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Podocalyxin in Rat Platelets and Megakaryocytes
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Podocalyxin is a membrane protein of rat podocytes
and endothelial cells. It has not been described in
other cell types, and no amino acid or DNA sequence
data are available about it. Here we show that podo-
calyxin antigens are present in rat platelets and
megakaryocytes. In resting platelets, the antigens are
mainly intracellular but become surface exposed after
thrombin stimulation, as shown by immunofluores-
cence and flow cytometry. By Western blotting, plate-
let podocalyxin has an apparent M_ of 140,000. Cyto-
centrifuge slides of rat bone marrow show that anti-
podocalyxin antibodies recognize large polyploid
cells also expressing CD62P, indicating that the cells
are megakaryocytes. From a rat glomerular cDNA li-
brary we isolated a clone covering the carboxyl-ter-
minal nucleotides of rat podocalyxin. Its putative
transmembrane or intracellular domains are 100% or
>93% identical, respectively, with the human and
rabbit podocalyxin-like proteins. The truncated extra-
cellular domain extends to include two of the four
conserved cysteines shared by podocalyxin-like pro-
teins. By Northern blotting, a 5.5-kb renal cortical
transcript is seen. By in situ hybridization, cRNA
probes recognize podocytes, endothelial cells, and
megakaryocytes, and by reverse transcription poly-
merase chain reaction, platelets are shown to contain
podocalyxin mRNA. Our results show that rat podo-
calyxin is a homologue of the previously cloned
podocalyxin-like proteins and suggest that also in
mammals podocalyxin has a role in hematopoiesis,
as previously shown in the chicken. (Am J Patbhol
1999, 154:813-822)

Podocalyxin was first described as an integral membrane
protein covering the luminal membranes of glomerular
podocytes and endothelial cells in the rat."~* Thus far it
has not been described in other cell types. It is highly
glycosylated with N- and O-linked carbohydrates, both of
which are sialylated and sulfated.® Its localization at the
apical membranes and its strong anionic charge suggest
that it may help to maintain open vascular lumens and
functional glomerular filtration slits.>” Podocalyxin-like

proteins (PCLPs) have been cloned from chicken,® rab-
bit,° and man.'® In all of these species the intracellular
and transmembrane domains of the proteins are highly
homologous. The extracellular parts are more heteroge-
neous, but all share a mucin-like structure and four con-
served cysteins. Tissue distribution, biochemical charac-
teristics, and genomic features™ of these proteins
resemble each other, but no sequence data of the rat
protein have been published so far. The chicken PCLP
thrombomucin is present in myeloid stem cells,
megakaryocytes, and thrombocytes® and structurally re-
sembles CD34 antigen, but the mammalian PCLPs have
not been described in hematopoietic cells.

We have earlier characterized monoclonal antibodies
specific for rat podocalyxin.®* In preliminary experiments
we noticed that after intravenous injections into rats the
antibodies bound to endothelial cells® and sometimes
were detected at the surface of platelets in glomeruli (A.
Miettinen, unpublished observations). This prompted us
to study whether podocalyxin is present in platelets. Here
we show, using biochemical, immunological, and histo-
logical techniques, that podocalyxin is expressed in rat
platelets and megakaryocytes. We have also partially
cloned rat glomerular podocalyxin, present the first se-
quence data of it, and demonstrate using molecular bi-
ology techniques that podocalyxin mRNA is present in
megakaryocytes and platelets.

Materials and Methods

Materials

All reagents were of analytical grade, and their sources,
if not given below, were as given in previous publica-
tions.># 1112 Sprague-Dawley rats were from the Division
of Bacteriology and Immunology (University of Helsinki,
Finland). The use of experimental animals was approved
by the Ethical Committee of the Haartman Institute (Uni-
versity of Helsinki).
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Antibodies

The monoclonal mouse anti-rat glomerular podocalyxin
antibodies of clones 5A (IgG,) and 1A (IgG.,) as well as
the monoclonal antibodies against rat gp330/megalin
(clone 20B, 1gG,) and O-acetyl GD3 ganglioside (clone
27A, 1gG,)*"® have been described. The controls in-
cluded also monoclonal antibodies against rat annexin |
(clone 34E11, IgGg; Tissari and A. Miettinen, unpublished
observations). Mouse monoclonal LYP-20 antibodies
against human CD62P (P-selectin) cross-reacting with rat
CD62P'* were obtained from Dr. E. Chignier (INSERM,
Lyon, France).

Polyclonal antibodies against podocalyxin were made
by immunizing two rabbits with podocalyxin purified from
isolated rat glomeruli* solubilized in 1% Triton X-100.
Podocalyxin was obtained from the extract by sequential
use of wheat germ agglutinin affinity chromatography,’
preparative sodium dodecyl sulfate (SDS) polyacryl-
amide gel electrophoresis (PAGE), and electroelution
(Isco model 1750, Lincoln, NE). The purity of the isolated
material was analyzed by silver staining of SDS-PAGE
gels (Figure 3a; see below) and by Western blotting with
the monoclonal antibodies before it was used for immu-
nizations or for amino acid sequencing (Dr. Marc Bau-
mann, Department of Medical Biochemistry, University of
Helsinki). The rabbits received 500 ug of the isolated
protein divided into four injections given 1 month apart.
Sera were collected before and 2 weeks after the last
injection. The first immunization was given with Freund’s
complete (Difco Laboratories, Detroit, MI) and the
booster injections with incomplete adjuvant. The speci-
ficity of the antisera was tested by immunofluorescence
(IF) on kidney sections (Figure 1a), by Western blotting
(Figure 3c), and by immunoprecipitation of glomerular
extracts (results not shown). IgG fractions from the hy-
bridoma supernatants or one of the rabbit sera (290)
were isolated by protein A affinity chromatography,* and
the rabbit IgG was adsorbed exhaustively with rat blood
cells depleted of platelets. For double-labeling experi-
ments, BA IgG was coupled with fluorescein isothiocya-
nate (FITC).

Rat anti-mouse and rat anti-rabbit IgG antibodies con-
jugated with FITC were from Boehringer (Mannheim, Ger-
many) or Zymed Laboratories (South San Francisco, CA).
Affinity-purified goat anti-mouse IgG conjugated with rho-
damine isothiocyanate (TRITC), affinity-purified rabbit an-
ti-mouse IgG, and goat anti-rabbit IgG (Fc fragment spe-
cific) labeled with horseradish peroxidase were from
Jackson Immunoresearch Laboratories (West Grove,
PA). Goat anti-rabbit IgG coupled to colloidal gold,
10-nm size, was from Zymed.

Platelets and Bone Marrow Cells

Blood samples for smear slides or platelet isolation were
drawn via a polyethylene catheter to a polyvinyl syringe
from the aorta of the rats under diethyl ether anesthesia.
One milliliter of anticoagulant containing 85 mmol/L so-
dium citrate, 111 mmol/L dextrose, and 71 mmol/L citric

acid per 7 ml of blood was used. Platelets were isolated
by the technique of Fox et al'® with slight modifications.
To avoid platelet activation, iloprost, a prostacyclin ana-
logue (llomedin, Schering Corp.; a generous gift from
Leiras Pharmaceutical Co., Helsinki, Finland), 50 ng/ml,
was added to the blood. After centrifugation at 200 X
Imax fOr 20 minutes at room temperature, platelet-rich
plasmas (PRPs) were obtained. These were further run at
900 X Gmax for 20 minutes, and the upper layers of the
pellets were resuspended in the original volume of a
buffer containing 120 mmol/L sodium chloride, 13 mmol/L
sodium citrate, and 30 mmol/L dextrose, pH 7.0. After
addition of iloprost, the centrifugation step was repeated,
and the pellets were resuspended into Tyrode’s buffer
containing 138 mmol/L NaCl, 2.9 mmol/L KCI, 12 mmol/L
NaHCO;, 0.36 mmol/L NaH,PO,, 5.5 mmol/L glucose, 1.8
mmol/L CaCl,, and 0.4 mmol/L MgCl,, pH 7.4, with
added iloprost. The suspension was divided into two
tubes, and after recentrifugation, the cells were sus-
pended in Tyrode’s buffer with added iloprost (nonacti-
vated platelets) or thrombin (10 NIH/ml; Topostasin,
Roche, Basel, Switzerland; activated platelets) and incu-
bated at 37°C for 10 minutes. For flow cytometry, para-
formaldehyde (final concentration, 3%) was added to the
tubes for 10 to 20 minutes at room temperature before
antibody incubations (see below). Cytocentrifuge slides
were prepared from the nonactivated or activated plate-
lets in a Shandon Cytospin 2 cytocentrifuge (Ashmoore,
UK). For immunoblotting experiments, the cells were
washed and boiled in the Laemmli sample buffer (see
below). For immunoelectron microscopy, the platelets
were centrifuged into tiny pellets of 1 mm® and treated as
described below. Isolated platelets were also used for
RNA isolation (see below).

Bone marrow tissues were obtained from the femur
bones of rats (600 g) anesthetized with diethyl ether. For
cytospin preparations, the tissue was dispersed in PBS
containing 0.38% sodium citrate and passed three times
through a 22-gauge needle before centrifugation. For in
situ hybridization experiments, sterile buffer and si-
lanated microscope slides were used.

Immunofiuorescence and Flow Cytometry

For IF staining experiments, rat kidneys were frozen rap-
idly in liquid nitrogen and processed as described earli-
er.* Cryostat sections (5 um thick), smear slides of rat
peripheral blood, or cytocentrifuge slides of isolated
platelets or bone marrow cells, were fixed in acetone at
—20°C for 10 minutes, incubated with the primary and the
labeled secondary antibodies at room temperature for 30
minutes each, and embedded in nonfading mounting
medium, as described.* To visualize the nuclei of the
marrow cells, Hoechst dye 33258 (0.5 ug/ml; Calbio-
chem-Behring Corp., La Jolla, CA) was added in the
conjugate solution in some experiments. The slides were
observed and photographed in an Olympus BX-50 fluo-
rescence microscope equipped with epi-illumination and
dichroic mirrors for FITC, TRITC, or UV light.

For flow cytometry experiments, the fixed nonactivated
or thrombin-activated platelets were washed twice in



PBS, pH 7.2, containing 0.1% NaNg, and suspended in
5% fetal calf serum (FCS; Clone Fetal Calf Serum, PAA
Labor- und Forschungges, Linz, Austria) in PBS (PBS-
FCS) for 15 minutes to block the nonspecific binding of
antibodies. After centrifugation, the cells were incubated
in 1 ml of PBS-FCS or PBS-normal rabbit serum contain-
ing 1 to 3 ug of monoclonal IgG or 5 pg of adsorbed
rabbit IgG, respectively, for 30 minutes, washed three
times in PBS with azide, and resuspended in 100 ul of the
FITC-anti-mouse or -rabbit IgG diluted in PBS-FCS or in
PBS-normal rabbit serum, respectively, for 30 minutes.
After three washes in PBS, the cells were suspended in 1
ml of PBS containing 1% paraformaldehyde and ana-
lyzed at a Becton-Dickinson FACScan flow cytometer
equipped with a 15-mW argon laser emitting light at 480
nm, as described earlier.’' In each analysis, 15,000
thrombocytes gated by their typical forward/side scatter
were counted.

Electrophoresis and Western Blotting

For SDS-PAGE, the isolated platelets or detergent ex-
tracts of glomeruli were suspended in the Laemmli sam-
ple buffer, boiled for 5 minutes, and run under reducing
conditions using 5% to 10% gels and a Protean Mini-gel
electrophoresis system (Bio-Rad Laboratories, Rich-
mond, CA). For Western blotting, the separated proteins
were transferred to nitrocellulose sheets using a Novablot
semidry blotting apparatus (Pharmacia, Uppsala, Swe-
den). The nitrocellulose strips were reacted with antibod-
ies, washed, and incubated with the horseradish-perox-
idase-coupled anti-mouse or -rabbit IgG, and the bound
antibodies were visualized using the diaminobenzidine
H,O,, reaction, as described.”

Immunoelectron Microscopy

For post-embedding immunoelectron microscopy,
1-mm?® pellets of isolated rat platelets were fixed in 0.1
mol/L phosphate containing 3% paraformaldehyde,
0.05% glutaraldehyde, and 0.5 mmol/L CaCl,, pH 7.4, for
2 hours at room temperature, and washed with five
changes of 0.1 mol/L phosphate-CaCl,, buffer containing
3.5% sucrose at +4°C overnight. The free aldehyde
groups were blocked by incubation in 50 mmol/L NH,CI
made in the same sucrose-CaCl,, buffer at 0°C for 1 hour,
and the phosphate ions were washed away in a buffer
containing 0.1 mol/L sodium maleate and 3.5% sucrose,
pH 6.0, in an ice bath for 15 minutes. This was repeated
four times. The pellets were post-fixed in 2% uranyl ace-
tate made in the sucrose-maleate buffer, for 2 hours,
dehydrated with acetone, and embedded at —20°C in LR
Gold resin (London Resin Co., Hants, UK).'® For antibody
labeling, 100- to 150-nm thick sections were cut on 400-
mesh nickel grids. To block nonspecific binding sites, the
grids were placed on drops of 50 mmol/L TrisHCI buffer
containing 150 mmol/L NaCl, pH 7.2 (TBS), and of TBS
containing 5% fetal calf serum (TBS-FCS) and thereafter
successively on drops of primary antibodies, affinity-pu-
rified rabbit anti-mouse 1gG, and colloidal gold-labeled
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goat anti-rabbit IgG. All antibodies were diluted in TBS-
FCS, which was used also for washing. After final wash-
ing, the grids were fixed in 2% glutaraldehyde for 1 hour,
rinsed in water, stained for 15 minutes in 2% aqueous
osmium tetroxide, and counterstained in Reynolds lead
citrate or in uranyl acetate. The grids were dried and
coated with Pioloform-F resin (Polaron Instruments, Hat-
field, PA) and studied in a Jeol JEM 100B electron micro-
scope.

Partial Cloning of Rat Podocalyxin

For the glomerular cDNA library, glomeruli were isolated
from the kidneys of 10 1-month-old rats, using the sieving
technique described earlier.* Total RNA was prepared
from the glomeruli by a modification of the CsCl/guani-
dine thiocyanate method."” Polyadenylated mRNA was
isolated using PolyATract mRNA isolation System Il kit
(Promega, Madison, WI) and used to construct a poly(T)-
primed directional glomerular library in ZAP Express vec-
tor using ZAP Express cDNA Gigapack cloning kit (Strat-
agene, La Jolla, CA) according to the instructions of the
manufacturer. The library was screened with the rabbit
PCLP1 cDNA clone DP16 obtained from Dr. David B.
Kershaw (University of Michigan, Ann Arbor, MI). The
probe was an 868-bp-long Apal fragment corresponding
to nucleotides 1631 to 2499 of PCLP1 mRNA® and was
labeled with [32P]-dCTP using a random priming Kit
(Boehringer Mannheim). One of the clones obtained
(clone 51A) was approximately 4.5 kb and consisted of
approximately 4 kb of the 3’-UTR and 555 nucleotides of
the carboxyl-terminal region of rat podocalyxin. For
Northern blotting experiments, a cDNA probe coding for
the expressed sequence of rat podocalyxin (555 nucle-
otides) and 34 nucleotides of the 3’-UTR was made. For
in situ hybridization experiments, 3°S-labeled single-
stranded antisense or control sense riboprobes, covering
the same region as above, were prepared according to
Wilcox® using [®°S]-UTP label (>1200 Ci/mmol; DuPont
NEN, Boston, MA) and an appropriate SP6/T7 transcrip-
tion system (Promega). For Northern blotting, total RNA
and mRNA were isolated from rat renal cortex. For control
purposes, mMRNA was isolated from cultured rat kidney
epithelial NRK-52E cells (ATTC CRL-1571), not express-
ing podocalyxin antigens, as previously shown.'?

In Situ Hybridization and RT-PCR

For in situ hybridization, kidney tissues were fixed in 4%
paraformaldehyde in PBS at +4°C for 4 hours, cryopro-
tected in 15% sucrose at +4°C in PBS for 16 hours, and
frozen on dry ice. Cryostat sections, 5 um thick, were cut
on glass slides treated with 3'-(triethoxysilyl)propylamine
(Sigma Chemical Co., St. Louis, MO). In situ hybridization
was performed as described earlier'® with slight modifi-
cations. Tissue sections or cytocentrifuge slides were
fixed in 4% paraformaldehyde for 10 minutes, washed in
PBS, and treated with 0.2 mol/L HCI for 5 minutes. After
washing in PBS, the slides were incubated in proteinase
K (0.25 pg/ml; Merck, Darmstadt, Germany) for 10 min-
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utes, washed again in PBS and distilled water, and acety-
lated with 26 mmol/L acetic anhydride in 0.1 mol/L trieth-
anolamine, pH 8.0, for 10 minutes. After washing in PBS,
the slides were incubated in 50% formamide, 2X SSC for
10 minutes and prehybridized at hybridization conditions
for 4 hours without probe. Hybridization with the [3°S]-
labeled probe (30,000 cpm/ul) was performed in 60%
formamide, 5X SSC, 10% dextran sulfate, 1X Denhardt's
solution, 100 mmol/L dithiothreitol (DTT), and 0.5 mg/ml
yeast tRNA at 53°C for 16 hours. After hybridization, the
slides were washed first in 5X SSC, 10 mmol/L DTT at
55°C for 30 minutes followed by 50% formamide, 2X SSC,
10 mmol/L DTT at 65°C for 30 minutes. The slides were
then washed three times at 37°C in NTE (0.5 mol/L NaCl,
10 mmol/L TrisHCI, 0.5 mol/L EDTA, pH 8.0) for 10 min-
utes each, treated with 20 ug/ml ribonuclease A (Merck)
in NTE at 37°C for 30 minutes, and washed at 37°C in
NTE for 15 minutes. After washing again in 50% form-
amide, 2X SSC, 10 mmol/L DTT followed by washes in 2X
SSC and 0.1X SSC, the slides were dehydrated sequen-
tially in 30%, 60%, 80%, and 94% ethanol containing 0.3
mol/L ammonium acetate and, finally, twice in 100% eth-
anol. After dipping them in NTB-2 nuclear track emulsion
(Kodak), the slides were exposed at 4°C for 7 to 21 days.
After development and counterstaining with hematoxylin
(Shandon), the slides were investigated and photo-
graphed under dark- or bright-field illumination with an
Olympus BX-50 microscope.

For RT-PCR, total RNA from isolated rat platelets was
DNAse treated (DNAse RQ1, Promega) and reverse tran-
scribed using random hexanucleotide primers (Boeh-
ringer Mannheim) and MMLYV reverse transcriptase (Pro-
mega). The following primers were designed for rat
podocalyxin: sense primer 5'-GGT GGC AGT GAA GAG
AAT C corresponding to nucleotides 105 to 120 (aa 45 to
49) and antisense primer 5'-CTG TGA GTC GTT GTT
GGT C corresponding to nucleotides 355 to 373 (aa 119
to 124). cDNA was amplified using 1 umol/L primers, 0.2
mmol/L dNTPs, and 1.25 U of AmpliTag DNA polymerase
(Perkin-Elmer Cetus, Norwalk, CT) in buffer containing 10
mmol/L Tris-HCI, pH 8.3, 50 mmol/L KCI, 1.5 mmol/L
MgCI, in the total volume of 25 ul on a thermal cycler
(PTC-200; MJ Research, Watertown, MA). The following
program was used: first denaturation at 94°C for 3 min-
utes followed by 30 cycles of denaturation at 94°C for 30
seconds, annealing at 55°C for 30 seconds, and exten-
sion at 72°C for 30 seconds. The PCR product was ana-
lyzed by agarose gel electrophoresis and ethidium bro-
mide staining, purified (Magic PCR Preps DNA
purification and separation kit; Promega), and se-
quenced directly using gene-specific primers (ABIPrism
310, Perkin-Elmer Applied Biosystems, Foster City, CA).

Results

Podocalyxin in Platelets and Megakaryocytes

The monoclonal (5A and 1A) and the adsorbed poly-
clonal (290) anti-podocalyxin IgGs bound to endothelial
cells and glomerular podocytes in a typical manner (Fig-

ure 1a). The antibodies bound also to platelets but not to
other blood cells on the smear slides of rat peripheral
blood (Figure 1b). The staining pattern was granular both
in the resting and thrombin-treated platelets and resem-
bled that obtained with the anti-CD62P antibodies (Figure
1c). Monoclonal anti-annexin | antibodies gave an inten-
sive staining at polymorphonuclear leukocytes (not
shown) but not at platelets, whereas the anti-megalin or
the anti-O-acetyl GD3 antibodies did not show any bind-
ing to rat blood cells.

On cytospin slides of bone marrow cells, the anti-
podocalyxin antibodies bound to both large polyploid
cells and to some smaller cells (Figure 2a). The large
cells also bound the anti-CD62P antibodies (Figure 2b),
as shown by double-labeling experiments, indicating that
they were megakaryocytes. Most, but not all, cells posi-
tive for podocalyxin were also positive for CD62P. For
both antigens, the staining intensity varied in individual
cells.

By Western blotting, both the monoclonal (Figure 3b)
and the polyclonal (Figure 3c) anti-podocalyxin antibod-
ies detected in platelet extracts a protein with an appar-
ent M, of 140,000. In glomerular extracts, the antibodies
bound to three protein bands migrating slightly faster
than the platelet protein (Figure 3b and c).

At the ultrastructural level, podocalyxin antigens were
seen in freshly isolated platelets mainly at intracellular
membranes (Figure 4a) or at structures resembling
a-granules (Figure 4c), as shown by post-embedding
immunoelectron microscopy. Anti-megalin or -O-acetyl
GD3 IgGs did not show any binding to platelets (Figure 4b).

Surface Expression after Platelet Activation

The anti-podocalyxin antibodies showed only limited
binding to the surface of isolated, nonactivated platelets,
but the antigens became detectable at the cell surface
after thrombin activation (Figure 5). Some platelet activa-
tion occurred during the isolation process, as demon-
strated by the binding of the anti-CD62P antibodies to
isolated platelets even before thrombin treatment.

Partial Cloning of Podocalyxin

Using the rabbit PCLP1 cDNA clone DP16 from Dr. David
Kershaw (University of Michigan, Ann Arbor, MI), we
obtained from our rat glomerular cDNA library several
clones. One of these, clone 51A, was ~4.5 kb and con-
sisted of ~4 kb of 3’-UTR and 555 nucleotides corre-
sponding to the carboxyl-terminal region of rat podoca-
lyxin . and coding for its putative intracellular,
transmembrane, and membrane proximal extracellular
domains (Figure 6). The extracellular part included a
seven-amino-acid sequence (AVFELLK) identical to a se-
quence found independently by amino acid sequencing
of a tryptic peptide from isolated glomerular podocalyxin.
As shown in Figure 6, the transmembrane and intracel-
lular domains of rat podocalyxin are 100% and 93%
identical, respectively, with rabbit PCLP1, 96% and 95%,
respectively, with human PCLP, and 69% and 89%, re-
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Figure 1. Podocalyxin antigens in rat kidney (&) and platelets (b). Rabbit anti-podocalyxin antibodies (290) give a typical staining of glomerular podocytes and
peritubular endothelial cells, as shown by indirect IF staining at cryostat sections of rat kidney (a). Smear slides of rat peripheral blood stained with monoclonal
5A anti-podocalyxin (b) or anti-CD62P (¢) antibodies. The antibodies bind to platelets but not to red blood cells or leukocytes (arrows). Note the granular staining

pattern of acetone-fixed platelets. Bar, 100 um (&), 10 wm (b and ©).

~a

Figure 2. Podocalyxin (&) and CDO2P antigens (b) in a megakaryocyte,
shown by double IF staining of a cytospin slide of rat bone marrow cells first
with monoclonal anti-CD62P and TRITC-conjugated goat anti-mouse IgG (b)),
followed by FITC-conjugated 5A IgG (a). Binding to the anti-mouse conju-
gate was blocked by pretreatment with normal mouse serum. The polyploid
megakaryocyte expresses both antigens. Anti-podocalyxin antibodies detect
also a small, unidentified cell (a, arrow). Magnification, X600.

spectively, with chicken thrombomucin. The intracellular
part of rat podocalyxin has one putative PKC and two
CKII consensus phosphorylation sequences, and the
partially cloned extracellular part includes two of the four
conserved cysteins shared by all podocalyxin-like pro-
teins (Figure 6), but it does not extend to the region of the
other two. By Northern blotting, the cDNA probes cover-
ing all expressed 185 amino acids of our rat podocalyxin
clone (Figure 6) hybridized with a 5.5-kb transcript of rat
cortical mMRNA but not of the rat epithelial NRK cell mMRNA
(Figure 7). By in situ hybridization, the corresponding
%5S-labeled single-stranded antisense cRNA probes
bound to podocytes and endothelial cells (Figure 8, a
and b), whereas the sense probes did not.

Podocalyxin mRNA in Megakaryocytes and
Platelets

By in situ hybridization, the antisense cRNA probe of rat
podocalyxin bound to large megakaryocytic cells and

200+
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Figure 3. Podocalyxin proteins of rat platelets and glomeruli. A: SDS-PAGE
analysis of a Triton X-100 extract from isolated rat glomeruli (lane 1) and of
the purified podocalyxin used for amino acid analysis or immunizations
(silver staining). B and C: Western blotting of extracts of freshly isolated
platelets (lane 1) or of rat glomeruli (lane 2). with rabbit (290, B) or mouse
monoclonal (5A, C) anti-podocalyxin antibodies. Note slower mobility of
platelet podocalyxin as compared with the podocalyxin forms of the glomer-
ular extract.
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Figure 4. Ultrastructural localization of podocalyxin in freshly isolated platelets. Colloidal gold particles indicating the presence of podocalyxin are detected at
intracellular membranes in all platelets after staining with monoclonal anti-podocalyxin (&, arrows) but not with the control anti-megalin (b). IgG. At higher
magnification, gold particles are seen in an a-granule (¢, arrows) and at the surface of a platelet. Post-embedding indirect immunogold staining; magnification,

X10,000 (@ and b) and X36,000 (C).

also to some smaller cells (Figure 9, a and b) on cytospin
preparations of rat bone marrow. With the sense RNA
probes, no staining over background was seen (Figure 9,
c and d). Using primers specific for rat podocalyxin and
RT-PCR technique, a PCR product of expected length
(271 bp) was obtained from total RNA extracted from
isolated platelets, but not from NRK cells. No DNA prod-
ucts were seen in the controls. The RT-PCR products
were identical with glomerular podocalyxin, as shown by
direct sequencing.

Discussion

This is the first report to demonstrate that rat podocalyxin
is a membrane protein of platelets and megakaryocytes.

To our knowledge this is also the first report to show
amino acid sequences of rat podocalyxin, and clearly
demonstrates that the rat protein is a homologue of the
previously cloned chicken, rabbit, and human podoca-
lyxin-like proteins.

Podocalyxin was first discovered as the major sialo-
protein of the glycocalyx of glomerular podocytes’ and
was soon found to be present in the endothelial cells,?
but so far it has not been found in other rat cell types.
Here we show using mono- and polyclonal antibodies
that podocalyxin is present in megakaryocytes and plate-
lets. These cells readily take up proteins from plasma®°
and store these in the a-granules, where podocalyxin
was also detected. Podocalyxin is a membrane protein of
endothelial cells and podocytes, but due to its high car-
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Figure 5. Surface expression of podocalyxin or CD62P antigens at freshly isolated (left panel) or thrombin-treated (right panel), nonpermeabilized platelets. Both
anti-podocalyxin and anti-CD62P IgGs bind to some extent to the surface of isolated platelets, indicating slight activation of the cells. A significant increase in the
expression of podocalyxin or CD62P is seen after thrombin stimulation. The x axis shows fluorescence intensity.

bohydrate content the molecule is probably hydrophilic
and may be present in plasma. However, our in situ
hybridization results clearly show that podocalyxin mRNA
is present in megakaryocytes, and by RT-PCR, podoca-
lyxin mRNA could also be demonstrated in RNA ex-
tracted from platelets. Thus, it is evident that rat
megakaryocytes make podocalyxin themselves.

Rat podocalyxin resembles the podocalyxin-like pro-
tein thrombomucin of chicken, present on podocytes,
endothelial cells, and thrombocytes.® Thrombomucin is
one of the earliest markers of hematopoietic cells in
chicken embryos, and in adult bone marrow it is found on
the surface of multipotent hematopoietic progenitors as
well as on erythroid and thrombocyte precursors.® In rat
bone marrow, anti-podocalyxin antibodies detected cells
of different sizes and different staining intensity. All were
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Figure 6. Amino acid sequence alignment of rat podocalyxin (derived from
clone 51A) and the previously published podocalyxin-like proteins of rabbit,
human, and chicken (gallus). Note the identical or highly homologous
structure of the putative transmembrane (double underlining) and intracel-
lular domains of all species. The intracellular domain of rat podocalyxin
shows one protein kinase C(*) and two casein kinase II (O) consensus
phosphorylation sites, and its partially cloned extracellular domain extends
to include two of the four conserved cysteins (arrows). The extracellular
seven-amino-acid sequence (aa 50 to 56, line above) was found indepen-
dently by amino acid sequencing of tryptic peptides of isolated rat glomerular
podocalyxin. The probes used for Northern blotting or in situ hybridization
covered the whole area shown. Numbering is according to the sequences in
GenBank. Accession numbers are U35239 rabbit PCPL-1, U97519 human
PCLP, Y13978 Gallus gallus thrombomucin.

not positive for CD62P, a marker for megakaryocytic cells
(Figure 2a). Whether the podocalyxin-positive and
CD62P-negative cells are at an earlier megakaryocytic
developmental stage or of different cell lineage remains
to be studied. At present, no data of human or rabbit
podocalyxin-like proteins in bone marrow cells are avail-
able, but our results suggest that podocalyxin may have
a role in hematopoiesis also in mammals.

& &
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Figure 7. Northern blot of mRNA extracted from rat renal cortex (left lane) or
cultured rat renal epithelial NRK cells (right lane) developed using the
589-bp rat-podocalyxin probe. The probe binds to a 5.5-kb transcript of renal
cortical but not NRK mRNA. The lower arrowhead shows the position of the
1.9-kb B-actin mRNA. The size of the podocalyxin transcript is deduced from
results obtained with renal cortical total RNA (not shown).
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Figure 8. Micrographs demonstrating in situ hybridization of antisense (a and b) or sense (€ and d) cRNA probes of rat podocalyxin to rat kidney sections. The
antisense probe decorates glomerular (G) podocytes and all endothelial cells (arrow shows an arteriole), whereas the sense probes do not show any specific

binding. a and c, direct light; b and d, phase contrast. Magnification, X200.

In glomeruli or lung tissues, intact podocalyxin has an
apparent M, of 140,000, but in detergent extracts only
smaller, 110 to 140-kd molecular forms are usually de-
tected by Western blotting."#*®° The platelet protein mi-
grates slightly slower than the glomerular forms in SDS-
PAGE (Figure 3, B and C). The different antigenic forms
may be due to enzymatic degradation or post-transla-
tional modifications of the protein, or may indicate exis-
tence of different splice variants. Cell-type-specific differ-
ences in glycosylation have been reported with human
PCLP, which may carry MECA-79 epitopes at the surface
of high endothelia of peripheral lymph nodes,?' whereas
PCLP at other endothelia®! or glomerular podocytes®? do
not express this epitope. Changes in the glycosylation
pattern may have significant effects on the apparent M, of
the protein. The calculated molecular masses of the
known chicken, rabbit or human PCLPs are 54 or 55 kd,
but their apparent M, values vary from 140,000 to
165,000/160,000. It is assumed that this is due to the rich
mucin-type glycosylation of the molecules. Different
splice variants of both chicken thrombomucin and rabbit
PCLP1 apparently exist. Whether this is true also for rat
podocalyxin is not known.

Rabbit podocalyxin-like protein 1, human podocalyxin
like protein, and chicken thrombomucin do not show
sequence homology to any previously described pro-
teins, but the membrane spanning and intracellular do-
mains of each are highly homologous,®~'° indicating that
they belong to the same protein family. The extracellular

parts are less homologous but share a mucin-like struc-
ture and four conserved cysteins. All intracellular do-
mains share PKC and casein kinase Il phosphorylation
consensus sequences, suggesting that the proteins may
be involved in signaling events. Our data show that the
putative transmembrane and intracellular parts of rat
podocalyxin are almost identical with rabbit PCLP1 and
human PCLP, including the phosphorylation consensus
sequences, and the membrane proximal extracellular
part has two of the conserved cysteins in their right
positions (Figure 6). This agrees with the earlier data of
Kershaw et al,’® who demonstrated antigenic cross-re-
activity between the intracellular parts of human PCLP
and rat podocalyxin. The cloned cDNA does not extend
to the putative mucin-like domain, but earlier data have
shown that ~20% of glomerular podocalyxin consists of
carbohydrates, both N- and O-linked side chains are
present, and both of these may carry sialic acid and
sulfate residues.®?* These are all features of mucin-type
glycoproteins and clearly show that rat podocalyxin is a
member of the PCLP family.

The functions of podocalyxin are not known. In the
developing kidney it is detected in endothelial cells and
differentiating podocytes already at the early S-shaped
body stage.®” As the podocytes mature, podocalyxin
occupies the membranes above the occluding junctions,
suggesting that its role may be to keep the urinary filtra-
tion slits open.’° In endothelial cells it may also help to
keep the vascular lumina open and/or repel circulating
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Figure 9. Micrographs demonstrating in situ hybridization of antisense (a and b) ¢cRNA probes of rat podocalyxin to large megakaryocytic cells (arrows) at
cytospin preparations of rat bone marrow. No binding over the relatively high background is seen with the sense probes (¢ and d). a and ¢, dark field; b and
d, respective transmission light micrographs. Hematoxylin counterstaining; magnification, X630.

cells, although in some endothelia it may also have ad-
hesive functions.?! At present, only speculations on the
functions of podocalyxin in megakaryocytes or platelets
can be presented. Our finding that podocalyxin becomes
detectable at the platelet surface first after thrombin stim-
ulation suggests that it may have an activation-depen-
dent function in these cells. The regulation of podocalyxin
synthesis, glycosylation, and expression at the cell sur-
face remains to be studied, as also its putative functions in
hematopoiesis and/or in platelet-endothelial interactions.
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