
extracted using the Qiagen RNeasy Kit. Affymetrix 430 2.0 arrays were used
for transcriptome analysis. RT-PCR reactions were generated using IQ SYBR
Green Supermix (Bio-Rad) and run on an iCycler I1Q System (Bio-Rad). Results
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were normalized to GAPDH. Primers used for RT-PCR are listed in S/ Materials
and Methods.

SILAC-Based Proteome Analysis. WT FVB/N keratinocytes that were used as an
internal standard were SILAC-labeled by culturing them in Gibco Defined
Keratinocyte-SFM (Invitrogen), with the natural lysine and arginine replaced
by heavy labeled 1-'3C4'°Ng-arginine (Arg10) and -'*C4'°N,-lysine (Lys8)
(Cambridge Isotope Laboratories). Lysis was performed with a buffer con-
taining 4% SDS, 100 mM Tris-HCl (pH 7.6), and 100 mM DTT, followed by
a 5-min incubation at 95 °C and brief sonication. Proteins were digested by
filter aided proteome preparation (FASP), followed by subsequent peptide
fractionation (44). LC-MS and data analysis were performed as described
previously (45).

SILAC-Based Peptide Pulldowns. Pull-downs were performed as described
previously (46), with modifications. Cell lysates were generated from im-
mortalized WT mouse keratinocytes cultured in the presence of normal or
Arg10-, Lys8-labeled medium. Lysis was done in Mammalian Protein Ex-
traction Reagent (Pierce). Then 1 mg of unlabeled or Arg10-, Lys8-labeled
supernatant was incubated with either control or experimental peptide
overnight at 4 °C. Protein was eluted by incubating the beads in 16 mM
biotin (Sigma-Aldrich) in PBS (pH 7.0) for 30 min at 30 °C and then pre-
cipitated overnight at —20 °C by adding chilled acetone. The protein pellet
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was then subjected to a standard tryptic in-solution digest. LC-MS and data
analysis were performed as described above.

Spinning-Disk Analysis. The spinning-disk device and the method have been
described in detail and validated previously (25). Suspensions containing 2 x
10° cells were washed and resuspended in serum-free medium. Cells were
plated on 25-mm round collagen-coated coverslips for 120 min at 37 °C in
a total volume of 400 pL. Cells were spun for 5 min.

siRNA-Mediated FAK Knockdown. siRNAs were reconstituted in sterile water at
a final concentration of 50 uM. Keratinocytes plated in a six-well plate were
incubated with 0.6 pM siRNA in 600 pL of OptiMEM supplemented with 12 pL
of Lipofectamine 2000 (Invitrogen). After 48 h, the cells were ready for
analysis of differentiation properties. Sequences of siRNA duplexes are
provided in S/ Materials and Methods. The universal negative siRNA SIC001
was obtained from Sigma-Aldrich.
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