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brain repair.

and in vivo, and the product is biologically active.

(Bacl(ground: Polysialic acid (PSA) promotes neuroplasticity, and overexpression of polysialyltransferase genes augments
Results: Extracellular application of a purified bacterial polysialyltransferase (PSTy,) produces PSA on vertebrate cells in vitro

Conclusion: Polysialylation of cells by PST\,,, is rapid, persistent, but not permanent.
Significance: A PST\,-based approach may provide an alternative to polysialyltransferase gene therapy.
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In vertebrates, polysialic acid (PSA) is typically added to the
neural cell adhesion molecule (NCAM) in the Golgi by PST or
STX polysialyltransferase. PSA promotes plasticity, and its
enhanced expression by viral delivery of the PST or STX gene
has been shown to promote cellular processes that are useful for
repair of the injured adult nervous system. Here we demonstrate
a new strategy for PSA induction on cells involving addition
of a purified polysialyltransferase from Neisseria meningitidis
(PST ) to the extracellular environment. In the presence of its
donor substrate (CMP-Neu5Ac), PSTy,, synthesized PSA
directly on surfaces of various cell types in culture, including
Chinese hamster ovary cells, chicken DF1 fibroblasts, primary
rat Schwann cells, and mouse embryonic stem cells. Similarly,
injection of PSTy,,, and donor in vivo was able to produce PSA in
different adult brain regions, including the cerebral cortex,
striatum, and spinal cord. PSA synthesis by PSTy,, requires the
presence of the donor CMP-Neu5Ac, and the product could be
degraded by the PSA-specific endoneuraminidase-N. Although
PSTy,, was able to add PSA to NCAM, most of its product
was attached to other cell surface proteins. Nevertheless, the
PSTy,-induced PSA displayed the ability to attenuate cell adhe-
sion, promote neurite outgrowth, and enhance cell migration as
has been reported for endogenous PSA-NCAM. Polysialylation
by PST\,, occurred iz vivo in less than 2.5 h, persisted in tissues,
and then decreased within a few weeks. Together these charac-
teristics suggest that a PSTy,,,-based approach may provide a
valuable alternative to PST gene therapy.
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Sialic acid monomers can be polymerized into a long linear
@2,8-linked homopolymer, polysialic acid (PSA),* which in ver-
tebrates is typically linked to the fifth Ig-like domain of the
neural cell adhesion molecule (NCAM). Two Golgi polysialyl-
transferases, ST8Siall (STX) and ST8SialV (PST) are known to
carry out this polysialylation, with either enzyme capable of
synthesizing long PSA chains (1). By virtue of the polyanionic
charge of its repeating subunit, PSA occupies an enormous
hydrated volume that hinders close association between cell
membranes. It thereby can act as a global negative regulator of
cell interactions, i.e. not only via NCAM but other surface mol-
ecules, such as L1, integrins, and cadherins as well (2—4). This
global action creates permissive conditions for structural
remodeling in tissues (4).

PSA-induced plasticity is particularly useful in the develop-
ing nervous system, where this polymer is abundantly ex-
pressed on neuroectodermal progenitors, neurons and some
glial cells. Its presence promotes cell migration (5-8), helps
growing processes to bundle, sprout and branch appropriately
(9-12) and prevents formation of ectopic connections (13, 14).
PSA expression is subsequently down-regulated, exceptin a few
brain regions that retain a capacity for morphological and/or
physiological plasticity in adulthood (4, 15, 16).

The down-regulation of PSA in the CNS largely coincides
with the stabilization of neural connections and could contrib-
ute to the refractory nature of the adult CNS to endogenous
repair following injury or disease. We and others have shown
that reintroduction of PSA expression in the lesioned adult
nervous system can restore some plasticity and thereby facili-
tate repair mechanisms. For example, overexpression of the
polysialyltransferase gene in vivo promotes regeneration of
lesioned axons and recruitment of neural progenitors into

“The abbreviations used are: PSA, polysialic acid; CHO, Chinese hamster ova-
ry; EB, embryoid body; endo-N, endoneuraminidase-N; mESC, mouse
embryonic stem cell; NCAM, neural cell adhesion molecule; PST, polysialyl-
transferase ST8SialV; PSTy,,, polysialyltransferase from Neisseria meningit-
ides; SC, Schwann cell; STX, polysialyltransferase ST8Siall.
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lesions (17-20). Similarly, introduction of the gene into cells in
culture has improved cell grafting therapies using Schwann
cells in spinal cord injury (21-24) or stem cell-derived progen-
itors (for review, see Ref. 18).

For therapeutics, the use of viral vectors to introduce a poly-
sialyltransferase has some disadvantages: the induction of PSA
is relatively slow, expression is restricted to cells that can be
reached and infected by the virus and can persist beyond the
period of repair, and there are significant practical challenges
with respect to clinical implementation. A potential alternative
would be a method to rapidly and transiently up-regulate PSA,
long enough for repair to occur, with appropriate spatiotempo-
ral characteristics. One such candidate would be the polysialyl-
transferase enzyme itself (25). Although mammalian PST/STX
are low abundance membrane proteins that operate in the
Golgi, a purified Neisseria meningitidis a2,8-polysialyltrans-
ferase (PST,,) has potential, in that it operates in the extracel-
lular environment, uses a commercially available nontoxic
donor substrate (CMP-Neu5Ac), and produces a polymer
chemically identical to mammalian PSA (26, 27). This enzyme
has proven to be effective in adding PSA to therapeutic proteins
in vitro to augment their in vivo pharmacokinetics (27). The
aim of the present study was to test the ability of purified
PSTy,, to synthesize PSA on live cells in vitro and in vivo. The
results reveal that this direct approach rapidly produces sub-
stantial amounts of PSA on the surface of cells both in culture
and within the brain, and that this PSA has biological activity
that is potentially appropriate for therapeutic application.

EXPERIMENTAL PROCEDURES

Preparation of PSTh;,,, and CMP-Neu5Ac—Cloning and ex-
pression of PSTy,, from N. meningitidis 992B and its pro-
duction and purification as a soluble fusion protein (MalE-
A19PST 1) have been described previously (26, 27). In brief,
after expression in Escherichia coli AD202 (E. coli Genetic
Stock Center CGSC 7297), the enzyme was purified from the
supernatant of the cell lysate (after centrifugation at 27,000 X g)
on a 5-ml heparin HiTrap HP column (GE Healthcare) with a
linear gradient of 0—60% B using buffers A (PBS, pH 7.4) and B
(PBS, pH 7.4, + 2 M NaCl) followed by desalting on a 5-ml
HiTrap desalting column (GE Healthcare) using PBS, pH 7.4.
The donor CMP-NeuAc was enzymatically synthesized and
purified as previously described (28, 29). Purified enzyme and
donor were both stored at —80 °C.

Cell Cultures—Primary Schwann cells (SCs) were prepared
as described earlier (24). Sciatic nerves of adult Fischer rats
were dissociated and SCs cultured in DMEM/10% heat-inacti-
vated fetal bovine serum (FBS) supplemented with bovine pitu-
itary extract (20 pg/ml; Invitrogen), forskolin (2.5 um), and
heregulin (2.5 nm; Genentech) for at least 3 passages. Purity of
these cultures was ~ 95-98%. SCs were then infected with
EGFP or EGFP and PST using lentiviral vectors (Invitrogen).

Chinese hamster ovary (CHO) cells and DF-1 chicken fibro-
blasts were cultured in DMEM supplemented with 10% fetal
calf serum and 1% Pen-Strep. Generation of CHO cells stably
transfected with NCAM-140 vector has been described earlier

(3).
ACEEV DN
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Mouse embryonic stem cells expressing GFP under the HB9
motoneuron-specific promoter (HB9::GFP mESC) (30, 31)
were cultured in ES medium (knock-out DMEM, 1% MEM-
NEAA, 1% vr-glutamine, 1% Pen-Strep (all from Invitrogen),
2000 units/pul LIF, 1% nucleoside (both from Millipore), 15%
fetal bovine serum (Hyclone), B-mercaptoethanol (Invitro-
gen)). For detailed motoneuronal differentiation, see Ref. 31. In
brief, to initiate differentiation, cells were transferred into
DKF10 medium (50/50 of DMEM HG/Ham-F12, 10% knock-
out serum replacement (Invitrogen), 1% Pen-Strep, 1% L-Glu, 1
unit/ul heparin, B-mercaptoethanol, 2.4% N2-supplement
(Invitrogen)). Embryoid bodies (EBs) form after 1 day in cul-
ture, and after 2 days they were treated with retinoic acid (1 um)
and sonic hedgehog analog (1.5 um purmorphamine (32)) to
induce motoneuronal differentiation. Cells up-regulated GFP
and started to grow neurites and to emigrate from the EBs.
Increasing these events produces a carpet of cells and neurites
so dense that tracing and measuring of axons become unfeasi-
ble. Therefore, to assess PSA effects, the induced spreading of
neurites and cells on the dish floor was estimated by measuring
the density of GFP fluorescence per surface area (NIH Image]
1.45).

For polysialylation of cultures by PSTy,,, the enzyme (30
milliunits/ml) and CMP-Neu5Ac substrate (10 mMm) were
added to the culture medium for 2 h at 37 °C in the absence of
serum and antibiotics. After 2 h, cells were returned to their
usual medium. Cultures of differentiating mESCs into mo-
toneurons were treated on day 1 and day 3 of differentiation.

For trypsinization of CHO cells, cultures were treated with 5
mMm EDTA in Hanks’ balanced salt solution (HBSS) at 37 °C for
10 min to detach cells from the dish. The cell suspensions were
incubated with PSTy,, and CMP-Neu5Ac for 2 h at 37°c,
washed in PBS, then treated with 0.04% trypsin in calcium-free
HBSS with 10 mm CaCl, for 25 min at 37 °C. Controls were
incubated in calcium-free HBSS with 10 mm CaCl,. After wash-
ing, cells were processed for immunostaining.

Cells were fixed in 4% paraformaldehyde (10 min) and incu-
bated overnight with the 5A5 mouse IgM anti-PSA antibody
(1:2000). A Cy3-conjugated goat anti-mouse secondary anti-
body (1:800) was used to visualize staining.

Schwann Cell Adhesion Assay—T o assess the effect of PSA on
SC cell-cell adhesion, suspensions of 10,000 SCs prelabeled red
with CellTracker Orange CMRA (Invitrogen) were seeded on a
confluent monolayer of GFP-expressing SCs in a 12-well plate,
in a total volume of 500 ul of PBS. The cultures were mixed
carefully using a cross-shaped horizontal motion for 10 s. After
a 10- or 20-min adhesion time at room temperature, the liquid
with floating cells was slowly removed and the culture gently
rinsed with 500 ul of PBS and fixed with 4% paraformaldehyde
and then washed in PBS. Red cells that adhered to the mono-
layer were counted in three equal fields, using a 10X objective.
The following four conditions were analyzed: (i) both red and
green cells were pretreated with PSTy,,, and donor substrate for
2 h before co-culture (SC + PST\,,/S); (ii) both red and green
cells overexpressed the PST gene (SC-PST); (iii) both red and
green cells overexpressed the PST gene and were pretreated
with PST\,, and donor substrate for 2 h (SC-PST + PST\,./S);
(iv) control cells were induced neither by PST gene nor by
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PST . (SC). All conditions were repeated two times in tripli-
cate. The results were compared using a two-way ANOVA
with Bonferroni post tests (GraphPad Prism 5.0c), and data
expressed as means = S.E.

Immunoblot Analysis—Samples were extracted in lysis
buffer (1% Nonidet P-40, 150 mm NaCl, 1 mm EDTA, 25 mm
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(5% nonfat dry milk in TBS-T), a rabbit polyclonal IgG anti-
mouse NCAM antibody (RO25b, 1:7500) was added overnight
at 4 °C. Following washing in TBS-T (three times for 5 min), an
anti-rabbit IgG peroxidase-conjugated secondary antibody
(1:7500; Jackson Laboratories) was applied for 90 min before
washing again in TBS-T (six times for 5 min). For PSA immu-
noblotting, the 5A5 mouse monoclonal IgM (1:500) and a per-
oxidase-conjugated anti-mouse IgM secondary antibody
(1:5000) were used instead. Finally, the signal was detected
using the ECL system (Pierce).

In Vivo Injection of PST,,,,—All animal handling and exper-
imentation were conducted according to institutional and NIH
guidelines. Under deep pentobarbital anesthesia, 4 —5-month-
old male mice (BALB/c) were prepared for surgery and stabi-
lized in a stereotaxic frame. A small opening was drilled in the
skull (bregma: 0.3 mm posterior; 1.5 mm lateral), and a 1-ul
mixture of PSTy,,, (3 ng/ul) and CMP-Neu5Ac substrate (5
mwm) was slowly injected in the cerebral cortex or deep into the
striatum, using a fine capillary pipette. For the spinal cord, sim-
ilar injections were performed at the lumbar level (L4 -5). Con-
trol injections used either PSTy;,, or donor substrate alone.
Mice with spinal injections were sacrificed 1 or 2 days later.
Those with cortical or striatal injections were sacrificed 2.5, 4,
or 6 h after injections as well as 1, 2, 7, 14, 21, or 28 days later
(five mice/treatment after 1 day and three animals/treatment
for the remaining time points). Three NCAM-null animals with
cortical injections of PST,, /substrate were sacrificed after 2
days. All animals were perfused with 25 ml of a 7.4 pH phos-
phate buffer saline solution followed by 25 ml of a 4% parafor-
maldehyde, 0.1 M, 7.4 pH phosphate buffer solution. The brain
and spinal cord were dissected out and postfixed for48 hat4 °C
in the same fixative. The samples were sectioned at 50 um using
a vibratome and immunostained for PSA (5A5 mouse mono-
clonal IgM antibody, 1:2000 and Cy3-goat anti-mouse IgM sec-
ondary antibody, 1:800) (14). Immunostaining was imaged
using a Zeiss 510 confocal microscope.

RESULTS

PSTy,,, Synthesizes PSA on Surfaces of Cultured Cells—To
test the efficacy of PSTy,, in vitro, cell cultures derived from
various vertebrate sources were incubated with the enzyme (30
milliunits/ml) and its donor substrate, CMP-Neu5Ac (10 mm)
for 2 h. These studies utilized the PSA-negative DF-1 chicken
fibroblast cell line and primary cultures of rat SCs that display
low, sporadic levels of endogenous PSA in a few cells. Exposure
of DF-1 cells to either PSTy,, or donor alone did not result in
PSA synthesis. However, when the cells were incubated with
both enzyme and donor substrate, high levels of PSA immuno-

reactivity appeared on their surfaces (Fig. 14). When the SC
cultures were preincubated with PST,,, and its substrate, high
levels of PSA expression were observed on the surface of all cells
in culture (Fig. 1B). Post-treatment with endo-N, an enzyme
that specifically cleaves PSA (33), completely abolished expres-
sion from the PSTy,, /substrate-treated cultures (Fig. 1B). Sim-
ilar results were obtained when the cell lysates were probed for
NCAM and PSA (Fig. 1C).

Injection of PSTy,,, Produces PSA in Brain Tissues in Vivo—
To test the ability of PSTy,, to produce PSA on brain cells in
vivo, 1 pl of enzyme (3 pug/pl) and donor (5 mm) mixture in PBS
was stereotaxically injected in the cerebral cortex, striatum, or
spinal cord, and 24 h later the tissues were fixed by perfusion for
PSA detection by immunohistochemistry. In each case, injec-
tion of the enzyme alone did not produce detectable PSA (Fig. 2,
A, D, and F). In the cerebral cortex, the enzyme/substrate com-
bination produced widespread PSA immunoreactivity around
the needle track, with clear variability in size and shape of poly-
sialylated area between samples (Fig. 2, B and K). The PST . -
induced PSA could be removed by treatment with endo-N (Fig.
2C). When injected into the striatum, PST ,,, and donor again
diffused readily and produced intense PSA staining (Fig. 2, E
and L). However, bundles of myelinated fibers running
through the striatum were not well polysialylated (Fig. 2E).
Examination of the injected spinal cord also revealed large
amounts of PSA, with immunostaining often extending over
the entire dorso-ventral span of the cord (Fig. 2, G—J) and as
far as 3 mm along the rostro-caudal axis (Fig. 2J). PSA
expression occurred throughout the neuropil and on cell
surfaces (Fig. 2H) as well as on axonal pathways such as the
corticospinal tract (Fig. 21).

Brain Polysialylation by PSTy,,, Is Rapid, Persistent, but Not
Permanent—The kinetics of PSA production by PSTy,,, was
examined in the cerebral cortex and striatum. In the cerebral
cortex PSA synthesis was readily visible 2 h 30 min after injec-
tion (Fig. 3A) and by 6 h reached a plateau level similar to the
amount observed after 1 day. These high levels were main-
tained for a few days (Fig. 3B) and then decreased gradually over
the following weeks. Although PSA was still detected by 3
weeks, its amounts were considerably decreased (Fig. 3C). In
the striatum, however, whereas PSA was also present by 2 h 30
min (Fig. 3D), the decrease was more rapid, with almost no
staining remaining after 2 weeks (Fig. 3E). These observations
attest to the rapidity of brain polysialylation with the PST,,
approach and suggest that the rate of elimination of PST, -
induced PSA can vary among brain regions.

FIGURE 1. Addition of PSTy,,/substrate induces high levels of PSA on DF-1 and Schwann cells in culture. PSA was detected using the highly specific 5A5
monoclonal antibody. A, chicken DF-1 fibroblast cells are known to have no detectable PSA expression, and incubation either with PSTy,,, or donor substrate
alone produced no PSA. However, simultaneous addition of PSTy,,, and CMP-Neu5Ac produced high levels of PSA expression on cell surfaces (red). B, rat
primary GFP-SC (green) cultures were treated with PSTy,/substrate and then fixed and immunostained for PSA. Control cultures express insignificant amounts
of PSA (red). However, with PSTy,,,/substrate treatment, very high levels of PSA expression are observed on both the cell bodies and processes of GFP-SCs.
Incubation with the PSA-specific endo-N completely abolished PSTy,,-induced PSA staining. Scale bar, 100 um. C, SC cultures, with or without PST\,, treatment,
were processed for electrophoresis. Immunoblotting for NCAM revealed the presence of the 120- and 140-NCAM isoforms in untreated cells, with a light
polysialylation smear extending to about 250 kDa. The same pattern was observed with addition of PSTy, alone. Incubation of cells with both enzyme and
donor substrate shifted the smear to higher molecular masses. Addition of endo-N completely eliminated all the PSA-associated smears. Immunoblotting for
PSArevealed that PSTy,,, and donor substrate produced a heavy band above 250 kDa, which was absent in control cells or samples treated with enzyme alone.
This band disappeared completely after endo-N treatment.
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FIGURE 2. In vivo administration of PSTy,, and donor substrate induces high levels of PSA expression in brain tissues. PSTy,,, and CMP-Neu5Ac
were co-injected into the cerebral cortex, striatum, or spinal cord. Animals were perfused 24 h later and immunostained for PSA. Injection of enzyme
alone produced no PSA in all three regions (A, D, and F; arrow, needle track). With co-administration of PSTy,,, and substrate, large amounts of PSA were
detected in the cerebral cortex (B), and treatment with endo-N (C) completely abolished this staining (transverse sections). Although large portions of
the striatum (transverse section) were polysialylated following injection of PSTy,, and donor substrate (E), the dense bundles of myelinated fibers that
traverse the striatum (stars) showed little or no PSA staining. High PSA expression was also observed in the spinal cord (G) (sagittal section), with good
rostro-caudal as well as dorso-ventral extension of staining (SG, endogenous PSA in substantia gelatinosa). Scale bars, 100 um in A-G. An example from
the spinal gray matter (H) shows PSA staining in the neuropil (star) as well as on cell surfaces (arrows), with the cytoplasm of cells remaining devoid of
PSA (dark). Arrowhead indicates a capillary. Scale bar, 50 um. In the white matter, such as the corticospinal tract (/), PSA was readily visible on axons
(arrows). Scale bar, 50 um. J, view of a sagittal spinal section shows an example with good rostro-caudal spread of PSA staining, which sometimes
exceeded 3 mm. Note the irregular shape of the stained area (double arrow indicates the extent of PSA staining. Dotted line, injection track. Scale bar, 100
um). The bottom drawings are overlays of coronal maps (red, blue, green, and yellow) from four representative samples with cortical injection (K) and four
samples with striatal injection (L) showing the variability in size and shape of the area of PSA expression among PSTy,,,/S-injected animals. Each color
represents one sample. Cx, cerebral cortex; S, striatum; CC, corpus callosum; V, lateral ventricle.
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FIGURE 3. In vivo production of PSA by PST,,,, is rapid and persistent but not permanent. PSA expression by PSTy,, in the cerebral cortex was detected
within 2 h 30 min after injection, was still intense after 2 weeks, and began to decrease in amount after 3 weeks. In the striatum, this reduction was already more
pronounced by 2 weeks. Arrow, needle track; arrowheads, diffusion and polysialylation along the corpus callosum (cc); stars, bundles of myelinated fibers.

Transverse sections are shown. Scale bar, 100 um.
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FIGURE 4. PST),,, adds PSA to NCAM as well as to other surface proteins. A, injection of PSTy,,, and donor substrate in the cerebral cortex of NCAM-null mice
(lacking all NCAM isoforms) produced high levels of PSA expression as shown by immunostaining 2 days later (sagittal section shown; scale bar, 100 wm).
B, PSTy treatment and NCAM immunoblotting of CHO cells showed no band in control cells. An NCAM-140 band was detected when cells were transfected
with this isoform. This NCAM was lightly polysialylated (smear below 250 kDa), and the PSA smear was extended above 250 kDa when cells were incubated with
PST\m and substrate. PSA immunoblotting of preparations of CHO cells (with no NCAM construct) showed that PST,,,, produced a strong band above 250 kDa,
which was absent in control samples. C, suspensions of CHO cells were incubated with PSTy,, and donor substrate and immunostained for PSA. Staining was
clearly present on their surfaces, and it was completely removed following treatment of the live cells with either endo-N or trypsin. Scale bar, 20 pm.

PSTy,,, Can Synthesize PSA on NCAM, but Mostly Adds PSA
to Other Cell Surface Protein Acceptors—SDS-PAGE immuno-
blots for NCAM of cultured SCs showed that these cells express
the 120- and 140-NCAM isoforms, with a light smear charac-
teristic of polysialylated material extending below 250 kDa
(Fig. 1C). Treatment with PSTy,, and donor substrate
extended the smear to above 250 kDa, suggesting additional
NCAM polysialylation by the enzyme, and the entire smear

SEPTEMBER 21, 2012+VOLUME 287 -NUMBER 39

was absent after endo-N incubation (Fig. 1C). When the
same extracts of PST,, /donor-treated cells were analyzed
by immunoblotting with anti-PSA, an intense band of PSA-
positive material was revealed, most of which displayed elec-
trophoretic characteristics different than those found in the
NCAM immunoblots. This difference suggested that NCAM
is not the dominant acceptor for the synthesis of PSA by
PSTy,, To verify the attachment of PSA to acceptors other
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than NCAM, PST,, and donor substrate were injected into
the cerebral cortex of NCAM-null animals. Large amounts of
PSA immunoreactivity were produced (Fig. 44), confirming
that the presence of NCAM is not required for PSTy,, syn-
thesis of PSA.

To characterize further the attachment sites for the PSA pro-
duced by PST,,,,, studies were carried out with CHO cells that
express undetectable levels of PSA and its typical carrier
NCAM (Fig. 4B), or that have been stably transfected with
NCAM-140. With the NCAM-140 CHO cells, immunoblotting
for NCAM showed a band around 140 kDa with a polysialyla-
tion smear below 250 kDa, and incubation of these cells with
PSTy,,, and donor substrate extended the NCAM smear above
250 kDa. However, even with addition of PSTy,,, most of the
NCAM-140 remained unpolysialylated, similar to the results
observed with SCs. Finally, with the NCAM-null CHO cells,
treatment with PST,,, and donor generated large amounts of
PSA migrating above 250 kDa (Fig. 4B), again indicating the
presence of major acceptor(s) other than NCAM.

To investigate further the nature of the non-NCAM carri-
er(s) of PSTy,,,-produced PSA, live untransfected CHO cells,
treated with PST,,/donor, were trypsinized and washed to
remove surface proteins prior to immunostaining. Under these
conditions, no PSA immunostaining remained (Fig. 4C), sug-
gesting that the acceptors for PST,,, are cell surface proteins.

PSA Produced by PSTy,, Attenuates Cell-Cell Adhesion—
The addition of PSA to non-NCAM acceptors raises the critical
question as to whether the PSTy,,-produced polymer exhibits
the biological activity of endogenous PSA attached to NCAM.
The best documented activity of PSA-NCAM is its ability to
attenuate cell adhesion (3). To assess the effect of PSTy,,-in-
duced PSA on cell adhesion, suspensions of red-labeled SCs
were allowed to settle on a monolayer of GFP-expressing SCs
for 10 or 20 min, and adherent cells were counted. As expected,
overexpression of the mammalian PST in SCs significantly low-
ered the numbers of adherent red cells (p < 0.01) (Fig. 5). Pre-
treatment of the cells with PST;,,, and donor also markedly
reduced adhesion of SCs to each other (p < 0.01). Addition of
PSTy,, and donor to the PST-transfected SCs produced an
even greater effect (p < 0.01), with almost complete inhibition
of adhesion.

PST,,,-induced PSA Facilitates Neurite Outgrowth and Cell
Migration—PSA is known to facilitate neurite outgrowth and
cell migration (for review, see Ref. 4). To evaluate PSTy,,, with
respect to these parameters, mouse embryonic stem cells
expressing GFP under a motoneuron-specific promotor
(HB9::GFP mESC) (30) were treated with enzyme and donor
substrate to produce PSA (Fig. 6A4) during differentiation into
motoneurons. GFP-positive neurons in control ESC-derived
EBs began extending neurites on day 4 of the differentiation
process. The GFP-positive cell bodies also began to migrate
away from the EBs either along axon bundles or freely on the
dish floor. Introduction of the mouse PST gene into these cells
to enhance their PSA expression increased neurite outgrowth
and cell emigration from EBs, which becomes very obvious on
day 6 (Fig. 6, B and D). When control cells were treated with
PSTy,. and donor, the patterns of neurite growth and cell
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FIGURE 5. PSA produced by PST,,,, attenuates cell-cell adhesion. Suspen-
sions of red-labeled SCs were seeded onto a confluent monolayer of GFP-
expressing SCs, and the red cells that adhered to the monolayer were exam-
ined 10 or 20 min later. A, example shows red-labeled SCs that adhered after
20-min attachment time. B, there were much fewer adherent cells following
polysialylation by PST,,. Scale bar, 100 um. C, quantification revealed that
PSTym-produced PSA inhibits cell-cell adhesion even more effectively (SC +
PST\m/S) than PSA produced by introduction of the PST gene (SC-PST). The
effects of PSTy,, and PST are additive (SC-PST + PSTy,/S) (two-way ANOVA:
p < 0.0001, F = 128.7,n = 6 for each data point, error bars: S.E.).

migration were comparable with the effects produced by the
PST gene (Fig. 6, B-D). Addition of PST,, to cultures that
express the PST gene had an additive effect, with much exten-
sive neurite outgrowth and a complete disintegration of the EBs
into migrating cells on the dish floor (Fig. 6B).

DISCUSSION

The present findings reveal that PST,,,, can be employed as a
simple and efficient tool to add PSA to the surface of different
cell types in culture or in the brain. Previous studies have shown
that purified PSTy,,, is able to synthesize PSA on a variety of
proteins having in common a glycomoiety with a minimum of 2
tandem sialic acid residues that serves as the direct acceptor
(26, 27). The fact that PSA produced by PSTy,,, on surfaces of
live animal cells is removed by trypsinization suggests that the
enzyme also polysialylates membrane-bound proteins. As initi-
ation of PSA synthesis by PST ,,, has been shown to require a
terminal disialic acid primer (26, 27), it is likely that these pro-
teins bear such a moiety. However, it remains possible that
smaller amounts of PSA are added to other disialoacceptors,
such as glycolipids.

The natural acceptor(s) for PSTy,,, in N. meningitidis are as
yet undefined. In the bacterium, PST.,,, produces PSA at the
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FIGURE 6. PSTy,,-induced PSA promotes neurite outgrowth and cell migration. Theses studies utilized mESCs expressing GFP under the HB9 promoter.
A, undifferentiated cultures of mESCs were processed for PSAimmunoblotting. These cells have undetectable levels of PSA as shown in control samples treated
with the enzyme without donor substrate. However, incubation with both PSTy,,, and substrate produced a large PSA band above 250 kDa, which was removed
with endo-N treatment. B, EBs of these mESCs were induced to differentiate toward a motoneuronal phenotype, using retinoic acid and SHH analog. At the end
of incubation on day 6, control cells had extended GFP-positive neurites. With cells that were modified to stably express mouse PST (PST), there was substan-
tially more neurite outgrowth, and GFP-positive cell bodies were observed migrating out of the EBs (arrowheads), which started to flatten and disperse.
Treatment of the EB cultures with PST,,, and donor substrate produced an effect similar to mouse PST, enhancing both neurite outgrowth and cell migration.
When cells expressing mouse PST were also treated with PSTy,, and substrate, the effects on neurite outgrowth and cell migration were enhanced, with EBs
appearing to completely disintegrate and neurites and cells covering most of the dish floor. Scale bar, 100 um. C,immunostaining of 6-day cultures that were
pretreated with PST,,, and substrate showed PSA on the GFP-positive neurites of motoneurons as well as on the GFP-negative neurites (see overlay) of cells
that differentiated into other neuronal types. Scale bar, 100 um. D, the PSA-induced spreading of neurites and cells on the dish floor was estimated by
measuring the density of GFP fluorescence/surface area (NIH ImageJ 1.45). Like the PST gene, PST,,//substrate increased the spreading of neurites and
cells, and the effect was much higher with the use of both enzymes (one-way ANOVA: p < 0.0001, F = 23.33; Tukey's post-test: *, p < 0.05; **, p < 0.01;
*** p < 0.001; error bars: S.E.).

cytoplasmic face of the inner membrane, after which the poly-
mer is translocated to the outer capsule. Although PST,, is
described here as a therapeutic tool, the remarkable effective-
ness of the enzyme in modifying surface proteins of animal
cells, together with its activity with a variety of molecules in
solution (26, 27), may help to understand its mechanism of
action in bacteria as well.

The polysialylation by PST ,,, occurs rapidly and persists for
a period of weeks in vivo, and is not permanent. It is also bio-
logically active in terms of cell adhesion, cell migration, and
axon outgrowth. These characteristics suggest that this proce-
dure can be suitable for therapeutic use of engineered PSA in
tissue repair, in addition to providing a new tool for basic stud-
ies. Although the majority of PSA produced by PST,,,, appears
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to be attached to surface proteins other than NCAM, the bio-
logical activity of this PSA, ranging from simple cell adhesion to
quite complex axonal and cell migration behavior, is very sim-
ilar to that exhibited by endogenous PSA-NCAM. Functional
equivalence might seem unlikely for such a simple glycomoiety
produced on different membrane anchors. However, it is con-
sistent with the fact that the effects of PSA on cell adhesion do
not require the presence of an intact NCAM protein (3) and
that its ability to attenuate cell interactions at least in part
depends on the steric hindrance produced between apposing
cell membranes by its enormous hydrated volume (3, 4). Thus,
the present demonstration that PSA has biological activity
when produced by a totally foreign synthetic mechanism,
mostly on non-NCAM acceptors, provides strong support for
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the functional importance of the intrinsic biophysical proper-
ties of PSA.

The use of injected PST\,,, has several potential advantages
over viral delivery of the vertebrate polysialyltransferase genes.
The relatively rapid and transient nature of this direct synthesis
matches well with the time course of cell migration and axon
growth in vitro. Moreover, whereas limited viral diffusion in
tissues largely restricts genetically induced PSA expression to
the vicinity of the injection site, the rapid diffusion of PST\,,,
and its donor substrate in tissues produces large areas of PSA
expression and thus should be more suitable for long range
regenerative applications, such as treatment of spinal cord inju-
ries. In addition, multiple injections can be used to extend the
duration and extent of polysialylation as needed. PST,,,, would
add PSA to surface molecules present on most if not all cell
surfaces. Given that the effects of PSA are strongest when both
apposing cells carry the polymer (34), this feature could be valu-
able when several distinct cell types or membrane regions are
involved in a complex repair process, such as growth of axons
through and into a complex mixture of neuronal and glial cells.

Viral introduction of vertebrate PST or STX gene into cul-
tured SCs has proven effective in augmenting their reparative
efficacy after transplantation into the lesioned spinal cord (21—
24) and has shown promise in improving stem cell-based ther-
apies (18). The cellular basis for these treatments involves cell
migration and axon outgrowth, which as shown here can also
be augmented by the PSA produced by PSTy,,,. Thus, it will be
possible to compare the genetic and biochemical approaches
for PSA production not only with respect to behavioral out-
come, but also in terms of distinct cellular changes. In the pres-
ent study we used stem cell-derived motoneurons to document
the cellular activity of PSTy,,-generated PSA. Expression of
PSA by motoneurons is critical for proper innervation of mus-
cle both during development (35) and during regeneration fol-
lowing lesion of the adult peripheral nerve (36). These findings
suggest that the PSTy,, approach may also be of value in
enhancing growth of motoneuron axons iz vivo.

There remain several factors to be considered in the use of
PSTy,, for therapeutics. Some highly compact tissue structures
such as myelinated fiber bundles in the striatum are either not
well penetrated by soluble proteins and remain resistant to
polysialylation by PST ,,, or do not express enough disialylated
acceptor molecules. This could be tested by adding Cst-1I, a
well defined bacterial sialyltransferase which makes the primer
for PSTy,, in vitro (26, 27). The rate of elimination of PST -
induced PSA also appears to be variable among brain regions,
possibly reflecting differences in the turnover of polysialylated
membrane proteins. Although there were no obvious effects on
the animals’ health following PST,,, injection, side effects
should be carefully evaluated before any therapeutic consider-
ation. However, the relatively weak immune response of the
CNS and the transient nature of PST,,, polysialylation suggest
that this may not be a major issue.
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