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Desmosomes are punctate adhesive intercellular
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Pinin is a desmosome-associated protein occurring
n epithelia, cardiac muscle, and meninges. This mol-
cule was found to be capable of enhancing cell junc-
ion formation and thought to play a key role in reor-
anization and stabilization of the desmosome-
ntermediate filament complex in epithelial cells
J. Cell Biol. (1996) 135, 1027–1042). Recently a protein,
laimed to be localized exclusively in the nucleus,
owever, with amino acid sequence identical to pinin,
as reported (E. J. Cell Biol. (1998) 75, 295–298). Here
present evidence that pinin exists simultaneously at

he desmosome and within the nucleus by generat-
ng location-specific monoclonal antibodies. Although
he desmosome-form (d-form) and the nucleus-form
n-form) pinin share identical amino acid sequences as
emonstrated by cDNA library screening and DNA se-
uencing, they exhibit remarkably different biochem-
cal properties, reflecting the apparent different mul-
iprotein nature of their differential cellular locations.
n addition, the d-form pinin is characterized by a
ynamic transport process which involves the gradual
iminishing of nuclear materials relative to enhanced
nchoring of pinin to the desmosome upon mature
ells. Finally I demonstrate that pinin exists in two
orms of different gene product: pinin1 and pinin2.
hese data argue strongly against the statement that
inin is an exclusive nuclear protein and support the
otion that pinin is a moonlighting protein with more
han one function as a consequence of its dual cellular
ocation. © 1999 Academic Press

Key Words: desmosome; nucleus; pinin; antibody
eneration.

Abbreviations used: DRS, domain rich in serine; RNP, ribonucleo-
rotein; PBS, phosphate buffer saline; MDCK, Mardin Darby Canine
idney; d-form, desmosome-form; n-form; nucleus-form; SDS, so-
ium dodesylsulfate; PAGE, polyacrylamide gel electrophoresis.
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unctions associated with cytoplasmic intermediate fil-
ment network in epithelia, cardiac muscle, meninges
nd follicular dentritic cells (1). The major molecular
omponents of desmosomes have been well character-
zed in the past couple of years. These include trans-

embrane glycoprtoeins desmoglein and desmocollin,
oth are members of cadherin families of calcium-
ependent cell adhesion molecules, and plaque-asso-
iated proteins which comprise desmoplakin, plakoglo-
in and plakophilin (1, 2). In addition to the proteins
onstitutive to the desmosome, accessory proteins,
uch as desmocalmin and desmoyokin, have also been
eported to exist in a subset of tissues containing des-
osomes (3, 4), their definite roles with regard to des-
osome functions and structures, however, are not yet

stablished.
We have previously identified a novel desmosome-

ssociated molecule, which was found to localize to the
ytoplasmic face of the desmosomal plaque in the con-
ergence of intermediate filaments and whose occur-
ence in the desmosome seems to relate to the ordered
rganization of cytoplasmic intermediate filament net-
ork (5). This molecule was therefore named pinin, pin

ntermediate filaments down. Functional studies indi-
ated that pinin can induce junction formation and
nhance cell aggregation following transfection full-
ength pinin cDNA in vitro, suggesting that pinin play

role in relation to cell-cell adhesion (6). However, a
rotein, termed “domain rich in serine” (DRS), with
mino acid sequences almost identical (.95%) to pinin
nd claimed to be localized exclusively within the nu-
lei of all tissues and cell types with/without desmo-
omes, was reported recently in the literature in which
t was considered to be the ribonucleoprotein (RNP)
tructure of the speckle category colocalized with cer-
ain splicing factors and Sm-proteins (7). In order to
olve the apparent discrepancy between pinin and DRS



in cellular locations and functions, I generated mono-
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pecific antibodies based on a stretch of 36 amino acids
ommon to the extreme carboxyl-end of both proteins.
he results of this study indicated that pinin is not
nly associated with the desmosome but also exists
ithin the nucleus and it displayed remarkably differ-
nt biochemical properties in different location. In ad-
ition I provide evidence that pinin exists in two forms
f different gene product, pinin1 and pinin2. The data
lso argue strongly against the statement that the
inin/DRS protein occurs exclusively as a component of
NP structure in the nucleus.

ATERIALS AND METHODS

Reagents. Dulbeco’s modified Eagle medium (DMEM), Hank’s me-
ium RPMI 140 medium and fetal calf serum (FCS) were purchased
rom Gibco BRL (Gaithersburg, MD). Phenylmethylsulfonyl fluoride
PMSF), chemostatin, leupeptin, and pepstatin were purchased from
igma Chemical Co. (St. Louis, MO). Glutathione Sepharose 4B was
urchased from Pharmacia Biotech Co. (Uppsala, Sweden). All molec-
lar biology reagents, including restriction enzymes and Taq polymer-
se, were purchased from New England Biolab (Beverly, MA).

Cell culture. MDCK cell line of passages 10–60 were maintained
n DMEM and supplemented with 10% FCS, 2 mM glutamine and
00 U/ml each of streptomycin and penicillin G. Cells were passed
ith 0.1% trypsin and 0.04% EDTA in Hank’s meidum.

Expression and purification of recombinant proteins. FP08 was
roduced by ligation the EcoRI-XhoI fragment of pinin cDNA ss-13 to
he pGEX4T3 vector (Pharmacia Biotech Co., Uppsala, Sweden) and
xpressed in DH5a cells. Preparation of peptide 3a as well as puri-
cation of recombinant proteins were performed as previously de-
cribed (6). In brief, bacteria that were successfully transformed with
ecombinant vector were induced with 0.1 mM IPTG in LB for 3 h at
7°C. Purifications of expressed proteins were accomplished by ab-
orption of fusion proteins form bacterial cell lysate to glutathione
epharose 4B followed by elution with 5 mM glutathione in 50 mM
ris-HCl, pH 8.0.

Antibodies production. Fusion protein, containing peptide 3a,
as used as immunogen for polyclonal antibody production in rab-
its. The initial inoculation, containing 300 mg of fusion protein, and
our boost injections of 120 mg was given at three-week intervals.
wo weeks later, final boost rabbit serum was harvested. Western
lot and immunofluorescence analysis were carried out with the
eactive serum and pre-immune serum. For monoclonal antibody
roduction, FP08-containing fusion protein was used as immunogen
nd antibody generation was performed as described previously (5).
n brief, 20 mg FP08 was mixed with complete Freunds adjuvant to
nject Balb/C mice. Subsequent to three or four boost injections, at
-week intervals, mice were sacrificed and splenocyte was fused with
S1 myeloma cells. Hybridoma cells grown in HAT-containing RPMI
edium were plated into 24-well dishes. Supernatants were screened

y immunofluorescence microscopy of MDCK cells cultured on cov-
rslip and Western blot using whole cell protein extracts. Cells of
ositive wells were selected and cloned by limited dilution.

Screening of cDNA library. An oriented MDCK cDNA library
onstructed in UNI-ZAP XR vector (Stratagene, La Jolla, CA) was
repared according to the manufacturer’s instruction. A total of
,000,000 phage plaques grown initially at 42°C for 5–6 h were
eplicate plated to nitrocellulose filters which were prepared for
creening with poly3a or 08YD6 after additional 3.5 h incubation at
7°C. The immuno-screening procedures were essentially the same
s those for Western blot described below. Positive clones were
laque-purified and subjected to second round of immuno-screening
193
sed for subsequent restriction mapping and DNA sequencing.

Immunofluorescence microscopy. MDCK cells cultured on cover-
lip for either 16 h or 2 days were treated with the following different
rotocols; the first set was permeabilized with acetone for 3 min at
20°C, the second set was in addition processed for 30 min with 0.5%
riton X-100 in PBS following acetone permeation. Cell cultures
ere then washed briefly in PBS and incubated with various anti-
odies for 1 h at room temperature. The antibodies used were
P08B1, 08YD6, both are monoclonal antibodies generated against
P08, and poly3a, polyclonal serum directed against peptide 3a. For
ouble label study, a polyclonal serum against desmoplakin (Serotec
o., Oxford, England) was used at 1:200 dilution. After three 5 min
ashes in PBS, the samples were incubated with FITC-conjugated
oat anti-mouse or goat anti-rabbit IgG (Jackson Laboratory, West
rove, PA) for 1 h at room temperature. Tex-red conjugated goat
nti-rabbit IgG was used for double label immunofluorescence. The
amples were then washed extensively with PBS, mounted with 50%
lycerol containing 0.4% n-propylgallate and examined with a photo
icroscope (Carl Zeiss, Germany) equipped with epifluorescence.

Western blot. MDCK cell lysate were prepared by lysing cell
ulture in RIPA buffer (50 mM Tris, pH 8.0, 0.14 M NaCl, 0.2% SDS,
% Triton X-100 and 0.5% sodium deoxycholate) containing 1 mM
MSF and 1 mg/ml each of pepstatin, leupeptin and chemostatin.
amples were sonicated for 30 s on ice, stored at 270°C and boiled

or 5 min prior to electrophoresis on a 7.5% polyacrylamide gel.
estern blot was then performed as described previously (19). Pro-

eins were transferred from the gel to nitrocellulose paper. The paper
as blocked with 5% non-fat dried milk in PBS followed by washing

n PBS. Primary antibodies incubations, with antibodies listed
bove, were carried out for 1 h at room temperature. After extensive
ash in PBS, the paper was incubated for 1 h with HRP conjugated
oat anti-mouse or anti-rabbit IgG (diluted 1:1000 in PBS, Jackson
aboratory, West Grove, PA). The peroxidase-labeled blots were
eacted with 0.5 mg/ml diaminobenzidine and color reaction were
eveloped using 0.01% hydrogen peroxide.

Genomic PCR and reverse transcriptase-PCR (RT-PCR). MDCK
ultured in 100-mm dishes were used for genomic DNA and total
NA preparation. Genomic DNA was extracted using DNAzol (Mol-
cule Research Center, Inc., Cincinnati, OH) as described by the
anufacturer’s instruction. Total RNA was extracted with Tri-

eagent (Molecule Research Center, Inc., Cincinnati, OH) according
o the protocol provided by the manufacture. CDNA synthesis was
erformed with 2 mg total RNA primed with a 17 mer oligo-dT using
00 U superscript II reverse transcriptase (Gibco BRL, Gaithers-
urg, MD) at 42°C for 60 min. PCR was carried out with a primer set
panning portion of the exon 9 of MDCK pinin gene using 2 ml
ynthesized cDNA or 100 ng genomic DNA as templates. The condi-
ions for PCR is 35 cycles each of 94°C for 30 s, 55°C for 40 s and 72°C
or 40 s. The nucleotide sequences for PCR are as follows; gsp10
sense): 59-aagcagcaggatagtcaacc-39; gsp02 (antisense): 59-ttaacgcctt-
tgtctttcc-39. Subsequent to PCR the products were subcloned di-
ectly into pCRII-Topo T-vector (Invitrogen, Carlsbad, CA) for re-
triction confirmation and sequence analysis.

ESULTS AND DISCUSSION

ual Location of Pinin within the Nucleus and
at the Desmosome

In our initial search of pinin’s function and subcel-
ular location, we found pinin was localized preferen-
ially to the cell-cell contact area, predominantly the
esmosome of intercellular adherens junction (5). How-
ver, obvious nuclear staining can be observed when
pitope-tagged full-length pinin was transfected into



cells cultured in vitro (unpublished data), and this
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uclear distribution of pinin can not be detected by the
riginal monoclonal antibody, 08L, which was previ-
usly used to identify the desmosomal location of pinin
nd isolate pinin protein (6). These results raised an
nteresting question whether pinin was shuttled be-
ween two cellular compartments, the nucleus and the
esmosome, or pinin resided both within the nucleus
nd at the desmosome. If pinin indeed exists within the
ucleus, they may take on a conformation different
rom those occurring at the desmosome or for some
easons 08L antibody epitopes are masked, thereby
reventing our observation of pinin within the nucleus.
o solve the apparent subcellular different location of
inin, I adopted a strategy by making mono-specific
ntibodies against a stretch of amino acids located in
he carboxyl-end of pinin (Fig. 1A). This stretch of
equence contained 36 amino acids rich in Ser-Arg and
rg-Ser dipeptide, motifs frequently found in splicing

actors or splicing-associated proteins (8, 9). Theoreti-
ally antibodies against this peptide should be reactive
redominantly with nuclear proteins due to the pres-
nce of sequences frequently occurring in RNA-binding
roteins, identification of antibodies reactive both with
esmosomal pinin and nuclear pinin would therefore
upport pinin’s dual cellular location.
In addition to FP08, which harbors the carboxyl-end

6 aa, I prepared as immunogen peptide 3a (Fig. 1A)
used to glutathione S-transferase. 3a comprise mostly
he PQLQ domain of pinin and is 100 aa in length.
ollowing recombinant protein expression and purifi-
ation (Fig. 1B), FP08 was used to generate monoclo-
al antibodies while 3a used for polyclonal antibodies
eneration. Two monlclonal antiboides, FP08B1 and
8YD6, and one polyclonal antibody, poly3a, were de-
eloped after several rounds of selection and clarifica-
ion. Immunofluorescent studies of cultured canine
idney epithelial cell line MDCK indicated that
P08B1 stained predominantly areas of cell-cell con-
acts (Fig. 2A) in a manner reminiscent of the staining
attern of the original pinin antibody, 08L (5). Careful
xamination of the distribution patterns of FP08B1
evealed that the immunogens were arranged as dots
long the cell contact areas (Fig. 2A, arrows) which
ere colocalizaed with those of desmoplakin staining

Fig. 2B, arrows), a hall mark of desmosomal proteins.
n a stark contrary, 08YD6, another monoclonal anti-
ody derived from the same FP08 antigen as used for
eneration of FP08B1, immunostained predominantly
DCK cell nucleis in granular forms throughout the

ucleoplasm (Fig. 2D), whereas nucleoli and chromo-
omes were devoid of staining. Similar nuclear stain-
ng patterns were observed for poly3a polyclonal anti-
odies (Fig. 2C). Detailed studies of 08YD6 and poly3a
mmunostaining patterns indicated that their antigens
ehaved like typical karyophilic proteins during mito-
is; they are released upon prometaphasic disruption of
194
ytoplasm (Figs. 2C and 2D, arrowheads) but rapidly
e-accumulate during telophase in the forming daugh-
er nuclei. From the immunofluorescent staining point
f view, 08YD6 and poly3a antigen acted exactly like
he DRS (domain rich in serine) protein described by
randner et al. (7), which was located exclusively
ithin the nucleus but was identical to pinin in amino
cid sequence.
The major question was then whether 08YD6 and

oly3a antigens were pinin, though they presented a
otal different cellular location from pinin. Screening
f a MDCK lZAP oriented cDNA library was per-
ormed with 08YD6 and poly3a and a full-length clone
oly3a(5) was identified and characterized. Sequence
nalysis of poly3a(5) revealed that it was almost
dentical to those of pinin [Cpinin1(n-form) vs.
pinin1(d-form), Fig. 4C] with only six synonymous
ubstitutions out of 769 amino acids. The identity of
8YD6 antigen to pinin was further supported by
estern blot analysis, in which 08YD6, poly3a and

P08YD6 recognized a protein with identical molecu-
ar weight of ;140 kDa in MDCK cell lysate (Fig. 1C,
rrow), suggesting pinin simultaneously occur within
he nucleus and at the desmosome. These data there-
ore strongly speaks against the statement of Brandner
t al. (7) who concluded that pinin/DRS was an exclu-
ive nuclear protein not associated with desmosomes.
he molecular basis for the contradictory reports on
he immunolocalization of the pinin/DRS protein may
e the result of epitope spreading caused by changes in
onformation and antibody accessibility in the differ-
nt multiprotein complex containing pinin/DRS. Gen-
ration and selection of multiple mono-specific antibod-
es is therefore a better resolution to identify multiple
rotein conformations than is solely production of poly-
lonal antibodies.

esmosome- and Nucleus-Form Pinin Exhibited
Different Biochemical Properties

According to the results presented above, it’s obvious
hat two different cellular locations of pinin should not
e sequence-dependent, such as generated by the al-
ernative splicing of the message, rather they may be
ndependent to each other or caused by differential
hysiological state. To characterize the physiological
elation of desmosome-form (d-form) and nucleus-form
n-form) pinin, I carried out a series of experiments
mploying immunofluorescent staining in combination
ith different fixation and extraction protocols. The
uclear location of pinin was not significantly different
hroughout the culture period and under detergent
reatment but was a ubiquitous and constitutive fea-
ure seen with the 08YD6 monoclonal antibody (Figs.
E and 3F). FP08YB1, however, displayed readily dif-
erentiable immunostaining patterns in 16 h and 2
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ays MDCK culture; the former was stained not only
ell-cell contact areas but also fine granules inside
uclei (Fig. 3A, arrows), the latter was stained predom-

nantly desmosomes (Fig. 3C). Extraction with 0.5%
riton, however, led to diminishing of cell peripheral
inin staining in younger MDCK culture, leaving be-
ind only intranuclear granular staining (Fig. 3B).
ontrary to the younger culture, the older MDCK cells

FIG. 1. (A) A schematic diagram showing the domain structure
o generate antibodies. The amino acid sequences of FP08, which c
isplayed in one letter code. C1, C2, and C3: coiled-coil domain; G; g
B) SDS-PAGE profiles of the purified recombinant protein containin
ecreasing order of 200, 116, 97, 66, 55, 36, 31, 21, and 14 kDa, res
arious antibodies generated against 3a (poly3a) or FP08 (FP08B1 an
olecular size of ;140 kDa (arrow). The horizontal lines on the left
195
etained pinin immunostaining at cell peripheries even
fter prolonged detergent extraction (Fig. 3D).
The above data pinpointed that the nuclear and des-
osomal location of pinin seems to be an independent

vent relative to each other. Besides, both forms
howed remarkably different biochemical properties;
-form is structure-bound and not detergent extract-
ble, whereas the extractability of the d-form is depen-

anine pinin and the location of the immunogen (3a and FP08) used
ains 36 amino acids and is situated at the carboxyl-terminus, are
ine loop; PQLQ: glutamine-proline domain; PS: polyserine domain.
eptide 3a or FP08. M represents molecular weight standard in the

tively. (C) Western blot analysis of MDCK cell lysate reacting with
8YD6). All three antibodies recognize a single molecular species with
rgin represent protein standards.
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ent on the extent to which cells mature, with increas-
ng pinin binding to desmosomes or/and intermediate
laments as cells age. In addition, the dynamic appear-
nce of d-from pinin within the nucleus in only younger
ulture and increasingly robust pinin staining at cell
eripheries of older culture suggested a gradual trans-
ocaton of FP08B1-positive material from intranuclear
ranulars to cell boundaries upon cells matures. A
otential nuclear pool seems to occur to support the
ontinuing maturation of d-form pinin. It’s not uncom-
on to find pinin exists in both nuclei and desmo-

omes. Other junction-associated proteins, for exam-
les, symplekin (10), a novel tight junction-associated
rotein, and plakophilin (11, 12), a desmosomal plaque
rotein, occur simultaneously in both nuclei and cell
unctions. Desmoyokin, another desmosome-associated
rotein, has been demonstrated to translocate from
uclei to cell peripheries in keratinocytes in a protein
inase C-dependent manner (13). Although the exact
ature of the nuclear pool of d-form pinin remains

FIG. 2. Immunofluorescence micrographs of mature MDCK cel
8YD6). FP08B1 (A) stained predominantly cell-cell contact areas w
hose of desmoplakin staining (B, arrows). Poly3a (C) and 08YD6
istributed in granular forms throughout the nucleoplasm. Note th
arrowheads in C and D).
196
lusive, it would be interesting to unravel its difference
rom the n-form pinin and the regulatory mechanism
hat harnesses the nuclear export of d-form pinin.

inin Exists in Two Forms of Different Gene Products

Initially I considered that alternative splicing might
ontribute to the differential location of pinin within
he nucleus and at the desmosome. In the course of
ooking for such product, I coincidentally identified a
econd pinin gene product, which was named pinin2 as
pposed to the original one, pinin1 (Fig. 4B). Using a
air of primers, gsp10 and gsp02, which spans exon 9 of
DCK gene (Fig. 4A), I resolved two messages 138bp

part upon RT-RCP of MDCK total RNA (Fig. 4B, lane
). The upper band was at a level equal to that of PCR
roducts derived from both the original pinin cDNA-
s13 (Fig. 4B, lane 3) and a l genomic clone (DG#7)
ontaining pinin1 exons (Fig.4B, lane 5), respectively.
he lower band was found also in products of MDCK

abeled with antibodies against 3a (poly3a) and FP08 (FP08B1 &
a punctate appearance (arrows) which can be seen colocalized with
stained instead predominantly cell nuclei with reaction products

ispersion of immunostained materials to cytoplasm during mitosis
ls l
ith
(D)
e d
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FIG. 3. Immunofluorescence micrographs demonstrating the maturation-dependent translocation of desmosome-form (d-form) pinin
rom the nucleus to the cell periphery. MDCK cultured for 16 h (A and B) or 2 days (C and D) are processed for immunostaining with FP08B1
ollowing acetone treatment (A and C) or acetone plus Triton extraction (B and D). Younger MDCK culture demonstrates staining at both
he cell periphery and within the nucleus (A, arrows), whereas the cell peripheral staining is washed away during detergent extraction (B).
ature MDCK cells are stained predominantly at cell peripheries with little or no nuclear staining (C). Detergent treatment does not alter

he staining pattern (D). The nuclear distribution of 08YD6 staining is not affected by either the degree of cell maturation (E, 2 day culture)
r detergent extraction (F, 2 day culture).
197
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enomic PCR and PCR product of a second l genomic
lone (DG#3, data unpublished), suggesting pinin exist
n a form different from the original gene product.
omparison of DNA sequences and deduced amino ac-

ds of pinin2 with pinin1 (Fig. 4C) further supported
he view that pinin2 was derived from a second gene
roduct. This finding is consistent with that of Brand-
er et al. (7) who reported that DRS of Xenopus occurs

n two forms of different gene products. As to the func-
ion and cellular location of pinin2 as well as whether
inin2 is involved in the differential localization of
inin are currently under study.
Based on the fact that a single pinin gene product,

inin1, occurs simultaneously in obviously different
ellular compartment, within the nucleus and at the
esmosome, and performs functions unrelated to each,
may declare pinin as a moonlighting protein. The

unction of a moonlighting protein can vary as a con-
equence of changes in cellular location, cell type or the

FIG. 4. (A) A schematic showing the genomic structure of the ca
ine represents intron while rectangles are exons which can be divide
oxes). (B) Agarose gel electrophoresis demonstrating pinin existing i
enomic DNA (lane 1), total RNA (lane 2), the original pinin cDNA s
lane 5) as well as with gsp10 and gsp02. The upper band (pinin1) sh
ower band (pinin2) shared partial sequence homology to the original
esmosome-form pinin (Cpinin1 d-form), nucleus-form pinin (Cpinin
hat are underscored with a dot represent conservative substitution
198
ellular concentration of a ligand, substrate (14). For
xample, many lens crystallins and some ribosomal
roteins are identical to cytoplasmic proteins and were
pparently recruited during the evolution of the eye
nd the ribosome, respectively (15, 16). Since pinin has
een suggested to function as a mediator of multipro-
ein complexes (17, 18) in various cellular locations, I
onsider that the interaction of pinin with different
olypeptides to form different multisubunit complexes
an result in pinin’s switch in function. This theme is
upported by our two-hybrid experiment in which we
ound some pinin-interacting proteins that either are
uclear in nature or are apparently epithelium-specific
manuscript in preparation).

To summarize, I present evidence that pinin/DRS
rotein occurs simultaneously within the nucleus and
t the desmosome and both forms of pinin are actually
he same gene product of Pinin1, which shares partial
equence homology to a second pinin gene, Pinin2. I

e pinin and position of the primer pair, gsp10 and gsp02. The thin
to untranslated region (white boxes) and open reading frame (black
o forms of different gene products. PCR was carried out with MDCK

3 (lane 3), genomic l clone DG#3 (lane 4), or genomic l clone DG#7
ed sequence identity to the previously described pinin, whereas the
in cDNA. (C) Comparison of deduced amino acid sequences of canine
-form) and a second canine pinin gene products (Cpinin2). Residues
ote the apparent difference in PQLQ domain.
nin
d in
n tw
s-1
ow
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lso showed that the d-form and n-form pinin each
isplayed remarkably different biochemical properties
nd translocation of d-form to its destiny location is
ynamic regulated by a nuclear pool of unknown na-

FIG. 4—
199
ure. Experiments are now undergoing to resolve the
unctional significance of pinin in the context of regu-
ated transport occurring between desmosomes and
uclei.

ntinued
Co
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