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Fig. 3. (a) Neutralizing titers in the plasma of vaccinated mice. Titers

were calculated as previously described (15). (b) SARS-CoV titers in.the
lung lavage of vaccinated mice. Bar shows the SEM (n = 3).
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Fig. 4. Concentrations of TNF-e, [L-6 and MCP-1 in the lung lavage
of vaccinated mice. Cytokines and chemokines in the lung lavage of
vaccinated and control mice on day 3 after SARS-CoV infection were
assayed by flow cytometry using a mouse inflammatory cytokine (IL-6,
1L-10,'MCP=1, IFN-y, TNF-a and 1L-12p70) cytometric bead array kit. Bar
shows the SEM (n = 3).

epitope of SKOT-20 localizes to the RBD of the S protein
and exhibits the most potent neutralizing activity (18).
To demonstrate that the anti-spike neutralizing antibody
is mainly responsible for the protective efficacy we ob-
served in SARS model mice, we administered SKOT-20
i.p. once, just before Pp infection. As shown in Figure 5a,
the mice treated with SKOT-20 recovered from the loss of
bodyweight and were resistant to the fatal outcome as we
observed in vaccinated mice.
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When we measured a virus titer in the lung lavage at day
3 after SARS-CoV infection, it was dramatically decreased
in accordance with the concentration of neutralizing an-
tibody given (Fig. 5b). The level of serum neutralizing an-
tibody in these mice was proportionally high at this time
point. The neutralizing activity was low but still detectable
in the lung lavage. These results clearly show that the neu-
tralizing antibody against S protein is highly effective to
prevent SARS development.

Kinetics of cytokine and chemokine
production

We have observed a high level of IL-6 and MCP-1 produc-
tion in Pp and SARS-CoV-coinfected mouse lung lavage
at day 3 after SARS-CoV infection (Fig. 4). However, the
cytokine profiles in these mice may be variably modi-
fied by Pp infection alone, SARS-CoV infection, or both.
Therefore, we measured 20 cytokines in lung lavages of
these protected and unprotected mice by using a mouse
cytokine 20-plex antibody bead kit at day 0 (after Pp in-
fection before SARS-CoV infection), day 1, day 2 and day
3 after SARS-CoV infection as previously reported (16).
The production of two cytokines, IL-6 and MCP-1, were
increased at days 2 and 3 after SARS-CoV infection in asso-
ciation with high titers of SARS-CoV, as shown in Figure 4.
Interestingly, the production of IL-6 was increased by Pp
infection alone, decreasing on day 1 and increasing again,
whereas that of MCP-1 increased only after SARS-CoV
infection. These cytokines were not increased in protected
mice (Fig. 6a), suggesting the importance of these two cy-
tokines in the lung pathogenesis. Other cytokine profiles
are shown in Figure 6b and c. The level of IP-10 was quite
high after SARS-CoV infection on day 1. However, even
protected mice produced a high level of IP-10. In contrast,
macrophage inflammatory protein (MIP)- 1, TNF-¢, and
KC were produced only before SARS-CoV infection and
the levels of IFN-y and VEGF were consistently low. The
concentrations of other cytokines were low or below the
limit of detection (data not shown). These results sug-
gest that IL-6 and MCP-1 play some roles in the lung
pathogenicity by Pp and SARS-CoV coinfection.

DISCUSSION

In the present study, we evaluated the protective efficacy of
our SARS vaccine candidates: UV- or UV-plus-formalin-
inactivated whole virion and recombinant DIs expressing
the S protein (DIs-S) using a murine model system of
severe respiratory disease caused by the coinfection of
Pp and SARS-CoV. The results shown in this paper sug-
gest that whole virion vaccines, either with or without
formalin treatment, and DIs-S were protective against a
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highly pathogenic pulmonary infection of SARS-CoV in
the presence of opportunistic infection by Pp. By giving
SKOT-20 just before SARS-CoV infection, the mortality
of mice coinfected with Pp and SARS-CoV was dramat-
ically reduced. The level of serum neutralizing antibody
in these mice was proportionally high and a virus titer
in the lung lavage after SARS-CoV infection was sub-
stantially decreased in accordance with the concentration
of neutralizing antibody given. Therefore, if a high titer
of neutralizing IgG antibody against the S protein is sys-
temically elicited by vaccination, it would be sufficient to
prevent SARS development.

Treatment with convalescent plasma has been success-
fully used to treat SARS, suggesting that passive immunity
might be a useful approach by which to combat SARS.
(19) Subbarao et al. have shown that passive transfer of
murine neutralizing antibodies can prevent replication of
SARS-CoV in the respiratory tract (20). This antibody has
been shown to neutralize the virus in vitro and to prevent
viral replication in a mouse model of SARS-CoV infec-
tion. Sui et al. have investigated the antiviral activity of a
human monoclonal antibody to the S1 protein that blocks
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Fig. 5. (a) (Left) Bodyweights of mice injected
with SKOT-20 in a murine model system of
severe respiratory disease caused by the
coinfection of Pp and SARS-CoV. Mice were i.p.
injected with 10, 50 or 200 g SCOT-20 just
before Pp infection and weighed daily. Mice
were injected with 10 ug (&), 50 pg (@), or
200 pg (@) of SKOT-20 or 200 pg control IgG
(O). Bar shows the SEM (n > 8). (Right) Survival
curves of mice injected with SKOT-20. (b) (Left)
SARS-CoV titers in the lung lavage of mice
injected with SKOT-20. (Right) Neutralizing titers
in serum and lung lavage of mice injected with
SKOT-20. Bar shows.the SEM (n = 3).

receptor association (21), demonstrating the prophylactic
effectiveness of this monoclonal antibody in vivo using a
mouse model of SARS (9). Recently, several humanized
monoclonal antibodies against the S protein have been
developed for therapeutic application (22, 23). Many of
the neutralizing antibodies against SARS-CoV recognize
a RBD in S1 of the spike protein, but other N-terminal
domains of the S1 and S2 domains also have neutralizing
epitopes (8). For the passive immunization to be highly
effective, a combination of neutralizing antibodies recog-
nizing several epitopes of the S protein should be designed
so that virus escape mutation can be prevented.

The involvement of cytokines in the SARS pathogenesis
has been described (24-26). When the levels of various
cytokines and chemokines in the lungs of mice infected
with Pp and SARS-CoV were measured, high levels of
only IP-10 and IFN-y production were noted on day 2
following coinfection, but not on day 4 (11). Therefore,
the involvement of these cytokines in the high patho-
genesis caused by a coinfection with Pp and SARS CoV
has been suggested. In this study, we observed that the
production of IL-6 and MCP-1 were increased at day 3

(© 2008 The Societies and Blackwell Publishing Asia Pty Ltd
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Fig. 6. (a) Concentrations of IL-6 and MCP-1 in 20000~
the lung lavage of mice infected with SARS-CoV. En
(b) (Left) Concentrations of IP-10, IFN-y, and = 166004
MIP-1a in the lung lavage of mice infected with
SARS-CoV. (Right) Concentrations of TNF-, KC,

and VEGF in the lung lavage of mice infected
with SARS-CoV. 'Protected’ represents the mice ¢ 1
injected with 200 g SKOT-20 before infection

with SARS-CoV. Bar shows the SEM (n = 3).

after SARS-CoV infection in association with high titers
of SARS-CoV, whereas these cytokines were not increased
in vaccine-protected mice. Therefore; we analyzed the ki-
netics of multiple cytokine and chemokine production in
detail after Pp only and Pp and SARS-CoV coinfection
in naive and vaccinated mice. Although several cytokines
and chemokines were ubiquitously and temporarily up-
regulated during the lung inflammation caused by these
microbes, we found:that.the lévels and profiles of IL-6
and MCP-1 production were well matched with the dis-
ease severity and protection. The contribution of these
inflammatory cytokines to SARS in humans needs to be
investigated further.
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Proteasomal Turnover of Hepatitis C Virus Core Protein Is Regulated
by Two Distinct Mechanisms: a Ubiquitin-Dependent Mechanism and a
Ubiquitin-Independent but PA28y-Dependent Mechanism"
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We have previously reported on the ubiquitylation and degradation of hepatitis C virus core protein. Here we
demonstrate that proteasomal degradation of the core protein is mediated by two distinct mechanisms. One leads
to polyubiquitylation, in which lysine residues in the N-terminal region are preferential ubiquitylation sites. The
other is independent of the presence of ubiquitin. Gain- and loss-of-function analyses using lysineless mutants
substantiate the hypothesis that the proteasome activator PA28+y, a binding partner of the core, is involved in the
ubiquitin-independent degradation of the core protein. Our results suggest that turnover of this multifunctional
viral protein can be tightly controlled via dual ubiquitin-dependent and -independent proteasomal pathways.

Hepatitis C virus (HCV) core protein, whose amino acid
sequence is highly conserved among different HCV strains, not
only is involved in the formation of the HCV virion but also has
a number of regulatory functions, including modulation of
signaling pathways, cellular and viral gene expression, cell
transformation, apoptosis, and lipid metabolism (reviewed in
references 9 and 15). We have previously reported that the
E6AP E3 ubiquitin (Ub) ligase binds to the core protein and
plays an important role in polyubiquitylation and proteasomal
degradation of the core protein (22). Another study from our
group identified the proteasome activator PA28vy/REG-vy as an
HCV core-binding partner, demonstrating degradation of the
core protein via a PA28y-dependent pathway (16, 17). In this
work, we further investigated the molecular mechanisms un-
derlying proteasomal degradation of the core protein and
found that in addition to regulation by the Ub-mediated path-
way, the turnover of the core protein is also regulated by
PA28y in a Ub-independent mannet.

Although ubiquitylation of substrates generally requires at
least one Lys residue to serve as a Ub acceptor site (5), there
is no consensus as to the specificity of the Lys targeted by Ub
(4, 8). To determine the sites of Ub conjugation in the core
protein, we used site-directed mutagenesis to replace individ-
ual Lys residues or clusters of Lys residues with Arg residues in
the N-terminal 152 amino acids (aa) of the core (C152), within
which is contained all seven Lys residues (Fig. 1A): Plasmids
expressing a variety of mutated core proteins were generated
by PCR and inserted into the pCAGGS (18). Each core-ex-
pressing construct was transfected into human embryonic kid-
ney 293T cells along with the pMT107 (25) encoding a Ub

* Corresponding author. Mailing address: Department of Virology
11, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-
ku, Tokyo 162-8640, Japan. Phone: 81-3-5285-1111. Fax: 81-3-5285-
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moiety tagged with six His residues (Hisq). Transfected cells
were treated with the proteasome inhibitor MG132 for 14 h to
maximize the level of Ub-conjugated core intermediates by
blocking the proteasome pathway and were harvested 48 h
posttransfection. Hisg-tagged proteins were purified from the
extracts by Ni>*-chelation chromatography. Eluted protein
and whole lysates of transfected cells before purification were
analyzed by Western blotting using anticore antibodies (Fig.
1B). Mutations replacing one or two Lys residues with Arg in
the core protein did not affect the efficiency of ubiquitylation:
detection of multiple Ub-conjugated core intermediates was
observed in the mutant core proteins comparable to the results
seen with the wild-type core protein as previously reported
(23). In contrast, a substitution of four N-terminal Lys residues
(C152K6-23R) caused a significant reduction in ubiquitylation
(Fig. 1B, lane 9). Multiple Ub-conjugated core intermediates
were not detected in the Lys-less mutant (C152KR), in which
all seven Lys residues were replaced with Arg (Fig. 1B, lane
11). These results suggest that there is not a particular Lys
residue in the core protein to act as the Ub acceptor but that
more than one Lys located in its N-terminal region can serve as
the preferential ubiquitylation site. In rare cases, Ub is known
to be conjugated to the N terminus of proteins; however, these
results indicate that this does not occur within the core protein.

To investigate how polyubiquitylation correlates with pro-
teasome degradation of the core protein, we performed kinetic
analysis of the wild-type and mutated core proteins by use of
the Ub protein reference (UPR) technique, which can com-
pensate for data scatter of sample-to-sample variations such as
levels of expression (10, 24). Fusion proteins expressed from
UPR-based constructs (Fig. 2A) were cotranslationally cleaved
by deubiquitylating enzymes, thereby generating equimolar
quantities of the core proteins and the reference protein, di-
hydrofolate reductase-hemagglutinin (DHFR-HA) tag-modi-
fied Ub, in which the Lys at aa 48 was replaced by Arg to
prevent its polyubiquitylation (Ub®*®). After 24 h of transfec-

~111-

0102 ‘SL YoJely uo saseasiq Snoiosju| Jo apnysu] [euonen je 1o wse Al woiy papeojumog



2390 NOTES

A @

6-23 51 67 121
L 11} L] L] L] 1 0152
"ﬁl T T T T C152K6R
— — T C152K10R
"ﬂﬁ T T T ¥ C152K12R
TIT ﬁ T T T C152K23H
—rrr o T C152K51R
T g T C152K67R
T — T C152K121R
e T C152K6-23R
- R T C152K51-67R
o e m C152KR
e &8& 8
COCOCOCCOO0 U0 O« (kd
s
* 5 i
*gi i e by b h s - 46
%O P | S o % e W - ey
* | S oo i e e e e e e 1™ 30
Core | = r wemmm S e e

12 3456789101112

FIG. 1. In vivo ubiquitylation of HCV core protein. (A) The HCV
core protein (N-terminal 152 aa) is represented on the top. The posi-
tions of the amino acid residues of the core protein are indicated above
the bold lines. The positions of the seven Lys residues in the core are
marked by vertical ticks. Substitution of Lys with Arg (R) is schemat-
ically depicted. (B) Detection of ubiquitylated forms of the core pro-
teins. The transfected cells with core expression plasmids and pMT107
were treated with the proteasome inhibitor MG132 and harvested 48 h
after transfection. Hiss-tagged proteins were purified and subsequently
analyzed by Western blot analysis using anticore antibody (upper
panel). Core proteins conjugated to a number of Hisg-Ub are denoted
with asterisks. Whole lysates of transfected cells before purification
were also analyzed (lower panel). Lanes 1 to 11, C152 to C152KR, as
indicated for panel A. Lane 12; empty vector.

tion with UPR constructs, cells were treated with cyclohexi-
mide and the amounts of core proteins and DHFR-HA-UbR*®
at the indicated time points were determined by Western blot
analysis using anticore and anti-HA antibodies. The mature
form of the core protein, aa 1 to 173 (C173) (13, 20), and C152
were degraded with first-order kinetics (Fig. 2B and D).
MG132 completely blocked the degradation of C173 and C152
(Fig. 2B), and C152K6-23R and C152KR were markedly sta-
bilized (Fig. 2C). The half-lives of C173 and C152 were calcu-
lated to be 5 to 6 h, whereas those of C152K6-23R and
C152KR were calculated to be 22 to 24 h (Fig. 2D), confirming
that the Ub plays an important role in regulating degradation
of the core protein. Nevertheless, these results also suggest
possible involvement of the Ub-independent pathway in the
turnover of the core protein, as C152KR is more destabilized
than the reference protein (Fig. 2C and 2D).

We have shown that PA28vy specifically binds to the core
protein and is involved in its degradation (16, 17). Recent
studies demonstrated that PA28y is responsible for Ub-inde-
pendent degradation of the steroid receptor coactivator SRC-3
and cell cycle inhibitors such as p21 (3, 11, 12). Thus, we next
investigated the possibility of PA28y involvement in the deg-
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FIG. 2. Kinetic analysis of degradation of HCV core proteins. (A) The
fusion constructs used in the UPR technique. Open boxes indicate the
DHFR sequence, which is extended at the C terminus by a sequence con-
taining the HA epitope (hatched boxes). Ub®*® moieties bearing the Lys-Arg
substitution at aa 48 are represented by open ellipses. Bold lines indicate the
regions of the core protein. The amino acid positions of the core protein are
indicated above the bold lines. The arrows indicate the sites of in vivo cleav-
age by deubiquitylating enzymes. (B and C) Turnover of the core proteins.
After a 24-h transfection with each UPR construct, cells were treated with 50
pg of cycloheximide/ml in the presence or absence of 10 pM MG132 for the
different time periods indicated. Cells were lysed at the different time points
indicated, followed by evaluation via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot analysis using antibodies against the
core protein and HA. (D) Quantitation of the data shown in panels B and C.
At each time point, the ratio of band intensity of the core protein relative to
the reference DHFR-HA-UbR* was determined by densitometry and is
plotted as a percentage of the ratio at time zero.

radation of either C152KR or C152. Since C152KR carries two
amino acid substitutions in the PA28v-binding region (aa 44 to
71) (17), we tested the influence of the mutations of C152KR
on the interaction with PA28y by use of a coimmunoprecipi-
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tation assay. When Flag-tagged PA28y (F-PA28y) was ex-
pressed in cells along with C152 or C152KR, F-PA28v precip-
itated along with both C152 and C152KR, indicating that
PA28y interacts with both core proteins (Fig. 3A). Figure 3B
reveals the effect of exogenous expression of F-PA28y on the
steady-state levels of C152 and C152KR. Consistent with pre-
vious data (17), the expression level of C152 was decreased to
a nearly undetectable level in the presence of PA28vy (Fig. 3B,
lanes 1 and 3). Interestingly, exogenous expression of PA28y
led to a marked reduction in the amount of C152KR expressed
(Fig. 3B, lanes 5 and 7). Treatment with MG132 increased the
steady-state level of the C152KR in the presence of F-PA28y
as well as the level of C152 (Fig. 3B, lanes 4 and 8).

We further investigated whether PA28y affects the turnover
of Lys-less core protein through time course experiments.
C152KR was rapidly destabilized and almost completely de-
graded in a 3-h chase experiment using cells overexpressing
F-PA28y (Fig. 3C, left panels). A similar result was obtained
using an analogous Lys-less mutant of the full-length core
protein C191KR (Fig. 3C, right panels), thus demonstrating
that the Lys-less core protein undergoes proteasomal degra-
dation in a PA28y-dependent manner. These results suggest
that PA28y may play a role in accelerating the turnover of the
HCYV core protein that is independent of ubiquitylation.

Finally, we examined gain- and loss-of-function of PA28y
with respect to degradation of full-length wild-type (C191) and
mutated (C191KR) core proteins in human hepatoma Huh-7
cells. As expected, exogenous expression of PA28y or E6AP
caused a decrease in the C191 steady-state levels (Fig. 4A). In
contrast, the C191KR level was decreased with expression of
PA28v but not of E6AP. We further used RNA interference to
inhibit expression of PA28y or E6AP. An increase in the abun-
dance of C191KR was observed with PA28vy small interfering
RNA (siRNA) but not with E6AP siRNA (Fig. 4B). An in-
crease in the C191 level caused by the activity of siRNA against
PA28y or E6AP was confirmed as well.

Taking these results together, we conclude that turnover of
the core protein is regulated by both Ub-dependent and Ub-
independent pathways and that PA28y is possibly involved in
Ub-independent proteasomal degradation of the core protein.
PA28 is known to specifically bind and activate the 20S pro-
teasome (19). Thus, PA28y may function by facilitating the
delivery of the core protein to the proteasome in a Ub-inde-
pendent manner.

Accumulating evidence suggests the existence: of . protea-
some-dependent but Ub-independent pathways for protein
degradation, and several important molecules, such as p53,
p73, Rb, SRC-3, and the hepatitis B virus X protein, have two
distinct degradation pathways that function in a Ub-dependent
and Ub-independent manner (1, 2, 6, 7, 14, 21, 27). Recently,
critical roles for PA28y in the Ub-independent pathway have
been demonstrated; SRC-3 and p21 can be recognized by the
20S proteasome independently of ubiquitylation through their
interaction with PA28y (3, 11, 12). It has also been reported

that phosphorylation-dependent ubiquitylation mediated by -

GSK3 and SCF is important for SRC-3 turnover (26). Never-
theless, the precise mechanisms underlying turnover of most of
the proteasome substrates that are regulated in both Ub-de-
pendent and Ub-independent manners are not well under-
stood. To our knowledge, the HCV core protein is the first
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FIG. 3. PA28y-dependent degradation of the core protein. (A) In-
teraction of the core protein with PA28y. Cells were cotransfected with
the wild-type (C152) or Lys-less (C152KR) core expression plasmid in
the presence of a Flag-PA28y (F-PA28y) expression plasmid or an
empty vector. The transfected cells were treated with MG132. After
48 h, the cell lysates were immunoprecipitated with anti-Flag antibody
and visualized by Western blotting with anticore antibodies. Western
blot analysis of whole cell Iysates was also performed. (B) Degradation
of the wild-type and Lys-less core proteins via the PA28y-dependent
pathway. Cells were transfected with the UPR construct with or with-
out F-PA28y. In some cases, cells were treated with 10 pM MG132 for
14 h before harvesting. Western blot analysis was performed using
anticore, anti-HA, and anti-Flag antibodies. (C) After 24 h of trans-
fection with UPR-C152KR and UPR-C191KR with or without F-
PA28vy (an empty vector), cells were treated with 50 pg of cyclohexi-
mide/ml for different time periods as indicated (chase time). Western
blot analysis was performed using anticore and anti-HA antibodies.
The precursor core protein and the core that was processed, presum-
ably by signal peptide peptidase, are denoted by open and closed
triangles, respectively.
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FIG. 4. Ub-dependent and Ub-independent degradation of the
full-length core protein in hepatic cells. (A) Huh-7 cells were cotrans-
fected with plasmids for the full-length core protein (C191) or its
Lys-less mutant (C191KR) in the presence of F-PA28y or HA-tagged-
E6AP expression plasmid (HA-E6AP). After 48 h, cells were lysed and
Western blot analysis was performed using anticore, anti-HA, anti-
Flag, or anti-GAPDH. (B) Huh-7 cells were cotransfected with core
expression plasmids along with siRNA against PA28y or E6AP or with
negative control siRNA. Cells were harvested 72 h after transfection
and subjected to Western blot analysis.

viral protein studied that has led to identification of key cellu-
lar factors responsible for proteasomal degradation via dual
distinct mechanisms. Although the question remains whether
there is a physiological significance of the Ub-dependent and
Ub-independent degradation of the core protein, it is reason-
able to consider that tight control over cellular levels of the
core protein, which is multifunctional and essential for viral
replication, maturation, and pathogenesis, may play an impor-
tant role in representing the potential for its functional activity.
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We report here for the first time the isolation and identification of the common marmoset (Callithrix jacchus)
huntingtin (Htt) gene, whose ortholog in humans is known to be related to Huntington's disease (HD). A 9396
nucleotide complementary DNA (cDNA) carrying the putative full-length open reading frame of the
marmoset Htt gene was identified, and highly conserved nucleotide and amino acid sequences among
primates were observed. Based on this data and using tools evaluated for the detection of the marmoset Htt
gene, we have demonstrated gene silencing against the expression of endogenous Htt gene in immortalized
common marmoset mononuclear cells by means of RNA interference (RNAi). Taken together, the data
presented here may assist us in realizing a non-human primate HD mode! with the common marmoset.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Huntington's disease (HD) is an autosomal dominant neurodegen-
erative disease characterized by progressive and selective neural cell
death associated with choreic movement and dementia (Walker,
2007). The responsible gene for HD, the huntingtin (Htt) gene, has
been identified on chromosome 4q16.3 (Gusella et al., 1983; Gilliam
et al,, 1987), and an aberrant length of a CAG triplet repeat in exon 1,
followed by expanded tracts of polyglutamine in the Htt polypeptide,
is greatly involved in the onset of HD (Huntington's-Disease, 1993).
Although the molecular mechanisms of either normal or aberrant Htt
protein are still poorly understood, HD model animals (Mangiarini
et al,, 1996; Kazemi-Esfarjani and Benzer, 2000; von Horsten et al,
2003) and cells (Lunkes and Mandel, 1998) for understanding the
pathogenesis of HD and developing therapies have been established
by means of genetic engineering based on the genetic information of
Htt. The use of an animal model that is closely related to humans may
be particularly promising.

The common marmoset (Callithrix jacchus) is classified into the
Callitrichidae family of Platyrrini (New World monkeys) and has been

Abbreviations: HD, Huntington's disease; Htt, huntingtn; RNAi, RNA interference;
cDNA, complementary DNA; PBMC, peripheral blood mononuclear cell; RT, reverse
transcription; PCR, polymerase chain reaction; ORF, open reading frame; APP, amyloid
precursor protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green
fluorescence protein; CMV, Cytomegalovirus.

* Corresponding author.
E-mail address: hohjohh@ncnp.go.jp (H. Hohjoh).

0378-1119/$ - see front matter © 2008 Eisevier B.V, All rights reserved.
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used as a non-human primate experimental animal in various

research fields including gene therapy, autoimmune disease, organ

transplantation, and pharmacology (Kendall et al., 1998; Doods et al,,

2000; Deisboeck et al., 2003; t'Hart et al, 2003). Accordingly, it is

worth promoting studies with the common marmoset aimed at

overcoming neurodegenerative diseases such as HD, as the animal's -
close relationship to humans makes it well suited to this kind of study.

Indeed, a recent study has generated a non-human primate HD model

with the rhesus monkey (Macaca mulatta) (Palfi et al,, 2007; Yang

et al., 2008).

In this report, we describe for the first time the isolation and
characterization of a cDNA encoding the putative full-length open
reading frame of the common marmoset Htt gene, and present
experimental data based on the isolated ¢DNA. The data presented
here may provide us with useful information for establishing non-
human primate HD models with the common marmoset.

2. Materials and methods
2.1, Preparation of total RNA

Common marmoset total RNA was isolated from the brain tissue of
a stillborn marmoset fetus and immortalized monocytes (described
below) using Trizol (Invitrogen). The experiments with the common
marmoset complied with protocols approved by the ethical commit-
tee for primate research of the National Center of Neurology and
Psychiatry and adhered to the legal requirements of Japan.
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2.2. Established common marmoset cell lines

Adult common marmosets being reared at the Primate Research
Institute of Kyoto University or Tsukuba Primate Research Center were
anesthetized by ketamine, which was approved by the Animal Welfare
and Animal Care Committees of both institutes, and peripheral blood
was collected. From the collected blood samples, peripheral blood
mononuclear cells (PBMCs) were purified and immortalized by
infection of a 488-77 strain of Herpesvirus saimiri (kindly provided
by Dr. R. C. Desrosiers) as previously described (Akari et al,, 1996). The
established marmoset cell lines, designated HSCj-110, HSCj-009, and
HSCj-002, were phenotypically activated CD3+T lymphocytic cells and
grown in RPMI-1640 medium (Sigma) supplemented with 10% FCS,
50 mM 2-mercaptoethanol, and antibiotics.

2.3. Reverse transcription - (real time) polymerase chain reaction
[RT-(real time) PCR]

The common marmoset total RNAs were subjected to comple-
mentary DNA (cDNA) synthesis using oligo(dT) primers and a
Superscript IIl reverse transcriptase. (Invitrogen), according to the
manufacturer's instructions, and polymerase chain reaction (PCR)
using the cDNAs as templates was carried out by means of the ABI
GeneAmp PCR system 9700 (Applied Biosystems). In the case of real
time PCR, the cDNAs were examined by the AB 7300 Real Time PCR
System (Applied Biosystems) with a TagMan Universal PCR Master
Mix together with Assays-on-Demand Gene Expression products
(Applied Biosystems) or a SYBR Green PCR Master Mix together with
Perfect Real Time Primers (Takara Bio) or designed PCR primers,
according to the manufacturers’ instructions. Synthesized oligonu-
cleotide primers and purchased primer and probe were as follows:

Synthesized oligonucleotide primers:

HD1-F: 5-TATAGAATTCGGGAGACCGCCATGGCGAC-3'
HD1-ORF-R: 5'-TCAAGCGGCCGCTCAGCAGGTGGTGACCTTG-3'
HD1-1900R2: 5'-TAAAGGATCCCCGTCTAACACAATTTCAG-3’
CjHtt(1139)-F: 5'-TTATAGCTGGAGGCGGTTCC-3’
cjHtt(1254)-R: 5-GACGTCCGACCTCGATTCAG-3'

Purchased primer and probe:

Assays-on-Demand Gene Expression product for the human Htt
gene (Assay ID: Hs00169273_m1) (Applied Biosystems).

Perfect Real Time Primers for the human GAPDH gene (Primer-Set
ID: HA067812) (Takara Bio).

2.4. Cloning and sequence analysis of the full-length ORF of the
marmoset Htt gene

Complementary DNA derived from the common marmoset total
RNA was subjected to PCR: amplification using TaKaRa LA Tag
polymerase (TAKARA BIO) with the HD1-F and HD1-ORF-R primers
under the following thermal cycling conditions: heat denaturation at
94 °C for 1 min, 30 cycles of amplification including denaturation at
94 °C for 20 s and extension at 68 °C for 12 min, and a final extension at
72 °C for 10 min. The PCR product was examined by agarose gel
electrophoresis followed by ethidium bromide staining, and an
approximately 9.4 kb PCR band (Fig. 1) was purified from the gels
using a TOPO XL gel purification kit (Invitrogen). The resultant PCR
product was inserted into the pCR-XL-TOPO plasmid with a TOPO XL
PCR cloning kit (Invitrogen) and then sequence determination of the
insert was carried: out. To clarify uncertain nucleotide sequences,
additional RT-PCR targeting of uncertain regions followed by sequence
determination was performed and the precise nucleotide sequence
was confirmed. The determined nucleotide sequence encoding a
putative full-length ORF of the common marmoset Htt gene has been
registered in the GenBank database: accession number, AB443866.

1 3 2
" 4+ 4+
4 5
—>—
B M HSCj-009

23 kb -

Fig. 1. RI-PCR amplification. (A) Schematic drawing of putative Htr cDNA. Open reading
frame (ORF)is indicated by a yellow box. Arrows indicate synthesized PCR primers, which
are designed in possibly conserved nucleotide sequences: 1, HD1-F; 2, HD1-ORF-R; 3,
HD1-1900R2; 4, cjHtt(1139)-F; 5, ¢jHtt{1254)-R (detailed in Materials and methods). (B)
RT-PCR. The first strand cDNA was synthesized by RT using RNA isolated from immor-
talized common marmoset mononuclear cells (HSCj-009) as a template and oligo(dT) as
a primer. The following PCR was carried out using HD1-F and HD1-ORF-R primers. The
resultant PCR products were analyzed by gel electrophoresis with 0.6 % agarose gel
followed by ethidium bromide staining. Hind lil-digested ADNA was used as a DNA size
marker (M).

2.5. Western blotting

Equal amounts (~35 pg) of protein extracts from the common
marmoset and mouse brain tissues and established PBMC lines
(described above) were separated by SDS-PAGE with 5% polyacryla-
mide gels: and electrophoretically blotted onto PVDF membranes
(Millipore). Membranes were blocked for 1 h in biocking solution [5%
non-fat milk in TBST buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl and
0.1% Tween-20)] and incubated with 1/1000 dilution of mouse anti-
huntingtin protein monoclonal antibodies [MAB2166 and MAB2170
(Chemicon); ab7666 (Abcam)] followed by washing in TBST buffer and
further incubation with sheep anti-mouse Ig, HRP-linked whole Ab
(GE Healthcare): Antigen-antibody complexes were visualized using
ECL plus Western Blotting Detection Reagent (GE Healthcare). After
detection of signals, the membranes were subjected to antibody
removal in Re-Blot Plus strong antibody stripping solution (Chemicon)
followed by washing in TBST buffer, and then incubated with 1/1000
dilution of mouse anti-APP [MAB348 (Chemicon)] monoclonal anti-
body. Subsequent processes were the same as described above.

2.6. Gene silencirig of marmoset Htt by RNA interference

To monitor gene silencing against the common marmoset Htt gene,
we constructed a reporter plasmid carrying the 5/-terminal region of
the marmoset Htt linked with the GFP reporter gene: the PCR product
obtained from RT-PCR with the HD1-F and HD1-1900R2 primers was

~116-
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Table 1
Sequence homologies (%) among various species’ Htt genes
Homo sapiens Callithrix jacchus Canis lupus familiaris Bos taurits Sus scrofu Mus musclus Rattus norvegicus
Homo sopiens 95.1 870 840 84.1 86.1 85.8
97.0 92.0 89.5 88.6 91.2 91,2
Canis luptis familiaris 86.6 84.0 83.9 85.6 85:1
91.4 88.4 87.9 90.8 909
Callithrix jacchus 84.5 84.4 84.0 83.8
89.4 89.7 89.2 89.3
Bos taurus 86.8 81:2 81.3
89.3 87.1 87.4
Suss scrofa 809 80.8
86.9 87.2
Mus muschis 959
976

Rattus norvegicus

Figures in upper and lower stands represent nucleotide and amino acid sequence homologies, respectively, between two species.

trimmed with EcoRl and BamH]I, and inserted into the pd2EGFP-N1
plasmid (Clontech) treated with the same restriction enzymes. The
resultant reporter (5'Cj-Htt-GFP) plasmid and synthetic siRNA duplex
targeting the marmoset Htt (cjHtt-1 siRNA duplex) were cotransfected
into mouse neuroblastoma Neuro2a cells by Lipofectamine 2000
transfection reagent {Invitrogen) as described previously (Sakai and
Hohjoh, 2006). Two days after transfection, the cells were examined by
a fluorescent microscope. When the endogenous marmoset Htt gene
was inhibited by RNAI, the cjHtt-1 siRNA duplex (0.4 nmol/transfec-
tion) was introduced into HSCj-009 cells {1x 10 cells/transfection) by
means of a Nucleofector system (Amaxa Biosystems) according to the
manufacturer’s instructions. Two days after transfection, total RNA and
cell lysate were prepared from the cells and examined by RT-real time
PCR and Western blotting, respectively.

The nucleotide sequences of synthesized cjHtt-1 siRNA were as
follows:

Sense: 5-GCCUUUGAGUCCCUCAAGUUU-3’
Antisense: 5'-ACUUGAGGGACUCAAAGGCUU-3’

2.7. Sequence data and computational analyses

The Hit sequnece data derived from various species were as
follows [GenBank: accession. number]: human (Homo sapiens)
[NM_002111}; chimp (Pan troglodytes) [XM_517080}]; rhesus macaque
(Macaca mulatta) [XM_001086119]; canine. (Canis lupus familiaris)
[XM_536221); bovine (Bos taurus) [XM_866758]; wild boar (Sus
scrofa) [NM_213964}; mouse (Mus musclus) [NM_010414}; rat (Rattus
norvegicus) [XM_573634]; chicken (Gallus gallus) [XM_420822].
Although the rhesus macaque Htt sequence [XM_001086119] contains
20 undetermined nuclotides at positons 4932-4951 followed by 6
suspensive amino acid sequences, the sequence was. used- and
examined together with the other sequneces in this study.

Homo sapiens

Pan troglodytes
callithrix jacchus
Macaca mulatta

Canis lupus femilievie
Bos taurus

Sus scrofas

Mus musclus

Rattus norvegicus
Gallus gallus
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Sequence homology analysis of either nucleotide or amino acid
sequences was carried out by means of the GENETYX software
(Software Development Co., Ltd, Tokyo, Japan), where all the
parameters were set at default. For identification of the HEAT
repeats in the Cj-Htt protein sequences, the REP program (http://
www.embl-heidelberg.de/~andrade/papers/rep/search.html) deve-
loped by Andrade et al. was used.

3. Results and discussion
3.1. Isolation and characterization of the common marmoset Htt gene

To isolate and identify the common marmoset Hit (Cj-Htt) gene
and/or gene products, we focused on conserved regions in the Htt
gene and isolate cDNA clone of the Cj-Htt transcript. Highly
homologous regions (sequences) between the human and mouse Htt
genes, whose corresponding regions in the (j-Htt gene were also
expected to remain conserved, were selected, and PCR primers were
designed for such regions. We add that such conserved regions are
also detectable by BLAST search with the human Htt as a query on the
Trace archive of the Cj-database in NCBI RT-PCR with the designed
primers and total RNA extracted from common marmoset brain tissue
and established cell lines was carried out, and an approximately 9.4 kb
long PCR product, which was expected to contain the full-length open
reading frame (ORF) of j-Htt, was obtained (Fig. 1). The PCR product
was subjected to sequence determination and then compared with
various species’ Hit genes. From the results, it was clear that the PCR
product, which is 9396 nucleotides in length, was derived from the
common marmoset Htt gene which encodes a predicted 3131 amino
acid long Cj-Htt polypeptide (the sequence accession number in
GenBank is AB443866). Sequence homologies in the Htt gene among
various species are indicated in Table 1. From the data, it appears that
both the nucleotide and predicted amino acid sequences of the Cj-Htt

FOPQPERPPEPPEPEGP,
POFQPPPPPPEPRPEGE s B89
PQPOPPPPPPRPEPG %17
POPQPEFPPRPPEPPG 76

Fig. 2. Alignment of amino acid sequences in the Htt exon 1 and its corresponding regions. Sequence data were aligned based on the human Htt exon 1{top line). Amino acid residues
are color-coded based on the biochemical properties of the residues: hydrophobic amino acids 