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Abstract

The a6 integrin is essential for early nervous system development in Xenopus laevis. We have
previously reported a uPA cleaved form of integrin a6 (a6p), in invasive human prostate cancer
tissue, whose presence correlates with increased migration and invasive capacity. We now report
that a6 is cleaved during the normal development of Xenopus in a spatially and temporally controlled
manner. In addition, unlike normal mammalian tissues, which lack a6p, the major form of the a6
integrin present in adult Xenopus is a6p. The protease responsible for the cleavage in mammals, uPA,
is not involved in the cleavage of Xenopus a6. Finally, overexpression of a mammalian a6 mutant
which cannot be cleaved leads to developmental abnormalities suggesting a potential role for the
cleavage in development.
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Our previous work has shown that a structural variant of the human a6 integrin called a6p
exists in a variety of human epithelial cell lines and in human cancer tissues [1,2]. This variant
is missing the extracellular domain associated with ligand binding and is produced by
proteolytic cleavage of a6 by Urokinase-type Plasminogen Activator (UPA) [1], a serine
protease important for glandular development. Using site-directed mutagenesis we have shown
that residues R594 and R595 are essential for cleavage and that the cleavage of the a6
extracellular domain promotes tumor cell invasion and migration on laminin [3]

In Xenopus, there is considerable integrin diversity during early development and integrins
a2, a3, 04, ab, and a6 are expressed by the end of gastrulation [4]. Although the spatial and
temporal expression of a6 MRNA and protein has been described in detail there is no
information on the expression of a6 in the adult frog. The earliest stage at which a6 mMRNA is
detected is the mid-gastrula stage (stage 10) and the expression levels increase up to the tadpole
stage (stage 45) which was the last stage analyzed [4]. a6 protein first appears at stage 13 and
the levels increase until the last stage analyzed (stage 40) [5]. In addition, it has been
demonstrated that integrin a6 is required for early nervous system development in Xenopus
[5] a notion supported by results in the mouse where evidence has been provided suggesting
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an essential role of integrin—laminin interactions for the proper development of the nervous
system.

Given the common identity of molecules involved in cancer and development and the parallels
and strategic similarities between them we wanted to examine if a6 cleavage is a regulatory
mechanism utilized during development.

Materials and methods

Embryos

Cells

Sexually mature adult wild-type and laboratory bred Xenopus laevis were obtained from
Xenopus Express (France). Induction of females to ovulate was done by injection of 750 U of
human gonadotropin (Sigma—Aldrich, MO, USA). Eggs were artificially fertilized and the
produced embryos were degelified in 2% cysteine in 0.33x MMR. Embryos were cultured in
0.1x MMR (0.1M NaCl, 2 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 5 mM HEPES, pH 7.8, 0.1
mM EDTA) and staged according to Nieuwkoop and Faber (1967) [6].

The DU145 cell line was incubated at 37 °C in a humidified atmosphere of 95% air and 5%
COy, in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL: Gaithersburg, MD,
USA) plus 10% fetal bovine serum (FBS). The X. laevis primary cultures were grown in
0.1xMMR plus 5% fetal calf serum at room temperature. The Xenopus cell lines A6 and XL177
were grown in L-15 medium Leibovitz plus 10% fetal calf serum at room temperature.

Antibodies and chemicals used in this study

The anti-a6 integrin rabbit polyclonal antibody a6cytA was generously provided by Dr. Ivan
de Curtis (Milano, Italy) and was described previously [7]. The AABA rabbit polyclonal
antibody was raised against the last 16 amino acids in the cytoplasmic domain of the human
a6 integrin [2]. The rabbit polyclonal antibody against the N-terminal domain of the a6 integrin
was raised against the first 500 amino acids, excluding the signal peptide, of the human a6
integrin. Amiloride and aminobenzamidine were purchased from Sigma—Aldrich (MO, USA).
The human wild-type and uncleavable mutant a6 cDNAs were described previously [3].

Whole-mount immunohistochemistry

Immunohistochemistry was carried out on whole-mount tadpoles using a standard protocol
[8]. Primary antibodies were followed by HRP-conjugated or Alexa633 secondary antibody
incubation and washes. Detection of the HRP-conjugated antibodies was achieved using
tyramide signal amplification, following manufacturer’s instructions (Alexa 647 tyramide,
Molecular Probes, Invitrogen). After re-fixation, embryos were cleared in 1:2 benzyl alcohol/
benzyl benzoate and were then imaged on a Zeiss Axioimager equipped for structured
illumination (Apotome) for the creation of optical sections. MosaiX Images obtained using
Alexa633 secondary where processed using the Zeiss Widefield Multichannel Unmixing
module utilizing the Extraction function to remove autofluorescence from the Alexa633
channel. The Zeiss Inside4D module was used for the creation of the 3D reconstructions.

Human a6 expression studies

The wild-type and uncleavable human a6 integrin cDNAs were cloned into the Hindlll and
Notl sites of the pcDNA3.1+ vector (Invitrogen Corp). In vitro transcription was performed
using the mMessage mMachine T7 kit (Ambion) and the resulting mRNAs were purified using
the Mega Clear kit (Ambion). Embryos were degellied with cysteine as described above and
equilibrated in 4% Ficol in 0.33x MMR prior to microinjection. Purified human a6 mMRNA (1
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ng) was injected into 2-cell Xenopus embryos. After injection, the embryos were cultured in
4% Ficol 0.33x MMR at room temperature until stage 9 and then washed and cultured in 0.1x
MMR.

Immunoprecipitation

Xenopus laevis tadpoles were lysed in RIPA buffer and then sonicated briefly and
immunoprecipitation was performed as described previously [1] using 1 mg of whole cell lysate
in a 1 ml reaction with 50 p1 protein G sepharose beads and 5 plof anti-a6 integrin antibody
in an eppendorf tube. After analysis on a 7.5% SDS-PAGE gel, the gel was stained using
SYPRO RUBY protein stain (Invitrogen) overnight and the bands were visualized and isolated
under UV light.

Tandem mass spectrometry coupled to liquid chromatography (LC-MS/MS)

Excised SYPRO RUBY -stained protein bands following SDS— PAGE were digested in trypsin
(10 pg/mL) at 37 °C overnight. LC-MS/MS analyses of in-gel trypsin digested [9] protein
bands were carried out using a linear quadrupole ion trap ThermoFinnigan LTQ mass
spectrometer (San Jose, CA) equipped with a Michrom Paradigm MS4 HPLC, a
SpectraSystems AS3000 autosampler, and a hanoelectrospray source, as described previously
[10,11]. Tandem MS spectra of peptides were analyzed with TurboSEQUEST™ v 3.1, a
program that allows the correlation of experimental tandem MS data with theoretical spectra
generated from known protein sequences [12]. The peak list (dta files) for the search were
generated by Bioworks 3.1. Parent peptide mass error tolerance, fragment ion mass tolerance,
and criteria used for preliminary positive peptide identification are the same as previously
described [13,14]. All matched peptides were confirmed by visual examination of the spectra.
All spectra were searched against a Xenopus database created from the latest version of the
non-redundant protein database downloaded July 7, 2006, from NCBI. At the time of the search
the Xenopus protein database from NCBI contained 19,238 entries. The results were also
validated using XTandem, another search engine [15], and with Scaffold, a program that relies
on various search engine results (i.e., Sequest, XTandem, MASCOT) and which uses Bayesian
statistics to reliably identify more spectra [16,17].

Western blotting

Protein samples (50 pg for tissues or 20 g for cell lines) were analyzed by Western blotting
as previously described [1].

Results and discussion

a6 is cleaved during Xenopus development

First we wanted to investigate whether a6p is produced during Xenopus development. Analysis
of various stages for a6 and a6p integrin expression was performed by Western blot analysis.
The results inFig. 1A show that a6 protein becomes detectable at stage 13. A second band
corresponding to the human a6p starts to appear at stage 17 and at late tadpole stages (45+)
this becomes the predominant band. A second antibody against the a6 C-terminus gave the
same results (data not shown). Additional time points were added to get a better overall view
of the temporal changes in the ratio of a6 and a6p (Supplementary data 1). The expression of
both a6 and a6p increases gradually but at late tadpole stages (45+) the levels of a6 start to
decline whereas the levels of a6p reach maximum levels. These data indicate that o6 is cleaved
during Xenopus development and that a6p becomes the prevailing form in free swimming
tadpoles.
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We went on to examine if the cleavage of a6 persisted in the adult frogs and examine potential
differences in the ratio of a6/a6p between different tissues and organs. The results in(Fig. 1B
(and Supplementary data 2) indicate that a6p is present in all organs analyzed and that the
levels of a6p are higher than the levels of a6. In addition, analysis of lysates from a whole
froglet indicates that a6p is overall the predominant form of a6. Interestingly several organ
samples contained complete conversion of the a6 integrin to a6p. This is surprising considering
that all mammalian tissues and cultured cell lines to date have always contained full length a6
[1-3,18]. The tissues with the highest full length a6 level were the skin and the testes. The
differences in the ratio of a6/a6p observed in different tissues leads to the conclusion that a6
cleavage is spatially controlled.

Previous studies have shown that in humans and mice a6 is only cleaved in cancer tissues [1]
and unpublished data). Unlike Xenopus [1], the human o6 is proteolytically cleaved during
biosynthesis into a heavy and a light chain and these chains are disulphide linked to each other
[19]. It has been shown that mammalian a6 mutants that cannot be cleaved into two chain
molecules are capable of ligand binding but not of inside-out signaling [19]. In addition, a6 is
a major component of the hemidesmosome and Xenopus hemidesmosomes have been shown
to be different than those of other species [20]. These differences may explain the presence of
a6p in normal Xenopus tissues.

Verification of the presence of a6bp and a6N in Xenopus by tandem mass spectrometry
coupled to liquid chromatography (LC-MS/MS)

Our next goal was to confirm that the low molecular band we were observing using the Western
blot technique was indeed the product of proteolytic cleavage of the full length a6. a6 cleavage
in mammalian tissues gives rise to two fragments a6p and a6N (the N-terminal fragment of
a6) [18]. To verify that the low molecular weight band was indeed the Xenopus equivalent of
a6p we performed a large scale immunoprecipitation reaction using tadpole protein lysate and
an anti-a6 integrin antibody. The immunocomplex was analyzed by SDS-PAGE analysis and
the resulting gel was stained using SYPRO RUBY protein stain. The bands were visualized
under UV light and the results are shown inFig. 2A. The bands of the expected molecular
weight were isolated and then analyzed by tandem mass spectrometry coupled to liquid
chromatography. The results inFig. 2 show that band #2 is a6p and band #3 is a6N. A total of
4 high-scoring peptides (panel B top) were identified from band #2 analysis which cover 3.1%
(bold) of the primary sequence of integrin a6 (panel C). All four peptides spanned the carboxy
terminus of the a6 integrin and no peptides spanning the amino-terminus of the a6 integrin
were obtained from band #2. These results verified that band #2 was as expected a6p. Also, a
total of 3 high-scoring peptides (panel B bottom) were identified from band #3 which cover
3.0% (underlined) of the primary sequence of integrin a6 (panel C). All 3 peptides spanned
the amino-terminus of the a6 integrin and no peptides spanning the carboxy-terminus of a6
were identified verifying that band #3 is a6N. These data taken together verify the presence of
a6p and confirm that a6p is a product of the proteolytic cleavage of a6.

uPA is not responsible for a6p production in Xenopus

UPA has been identified as the protease responsible for the cleavage of a6 in humans. However,
the cleavage site is not conserved in Xenopus (data not shown).To test the potential involvement
of arelated protease in the cleavage of a6 in Xenopus, we used two inhibitors of uPA, amiloride
and aminobenzamidine, to treat primary cell cultures and two established Xenopus epithelial
cell lines (A6 and XL177). Although these inhibitors effectively reduced a6p levels in the
mammalian cell line DU145 ([1] and data not shown) they failed to produce a significant
reduction of the levels of a6p in Xenopus (Fig. 1D and data not shown). These data suggest
that uPA is not responsible for the observed a6 cleavage in Xenopus. We went on to test if a
protease in Xenopus is capable of cleaving the human a6 integrin. The human a6 integrin,
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introduced through transcript microinjection, was cleaved in the frog in a similar manner as in
human malignancies (Fig. 1C and E). The cleavage resulted in the production of a6p protein
which was the exact molecular weight as a6p in the human prostate cancer cell line (DU145).
However the Xenopus protease appears to have reduced affinity for the human protein. A very
small amount of the total human a6 appears to be cleaved and the cleaved product appears at
much later stages (stage 37) than the Xenopus a6p (stage 17). Dissociation of a6 injected
embryos coupled with the addition of exogenous uPA leads to a drastic increase of human
a6p supporting the above notion (Fig. 1E).

In an effort to address a potential function of the a6 cleavage we overexpressed a mutated
human o6 integrin (a6RR) in Xenopus embryos. Unlike the wild-type human a6, the mutated
a6 integrin was not cleaved in Xenopus (Fig. 1C). Expression of a6RR in human cells acts as
a dominant negative and prevents the cleavage of endogenous o6 [3]. This was not the case in
Xenopus, where overexpression of a6RR by injection of transcripts did not reduce the levels
of the endogenous Xenopus a6p (Fig. 1C). Despite this, overexpression of the mutant led to a
mild phenotype of reduced eye size, axial defects and/or reduced head size (Supplementary
data 1). The a6RR mRNA was co injected with GFP mRNA as a linage tracer in the dorsal
marginal zone leading to high expression in the head, the notochord and the neural tube. No
phenotype was observed when the mMRNAs were injected laterally leading to ectopic expression
primarily in the somites suggesting that the phenotype is specific. The fact that the presence
of full length a6 despite its failure to block the cleavage of the endogenous protein leads to
developmental abnormalities suggests a need for complete 06 conversion to a6p in certain
tissues and may be an indication that cleavage is a mechanism for a6 deactivation.

a6 and a6p integrin expression and localization in Xenopus embryos

Xenopus embryos (stages 33-34) were used for whole mount immunostaining using a
polyclonal anti-a6 antibody against the C-terminus of a6A. This antibody recognizes both o6
and a6p.The staining pattern was confirmed with a second anti-a6 antibody.Fig. 3A is a 2D
projection (Maximum Intensity Projection-MIP) of a series of optical sections from a cleared
embryo. B, C, and D are individual optical sections where the principal expression domains
are shown more clearly. a6 is found throughout the CNS and the notochord (N) with higher
expression in the neural tube (NT), the olfactory placode (OP), interneurons (IN), the
pronephros (PN), and the pronephric duct (PND). Very strong staining was also observed in a
subset of cranial nerves (Fig. 3G-I1). The localization of the a6 protein is in agreement with
previously published data regarding the localization of the a6 mMRNA with some distinctions.
Despite the absence of any mRNA in the notochord at stage 32, our results show strong antibody
staining in this tissue indicating that translated protein remains abundant at later stages (35).
It is interesting to note that a polyclonal antibody against the N-terminal portion of a6 fails to
detect protein in the notochord suggesting that o6 in this tissue is almost completely cleaved
(Fig. 3K and L). Furthermore 3D reconstruction of embryos stained with the N-terminal
antibody shows that no staining is present in internal tissues stained by the C-terminal
antibodies (Fig. 3M-0). There is however strong staining of the epidermis indicating, in
agreement with the western blot data, that a6 is almost completely cleaved in all tissues with
the exception of the epidermis suggesting spatial regulation of cleavage. In the epidermis both
antibodies stain the cell-cell boundaries very strongly and colocalize with the actin
cytoskeleton (Fig. 3E and F). The fact that in some tissues a6 protein persists long after the
MRNA stops being expressed coupled with the fact that in such tissues a6 is completely cleaved
supports the hypothesis that the cleavage may be a deactivation mechanism.

A previous study showed that the endothelial cell marker flk-1 can be detected at heurula stages
(stage 15) and in the future heart region at stage 18. a6 cleavage coincides with the
establishment of the first endothelial cells. The fact that endothelial cells express high levels
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of the a6 integrin, and that the most closely related protease to uPA in Xenopus is tissue
plasminogen activator (tPA), a protease found in the circulatory system, raised the possibility
that the a6 cleavage is mediated by tPA in Xenopus. Use of a tPA inhibitor (tPA stop), however
failed to block a6p production indicating that tPA is not involved in this process (data not
shown).

Overall we have shown that integrin a6 is cleaved during the normal development of X.
leavis and that a6p is the major form of the a6 integrin in the adult frog. We have also provided
data suggesting that cleavage of a6 may be a rapid deactivation mechanism required for normal
development. The fact that little or no a6p is present in normal human or mouse tissues could
reflect differences in the hemidesmosome structures between these species and Xenopus or
differences in post-translational modifications [20]. At the same time however, the fact that
a6p is present in different species suggests that a6 cleavage is a conserved mechanism for the
regulation of the a6 integrin function. Future work will be aimed at elucidating the precise role
and function of a6 cleavage during development.
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A

stage 9 13 17 19 21 27 tad DU145

Fig. 1.

a6p is produced during Xenopus development by a protease other than uPA. (A) Whole
Xenopus embryos at indicated stages were analyzed for a6 and a6p integrin expression by
Western blotting. Note that both Xenopus a6 and a6p run at a lower molecular weight than
their human counterparts. (B) a6p is the predominant form of a6 in adult Xenopus as shown
by Western blotting. (C) An endogenous Xenopus protease is capable of cleaving the
microinjected human wild-type but not the mutated a6. (D) uPA inhibitors do not block a6p
production in Xenopus primary cultures. (E) Exogenous uPA is capable of cleaving the human
a6 that was microinjected in Xenopus embryos.
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A B
Peptide Sequence [M+H]* | Charge | Xcorr dCN Joions
State
ETMTLDCHNQAK 150348 +2 279 04315 730
82K a m— MNYLDILVE 1124 87 +1 203 0271 750
MNYLDILVE 112574 +2 312 0345 g87.5
AFISVDTALQNIE 1308 57 +2 474 0477 B7.5
Peptide Sequence [M+H]* | Charge | Xcorr dCN Joions
64KD2 m— ik
VIFDDSADVNVESEK 151369 +2 458 05773 80.8
RGHEQFGSCOOGVAATFTE 211158 +2 A 20 05451 542
GHEQFGECQQGVALTFTE 193453 +2 495 05654 342
C ERDCHWENNRVCHNMQLAVARINLLLGYCCTFIAAFNLDTOQNVISESGDPGSLFGFIMAMHWQLDPEDRRLLLVGERRAKAL

PAQRANVTGGLYVCDFTS LS TECDRVSFDDSADVHNVES KENQ WMGVEVQIQGPSGEKIVDFAHRYTERRTGVHTN YENRDIT
GRCYVFSQDLTMEDDMDGGDWICEGREGHEQFGS COOGVAATFTERFHYIVFGAPGTY NWEGVVYRAEQENN TLEDLLIFF
EDGPYETGGENERDSDLVPAFPDNS YLGFS LD TGLGISS RSEMIFV AGAPR ANHS GAVVLMREEKFFPFDERMLS AVHTFQGEGLA
JEFGYDIAVVDINREDEWHNDIVV GAPQYFDENNEDIGG AIY VYINENGELNE V AFVRIVG TEDSMFGIS VENIGDIN QDG FFDI
AVGAYDDGFAVYVYMYS RLIITEPAQVIEGRE TN TRFFGY S IAGKWDLDENS YFDIAVGSLSDTVEVFRS RS VITYEKTIEVT
FDEIDFHNEENC GAFS GICLDVEACFEY TANPESE YN PVLTLNY TFELETDEREQILHEFLEDATLEQLPQESELS KETIELEGQN QR
GCVTTALQLLESIRDELHFFAVEVS ADIKS Vi REKRQS SFLFELMFILNE NEPETATAN VPFLEEGCGEDN ICNS KLOQLEYEKFL
TREGS QDS FTELEEENGIFV LALEN QEEIALEITVTHKRLIQQIQK WMAMMPTESSLTAELPALYPILDIES LNPOQLDETLPCA
SHPNGEVVFCELGNPFERN ANV TFYLILSTH EIS VD TTELNIDLN LETTETEQLD LWL ARPEVVVELLLE VIG VAKPSQV Y FG
GHVVGETAMESEEEIGNLIESLHFE VINFGRPLEALGTTFLNIQWPEKEIHNG EWLLY WCKIESEGLDELEAS QPAGEINELEL
TESGETRHREEIGES QSGTSDESFSLFSERKYMTLD CNNQ AKCYVTIKCFLHGMDS SAVIKARS RLWHS TFIEETSKMNY L
DILVEAFISVDTAAQNIKLANEGYQVREVTVFPEETYV AQVS GV PWWIIFY AILAGILMLALLVFLLWECGFFRREDEEDQFD
ATYTHEAEIHAQPSDEERLTSDA

Fig. 2.

Verification of the presence of a6p and a6N in Xenopus by tandem mass spectrometry coupled
to liquid chromatography (LC-MS/MS). (A) Isolation of the fragments of the cleaved 06
integrin by immunoprecipitation. (B) Band #2 produced a total of 4 high-scoring peptides
covering 3.1% (bold) of the primary sequence of integrin a6 (C), whereas band #3 produced
a total of three high-scoring peptides covering 3.0% (underlined) of the primary sequence of
integrin a6 (C).

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 April 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Demetriou et al. Page 10

c-terminus Ab N-terminus Ab

N E
NT
L
Fig. 3.

Integrin a6 and a6p expression and localization in Xenopus embryos. Whole mount
immunostaining of a Xenopus embryo (stages 33 and 34) using a polyclonal anti-a6 antibody
against the C-terminus of a6A (A). Panel A shows a 2D projection of a series of optical sections
from a cleared embryo. B-D are individual optical sections where the principal expression
domains are shown more clearly. Panels E and F show the expression of actin and a6,
respectively, in the Xenopus tadpole epidermis. The a6 protein is found throughout the CNS
and the notochord (N) with higher expression in the neural tube (NT), the olfactory placode
(OP), interneurons (IN), the pronephros (PN), and the pronephric duct (PND). (G-I) Both
antibodies tested also gave strong signal at a subset of cranial nerves (CN)and the trigerminal
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gaglia (TG) as seen in panels H and 1. At late tadpole stages (stage 42) a6 is expressed in the
vascular system with prominence in the newly formed vessels (J). (K and L) Full length a6 is
only found in the epidermis and is completely absent from the notochord and other internal
tissues. Optical sections of embryos stained with a C-terminal a6 antibody (K) and an N-
terminal antibody (L). (N and O) 3D reconstruction of embryos, which were optically sectioned
as indicated in M (tissues on the left side of the plane shown were removed leaving only the
anterior structures) reveals that a6 is only found in the epidermis of stage 35 embryos with
a6p present in the notochord (N), the neural tube (NT), the otic vesicle (OV) and cranial nerves
(CN).
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