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Fig. 3. Upregulation and activation, of pro-matrix metalloproteinases (pro-MMPs) in the myocardium and effects of trypsin inhibitor. A: kinetics of activity and
upregulation of MMPs in hearts as determined by zymography (/) and Western blot analysis (2) from days 0 to 60 postinfection. B-Actin was the internal control.
B-D: densitometry showed significant inhibition of upregulation of pro-MMP9 + active (act)MMP9 (B), pro-MMP-2 (C), and activation of pro-MMP-9 (D) by
Apr after IAV infection. Data are averages *= SD of 3 independent experiments from 7-10 mice/group. *P < 0.05 and **P < 0.01 vs. day 0; AP < 0.05 and

asP < 0.01 vs. no Apr treatment at the same time after IAV infection.

degradation, collagen deposition, and Col I and Col III mRNA
in the myocardium increased in IAV-induced acute and chronic
myocarditis. The differential increase in Col I and Col III
mRNA led to a decreased Col I-to-Col III ratio. Fourth, cardiac
function was transiently impaired in the acute stage and dete-
riorated with progressive ventricular dilation during the chronic
stage. Finally, trypsin inhibitor aprotinin suppressed pro-
MMP-9 activation and cytokine release, alleviated myocardial
inflammation, reduced collagen proliferation, and restored col-
lagen metabolism, thus effectively preventing ventricular dila-
tion and DCM for improved cardiac function.

Consistent with our previous study (39), we found that IAV
infection significantly upregulated ectopic trypsin, pro-MMPs,
and proinflammatory cytokines in acute myocarditis. However,
by day 20 postinfection, although replication of IAV could not
be detected in the myocardium, upregulation of trypsin,
MMPs, and proinflammatory cytokines persisted during the
chronic stage. One possible reason for the persistent upregu-
lation of these factors might be a trypsin-MMP-9-cytokine
cycle in the myocardium. Initially, IAV infection induces
upregulation of trypsinogen, pro-MMPs, and proinflammatory
cytokines through the Toll-like receptor 7/8-myeloid differen-
tiation primary response protein 88-NF-kB/activator protein
(AP)-1 signaling pathway in the acute stage (40, 50). Induced

trypsinogen is converted to trypsin through autoactivation or
by widely distributed endogenous activators (13). Trypsin
converts upregulated pro-MMP-9 to active MMP-9 and pro-
motes proinflammatory cytokine secretion through PAR-2 (35,
39, 44). MMP-9 activates proinflammatory cytokines such as
IL-6, IL-1{3, and TNF-a to active forms (9, 42), which, in turn,
promote transcription of trypsinogen and pro-MMPs (50, 51).
In this model, the interrelationship of trypsin, MMP-9, and
cytokines is a cycle that contributes to persistent upregulation
of these factors even after IAV is no longer present in the
myocardium. Another reason for the persistent upregulation of
these factors might be the effects of inflammatory cells infil-
trating the myocardial interstitium. These cells release IL-1p,
[L-6, and TNF-a, which enhance the transcription of trypsin
and MMPs genes via NF-kB and AP-1 (39, 51). Trypsin and
MMP-9 synergistically promote inflammatory cell migration
across the ECM to inflammatory loci (39, 53). These migrating
cells further induce upregulation of trypsin and MMPs by
releasing cytokines in inflammatory loci, leading to persistent
upregulation. The colocalization of upregulated trypsin and
inflammatory infiltrates we observed during acute and chronic
stages suggests a close relationship among these pathogenic
factors that results in chronic myocardial inflammation.
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Fig. 4. Cytokine induction in the myocardium and suppression by trypsin inhibitor. A: time courses of induction of [L-6, IL-18, and TNF-o from days 0 to 60
postinfection by Western blot analysis. B-Actin was the internal control. B—D: densitometry showed that Apr significantly inhibited the induction of IL-6 (B),
IL-18 (C). and TNF-a (D) during acute and chronic phases of myocarditis. Data are means = SD of 3 independent experiments from 7-10 mice/group. *P <
0.05 and **P < 0.01 vs. day 0; 2P < 0.05 and 24P <T 0.01 vs. no Apr at the same time after JAV infection.

Although IAV replication, myocardial inflammation, and
expression of MMPs, trypsin, and proinflammatory cytokines
were significantly inhibited by day 9 postinfection in mice
treated with aprotinin, the pathological changes in the myocar-
dium persisted without recovery until after 40-60 days of
continuous treatment with aprotinin. These findings suggested
that trypsin might be involved in the pathological process
throughout acute and chronic phases of myocarditis after JAV
infection.

In the trypsin-MMP-9-cytokine cycle, the regulation of tryp-
sin expression is crucial for cycle maintenance. In the acute
stage, trypsin was significantly upregulated by IAV infection
and peaked on day 9 postinfection. Induced trypsin activates
PAR-2 to evoke cytokine release, which, in turn, upregulates
trypsin expression through activation of NF-kB and AP-1 (40,
50). However, PAR-2 is the “sensory” arm of a negative
feedback mechanism to downregulate trypsin expression (25).
Activated PAR-2 forms a complex with B-arrestin and ERK1/2,
which effectively prevents ERK1/2 translocation into the nucleus
and after transcription of trypsinogen (6. 47). Trypsin expres-
sion gradually declined from day 20 postinfection accompa-
nied by the clearance of IAV. The final level of trypsin
depended on the balance between its up- and downregulation
mechanisms.

In the present study, both pro-MMP-2 and pro-MMP-9 in
the myocardium were upregulated during acute and chronic
phases. However, only pro-MMP-9 was activated, probably
because pro-MMP-2 is resistant to activation by trypsin (19).
MMP-9 also cleaves Col 1 and Col 111, whereas MMP-2 does
not (36). Trypsin has three major isoforms. In cardiac tissue,

trypsin, is the major isoform and its abundance is nearly
double that of trypsin;, whereas trypsins is barely detectable
(39). Trypsin, degrades Col I and is an efficient activator of a
prourokinase cascade and procollagenases (33). Consistent
with the kinetic expression of trypsin and MMP-9 that we
observed in the myocardium, circulating ICTP, which reflects
degradation of Col I, increased prominently in early stages and
then slightly in late stages. In response to increased collagen
degradation, the lost collagen was replaced by newly synthe-
sized collagen, which was distributed around inflammatory loci
in the acute phase and extensively proliferated across the
ventricular interstitium in the chronic phase. Col I and Col III
are the main components of the myocardial ECM. During
collagen proliferation, Col I and Col Il mRNA (especially Col
1) was significantly increased. The differential increase of Col
T and Col II mRNA led to a decreased Col I-to-Col III mRNA
ratio in the myocardium. The increased ICTP and decreased
relative proportion of Col I and Col III mRNA indicated that in
ECM remodeling, properly cross-linked Col I was increasingly
degraded and replaced with poorly cross-linked Col III. Col I
provides substantial tensile and stiffness to prevent slippage
and overstretching of myocytes, whereas Col III has greater
elasticity (54). These changes might promote ventricular myo-
cyte slippage and chamber dilation that contribute to wall
thinning and systolic dysfunction in the development of DCM.

The reasons for the differential increase in Col I and Col III
expression after IAV infection might be different molecular
mechanisms. IL-6, IL-1B, and TNF-a were persistently up-
regulated during acute and chronic phases after JAV infection.
Previous studies (10, 32) have indicated that IL-1B and IL-6
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Fig. 5. Increased collagen type I (Col I} degradation, upregulation of collagen synthesis, and effect of trypsin inhibitor. A: Col I degradation as measured by
plasma Col I cross-linked carboxy-terminal telopeptide (ICTP) during acute and chronic phases (n = 7—10 mice/group). Apr effectively prevented degradation..
B: proliferation of collagen in the myocardium as identified by van Gieson staining from days 0 to 60 without (/) and with (2) Apr treatment. Magnification:
X100. C: quantification of collagen as percent area (n = 5 mice/group). D: synthesis of Col I and collagen type 111 (Col I11) as assessed by Col I and Col 111
mRNA using RT-PCR. B-Actin was the internal control. E-G: densitometry showed significantly upregulated Col I (£) and Col III (F) mRNA and a decreased
Col I-to-Col III mRNA ratio (G) in IAV-induced acute and chronic myocarditis. Data are means = SD of 3 independent experiments from 7-10 mice/group.
*P < 0.05 and **P < 0.01 vs. day 0: AP < 0.05 and 24P < 0.01 vs. no Apr treatment at the same time point.
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Fig. 6. Progressive left ventricular (LV) dilation and restoration by trypsin inhibitor. A: representative M-mode echocardiogram images of mice from days 0 to
60 postinfection without (1) or with (2) Apr treatment. B—D: measurements of LV end-diastolic dimension (LVEDD: B). LV end-systolic dimension (LVESD:
C), and fractional shortening (FS; in %: D) at the indicated time points showed inhibition of LV dilation and improvement of LV function with Apr after [AV
infection. n = 7-10 mice/group. *P < 0.05 and **P < 0.01 vs. day 0; 2aP < 0.01 vs. no Apr at the same time of observation.

induce collagen synthesis through upregulation of Col I and
Col HI genes. In contrast, TNF-a reduces Col I mRNA levels
- and the steady state of Col I mRNA but has no effect on Col
T mRNA (30, 43). In our study, differential regulatory effects
of cytokines on Col I and Col III mRNA might have resulted
in the shift of the Col I-to-Col III mRNA ratio in the devel-
opment of DCM after IAV infection.

Trypsin is an efficient activator of a prourokinase cascade
(33). Plasminogen is the primary physiological substrate of
urokinase. Plasminogen is activated in patients with acute viral
myocarditis at all stages of the clinical course (7). Plasmin can
directly degrade basement collagen type IV (27) and activate

MMP-9 (12). The combined upregulation of trypsin and plas-
min activity causes synergistic proteolytic degradation of the
vascular basement and the myocardial ECM. In addition to
rypsin, aprotinin also inhibits plasmin activity, thus effectively
protecting the heart from inflammatory injury and myocardial
remodeling. )

No specific treatment is currently available for the preven-
tion of IAV-induced myocarditis and subsequent DCM. Hey-
mans et al. (12) reported that suppression of MMP-9 activity
reduces the cardiac inflammatory response, protecting mice
against cardiac injury, dilatation, and failure during viral myo-
carditis. However, Cheng et al. (3) indicated that MMP-9 is

Table 1. Effects of the trypsin inhibitor Apr on kinetics of cardiac function and LV posterior wall thickness after influenza A

virus infection

Day 0 Day 9 Day 20 Day 40 Day 60
Parameters Conrrol No Apr With Apr No Apr With Apr No Apr With Apr No Apr With Apr

n 10 8 9 7 9 7 9 7 9
Ejection fraction. %  70.51 £9.06 49.94 = 8261 60.36 £ 6.46%% 5235 = 11.017 6189 = 8.87*% 49.28 = 5087 63.27 = 12.71§ 47.67 £8.53F 65.05 = 9.26%
Stroke volume, pl 44.56 £ 374 3142 £ 3437 3742 £ 4341§ 3182 555 3825 Z3319§ 3248 £3977  40.67 £ 6098 31.61 £ 4367 4249 £ 490§
Cardiac output, . .

mi/min 24.06 £ 3.63 1822 2457 21.55 £ 3.08%¢ 1827 = 2.601  21.89 = 2.01§ 18.20 = 2.50+ 2292 £ 2758 18.06 + 3.32% 2387 + 247§
LV posterior wall

thickness at end

diastole, mm 074007 076 £ 0.08 0.75 £ 0.06 0.69 = 0.08 0.73 = 0.07 0.64 = 0.07%  0.73 £ 0.06% 0.61 £0.08%  0.71 = 0.09%
LV posterior wall

thickness at end

systole, mm 1.15 £0.07 1.17 £0.07 1.16 = 0.06 1.13 £ 0.06 1.15 = 0.07 1.03 £ 0.08+ 1.14 £ 0.05§ 0.98 £ 0.06%  1.14 = 0.06§

- Values are means = SD; n. number of surviving mice. *P < 0.05 and +P < 0.0 compared with dav 0; 2P < 0.05 and §P < 0.01 compared with no aprotinin

(Apr) treatment at the same time of observation.
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essential for viral clearance by promoting immune cell recruit-
ment in the early phase of infection. Therefore, MMP-9 inhi-
bition might impair host defense and enhance infection dis-
semination. In our study, administration of the trypsin inhibitor
aprotinin effectively suppressed IAV replication and the in-
flammatory response throughout acute and chronic phases by
inhibiting trypsin-mediated activation of IAV hemagglutinin
and interrupting the trypsin-MMP-9-cytokine cycle. Thus, in-
hibition of MMP-9 activity by aprotinin will not impair the
host defense against viral infection. In addition, recent studies
(2, 34, 52) have reported that PAR-2 is involved in innate
immune responses during RNA virus infection and enhanced
cardiac remodeling in the injured heart. Activation of PAR-2
negatively regulates the Toll-like receptor-3-dependent antivi-
ral pathway with reduced expression of interferon-p (34).
PAR-2 knockout mice are protected from HINI/PR8 IAV
virus-induced lethality and coxsackievirus B3-induced myo-
carditis (34, 52). Overexpression of PAR2 in mice induced
cardiac [ibrosis, inflammation, and heart failure (2). As trypsin
is one of the most potent activators of PAR-2, aprotinin can
partially abrogate the pathological roles of PAR-2 induced by
trypsin.

Study limitations. Our findings suggested that trypsin is a
key factor in acute and chronic stages of myocarditis after [AV
infection. An experiment in which aprotinin treatment started
from day 9 postinfection could further confirm the protective
effects of trypsin inhibitor during chronic stage but was not
performed. Thus, we cannot exclude the contribution of re-
duced acute myocarditis by aprotinin treatment for the preven-
tion of DCM.

Conclusions. The results of the present study suggested that
ectopic trypsin in the myocardium was involved in acute and
chronic myocardial inflammation by promoting IAV infection
and initiating a trypsin-MMP-9-cytokine cycle and promotes
progressive cardiac dilation through mediation of collagen
remodeling. Thus, trypsin might play important roles in the
development of DCM after IAV infection. Aprotinin prevented
the progression of myocarditis to DCM by suppressing IAV
infection, interrupting the trypsin-MMP-9-cytokine cycle and
restoring collagen metabolism. Our findings suggest that inhi-
bition of trypsin activity might be a promising therapeutic
approach for the prevention of DCM after IAV infection.
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Lactobacillvs pentosus Strain
S-PT84 Enhances Anti-Influenza
Virus-Specific IgG Production in
Plasma after Limited Dose of
Influenza Virus Vaccination in

Mice
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Abstract

Background: !t has been reported that various Lactobacilius
species enhance antigen-specific antibody production after viral
infection and/or vaccination in animals and humans. In this study, the
effect of oral administration of Lactobaocillus pentosus strain S-PT84 on
subcutaneous administration of imited dose of 2.5 ng of influenza A
virus (JAV) (H1N1) split hemagglutinin [HA) vaccine was studied in mice

Methods: Seven-week-old BALB/c female mice were fed the
AIN-93M diet with or without 0.186% S-PT84 for 6 weeks ad libitum and
then given subcutaneous injection of 1AV/California/7/2009 (HIN1)
HA vaccine at doses of 2.5-15.0 ng/mice and boosted on day 28.
Two weeks after the last vaccination, the mice were sacrificed under
anesthesia, and the amount of anti-HA-specific 1gG in plasma was
measured by ELISA.

Results: The levels of anti-HA-specific IgG in plasmo were
significantly higher in the S-PT84 group than in the control group
without $-PT84 treatment. Anti-HA-specific I1gA levels in nasal washes
were under the detection level in both groups.

Conclusion: Oral administration of S-PT84 enhanced the
production of HA-specific iIgG antibody in plasma after subcutaneous
vaccination, even at the limited dose of 2.5 ng of 1AV [HINI} HA in
mice, suggesting that 5-PT84 has o potent adjuvant octivity against
1AV HA.

Introduction

Influenza is an acute viral infection that results in high morbidity
and significant mortality, particularly in infants and the elderly
populations [1]. They sometimes have a high risk of fatal influenza
pneumonia and thus vaccination is recommended for prevention.
The World Health Organization has recommended use of oseltamivir
(Tamiflu, Chugai Pharmaceutical Co., Ltd, Tokyo, Japan) and
zanamivir (Relenza’, Glaxo Smith Kline K.K,, Tokyo, Japan) for the
trecatment of influenza. These antiviral neuraminidase inhibitors
arc uscful options for scasonal influenza infections in the world
[2]. However, Shinahara et al. recently reported that administration
of these inhibitors decreases anti-1AV HA-specific 1gG and IgA
production in plasma and nasopharyngeal secretions, probably
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because of inhibition of viral replication and limited production of
viral antigens [3]. The limited viral antigens do not induce sufficient
acquired immunity in patients treated with anti-viral neuraminidase
inhibitors, resulting in a high frequency of influenza virus re-infection
in the subsequent year [3].

Lactic acid bacteria (LAB) are widely used as a health food
ingredient and could modulate mucosal and systemic immune
responses [4,5]. Oral administration of live Lactobacillus casei Shirota
significantly increases the survival rate of neonatal and infant mice
infected with AV by stimulating IL-12 production and NK activity in
thelung [6]. Oral administration of heat-killed Lactobacillus plantrum
L-137 [7] and Lactobacillus pentosus strain b240 [8] enhances type 1
interferon production and increases the production of anti-IAV IgG
in plasma and IgA in bronchoalveolar lavage fluid, respectively, and
prolongs the survival period of mice infected with IAV. Thesc studics
showed that oral administration of live and nonviable Lactobacillus
species enhances the protective effects against airway infection of
TIAV.

It has recently been reported that oral administration of
probiotic LAB enhances vaccination-induced antibody production.
Lactobacillus acidophilus enhances rotavirus-specific antibody after
vaccination of rotavirus in the neonatal gnotobiote pig [9]. Davidson
et al. reported that volunteers receiving Lactobacillus GG show
higher protective titers after administration of live attenuated IAV/
H3N2 vaccine compared to a placebo group after vaccination [10].
Moreover, Boge et al. reported that daily consumption of a probiotic
drink increases relevant specific antibody responses to influenza
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vaccination in healthy volunteers over 70 years of age [11]. Therefore
oral administration of Lactobacillus species might be cffective
in preventing influenza virus infection by stimulating antibody
production.

We previously reported that Lactobacillus pentosus strain S-PT84
enhances splenic natural killer (NK) activity and exhibits anti-allergic
effects by modulating T-helper1/T-helper2 (1h1/1h2) balance [12].
Moreover, il has been reported that oral administration of S-PT84
enhances interferon-a production from plasmacytoid dendritic
cells against an insuflicient dose of hemagglutinating virus of Japan
(HV]) infection [13], and that intranasal administration of S-PT84
protects against influenza infection [14]. However, the effects of
S-PT84 ingestion on limited dose of AV HA vaccination and HA-
specific antibody induction have not yet been examined. In this study,
the effect of oral administration of S-PT84 on the induction of IAV
HA-specific antibody in mice immunized by IAV HA vaccinc in the
nanogram range was investigated.

Materials and Methods
Animals

BALB/c female mice, 7 weeks old, were obtained from Japan SLC,
Inc. (Shizuoka, Japan). Mice were housed and fed a commercial diet
(CE-2) and tap water ad libitum for 1 week at 251 °C and 60% *
5% humidity under a 12 h light-dark cycle before experimentation.
Experiments were performed according to the Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 85-23, 1996).

Bacterial strains and bacteria preparation

S-PT84 was isolated from Kyoto pickles “SHIBAZUKE” [12]
and was cultivated in a medium containing glucose and yeast extract
(Aromild™, SK yeast extract Hi-K) at 37 °C for 24 hours. Cultured
bacteria were collected by centrifugation at 9,190 x g for 5 min,
washed twice with sterile saline and once with distilled water, and
heat-killed at 95 °C for 5 min. Heat-killed S-PT84 was lyophilized for
use in the experiments.

Vaccine

The influenza antigen used in the present studies, IAV/
California/7/2009(H1N1) virus processed for HA vaccine (split-
product, 0.636 pg protein/0.341 ug HA/mL), was purchased from
DENKA SEIKEN Co., Ltd. (Tokyo, Japan).

Procedure and sample collection

BALB/c mice were fed on a commercial diet (AIN-93M, Oriental
Yeast Co. Ltd., Tokyo, Japan) with or without 0.186% S-PT84 and
tap water ad libitum for 6 weeks. Mice were given subcutaneous
vaccinations (2.5-15.0 ng HA/100 pL) and boosted on day 28. Two
weeks after the last vaccination, the mice were sacrificed under
anesthesia. Blood samples were collected from the vein. Blood
was centrifuged (2,500 g, 10 min) at 4 °C, and the supernatant was
collected.

Enzyme-linked immunosorbent assay (ELISA)

Anti-influenza HA-specific antibodies in plasma were measured
by ELISA [15]. Briefly, 96-well plates (Nunc, Naperville, IL) were
coated with HA vaccine and bovine serum albumin (BSA, 0.1 pg/well

each) in PBS overnight at 4 °C. After the pre-coating, it was blocked
with 1% BSA in 50 mM Tris-HCI (pH 8.0) containing 0.14 M NaCl
and 0.05% Tween 20 (TTS) for 1 hour at room temperature. The
plasma diluted with TTS containing 1% BSA was added to each well
and incubated for 3 hours at room temperature. The plate was washed
six times with TTS containing 1% BSA and incubated with goat
anti-mouse IgG antibodies conjugated with horseradish peroxidase
(Bethyl Laboratories Inc., Montgomery, TX, USA) for 2 hours at room
temperature. Color was developed by the addition of TMB substrate
(Bethyl Laboratories), according Lo the instructions provided by the
manufacturer. The chromogen produced was measured at 450 nm
using a SPECTRA max PLUS384 AutoReader (Molecular Devices,
‘Tokyo, Japan). Antibody titers were defined as the reciprocal of the
highest dilution of sample for which the optical density (OD) was at
least twice the OD of the negative control samples before vaccination.

Statistical analysis

The significance of differences in values between the control
group and S-PT84 group was determined using Student’s L-test.
P-values less than 0.05 were considered significant.

Results
Doses of vaccination of IAV/California/7/2009(H1N1)

The induced levels of HA-specific IgG antibody in plasma were
analyzed to detect the optimal dose of TAV/California/7/2009(H1N1)
to evaluate the effect of Lactobacillus pentosus S-PT84 as an adjuvant.
HA-specific IgG antibody in plasma was increased by IAV HA
vaccination in a dose-dependent manner in the range between 2.5
and 15.0 ng (Figure 1). HA at 2.5 ng, even at the lowest dosage, could
induce production of HA-specific 1gG in plasma, and that dose may
be appropriate for examining the effect of LAB on enhancing HA-
specific IgG production in plasma. Therefore, the minimal dose 0f 2.5
ng HA was used to investigate the adjuvant effect of LAB.

Effect of Lactobacillus pentosus S-PT84 on the production of
HA-specific IgG in plasma

Mice were fed the AIN-93M diet with or without 0.186% S-PT84
for 6 weeks. In the control group treated with two subcutaneous
injections of IAV HA at 2.5 ng alone, a small amount of antigen-
specific IgG antibody production was detected in plasma. The S-PT84
group of mice treated with continuous feeding of the AIN-93M diet
with 0.186% S-PT84 during the experimental period also received
two subcutaneous injections of IAV HA at 2.5 ng. HA-specific IgG
antibody levels in plasma were higher in the S-PT84 group than in
the control group (Figure 2A). On the other hand, HA-specific IgA
in nasal washes was under detection levels in both groups (data
not shown). The induced HA-specific IgG titers in plasma were
significantly higher in the S-PT84 group than in the control group
(p=0.007) (Figure 2B).

Discussion

In this study, oral administration of S-PT84 enhanced HA-
specific IgG induction in plasma, but not HA-specific IgA induction
in nasal wash, after subcutaneous administration of limited dose of
IAV (HINL) HA in mice. The findings suggest that S-PT84 has an
adjuvant effect against 1AV HA on plasma IgG induction, even at
minimal dose. Nonaka et al. reported that S-PT84 induces cytokine
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Japan is becoming a super-aging society more rapidly than other
countries. Elderly persons have a high risk of influenza-associated
pneumonia, which is sometimes fatal. Thus, management of
influenza outbreaks is important for them. Indeed, seroconversion
and seroprotection are lower in elderly individuals than in adults
afterrinfluenza vaccination, and their immune functions are weaker
than in adults [20]. It is important that preventive action be taken to
enhance immune function or provide vaccination for the elderly. In
this regard, S-PT84 may have a potential to improve their immune

response.’
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production from peritoneal macrophages in vitro and enhances
the activity of NK cells in vivo [12]). Koizumi et al. also reported
that S-PT84 stimulates IFN-y and IL-12 production through Toll-
like receptor (TLR)-2 and TLR-4 on dendritic cells [16]. Moreover,
Izumo et al. reported that Salmonella-specific antibody is enhanced
by $-PT84 ingestion in Salmonella typhimuriam-infected mice
[17]. Accordingly, we thought that antigen-presenting cells were
activated by ingestion of S-PT84 in this experiment, and production
of HA-specific 1gG in plasma may be enhanced, as in a previous
report [17]. It is well known that influenza vaccines administered
intramuscularly or subcutaneously induce a predominantly IgG-
mediated protection in the systemic immune compartment, but this
systemic immunization offers inadequate induction of IgA in airway
mucosa [18]. Therefore, oral administration of S-PT84 might affect
HA antigen-induced dendritic cell-mediated systemic immunity and
induce HA-specific [gG in plasma, but not affect mucosal immunity
and HA-specific IgA production.

The present data suggest that S-PT84 enhances antibody
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production as an adjuvant with limited dose of influenza viral antigen.
Hui-Tsu et al. reported that the induction of HA-specific antibody in
plasma was enhanced by IAV HA (H1IN1) vaccination at 10 ng dose
in mice, and the survival rate was also significantly improved by this

_ vaccination {19]. The optimal density (OD) level of HA-specific IgG

was similar compared with our present study. Moreover, the strain
of TAV/California/7/2009 (HIN1) was same in both experiments.
Therefore, we speculate that HA-specific antibody production level
by the killed bacterial adjuvant S-PT84 might be sufficient for the viral
protection and then an ample titer was obtained for influenza virus
exclusion. It suggests that S-PT84 may decrease the risk of influenza
virus re-infection treated with anti-viral neuraminidase inhibitors.

As a next step, it should be to investigate whether oral
administration of S-PT84 together with the vaccination on limited
dose of HA antigen can protect IAV infection, and/or whether oral
administration of S-PT84 can induce sufficiently HA-specific IgG
antibody treated with antiviral neuraminidase inhibitors after IAV
infection.
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SAM domain-containing N-terminal region of SAMHDI plays a c1u01al role
in its stabilization and restriction of HI'V-1 infection

Sayuri Suigemarsu, Hideki Havas, Kiyoshi Yasui, Toshifumi Matsuvama

Division of Cytokine Signaling, Department of Molecular Microbiology and Immunology, Graduate School of Biomedical Sciences,
Nagasaki University, Nagasaki. Japan

SAMHD1 restricts human immunodeficiency virus type 1 (HIV-1) infection in a cell-type specific manner. Other than pri-
mary monocyte derived cells and resting CD4* T cells, the SAMHD1-mediated HIV-1 block was reported only in phorbol
12-myristate 13-acetate (PMA)-differentiated THP-1 and U937 monocyte cell lines. We previously reported that SAMHD1
restricted HIV-1 infection in TE671 rhabdomyosarcoma cells in addition to these cell lines. In this study, we compared the
amounts of the full-length SAMHD1 and its deletion mutants, SAM domain containing N-terminal fragment (residues 1-119,
SAMHD1n) and HD domain containing C-terminal fragment (120-626, SAMHD1c¢) in U937, TE671, and Hela cells. The re-
sults showed that the full-length SAMHD1 and SAMHD1n proteins were significantly more abundant than the SAMHD11c pro- -
tein in TE671 and differentiated U937 cells. The proteasome inhibitor MG132 increased the amount of the SAMHD1c and the
SAMHD1c-fused GFP proteins. In contrast, the fusion of the SAMHD1n to the APOBEC3G protein inhibited Vif-induced pro-
teasomal degradation in TE671 and in differentiated U937 cells. These results indicated that the SAMHD1 C-terminal HD
domain-containing region leads the SAMHD1 to proteasomal degradation, and the SAMHD1 N-terminal SAM domain-con-
taining region stabilizes the protein. Our study showed that the SAMHD1 protein expression is post-translationally regulated
and the significance of SAM and HD domains for the full-length SAMHD1 protein stability. Further, we suggest that the SAM
domain-containing N-terminal region partlmpate in the cell-type specific restrictive function of SAMHD1 against HIV-1 infec-
tion, by protein stabilization.

ACTA MEDICA NAGASAKIENSIA 58: 103111, 2014

Key words: SAMHDI1; HIV; restriction factor; interferon-inducible gene: proteasome degradation; ubiquitination

Introduction striction factors. Vpx, encoded by HIV-2 and simian immu-
nodeficiency viruses (SIVs) but not by HIV-1 [6,7,8,9,10], is

SAMHDI (1-626 aa), composed of a tandemly linked- a potent counterpart of SAMHDI. These Vpx proteins bind
SAM domain (45-110 aa) and HD domain (164-319 aa), has to the SAMHDI C-terminal motif (606-626 aa) and deliver

recently been identified as a restriction factor against HI'V- the complex to the CRL4PAF! ubiquitin E3 ligase [11] for

I. SAMHDI was originally identified as a human homolog subsequent proteasome-dependent degradation.

of mouse Mgl/ isolated from 1FNy-stimulated mouse den- HD domain contains a catalytic core for hydrolysis activity

dritic cells [1,2], suggesting that SAMHDI is an IFN-stim- and the several reports showed that the HD domain-containing

ulated gene [3,4] though it depends on cell-type [3,5]. C-terminal region of SAMHDI1 (120-626 aa) inhibits HIV-1
In parallel to the hosts obtaining restriction factors, vi- reverse transcription (RT) by its dGTP dependent deoxynu-

ruses have developed mechanisms to overcome thése re- cleoside triphosphate-triphosphatase (dGTP triphosphatase)
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activity [12,13]. In addition, recombinant SAMHDI protein
possesses 37 to 5" exonuclease activities against DNAs and
RNAs, as well as nucleic-acids and viral genome binding
abilities in which the SAM domain containing N-terminal
region (1-118 aa) plays a crucial role [14].

Interestingly, various cell lines endogenously express the
SAMHDI [1,6,7], but SAMHDI can inhibit HIV-1 infection
only in terminally differentiated myeloid cells, such as PMA-
differentiated THP-1 [6,9,15], monocyte-derived macrophag-
es (MDMs) [13] and monocyte-derived dendritic cells (MD-
DCs) [6.7,13], and resting CD4" T cells [8,16] but not in
undifferentiated THP-1 and HEK293T cells [7]. Exogenous-
ly over-expressed SAMHDI restricted the infection in
PMA-differentiated U937 macrophage cells but not in un-
differentiated U937 and HeLa cells [3]. Thus, there are un-
known mechanism(s) contributing to the cell type-specific
HIV-1 restriction by SAMHDI.

Meanwhile, the protection of innate immunity-associated
proteins from ubiquitination and degradation, i.e.. protein
stabilization, is one of the mechanisms to induce innate im-
mune signaling. For example, Lec ef a/. [17] recently showed
that the TBK1 protein, a key mediator in type I [FN expres-
sion, is stabilized by CDC37 in IFN-stimulated DNA and
retrovirus sensing. Korczeniewska er a/. [18] showed that
the COP9 signalosome stabilizes the IFN regulatory factor
5 (IRF5) protein, an important role player in the induction
of type I IFNs and proinflammatory cytokines. Thus, pro-
tein stabilization is a critical event in innate immunity.

To understand the involvement of SAMHDI stabilization
in the SAMHD 1-induced cell-type specific HIV-1 infection
restriction,’ we analyzed the expression levels and stability
of the full-length SAMHDI protein and its deletion mutants
in U937, TE671, and Hela cells. We describe supporting
evidences for SAMHDI is post-translationally regulated
and the significance of SAM domain-containing and HD
domain-containing region for the SAMHDI protein stability.

Materials and Methods

Cells. THP-1 and U937 cells were grown in RPMI
medium (Wako) at 37 °C in a 5% CO, incubator. HelLa
and TE671 cells were grown in Dulbecco’'s modified Eagle
medium (D-MEM) (Wako). Both media were supplemented
with 8% heat-inactivated fetal bovine serum (FBS) (PAA
Laboratories GmbH) and 1 % penicillin-streptomycin (Sig-
ma-Aldrich). Unless indicated, all cells were seeded at 1x10°
cells per 6 cm culture-dish. At 24 hrs after transfection,
U937 cells were stimulated by phorbol 12-myristate 13-ac-

etate (PMA) at various concentrations, to promote differen-
tiation into macrophages.

Real-time PCR

THP-1 cells were seeded in 24-well dishes (I1x105/well),
and total RNA samples were prepared by Trizol Reagent
(Ambicon) after differentiation with 30, 50, and 500 ng/ml
PMA for 48 hrs. Semi-quantitative RT-PCR was performed
with a high fidelity RT-PCR kit (TAKARA). Real-time PCR
was performed with M-MLV reverse transcriptase (NEB).
A SYBR Green PCR kit (TOYOBO) was used to quantitate
the PCR products on the ABI PRISM 7900HT real-time
PCR detection system. The amounts of the SAMHDI PCR
products were normalized by those of the GAPDH PCR
products. The nucleotide sequences of the primers for the
SAMHDI! mRNA were 5-AGCGATTGGTTCAAATCCAC-3
and 5-TCGATTGTGTGAAGCTCCTG-3', and for the GAP-
DH mRNA were 5-GAGTCAACGGATTTGGTCGT-3" and
S TTGATTTTGGAGGGATCTCG-3.

Plasmids. The C-terminally HA epitope-tagged full-length
SAMHDI (1-626 aa), SAMHDIn (1-119 aa), and SAMHDIc
(120-626 aa) expression plasmids were constructed by am-
plifying each sequence from the full-length SAMHDI ex-
pression plasmid (OriGene Technologies), as a template.
The pcDNA3.1 vector was purchased from Invitrogen.

The PCR primers for amplifying the full-length HA-tagged
SAMHDI sequence were a forward primer 5-GTGTAGC-
CATGCAGCGA-3" (SAMHDI F) and a reverse primer,
5-TCATGCGTAATCCGGAACATCGTACGGGTACATT-
GGGTCATCTTTAAAAAGCTG-3 (SAMHDI-HA-R); for

" HA-tagged SAMHDIn sequence, the SAMHDI F primer

and a reverse primer, 5"TCATGCGTAATCCGGAACATCG-
TACGGGTAATTAATTACCTTCATTGTATC-3' and for HA-
tagged SAMHDIc sequence, a forward primer, 5-GTAGCCA-
TGGATCCTATCCATGGCCAC-3', and the SAMHDI-HA-R
primer. Each PCR product was inserted into the pcDNA3.3-
TOPO vector (Invitrogen).

An enhanced green fluorescent protein (EGFP) expression
plasmid was generated in our laboratory. The EGFP stop
codon was replaced by an EcoRI sequence in the EGFP ex-
pression plasmid (EGFP-EcoRI). To construct the C-termi-
nally SAMHDIlc-fused EGFP expression plasmid (GFP-
HD), the HD region was amplified by PCR, using the
SAMHDIc-HA expression plasmid as the template, with
the EcoRI sequence-containing forward primer, 5-TTATT-
AGAATTCGATCCTATCCATCATCAC-3, and the .Yhol
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sequence-containing reverse primer, 5“TTATTACTCGAGT-
CACATTGGGTCATCTTT-3" The PCR product was digest-
ed with the EcoR1 and Xhol restriction enzymes and insert-
ed into the EGFP-EcoR] plasmid at the EcoRI1 and Xhol
sites. .

The expression plasmid for C-terminally Myc-tagged
APOBEC3G was a kind gift from Dr. Yasumasa Iwatani
(National Hospital Organization Nagoya Medical Center,
Nagoya, Japan) [19]. The Vif expression plasmid was ob-
tained from Dr. Klaus Strebel (National Institutes of Health,
Bethesda, MD, United States of America) [20], through Dr.
Yasumasa [watani. The N-terminally SAMHDIn-fused
APOBEC3G expression plasmid (SA3G) was generated as
follows. The SAMHDIn-Sall sequence was produced by
PCR with the SAMHDI F primer and the Safl sequence-
containing reverse primer 5-CCCGTCGACATTAATTAC-
CTTCAT-3’, and cloned into the pCR 2.1 TOPO-vector (In-
vitrogen). The Sall-APOBEC3G-Myc plasmid was generated
by introducing a Safl sequence in frame at the 5" side of the
start codon of the APOBEC3G-Myc expression plasmid
with the Sa/l sequence-containing forward primer, 5-CTG-
CAGAATGTCGACATGAAGCCTCACTT -3, and a reverse
primer, 5~AGGCTTCATGTCGACATTCTGCAGATATCC-3.
The SAMHDIn-Sall plasmid was digested with the £coR1
and Sall restriction enzymes. The Sall-APOBEC3G-Myc
plasmid was digested with the Sa/l and HindIll restriction
enzymes. The Myc-tagged APOBEC3G expression plasmid
was digested with the EcoRI and HindIll restriction en-
zymes and used as the vector. The EcoRl/Sall-digested
SAMHDIn fragment, the Sall/Hind1l1-digested APOBEC3G
fragment, and the EcoRI/HindllI-digested vector fragment
were ligated.

All plasmids described above are driven by the CMV
promoter. The nucleotide sequences of the plasmid DNAs
constructed in this study were confirmed by sequencing
(Applied Biosystems).

Transfection. 1x10° cells per 6¢cm culture-dish was seed-
ed, and incubated at 37 °C in a 5% CO, incubator for 24 hrs.
Two ug of plasmid DNA were mixed with 10 gl of FuGENE
HD transfection reagent (Promega), in 100 ul of D-MEM
medium without FBS and antibiotics. The transfection mix-
ture was added to the cell supernatant.

SDS-PAGE and western blotting analysis. A 10 mM
MGI132 (Sigma) stock solution was prepared in dimethyl
sulfoxide. At 24 hrs after transfection, the cell culture me-
dium was replaced with fresh medium, and MGI132 was
added to a 5 uM final concentration. Cell lysates were pre-

pared 24 hrs after with 1x sample buffer (10% glycerol,
1.5% SDS, 0.005% bromophenol blue, 50 mM Tris/HCI, pH
6.8), and equal quantities of total protein from each sample
were fractionated by sodium dodecy! sulfate polyacrylam-
ide gel electrophoresis (SDS-PAGE).

For western blot (WB) analyses, the proteins were trans-
ferred to a PVDF membrane (Millipore) in a wet blotter
(Bio-Rad). The membranes were incubated with the corre-
sponding primary antibodies overnight at 4 °C, and then
incubated with HR P-conjugated anti-mouse IgG (Bio-Rad)
or with protein G (Bio-Rad) for 1 hr at 4 °C. The primary
antibody-bound prdteins were visualized by enhanced
chemiluminescence reagents (Bio-Rad). Immunoblotting
images were captured using Fluor Chem lmaging System
(1S-8800, Alpha Innotech). The relative intensity levels of
each protein compared to f-actin were calculated with the
equation, protein intensity/f-actin protein intensity by using
Alpha Ease software.

Primary antibodies. Monoclonal antibodies against #-actin
(Santa Cruz Biotechnology), HA (COVANCE), GFP (Nac-
alai Tesque), and Myc (Cell Signaling) were used. The anti-
Vif antibody was obtained through the AIDS Research and
Reference Reagent Program, NIAID, NIH, from Dr. Mi-
chael H. Malim [21,22]. Polyclonal antibody against human
SAMHDI (residues 88-337) was purchased from Protein-
tech (12586-1-AP).

Results

The SAMHD1 C-terminal HD domain-containing re-
gion is degraded in the proteasome, and the N-terminal
SAM domain-containing i'egion inhibits the degrada-
tion. THP-1 monocyte and U937 monocyte cells express
and do not express endogenous SAMHDI protein, respec-
tively. However, the transduction of U937 cells with SAM-
HDI, followed by the PMA-induced differentiation dramat-
ically restricts the HIV-1 infection similar extent to the
PMA-differentiated THP-1 cells [6,9,15,23]. Why SAMHDI
becomes functional as an anti-HIV-1 factor after the PMA-
induced differentiation in monocyte cells? To address this
query, Lahouassa ez al. showed that the expression of exog-
enous SAMHDI protein was elevated after the PMA-in-
duced differentiation in U937 cells [13]. This led us to spec-
ulate that the SAMHDI protein level may be regulated at
certain stage. Thus, we compared the endogenous SAM-
HDI protein expression in THP-1 cells treated or untreated
with the PMA stimulation. As shown in Figure 1A, the
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SAMHDI protein level was significantly enhanced by PMA
stimulation in THP-1 cells. To know if these protein expres-
sion levels reflect a quantitative difference of SAMHDI
mRNA before and after the PMA stimulation, we performed
the real-time PCR by using specific primers for SAMHDI
on total RNAs extracted from THP-1 cells treated with dil-
ferent PMA quantity (0, 10, 50, and 500 ng/mL). To our sur-
prise, there was no difference in SAMHDI mRNA level
before and after the stimulation, regardless of increased
quantity of the PMA (Fig. 1B). There are two possible ways
to regulate protein abundance: post-transcriptional control
of transcripts and post-translational control of protein. How-
ever, in many cases, protein abundance is post-translation-
ally regulated by proteasomal degradation. In fact, the HD
region contains many putative ubiquitination sites, as deter-
mined with the CKSAAP_UbSite program (data not shown).
Thus, it is highly speculated that endogenous SAMHDI
protein expression was post-translationally regulated in
THP-1 cells.

A THP-1 PMA-TIHP-1
[il:’i};%;?;gtr o anti-SAMHD
B-actin anti-f-actin

B 7% 100% J—
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Figure 1. The SAMHDI1 protein is post-translationally-regulated.
(A) The endogenous SAMHDI protein expression was analyzed
in undifferentiated THP-1 and PMA-differentiated THP-1 cells.
THP-1 cells were stimulated with 500ng/mL PMA for overnight.
A WB analysis with a SAMHD I-specific antibody was performed.

f-actin was detected as a loading control. (B) Real-time PCR for

quantitation of SAMHDI mRNA with specific primers were per-
formed on THP-1 cells stimulated with different quantity of PMA.
Relative quantities of SAMHDI mRNA to GAPDH mRNA are
indicated. Data are representative of similar results from two inde-
pendent experiments.

We next wanted to identify which domain is responsible
for the post-translational regulation of SAMHDI. We gener-
ated the C-terminally HA-tagged full-length SAMHDI (I-
626 aa), the N-terminal SAM domain-containing aa 1-119

region (SAMHDIn), and the C-terminal HD domain-con-
taining aa 120-626 region (SAMHDIc) expression plasmids
(Fig. 2A). Each plasmid was transfected into U937 cells and
the cells were PMA-differentiated. As in undifferentiated
THP-1 cells, none of the proteins were detected in undif-
ferentiated U937 cells (Fig. 2B lane 1, 3, and 5). In contrary,
all the proteins were expressed upon the PMA-induced dif-
ferentiation, and the expression levels of the full-length
SAMHDI and SAMHDIn proteins were much higher than
that of the SAMHDIc protein in PMA-differentiated U937
cells (Fig.2B, lane 2, 4, and 6), leading us to speculate that
the SAMHDIn stabilizes the SAMHDI protein in differen-
tiated U937 cells. However, it may simply reflect the PMA
stimulation-induced protein expression from CMV promot-
er [24]. We had previously searched for various cell lines in
which SAMHDI restricts HI'V-1 infection without the PMA
stimulation and, as a result, we found TE671 rhabdomyosar-
coma cells moderately restricted the infection by transiently
expressed SAMHDI (manuscript in press). Of note, tran-
siently expressed SAMHDI-mediated HIV-1 infection re-
striction was not observed in HelLa, H292, C33A, and NP2
(manuscript in press). Thus, in this study, we transfected
cach plasmid into TE671 cells and HeLa cells, the cells in
which SAMHDI! does and does not restrict the HIV-1 vector
infection, respectively, and the cells were treated with the
proteasome inhibitor, MGI32. As in PMA-differentiated
U937 macrophage cells, the SAMHDIc protein was barely
detected in TE671 cells and in Hela cells, but the MGI132
treatment significantly enhanced the protein abundances
(Fig. 2C, lane 5 versus lane 6, and Fig. 3, lane 5 versus lane
6). These results indicated that the SAMHDIc protein is de-
graded by the proteasome. On the other hand, the amounts
of the full-length SAMHDI and SAMHDIn proteins were
much higher than that of the SAMHDI¢ protein in TE67]
cells (Fig.2C lane 1, 3, and 5), indicating that the SAMHDIn
protects the full-length SAMHDI protein from proteasomal
degradation induced by SAMHDIc in TE671 cells. These
former two protein expression levels are not significantly

“affected by the MG132 treatment (Fig. 2C lane 1 versus 2,

and lane 3 versus 4), In contrary to that observed in TE671
cells, the amount of full-length protein was much lower than
SAMHDIn protein in Hela cells (Fig. 3 lane [ versus 3),
indicating that the SAMHDIn-mediated full-length SAM-
HDI protein stabilization occurs more efficiently in TE671
cells than in HeLa cells. Moreover, the expression of full-
length SAMHDI was much higher than the SAMHDIn pro-
tein in U937 macrophage cells compare to that observed in
TEG671 cells (Fig. 2B lane 2 versus 4 and Fig.2C lane 1 ver-
sus 3). Thus, we speculate that the full-length SAMHDI
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Figure 2. The SAMHDI¢ protein is degraded in the proteasome, and the SAMHD1n inhibits the
degradation. (A) Schematic representations of SAMHDI and its truncated mutants are indicated. SAMHD |
consists of the sterile-a motif (SAM) domain (aa 43-110) and the hydrolysis (HD) domain (aa 164-319). The
SAMHDIn deletion mutant contains amino acid residues 1-119. The SAMHD ¢ mutant contains amino acid
residues 120-626. Each plasmid encodes a C-terminally HA-tagged protein. Vectors encoding SAMHD1(1-626
aa), SAMHDI1n (1-119 aa), and SAMHD ¢ (120-626 aa) were transfected into (B) U937 cells, followed by
PMA untreatment or treatment for overnight, and into (C) TE671 cells, followed by MG132 untreatement or
treatement for overnight. The samples were analyzed by WB, using anti-HA and anti-f-actin antibodies, in
which S-actin was used as a loading control (B and C). Relative levels of each protein compared to S-actin are
shown above the lane numbers (C). Data are representative of similar results from two independent experi-

ments.
HelLa protein stability may correlate with SAMHDI-mediated HI V-
N > & 1 vector infection restriction. Overall, these results suggest-
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anti-HA the protein degradation, we constructed an expression plas-
mid encoding the C-terminally SAMHDIc-fused EGFP
SAMHD nb ) B protein (GFP-HD) (Fig. 4A), and compared its expression

with that of the control EGFP protein (GFP) in TEG71 cells.
fracting - oL o T anti-R-actin As shown in Fig. 4B, the amount of the GFP-HD protein
was increased by MG132 treatment, while the MG132 treat-
ment did not significantly affect the GFP protein abundance.
Figure 3. Hela cells were untreated or treated with MG132 for Our results clearly demonstrated that the SAMHDIc region
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Figure 4. The SAMHD1c¢ leads to proteasome-dependent degradation of a heterologous
protein. (A) Schematic representations of GFP and C-terminally SAMHDIc fused GFP
proteins are indicated. GFP and SAMHD1c¢ were fused at the Yhol site. (B) GFP and GFP-
SAMHD I¢ were transfected into TEGT! cells. After 24 hrs of culture, the transfected cells
were treated with MG132, and then further cultured for 24 hrs. Whole cell lysates were col-
lected, fractionated by SDS-PAGE and analyzed by WB. The expression of the GFP and GFP-
SAMHDI ¢ proteins was analyzed with an anti-GFP antibody. f-actin was used as a loading
control. Data are representative of similar results from two independent experiments.

The SAMHDI1 N-terminal region protects full-length
SAMHDI1 from protesome-dependent degradation. To
assess the role of the SAMHDIn in protein stabilization, we
constructed an expression plasmid encoding an N-terminal-
ly SAMHDIn-fused, C-terminally Myc-tagged APOBEC3G
protein (SA3G) (Fig. 5A). Human APOBEC3G (A3G) is de-
graded in the proteasome by the SIV or HIV-1 accessory
protein, Vif [25,26]. The SA3G and A3G expression plas-
mids were co-transfected together with the Vif or control
pcDNA3.] expression plasmid into TE67]1 cells. As shown
in Fig. 5B, similar levels of the SA3G and A3G proteins
were detected without Vif. The Vif co-expression decreased
the A3G protein expression (28-fold), while, the SA3G pro-
tein was slightly but steadily resistant to the Vif-mediated
protesomal degradation (8-fold), indicating that the SAM-
HDIn can protect the heterologous A3G protein from pro-
teasomal degradation in TE671 cells.

The SAMHD1 N-terminal region is critical for SAM-
HDI1 stabilization in differentiated U937 cells. To know if
the SAMHDIn-mediated protein stabilization is correlated
to cell-type specific HIV-1 infection restriction ability of

SAMHDI, the same experiment was performed on U937
cells, followed by PMA treatment. As in TEG71 cells, the
addition of Vif dramatically reduced the amount of the A3G
protein (70-fold), while that of the SA3G protein was hardly
affected (3-fold), indicating that SA3G was highly resistant
to Vil-mediated proteasomal degradation in U937 cells (Fig.
5C). Although the SAMHDIn protected the A3G protein
from Vif-mediated proteasomal degradation in TE671 cells,
Vif still reduced the amount of the SA3G protein signifi-
cantly in this cell line. Thus, these results suggested that the
ability of the SAMHDIn to confer resistance to proteasome-
dependent degradation was more prominent in U937 cells
than in TE67! cells.

Trans-expression of SAM mutant protein does not af-
fect SAMHDI1 protein stability.

In addition, we tested if the frans-expressed SAMHDIn
can rescue protein from the degradation. SAMHDIn ex-
pression plasmid was transfected into TE671 cells, together
with the full-length SAMHDI or SAMHDIc expression
plasmid. As a result, neither the SAMHDI nor SAMHDlc
protein abundance was elevated by the trans-expression of
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Figure 5. The SAMHD1n can protect a heterologous protein from proteasome-dependent degradation in TE671
and PMA-differentiated U937 macrophage cells. (A) Schematic representations of the A3G and N-terminally SAMH-
Din-fused A3G (SA3G) proteins are indicated. SAMHD In and A3G were fused at the Sa/l site. Each plasmid encodes a
C-terminally Myc-tagged protein. (B) TE671 cells and (C) U937 cells were co-transfected with A3G and SA3G, together
with pcDNA3.1 or Vif. U937 cells were treated with PMA after the transfection. The expression of the A3G and SA3G
proteins was analyzed by WB, using the anti-Myc antibody. f-actin was used as a loading control and relative levels of
each protein compared to f-actin are shown. Data are representative of similar results from two independent experiments.

SAMHDIn protein (Fig. 6), indicating that only the cis-
linked SAMHDIn can protect the full-length SAMHDI
from degradation.

Discussion

Our study is the first report showing that the HD domain-
containing C-terminal region of SAMHDI is responsible
for the proteasome-dependent degradation of SAMHDI in
the absence of Vpx, whereas the SAM domain-containing
N-terminal region is critical for the stability of the full-
length SAMHDI protein. SAMHDI can restrict HIV-1 vec-
tor infection in PMA-differentiated U937 macrophage and
TE671 rhabdomyosarcoma cells, but not in Hel.a cells. The
SAMHDIn-mediated stabilization of the SAMHDI protein
occurs more efficiently in differentiated U937 cells than in
TEG71 cells, correlated to the degree of restriction of these
cells. Interestingly, while we were preparing this manu-
script, White ef a/. and Cribier et al. showed that the phos-
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Figure 6. Trans expression of SAMHDIn mutant protein does
not affect SAMHDI1 protein stability. TE671 cells were trans-
fected with a vector encoding the full-length SAMHDI1 (left
panel) or the SAMHD1c mutant (right panel) protein, together
with pcDNA3.1 or the SAMHD In mutant. Cell lysates from the
transfected cells were analyzed by WB. Data are representative of
similar results from two independent experiments.
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phorylation of SAMHD! determines the cell-type specific
restriction of HIV-1 infection by SAMHDI [27.28]. They
proposed that the phosphorylation of SAMHDI C-terminal
at T592 aa regulates the retroviral restriction ability of
SAMHDI. The close relationship between phosphorylation
and ubiquitination has been well understood [29]. 1t is high-
ly speculated that the ubiquitination of the SAMHDIc is
also regulated by the phosphorylation of this region. Never-
theless, our study suggests that the stabilization of SAM-
HDI by the SAMHDIn contributes to its restriction of H1V-
1 infection.

Previous report has shown that N-terminal region-deleted
SAMHDI protein (112-626 aa) could still restrict HIV-1
vector infection in PM A-differentiated U937 cells [15], sug-
gesting that the SAM domain containing N-terminal region
is dispensable for the HIV-1 restrictive function of SAM-
HDI. However, it is still possible that the SAM domain par-
ticipates in the infection restriction, since a SAM domain
(45-110)-deleted SAMHD! mutant protein reportedly fails
to restrict HIV-1 infection in PMA-differentiated U937
cells, and its abundance is lower than that of the wild type
SAMHDI [15]. Several reports have shown that the amounts
of N-terminally truncated SAMHDI proteins are lower than
that of the full-length protein [9,10,11,15,23]. In addition, re-
cent report revealed that the SAMHDI N-terminal region
(1-118) is necessary to maximize the dGTP triphosphatase
and nuclease activities, and indispensable for nucleic acid
and viral genome binding activities of SAMHDI1 [14]. To-
gether, these reports suggested that the SAM domain is nec-
essary for the SAMHDI-mediated restriction of HIV-1 in-
fection and protein stability.

Notably, the SA3G protein was remarkably resistant to
the Vif-induced degradation in differentiated U937 cells.
The tertiary structure of SA3G is considered to have minor
or no effect to the A3G interaction with Vif by the SAMH-
DIn fusion, because the amount of the SA3G protein was
significantly reduced by Vifin TE67] cells. To further sup-
port the involvement of the SAM domain in the protein pro-
tection from proteasome-dependent degradation, Park er al.
[30] reported an interesting feature about the SAM domain
of the tyrosine kinase-type A2 receptor (EPHA2) protein:
the group showed that the SAM domain of the EPHA2 pro-
tein plays a critical role in its stability, by modulating the
proteasome-dependent process. The SAMHDI SAM do-
main shares 40% similarity and 16% identity with that of

EPHA2 (Phyre2 program). The SAM domain is responsible
for protein-protein or protein-RNA interactions [31]. There-
fore, an ‘interaction between the SAMHDIn and an un-
known cellular factor may stabilize the SAMHDI protein.

Vpx at its N-terminal region forms a complex with SAM-
HDI C-terminal region (606-626 aa) and loads it to the
CRLAPAM ybiquitin E3 ligase, followed by proteasomal
degradation[11]. However, we have shown that the SAMH-
Dlc contains a motif that leads SAMHDI into proteasome-
dependent degradation, in the absence of Vpx. The SAM-
HDI protein may be stabilized by an intramolecular
interaction between the SAMHDIn and SAMHDIc regions.
Vpx may compete with the SAMHDIn, and induce the deg-
radation of the full-length SAMHDI protein. Identifying
the relationship between these core domain containing re-
gions and the Vpx is our next target of interest in parallel
with disclosing the contribution of SAMHDIc¢ phosphoryla-
tion to the full-length SAMHDI stability.

In summary, the HD domain-containing C-terminal re-
gion [eads the SAMHDI protein to proteasomal degrada-
tion. The SAM domain-containing N-terminal region stabi-
lizes the SAMHDI protein efficiently in differentiated U937
cells and in TE67! cells, in which SAMHDI-mediated HIV-
1 infection restrictions were observed, suggesting that the
SAM-mediated stabilization of the SAMHDI protein is imi-
portant for its anti-virus activity. Further studies are re-
quired to understand the mechanism by which the SAMH-
Din stabilizes the SAMHD! protein.
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