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HBoV1 V-LPs

HBoV3 V-LPs

HBoV2 V-LPs

Fig. 3. Electron micrographs of HBoVLPs. The fraction containing p61 protein was stained with 2% uranyl acetate and observed by EM. Bar, 200 nm.

in all HBoVs1-4. The control VLPs derived from B19 VP2 appeared
in fractions 12 and 13 with the density of 1.28 g/cm3. The p61-
containing fraction no. 8 was diluted and VLPs were sedimented
by centrifugation and observed by electron microscopy. As shown
in Fig. 3, empty spherical particles with an approx. 22-nm dia.
were observed. The size of these particles was similar to that of
the authentic HBoV particles (Brieu et al., 2007; Christensen et al.,
2010; Santos et al., 2010), indicating that the recombinant VP2
self-assembled into virus-like particles (HBoV1 VLPs, HBoV2 VLPs,
HBoV3 VLPs and HBoV4 VLPs). The yields of the purified HBoV VLPs
obtained from 107 infected Tn5 cells were 1.2mg (HBoV1 VLPs),
0.5mg (HBoV2 VLPs), 1.0mg (HBoV3 VLPs), and 0.8 mg (HBoV4
VLPs), respectively.

3.3. Co-expression of VP1 and VP2 proteins of HBoV1

Although VP1 of HBoV is known as a minor component of
the viral particles, its role in the morphogenesis of HBoV has not
yet been well determined. When HBoV1 VP1 was expressed by
the recombinant baculovirus AcHBoV1-VP1 in Tn5 cells, the VP1
protein with a molecular mass of 75kDa (p75) was detected in
infected Tn5 cells. However, the expression level of the VP1 pro-
tein was quite low and not released into the culture supernatant
(Fig. 4A).

In contrast, when two recombinant baculoviruses, AcHBoV1-
VP1 and AcHBoV1-VP2, were co-infected to Tn5 cells, both VP1
and VP2 proteins were observed in both the cell lysate and cul-
ture supernatant (Fig. 4A). As shown in Fig. 4B, p75 and p61
appeared in the same fraction no. 8 after CsCl gradient centrifuga-
tion. Amino acids analysis showed that the N-terminal sequences of
p75 was Pro-Pro-Ile-Lys-Arg, which is identical to that of the VP1 N-
terminus amino acid sequence. When fraction no. 8 was observed
by electron microscopy, spherical empty particles with an approx.
22-nm dia. were observed, and its morphology observed by elec-
tron microscopy was similar to that of VP2 VLPs (Fig. 4C). These
results indicate that the ratio between VP1 and VP2 in a VLP is quite
different if VP1 protein was incorporated into the VLP evenly. These
results also suggested that the VP1 protein is a minor structural
protein of HBoVs.

3.4. Antigenic cross-reactivity among HBoV VLPs

To examine the antigenicity of HBoV VLPs, rabbits were immu-
nized with HBoV1 VLPs, HBoV2 VLPs, HBoV3 VLPs, and HBoV4
VLPs, respectively, and we determined anti-VLPs IgG titers by ELISA
(Fig. 5). After three injections, all of those rabbits elicited high
levels of IgG antibody against each homologous antigen at titers
of 1:409,600 (HBoV1 VLPs), 1:819,200 (HBoV2 VLPs), 1:409,600
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Fig. 4. Co-expression of HBoV1-VP1 and HBoV1-VP2. Insect cells (Tn5) were infected with either AcHBoV1-VP1 or AcHBoV1-VP2, or co-infected with AcHBoV1-VP1 and
AcHBoV1-VP2, Expression of VPT and VP2 proteins in cell lysates was detected at 3 days p.. The supernatant of the infected Tn5 cells was harvested on 7 days p.i,, and
concentrated by ultracentrifugation. (A) The proteins were separated by SDS-PAGE and stained with Coomassie blue. (B) The VLPs recovered from the supernatant of the
co-infected cells were purified by CsCl gradient centrifugation. Aliquots from each fraction were analyzed by SDS-PAGE, and stained with Coomassie blue. (C) EM of fraction

no. 8. Bar, 100 nm.

(HBoV3 VLPs), and 1:819,200 (HBoV4 VLPs), respectively. None
of the pre-immune sera showed any reaction against heterolo-
gous or homologous VLPs. Each serurn was cross-reacted with
heterologous VLPs, but the titers were lower than those with the
homologous antigen. The anti-HBoV1 VLPs IgG reacted with HBoV2
VLPs, HBoV3 VLPs and HBoV4 VLPs at titers of 6400. In contrast,
anti-HBoV2 VLPs IgG reacted with HBoV3 VLPs and HBoV4 VLPs
at titers of 25,600, and anti-HBoV3 VLPs IgG reacted with HBoV2
VLPs and HBoV4 VLPs at titers of 204,800. Anti-HBoV4 VLPs 1gG
reacted with HBoV2 VLPs and HBoV3 VLPs with titers of 102,400 to
204,800, respectively. The results indicated that HBoVs are serolog-
ically cross-reactive with each other, suggesting that HBoVs possess
the same antigenic epitope(s).

3.5. Seroprevalence of HBoVs in a general population in Japan
We measured the seroprevalences of anti-HBoV1, HBoV2,

HBoV3 and HBoV4 IgG and IgM using 372 sera collected from
healthy individuals who lived in a southern prefecture of Japan.

HBoV1-LPs HBoV2-LPs
A B

The average positive rates of IgG were 93.0% (346/372), 70.1%
(261/372),67.7%(252/372)and 76.6% (285/372) for HBoV1, HBoV?2,
HBoV3 and HBoV4, respectively, whereas no significant difference
was found in those of IgG among different age groups (p<0.05). A
high prevalence of antibodies against HBoVs was already found in
the population of healthy 1- to 9-year-old children in Japan, indi-
cating that HBoVs infection is common and the infection occurs
during childhood.

The average positive rates for HBoV1, HBoV2, HBoV3 and HBoV4
in serum IgG from males and females were 93.3% and 92.9% for
HBoV1, 73.9% and 68.3% for HBoV2, 68.7.6% and 65.8% for HBoV3,
and 78.2% and 75.8% for HBoV4, respectively; no significant dif-
ference was seen between males and females in the IgG-positive
rate for all genotypes (p<0.05). In contrast to the relatively high
positive rate in serum IgG, only one individual each out of the
372 (0.54%) was found to be IgM-positive for HBoV1 and HBoV3,
with low OD values of 0.35 and 0.43, respectively. No serum IgM
antibody against HBoV2 and HBoV4 was detectable in those serum
samples.

HBoV3-LPs HBoV4-LPs
Cc D

1gG titers OD492

103 105
Dilution of anti rabbit serum

108 102 103

Fig. 5. Cross-reactivity among HBoVs. We prepared hyperimmune sera against HBoV1-LPs (), HBoV2-LPs (A), HBoV3-LPs (v) and HBoV4-LPs (¢) by inoculating rabbits
with HBoVs-LPs. Cross-reactivities of HBoVs-LPs found by ELISA are shown. The ELISA was performed using HBoV1-LPs (A), HBoV2-LPs (B), HBoV3-LPs (C), and HBoV4-LPs

(D) as the antigen, respectively.
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4. Discussion

To date, four species of human bocavirus, HBoV1, HBoV2, HBoV3
and HBoV4, have been identified. Human bocaviruses are associ-
ated with respiratory iliness and gastroenteric diseases. Because no
culture system is available for HBoV growth, the serological diag-
nosis and vaccine development are difficult, and studies focusing
on how to express the capsid protein of HBoVs are necessary. In the
present study, we expressed the major capsid protein VP2 of four
HBoVs in insect Tn5 cells which self-assembled into VLPs.

Recombinant baculovirus expression systems have long been
used to express prateins, especially to generate VLPs of various
DNA and RNA viruses. The advantages of this system are efficient
expression and the self-assembly of the capsid protein into VLPs.
VLPs produced by this system usually release into the cell culture
supernatant and retain immunogenicity as well as physicochemi-
cal properties of their native virions (Li et al., 1997; Li et al,, 2004;
Murakamietal, 1999; Baumertetal., 1999; Matsuo et al., 2006). Sf9
and Tn5 cells are commonly used cell lines in baculovirus expres-
sion systems (Stewart and Possee, 1993; Wickham and Nemerow,
1993).

Previous studies have shown that the HBoV1 capsid protein VP2
expressed in Sf9 cells self-assembled into VLPs in the cell lysates,
but were not released into the culture medium (Kahn et al., 2008;
Soderlund-Venermo et al., 2009). Attempts were made to express
the HBoV1 capsid protein VP2 in Sf9 cells, but the level of expres-
sion was significantly lower than that in Tn5, and it was difficult
to obtain a larger amount of the protein (Fig. 1). In contrast, in the
case of Tn5, a large amount of HBoV1 VLPs was released into the
culture medium, making the purification of the VLPs much easier.

The morphologies of the VLPs derived from four genetically dif-
ferent HBoVs were similar. All of these VLPs had a dia. of 22 nm,
similar to those of individual authentic virus particles. The density
of HBoVs-LPs was approx. 1.30 g/cm3, slightly less than that of the
native virus particles, perhaps because the VLPs were empty and
did not contain the virus genome. Although VLPs were obtained
by the co-expression of HBoV1 VP1 and VP2, the density and mor-
phology of the VLPs did not significantly differ from those of the
VP2 VLPs. Further structural studies are needed to clarify the role
of VP1 in the VLP formation.

Our immunogenic and antigenic analyses showed that HBoVs-
LPs are capable of inducing IgG antibodies as high as 1:409,600 to
1:819,200 in rabbits even without any adjuvant, and we observed
different degrees of cross-reactivity among the four HBoVs. The
high immunogenicity of the VLPs suggests that HBoVs-LPs are
promising candidates for a vaccine against HBoV infection. Phy-
logenetic studies have shown that the amino acid identity of VP2
among HBoVs was as high as 76.9% to 90.8%, and the antigenic
cross-reactivity was confirmed in this study. Notably, based on phy-
logenetic analyses of the amino acid sequences deduced from the
VP1/2 gene, HBoV1 shared amino acid identities of 79.4% to 79.9%
with HBoV2, HBoV3, and HBoV4; however, those among HBoV2,
HBoV3 and HBoV4 were 90.1% to 91.8%, suggesting that HBoV1 is
slightly different from HBoV2, HBoV3, and HBoV4. In fact, the ELISA
titers of anti-HBoV1 IgG against VLPs from HBoV2, HBoV3, or HBoV4
were 1:6400, weaker than other heterogeneous anti-HBoVs-LPs
IgG.

Consistent with the previous findings obtained from a gen-
eral population, the IgG-positive rate to HBoV1 reached 93.0% in
the healthy Japanese population in the present study, indicating
widespread infection in Japan. In addition, the seroprevalences
of HBoV2, HBoV3, and HBoV4 were examined for the first time
in a general population in Japan and were also found to be rel-
atively high, at 70.1%, 67.7%, and 76%, respectively. Considering
the cross-reactivity among HBoVs, diseases associated with HBoVs
infection should be further investigated, and other immunological

diagnostic methods such as the detection of HBoV-specific antigens
with monoclonal antibodies are needed.

In conclusion, VLPs of four HBoVs - HBoV1, HBoV2, HBoV3 and
HBoV4 - were generated by recombinant baculovirus, and their
immunogenicity and antigenicity were examined. The VLPs-based
ELISA results showed that HBoV infection is common in japan. The
production of HBoV VLPs will contribute to a better understanding
of the epidemiology and biological characteristics of HBoVs. HBoV
VLPs are also a promising resource for vaccine development.
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In the present study, a rapid, sensitive and quantitative detection of influenza A virus targeting
hemagglutinin (HA) was developed using hybrid structure of quantum dots (QDs) and nanoporous gold
leaf (NPGL). NPGL film was prepared by dealloying bimetallic film where its surface morphology and
roughness were fairly controlled. Anti-influenza A virus HA antibody (ab66189) was bound with NPGL
and amine (-NH,) terminated QDs. These biofunctionalized NPGL and QDs formed a complex with the
influenza virus A/Beijing/262/95 (H1N1) and the photoluminescence (PL) intensities of QDs were linearly
correlated with the concentrations of the virus up to 1 ng/mL while no PL was observed in the absence of
the virus, or in bovine serum albumin (BSA, 1 pg/mL) alone. In addition, it was demonstrated that this
assay detected successfully influenza virus A/Yokohama/110/2009 (H3N2) that is isolated from a clinical
sample, at a concentration of ca. 50 plaque forming units (PFU)/mL. This detection limit is 2-order more
sensitive than a commercially available rapid influenza diagnostic test. From these results, the proposed

assay may offer a new strategy to monitor influenza virus for public health.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Epidemic diseases via transmission of the virus are becoming
a threatening fear for public health system; e.g., the pandemic
influenza A (HIN1) 2009 virus was firstly identified in Mexico in
2009 and caused rapid outbreaks, resulting in ca. 18,000 casualties
around the world (Kawai et al, 2012; Panning et al, 2009). It
continues to expand globally and causes significant rates of morbid-
ity and mortality, particularly in the elderly and children. A rapid
diagnosis of influenza viruses is vital for prevention and timely
control of influenza epidemics. Currently forefront tests, ie.,
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0956-5663 © 2014 Elsevier B.V. All rights reserved.

immunosensors and genosensors for monitoring influenza viruses
at initial stage usually require professional skill, equipment, multiple
processes, and low sensitivity, resulting in retardation to clinical
decision (Bonanni et al, 2010; Choi et al, 2010; Deng et al, 2011;
Drexler et al,, 2009; Druce et al, 2005; Egashira et al., 2008; Kok
et al,, 2010; Kukol et al, 2008; Owen et al, 2007; Pavlovic et al,
2008; Rahman et al, 2008; van Elden et al, 2001). Numerous
technologies for higher sensitivity are emerging for virus detection.

In particular, it has been attractive to utilize photoluminescence
(PL) enhancement based on the near-field plasmonic effect at
metallic nanostructures (Driskell et al, 2011; Gramotnev and
Bozhevolnyi, 2010; Schuller et al., 2010). The interaction between
metal and semiconductor nanostructure offers attractive opportu-
nities for tuning the optical properties of such composites based
on exciton-plasmon coupling. Such composite structures feature
complementary optical properties; e.g., semiconductor nanostruc-
tures give rise to high emission yields and light-harvesting
capabilities, whereas the metallic surface is particularly effective
for local probing, confined excitation, non-linear optics and
intense PL enhancement (Achermann, 2010; Lee et al., 2006,
2007). Surface roughness has long been considered as one of the
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critical parameters for optimizing metal enhanced fluorescence and
has enabled precise control of localized surface plasmon resonance
(LSPR) as well as surface plasmon polariton (SPP). In rough metallic
surface, the scattering of SPP mode can produce photons that can
decrease diffraction limit and resolve the sub-wavelength structure,
thereby unlocking the prospect of utilizing metal-semiconductor
nanocomposite films for enhancing PL emission (Ahmed et al,, 2012;
Leong et al,, 2010; Okamoto et al,, 2004).

Nanoporous gold film has unique physical properties such as
excellent stability, biocompatibility, as well as high specific surface
area to form self-assembled monolayers from thiols, sulfides and
disulfides (Biener et al,, 2008; Huang and Sun, 2005). Usually a
dealloying technique is utilized to prepare nanoporous structures
with controlled pore size and ligaments. By exploiting the deal-
loying method, PL enhancement in the vicinity of metal nanos-
tructures can be achieved with delicate control of the morphology
of the surface on the scale of a few hundreds nanometers in
conjunction with interconnected-porous structures (Ciesielski
et al,, 2008; Detsi et al., 2011).

In the present study, the fabrication of metallic surfaces with
tunable roughness and controlled structures is reported using the
dealloying method. The procedure for fabrication of metal-semicon-
ductor hybrid nanostructures was achieved by means of self-assembly
techniques, and the importance of the metallic surface morphology for
PL enhancement is illustrated. Furthermore, this physical study
expanded to develop a highly sensitive metal-semiconductor hybrid
nanostructure for the detection of influenza virus (Fig. 1).

2. Materials and methods
2.1. Materials

3-Mercaptopropionic acid (MPA; 99%), poly-diallyldimethyl-
ammonium chloride (PDDA; M.W. 400,000-500,000), poly-
acrylic acid (PAA; M\W.,~450,000), cadmium perchlorate hydrate,
thioglycolic acid (TGA), N-(3-dimethylaminopropyl)-N'~ethyl-
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were

a

NH,NH, NH, NH,

Cysteamine
C,H,NS

NPGL

b

Cysteamine ;.3
capped QDs B

purchased from Sigma-Aldrich (Milwaukee, USA). Aluminum tell-
uride (Al,Tes) was acquired from Cerac Company (Milwaukee,
USA) at the highest purity available. The chromogenic substrate,
3,3, 5,5'-tetramethylbenzidine (TMB) was obtained from Dojindo
(Osaka, Japan). Gold leaf films were purchased from Giusto
Manetti Inc. (Campi Bisenzio, Italy). Anti-Influenza A virus HA H1
antibody [B219M] (ab661189, Lot: GR40088-11), anti-Swine Influ-
enza A (HIN1) HA antibody (ab91530, Lot: 942815), and anti-H3
(H3N2) antibody [InA227] (ab82454, Lot: GR84403-3) were pur-
chased from Abcam Inc. (Cambridge, UK). Recombinant influenza
A virus HA (H1IN1) (New Caledonia/20/1999; Cat: 11683-V0O8H)
and influenza virus A/Beijing/262/95 (H1N1) (Cat: 81N73-2) were
purchased from Sino Biological Inc. (Beijing, China) and HyTest
Lyd. (Turku, Finland), respectively. Influenza virus A/Yokohama/
110/2009 (H3N2) that was isolated from a clinical sample was
kindly provided by Dr. C. Kawakami of the Yokohama City Institute
of Health, Japan, and was used for confirming the versatility of the
assay system. ECL™ anti-mouse IgG, horseradish peroxidase (HRP)
linked whole antibody (from sheep) was purchased from GE
Healthcare UK Ltd. (Buckinghamshire, UK). All other chemicals
were obtained from Wako Pure Chem. Ind. Ltd. (Osaka, Japan).
All experiments were carried out using high purity deionized (DI)
water ( > 18 MQ).

2.2, Preparation of NPGL and semiconductor nanoparticles

The dealloying process of NPGL film has previously been
described (Ciesielski et al., 2008). In this study, a gold/silver leaf
was gently placed on a microscope slide. This slide was then
slowly immersed into a beaker of concentrated nitric acid in order
to float the leaf at the air-acid interface. The glass slide was
removed when the leaf floated freely on the surface of the nitric
acid solution. Subsequently, it was dealloyed for the desired time
intervals of 5, 10, 30, and 60 min, and labeled as NPGLO5, NPGL10,
NPGL30 and NPGL60, respectively. The leaf was removed from the
acid using a glass slide and transferred into a beaker containing
deionized water, where the leaf was rinsed by floating for 30 min.
The dealloyed leaf was withdrawn on a glass substrate that had

Y

NPGL

Influenza virus

v

NPGL

Fig. 1. Schematic of virus detection using nanoporous gold leaf (NPGL) film. The NPGL (a) and quantum dots (QDs) (b) were firstly conjugated with anti-hemagglutinin (HA)
antibodies (anti-HA Ab, Y shape) by the reaction of ethylcarbodiimide (EDC)/N-hydroxysuccinimide (NHS). Then anti-HA Ab-conjugated with NPGL and QDs form complex

(c) in presence of HA on the surface of influenza virus, finally enhancing PL intensity.
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previously been modified with 3-mercaptopropy! trimethoxysi-
lane in n-hexane. TGA-capped cadmium telluride (CdTe) QDs were
also synthesized by a technique previously reported in detail
(Gaponik et al., 2002) and stored at 4 °C prior to use.

2.3. Immobilization of CdTe QDs on the NPGL substrate

To evaluate optical properties of NPGL surface, the QDs were
immobilized on the NPGL substrate by means of ultrasonic-
assisted layer-by-layer (LbL) assembly (Ouyang et al., 2012;
Perelshtein et al., 2008) (Supporting information S1). The polymer
spacer layer of ca. 20 nm between nanocrystals and metal surface
avoids unwanted quenching effects but assists PL enhancement.

2.4. Topographic observation and spectroscopic studies of NPGL films

Topographic images of the NPGL surfaces were obtained using
atomic force microscopy (AFM, dilnnova, Veeco, USA) and scan-
ning electron microscopy (SEM, $4700, Hitachi High-Technol. Co.,
Minato-ku, Japan).

2.5. Detection platform of HA, Influenza viruses A/Beijing/262/95
(H1IN1), and A/Yokohama/110/2009 (H3N2) on NPGL

Antibody specificity for HA (H1N1) was confirmed using an
enzyme-linked immunosorbent assay (ELISA) (Supporting
information S2) before conjugation to NPGL5 film. The anti-HA
Ab (ab66189)-conjugated NPGL5 films (Supporting informa-
tion S3) were rinsed 3 times with phosphate buffered saline
(PBS). 100 pl anti-HA Ab-conjugated QDs (Ab-QDs) (Supporting
information S1 and S4) containing different concentrations of
recombinant influenza HA (H1N1) were added to the microplate
wells. An Ab-QDs solution in BSA and without influenza virus HA
(H1NT1) was added to the same microplate as a negative control. To
determine the PL enhancement effect of NPGLO5 for HA detection,
an identical amount of Ab-QDs solution containing 10 mg/mL HA
protein was added to the wells of microplate. The microplate was

b

TRRLELITETL |

300nm

NPGLO05 NPGL10

Rrms: 127.1 nm Rrms: 102.7 nm

Rrms: 71.6 nm

then incubated for 30 min at room temperature. An infinite® F500
microplate fluorescence reader (TECAN, Minnedorf, Switzerland)
was employed to measure the PL intensity of each well. The
samiples were excited at 380 nm, and the exciting and the emis-
sion slits were 5 and 10 nm, respectively. Based on the PL values at
different concentrations of HA, a dose-dependent curve was
constructed. This NPGL-based assay platform was applied on
detection of two different types of influenza viruses using the
same protocol as described above. Influenza virus A/Beijing/262/95
(HINT) was detected using anti-HA (H1N1) Ab-bioconjugated
NPGL and QDs; influenza virus AfYokohama/110/2009 (H3N2) was
detected using anti-HA (H3N2) Ab-bioconjugated NPGL and QDs.

2.6. Detection of influenza virus by rapid influenza diagnostic test
(RIDT)

To carry out direct and complementary comparison of the
detection ability with commercially available influenza diagnostic
kit, a commercial RIDT (ImunoAce Flu, TAUNS Lab. Inc., Numazu,
Shizuoka, Japan), was purchased to detect Influenza virus A/
Yokohama/110/2009 (H3N2) according to manufacturer's protocol.
Different virus titers were prepared and then, three drops of virus
solution were put on the sample port of the testing kit. Positive
and negative influenza diagnostic results were obtained from
different significant bands that appeared on the strip paper after
10 min of incubation at room temperature.

3. Results and discussion
3.1. Topographic observation of NPGL films

SEM and AFM images showed that the pore sizes of the
substrates varied depending on the dealloying times (Fig. 2a-d).
The size of the pores and ligaments increased with longer deal-
loying times due to increased removal of the less-noble constitu-
ent (silver) of the alloy. AFM was used to evaluate the root mean

d

NPGL30

NPGL60

Rrms: 42.8 nm

Fig. 2. SEM and AFM images and the measured Ryms of each NPGL sample with various dealloying times (5-60 min), where e.g., NPGLO5 depicts 5 min of dealloying time.
Dealloyed times are 5 min (a), 10 min (b), 30 min (c) and 60 min (d). Bars in upper and lower panels denote 300 and 500 nm respectively.
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square roughness (Rus) of the surface of each substrate with
different dealloying times. The R of the substrate was calculated
in the scanning area (3 x 3 pm?) of the AFM tip. It was found that
the shorter is dealloying times the smaller is pore sizes, resulting
in increasing surface irregularities and the surface roughness. Four
selected NPGL samples of variant surface roughness (Ryms in lower
panel of Fig. 2) were used for further optical evaluation.

3.2. Spectroscopic and microscopic studies of the NPGL films

The PL band of the synthesized QD solution was observed at
526 nm with a relative quantum yield of > 20% that was determined
from the relative ratio versus rhodamine B dispersed in ethylene
glycol, where the quantum yield of rhodamine B was 0.95 (Fig. S1A).
Given that the surface roughness of each produced NPGL films
differed, special care was taken in the QD immobilizing process to
ensure that the equivalent amount of QDs was deposited on each
substrate. Consequently, it is important to produce a monolayer of QDs
on the surface of a metallic substrate. We monitored the absorbance of
the QDs on the respective substrates to maintain similar intensities by
adjusting the deposition time during the LbL process. Then, the PL
intensity of the QD solution at the same absorption of the LbL film was
measured. It was observed that the difference in the PL intensity of the
various samples was less than 10%, indicating that fairly identical
amount of QDs were deposited on the samples (Fig. S1B).

Indeed, PL enhancement of QDs on metal surfaces was
observed. Fig. 3a shows that higher the roughness higher is the
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PL enhancement; e.g., the emission intensity of QDs on NPGLO5
(Rrms=127.1 nm) and NPGL60 (R;ns=42.8 nm) was 9- and 2-fold
higher than that on a glass substrate, respectively (Fig. 3a). When
QDs were deposited on the metal surface without a spacer layer,
no PL intensity was observed, rather quenching dominated. This
remarkable PL enhancement may be attributed to a strong inter-
action with surface plasmon of metallic substrate. It has previously
been reported that the excitons generated in the QDs can resonate
with electron vibrations at the metal surface collectively to induce
luminescence enhancement (Lee et al, 2004; Okamoto et al,
2006). Furthermore, the roughness effect on PL enhancement
may be related to the multiple scattering phenomena of the SPP
mode in combination with rough surfaces. Such roughness and
imperfections in nanostructured random media allow SPP of high
momentum to scatter and lose momentum and then couple to
radioactive light (Okamoto et al,, 2006). The fluorescence lifetimes
(z) of the respective samples were measured at an excitation
wavelength of 380 nm using a light-emitting diode spectrophot-
ometer (PTI Inc., USA). The spectra in Fig. 3b presents that the
rougher the substrate is the shorter is the lifetime, i.e., the PL
lifetime varied from 3.17 ns to 1.2 ns while the R, values varied
from 42.8 to 127.1 nm (Fig. 3c). In contrast, the lifetime of CdTe
QDs on glass slides was 742 + 0.37 ns. In particular, the short
dealloying time generated ultrafine structures that are character-
ized as small pores and pimples ( < 10 nm) that play a major role
in plasmonic scattering with consequent PL enhancement.
Fig. 3d demonstrates a fluorescence microscopic image of the

b
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Fig. 3. (a) Photoluminescence (PL) spectra of QDs on different roughnesses of NPGL and glass substrate (for QD only); (b) time-based fluorescence kinetics profile of PL signal
for QDs on different surfaces; (c) lifetimes (z) variance depending on surface roughness; (d) fluorescence microscopic image of QDs on metallic nanostripe patterns. IRF in
(b) stands for instrumental response function. The error bars in (c) indicate standard deviation (SD) in each measurement and the scale bar in (d) denotes 1 pm.
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QD/polymer-deposited films on metallic nanostripe pattern to
demonstrate strong PL enhancement induced by metal enhanced
fluorescence. With increasing surface roughness, multiple scatter-
ing of lights occurs in nanostructured random media. The high
enhancement effect observed in close proximity of metallic
nanopatterns is primarily due to the absorption andfor emission
bands of the QDs overlap with the scattering wavelength of the
rough metallic surface, From these fundamental physical experi-
ments NPGRO5 substrate was chosen for further sensing experi-
ments of virus detection.

3.3. Immunoassay of HA on NPGLO5 and QDs

It is known that HA, a surface glycoprotein on the surface of
viruses has unique immune-specificity in the initial stage of
infection mechanism (Wiley and Skehel, 1987). The detailed
optical observation at every respective step of bioconjugation with
nanomaterials and antibodies was carefully monitored by using
ELISA and FTIR spectrophotometry. Immuno-specificity of the anti-
HA Ab (ab66189) for influenza virus A/Beijing/262/95 (H1N1) was
investigated (Supporting information S1 and S2). A different type
of Ab (ab91530) and BSA was used for comparison. A higher
absorbance was observed with anti-HA Ab (ab66189) compared to
the anti-HA Ab (ab91530) or BSA (Fig. S2A). From these experi-
mental results, anti-HA Ab (ab66189) has a strong immune-
specificity for influenza virus A/Beijing/262/95 (H1N1) whereas
other antibody and BSA show no binding affinity with influenza A
virus. The ELISA test indicated that the antibodies are successfully
conjugated on the NPGLs without losing its binding affinity (Fig.
S2B and C). Furthermore, FTIR bands found at 3700-3500 cm ™! for
amide N-H stretching and 1690-1630cm™' for amide C==0
stretching corresponds the chemical binding between NPGL and
anti-HA Ab (ab66189) (Fig. S2D).

Then the same experiments were carried out to scrutinize any
influence of binding affinity when cysteamine capped QDs were
conjugated with anti-HA Ab (ab66189) using recombinant influ-
enza H1N1 HA (New Caledonia/20/1999) (Fig. S3A), resulting that
cysteamine capped QDs were successfully conjugated with the
antibody (Fig. S3B and C). In fluorescence microscopic image, the
aggregated and brighter spot might be virus deposited part on the
film (Fig. S3D). The detection procedure consisted of three steps —
(i) binding of antibody on NPGL, (ii) binding of antibody on QDs
and (iii) immune-reaction between the antibody and antigen.

After confirming the binding affinity of antibody on the surface
of NPGL film, the recombinant HA (H1N1) was monitored. Both
NPGL film and QDs were bound with anti-HA (HIN1) Ab
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(ab66189). With HA, these bioconjugated components form a
complex, consequently producing high PL intensity from QDs via
surface plasmon resonance with the NPGL substrate. In our
experiment, 3 times higher PL intensity were monitored in the
nanostructure of the antibody-functionalized NPGL than that
without the NPGL, where 10 pg/mL of HA was added in each
experiment (Fig. 4A). In the quantitative analysis using different
concentrations of HA, PL intensities were logarithmically corre-
spondent on HA concentration in the range of 1 ng/ml-10 ug/mL
(Fig. 4B and the inset). However, there was no significant PL
change without any addition of HA or in the addition of BSA.

3.4. Immunoassay for virus detection

After confirmation of HA muonitoring using this novel sensing
system with NPGL and QDs, different concentrations of influenza
virus A/Beijing/262/95 (H1N1) where the surface of this virus also
has specific binding sites of anti-HA (H1N1) Ab were monitored.
Similar results were observed as the previous experiment of HA only
as shown in Fig. 4b. A significant PL enhancement was observed in
the presence of viruses and NPGL (Fig. 5a). Furthermore, a logarith-
mical relationship existed between PL intensities and the virus
concentration in the range of 1 ng/ml-10 pg/mL (Fig. 5b).

Using this developed monitoring system, an influenza virus
AfYokohama/110/2009 (H3N2) was monitored. The specificity of HA
(H3N2) Ab 82454 for influenza virus AfYokohama/110/2009 was
confirmed (Fig. 5¢), and binding of HA (H3N2) Ab 82454 with NPGLO5
and QDs was also confirmed using ELISA (Fig. S4). Then, the sensitivity
of influenza virus A/Yokohama/110/2009 (H3N2) detection was
observed in the range of 50-10,000 plaque forming units (PFU)/mL
(Fig. 5d). The detection limit was shown at ca. 50 PFU/mL.

3.5. Detection of influenza virus using rapid influenza diagnostic test
(RIDT)

A commercially available RIDT kit (ImunoAce Flu, TAUNS Lab. Inc,,
Numazu, Shizuoka, Japan) was used for comparison with our sensing
system to diagnose influenza virus infection using the influenza virus
A/Yokohama/110/2009 (H3N2). Table 1 shows the results of the RIDT
depending on the concentration of virus. In the case of the commercial
RIDT, at least 5000 PFU/mL of virus was required for detection, which
means the limit of detection (LOD) of the influenza virus detection
using our sensing system of NPGL-QDs was 100 times more sensitive
than that of the commercial RIDT (Fig. S5).

In this study, a new detection method on metallic surface based
on exciton—plasmon interaction was presented. In particular, the
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Fig. 4. (a) PL enhancement of QDs with and without the nanostructure; (b) PL enhancement corresponding on different quantities of recombinant influenza HA (H1N1) on
anti-HA Ab-conjugated NPGLO5. (Inset) The calibration curve of PL intensity versus HA concentration. The error bars indicate SD in each measurement.
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Fig. 5. (a) PL spectroscopic detection of influenza virus A/Beijing/262/95 (H1N1) using anti-HA (H1N1) Ab (ab66189)-bioconjugated QDs depending on the existence of anti-
HA (H1N1) Ab (ab66189)-bioconjugated NPGLO5 film; (b) PL intensity versus influenza virus A/Beijing/262/95 (H1N1) concentration; (c) ELISA results for anti-HA (H3N2) Ab
82454 binding with influenza virus A/Yokohama/110/2009 (H3N2); (d) the calibration curve of PL intensity corresponding on the concentration of the influenza virus A/

Yokohama/110/2009 (H3N2). The error bars in (B-D) indicate SD (n=3).

Table 1
Comparison of influenza virus A/Yokohama/110/2009 (H3N2) detection using RIDT.

Detection method  Virus concentration (PFU/mL)

10,000 5000 1000 500 100 50 10 1 O
This study + + + + + + - ~ -
Commercial RIDT + + - - - - - - -

Note: + and — denote the positive and negative diagnoses, respectively.

research centered on the development of robust rough metallic
surfaces that would be used for the generation of high efficient
optical device for biosensor applications. Many implications for
medical take care require a low detection system. An important
goal here was to improve detection limit with high sensitivity. As
we can see, our proposed detection method showed at least 100
times higher sensitivity than a representative commercial test kit.
It might result from the presence of plasmonic rough metallic
surface and adjacent control of distance between QDs to induce PL
enhancement. In addition, the assay is performed with fewer
amounts of reagents and easier to wash out unbound reagents.
However, because of the lack of many medical samples, the huge
analysis is not attainable using our technique up to now, which
will be included in future work.

4. Conclusion

This paper reports a near-field optical evaluation of QDs and
plasmonic surface composites with varying roughness. A dramatic
enhancement of PL intensity and decay rate of the QDs was
achieved on rougher metallic surfaces. The observation of these
PL enhancements from nanocomposites was further applied for
the development of sensitive influenza virus A (H1IN1) detection
(up to 1ng/mL) and influenza A (H3N2) virus isolated from a
clinical sample (up to 50 PFU/mL). The proposed method repre-
sented an alternative traditional method by requiring a higher
sensitivity, much smaller sample volume, less amount reagents.
Further research will be focused on the development of rough
plasmonic metallic surface using self-assembly techniques as well
as clinical evaluation.
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fiAbstract Recent ultrahigh-density tiling array and
large-scale transcriptome analysis have revealed that
large numbers of long non-coding RNAs (IncRNAs)
are transcribed in mammals. Several IncRNAs have
been implicated in transcriptional regulation, organi-
zation of nuclear structure, and post-transcriptional
processing. However, the regulation of expression of
IncRNAs is less well understood. Here, we show that
the exogenous and endogenous expression of an
oncogenic form of small GTPase Ras (called onco-
genic Ras) decrease the expression of IncRNA ANRIL
(antisense non-coding RNA in the INK4 locus), Which
is involved in the regulation of cellular senescence.
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We also show that forced expression of oncogenic Ras
increases the expression of IncRNA PANDA (p21
associated ncRNA DNA damage activated), which is
involved in the regulation of apoptosis. Microarray

'analyysis demonstrated that expression of multiple
; IncRNAs fluctuated by forced expression of oncogenic
‘Ras. These findings indicate that oncogenic Ras
~ regulates the expression of a large number of IncRNAs

including functional IncRNAs, such as ANRIL and

248

PANDA. I

Keywords Longnon-coding RNA - Oncogenic Ras -
ANRIL - PANDA

Introduction

Long non-coding RNAs (IncRNAs) range in size from
200 nucleotides to over 10 kb and are spliced and
polyadenylated post-transcriptionally. Although mass
scale transcriptome analysis has revealed the existence
of large numbers of IncRNAs in mammals (Carninci
et al. 2005), the function of most IncRNAs remain
unclear. Recent studies revealed that several IncRNAs
are involved in biological processes including devel-
opment, cellular senescence, apoptosis, and cancer
(Batista and Chang 2013; Fatica and Bozzoni 2014;
Kitagawa et al. 2013, 2012). Previously, we and
another group have reported the role of the IncRNA
ANRIL (antisense non-coding RNA in the INK4 locus)

Journal : Medium 10616
Article No. : 9834
MS Code : CYTO-D-14-00229

1*
=

@ Springer
Dispatch :  4-12-2014 Pages: 5
O LE O TYPESET
¥ cp ¥ DISK




250

Cytotechnology

in the regulation of INK4 locus (Kotake et al. 2011;
Yap et al. 2010), which encodes two cyclin-dependent
kinase inhibitors, p/S™F and p16™* and a
positive regulator of p53, ARF. The INK4 locus is
frequently mutated or its expression is silenced in
human cancers (Ruas and Peters 1998; Sharpless
2005). ANRIL (3.8 kb transcript) is expressed in the
opposite direction from the pl6™ A ARF-p 15K
gene cluster. ANRIL binds to polycomb repression
complex 1/2, that stably silence gene expression and is
required for the recruitment and repression of
15K and p16™5* transcription, resulting in the
prevention of cellular senescence. PANDA (p2l
associated ncRNA DNA damage activated; 1.5 kb
transcript) is a p21 promoter-derived IncRNA induced
by DNA damage in a p53-dependent manner (Hung
etal. 2011). PANDA directly binds to the transcription
factor NF-YA and inhibits its association with pro-
moters of pro-apoptotic genes, such as FAS, NOXA,
and PUMA. Depletion of PANDA sensitizes cells to
apoptosis by DNA damage, suggesting that PANDA
functions by blocking apoptosis to maintain the
survival of cells that have sustained DNA damage.

Recent studies have revealed that several IncRNAs,
such as MALATI and HOTAIR, are also associated
with cancer progression (Gupta et al. 2010; Tano et al.
2010). Although the biological importance of IncR-
NAs has gradually been demonstrated, the regulation
of IncRNAs expression is poorly understood. In this
study, we analyzed the expression of IncRNAs
induced by oncogenic Ras signaling.

Materials and methods
Cell culture and retroviral transduction

WI38 and TIG-3 cells are normal human diploid fetal
lung fibroblasts. WI38 cells. were obtained from
American Type Culture »Cyoﬂection (Frederick, MD)
and TIG-3 cells were obtained from Health Science
Research Resource : Bank (Osaka, Japan). Human
colorectal cancer HCT116 cells were obtained from
American Type Culture Collection (Frederick, MD).
HKe3 cells were established from HCT116 cells with a
disruption in oncogenic K-Ras (Shirasawa et al. 1993).
All cells were cultured in DMEM containing 10 % fetal
bovine serum. WI38 and TIG-3 cells were infected with
retroviruses expressing H-Ras®'?V (kindly provided by

@ Springer

Dr. CJ. Der, University of North Carolina at Chapel
Hill, Chapel Hill, NC, USA). The pMX-puro retrovirus
vector was kindly provided by Dr. T Kitamura (The
University of Tokyo, Tokyo, Japan). Retrovirus pro-
duction and transduction were performed as previously
described (Kotake et al. 2007).

Western blotting

For western blotting, cells were lysed with RIPA
buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 %
NP-40, 0.5 % DOC, 0.1 % SDS, 1 mM NazVO,,
1 mM DTT, I mM PMSF) supplemented with prote-
ase inhibitors (10 mg/L antipain, 10 mg/L leupepcin,
10 mg/L. pepstatin, 10 mg/L trypsin inhibitor, 10 mg/
L E64, and 2.5 mg/L. chymostatin). Western blotting
was performed as previously described (Kotake et al.
2007). Antibodies to H-Ras (OP23; Calbiochem) and
o-tubulin (Sigma) were purchased commercially.

Reverse transcription-polymerase chain reaction
(RT-PCR)

For RT-PCR, total RNA was extracted by RNeasy
Plus kit (Qiagen), and 1 pg of total RNA was used for
cDNA synthesis primed with oligo dT primers (Invit-
rogen). The specific PCR pairs for PANDA, ANRIL,
and GAPDH were as follows: PANDA, 5'-AGACCC
CAGTGGCACCTGAC-3 and 5-GGGCAGAACTT
GGCATGATG-3; ANRIL, 5'-TGCTCTATCCGCCA
ATCAGG-3' and 5-GGGCCTCAGTGGCACATA
CC-3'; GAPDH, 5-GCAAATTCCATGGCACCGT-
3" and 5-TCGCCCCACTTGATTTTGG-3'.

DNA microarray

DNA microarray analysis was performed using Sure-
Print G3 Human GE 8x60K (Agilent Technologies)
according to the manufacturer’s protocol by Hokkaido
System Science. Three chips per group were hybrid-
ized. Briefly, total RNA was extracted by RNeasy
Mini kit (Qiagen), and 200 pg of total RNA was
amplified and labeled with cyanine 3 CTP by the Low
Input Quick Amp Labeling kit (Agilent Technolo-
gies). Labeled cRNA was purified by RNeasy mini
spin column (Qiagen) and 600 ng of cyanine 3 labeled
cRNA was hybridized to SurePrint G3 Human GE
8x60K (Agilent Technologies). The chips were ana-
lyzed by Agilent Technologies Microarray Scanner.
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Results and discussion

The small GTPase Ras controls cell proliferation,
survival, and differentiation by regulating downstream
effector molecules, such as mitogen-activated protein
kinases, phosphoinositide 3-kinase, and Ral guanine
nucleotide-dissociation stimulator (Karnoub and
Weinberg 2008; Schubbert et al. 2007). Activating
Ras mutations including G12V and G13D amino acid
substitution lead to oncogenic transformation and
occur in a wide range of human cancers. Previously
and here, we showed that ANRIL expression is
decreased by forced expression of H-Ras®'?V in
WI38 cells (Kotake et al. 2011) (Fig. la, b). Further-
more, we examined by using HCT116 and HKe3 cells
whether endogenous expression of oncogenic Ras
affect the expression of ANRIL. HCT116 cells have a
heterozygous K-Ras mutation (G13D). HKe3 cells
were generated by disrupting the K-Ras®"*" of
HCT116 cells (Shirasawa et al. 1993). RT-PCR
analysis demonstrated that ANRIL is expressed at a
low level in HCT116 cells as compared to HKe3 cells
(Fig. 1c). We also examined the effect of oncogenic
Ras on the expression of PANDA. The stable cell lines
expressing H-Ras®'?Y in TIG-3 cells in which PANDA

A WI38 B WI38
A
& s & ?
9 & I3 ¥
NS & ~z~"z~
H-Ras
a~tubulin
C HKe3 HCT116

(K-Ras*) (K-Ras+50)

ANRIL |

GAPDH [

Fig. 1 Effect of oncogenic Ras on ANRIL expression. WI38
cells were infected with control (Mock) or H—Rasc"zv-express—
ing retroviruses and selected by puromycin. H-Ras protein
levels were determined by western blotting (a). The levels of
ANRIL expression were determined in WI38/Mock and WI38/
H-Ras®'?V  cells by RT-PCR (b). The levels of ANRIL
expression were determined in HKe3 and HCT116 cells by

RT-PCR (¢)

expression was detectable were established, and the
expression of PANDA was determined. Western
blotting results demonstrated the stable expression of
H-Ras®'?Y (Fig. 2a). PANDA expression was sub-
stantially increased by H-Ras®'?V transduction as
assessed by RT-PCR analysis (Fig. 2b). These data
indicate that oncogenic Ras regulates the expression of
two IncRNAs, ANRIL and PANDA, which have a
pivotal role in cell fate determination, such as cellular
senescence and apoptosis. -

Oncogenic Ras might also affect other IncRNAs.
Therefore, we next examined the effect of oncogenic
Ras on the expression of IncRNAs by global analysis.
DNA microarray analysis showed that 3,373 of the
protein coding genes (PCG) had at least a twofold
change by H—Rasqm transduction (Fig. 3a; Table 1).
These data support a previous study demonstrating
oncogenic Ra's regulates diverse pathways (Karnoub
and Weinberg 2008). Additionally, of the 7,419
transcribed regions of IncRNAs, the expression level
of 243 (3.3 %) increased more than twofold and the
expression level of 168 (2.3 %) decreased by <50 %
following H-Ras®'*V transduction (Fig. 3b; Table 1

- and Supplemental Table 1). These data indicate that
‘oncogenic Ras regulates the expression of multiple

IncRNAs as well as PCG.

In this paper, we showed that both exogenous and
endogenous expression of oncogenic Ras decreased
the expression of ANRIL, which represses the tran-
scription of INK4 locus. In mouse and human fibro-
blasts, the transcription of INK4 locus is activated by
oncogenic Ras, causing stable cell cycle arrest to
protect cells from hyperproliferative stimulation

A B __TG&3
&
5
&
s £
H-Ras PANDA
a~tubulin GAPDH

Fig. 2 Effect of oncogenic Ras on PANDA expression. TIG-3
cells were infected with control (Mock) or H—RasGlzv-cxpress-
ing retroviruses and selected by puromycin. H-Ras protein
levels were determined by western blotting (a). The levels of
PANDA expression were determined in TIG-3/Mock and TIG-3/

H-Ras®'?V cells by RT-PCR (b)
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Fig. 3 Change of protein coding genes (PCG) and IncRNAs
expression by oncogenic Ras. Microarray data of PCG (a) and
IncRNAs (b). The mean value was calculated from triplicate
samples of a representative experiment. The results are
expressed relative to the corresponding values for control (WI/
38Mock) cells. The vertical axis of the graph indicates fold-
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change against control cells (Log2). The horizontal axis of the
graph indicates the sample (left: control cells, right: WI38/H-
Ras™?Y). The graph shows data where fold-change in gene
expression was greater than twofold. A p value of <0.05 was
determined as significant

Tg\b‘le 1 Summary of Total Twofold Twofold Twofold Twofold
microarray results for PCG entity increase entity increase (%) decrease entity decrease (%)
and IncRNAs

PCG 26,608 1,513 5.7 1,860 7.0

IncRNA 7,419 243 3.3 168 2.3

(Brookes et al. 2002; Serrano et al. 1997). The
reduction of ANRIL by oncogenic Ras might be
required for the activation of INK4 locus by oncogenic
Ras, resulting in the induction of premature senes-
cence. We also found that enforced expression of
oncogenic Ras increased the expression of PANDA,
which represses apoptosis. Mutational activation of
ras can protect some cell strains from apoptosis
(Downward 1998). The induction of PANDA by
oncogenic Ras might be required for the repression
of apoptosis, resulting in the progression of carcino-
genesis. Indeed, PANDA is selectively increased in
metastatic ductal carcinomas but not in normal breast
tissue (Hung et al. 2011). It will be important issue to
reveal the role of PANDA in carcinogenesis. However,
the molecular mechanism by which oncogenic Ras
regulates ANRIL and PANDA expression is unclear.
Recent studies showed that E2F1 transcription factor
directly binds to and activates ANRIL transcription
(Sato et al. 2010; Wan et al. 2013). It was also revealed
that several IncRNAs including PANDA are induced in
a p53-dependent manner (Huarte et al. 2010; Hung
et al. 2011). Thus, it will be important to identify the

@ Springer

downstream effector molecules of oncogenic Ras,
which regulate the expression of IncRNAs.

Although approximately 10,000 primate-specific
IncRNAs have been identified (Necsulea et al. 2014),
the biological functions of most IncRNAs remain
unclear. This study demonstrated that the expression
of many IncRNAs was altered by oncogenic Ras.
Among these IncRNAs regulated by oncogenic Ras,
uncharacterized functional IncRNAs associated with
malignant transformation may be present.
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Fbw7 Targets GATA3 through Cyclin-Dependent Kinase 2-Dependent
Proteolysis and Contributes to Regulation of T-Cell Development

Kyoko Kitagawa,® Kiyoshi Shibata,” Akinobu Matsumoto,® Masaki Matsumoto,® Tatsuya Ohhata,® Keiichi I. Nakayama,®

Hiroyuki Niida,” Masatoshi Kitagawa®

Department of Molecular Biology, Hamarmatsu University School of Medicine, Higashi-ku, Hamamatsu, Shizuoka, Japan®; Research Equipment Center, Hamamatsu
University School of Medicine, Higashi-ku, Hamamatsu, Shizuoka, Japan®; Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, Kyushu
University, Higashi-ku, Fukuoka, Fukuoka, Japan®

Proper development of T cells depends on lineage-specific regulators controlled transcriptionally and posttranslationally to en-
sure precise levels at appropriate times. Conditional inactivation of F-box protein Fbw7 in mouse T-cell development resulted in
reduced thymic CD4 single-positive (SP) and splenic CD4™ and CD8™ cell proportions. Fbw7 deficiency skewed CD8 SP lineage
differentiation, which exhibited a higher incidence of apoptosis. Similar perturbations during development of CD8-positive cells
were reported with transgenic mice, which enforced GATA3 (T-cell differentiation regulator) expression throughout T-cell de-
velopment. We observed augmented GATA3 in CD4/CD8 double negative (DN) stage 4, CD4 SP, and CD8 SP lineages in Fbw7-
deficient thymocytes. Using overexpressed proteins in cultured cells, we demonstrated that Fbw7 bound to, ubiquitylated, and
destabilized GATA3. Two Cdc4 phosphodegron (CPD) candidate sequences, consensus Fbw7 recognition domains, were identi-
fied in GATA3, and phosphorylation of Thr-156 in CPD was required for Fbw7-mediated ubiquitylation and degradation. Phos-

phorylation of GATA3 Thr-156 was detected in mouse thymocytes, and cyclin-dependent kinase 2 (CDK2) was identified as a
respondent for phosphorylation at Thr-156. These observations suggest that Fbw7-mediated GATA3 regulation with CDK2-
mediated phosphorylation of CPD contributes to the precise differentiation of T-cell lineages.

e F-box protein Fbw7 (also known as Fbxw7, Sel-10, or Cdc4)
¢ forms an Skpl-cullinl-F box protein (SCF) complex that me-
diates the ubiquitylation of substrates. Fbw?7 binds to a high-affin-
ity recognition motif termed the Cdc4 phosphodegron (CPD),
with a consensus sequence of T/S(PO,)-P-X-X-S/T/D/E (where X
indicates an arbitrary residue) (1). Fbw7 often promotes the turn-
over of substrates via phosphorylation of the CPD. Interestingly,
many Fbw7 substrates synergize and/or function to promote spe-
cific cell differentiation. Notch1, c-Myc, and mTOR regulate qui-
escence and storage of hematopoietic stem cells, and Notchl, c-
Myc, c-Myb, and MCLI contribute to the development of the
common lymphoid progenitor lineages (2). To investigate the role
of Fbw7-mediated ubiquitylation of substrates, Fbw7 conditional
knockouts were constructed with tissue-specific expression of Cre
recombinase. Using gene targeting mice, some studies have re-
ported that ablation of Fbw7 in T cells resulted in the predisposi-
tion to thymic enlargement and thymic lymphoma, which ex-
pressed both CD4 and CD8, suggesting their derivation from
immature T cells, and the accumulation of c-Myc, Notch1l, MCL1,
and NF-«B2 (3-5). In this paper, we focused on the reduced thy-
mic CD4 single-positive (SP) and CD8 SP and splenic CD4" and
CD8™ cell proportions in mice, which were conditionally depleted
of Fbw7. From further detailed analysis, we found that Fbw7 de-
ficiency also skewed the differentiation of the CD8 SP lineage,
which exhibited a higher incidence of apoptosis. Interestingly,
similar perturbations during development of CD8-positive cells
have been reported with transgenic (Tg) mice in which expression
of GATA3 was enforced throughout T-cell development (6).
T-cell progenitors undergo maturation in the thymus and sub-
sequently migrate to the peripheral lymphoid organs. T-cell lin-
eages of thymocytes are classified by the expression pattern of two
surface antigens, CD4 and CD8. Most immature T cells do not
express CD4 or CD8 and are referred to as double-negative (DN)
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cells. Maturation of DN cells into double-positive (DP) cells re-
quires expression of both antigens, and further progression leads
to the retained expression of CD4 or CD8 in the single-positive
(SP) cells (7).

Proper development of T cells depends on lineage-specific reg-
ulators, including GATA3, which is one of the factors involved in
T-cell specification and commitment. The mammalian GATA
family of transcription factors comprises six types, GATA binding
protein 1 (GATA1) to GATAG6. While each GATA protein has a
distinct and restricted tissue expression pattern, GATAL to GATA3
are classified as the hematopoietic factors. GATA3 is expressed by
immune cells. GATA3 is an important regulator of T-cell differ-
entiation and involved in B-selection and CD4 SP T-cell develop-
ment in the early stage of commitment and T helper 2 (Th2) cell
maturation (8-14). GATA3 is upregulated during the develop-
ment of CD4 but not CD8 SP thymocytes (15, 16). These distinc-
tions act as one of the mediators of the CD4/CD8 lineage decision
of thymocytes as overexpression of GATA3 during positive selec-
tion inhibited CD8 SP cell development (6). In addition, the in-
creased abundance of GATA3 during the late DN stage disturbs
accurate progression from DN to DP and may result in trans-
formed cells, which are characterized as CD4* CD8™ (6). GATA3
expression is regulated by Notch and NF-«kB2 during Th2 differ-
entiation (2, 17-19). We inferred that the protein degradation
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system might play a critical role in the quantitative regulation of
GATA3, similar to a transcriptional regulator. Yamashita et al.
reported that extracellular signal-regulated kinase (ERK)-mito-
gen-activated protein kinase (MAPK) activation stabilized
GATA3 through inhibition of the ubiquitin (Ub)-proteasome sig-
naling and that Mdm2 was involved in the ubiquitylation of
GATA3 in T cells although the involvement for phosphorylation
in regulation by Mdm?2 has not been elucidated (20).

We found that GATA3 protein accumulated in T-cell lineages
of Fbw7-deficient thymocytes. With the identification of two can-
didate CPD sequences in GATA3 and given that Fbw7 plays cru-
cial roles in the development of T-cell lineages through the regu-
lation of transcription factors, we hypothesized that Fbw7 targets
GATAS3 and that its interaction, which is regulated by cyclin-de-
pendent kinase 2 (CDK2)-mediated phosphorylation of CPD,
modulates the development of T-cell lineages.

MATERIALS AND METHODS

Conditional knockout mice. The generation and genotyping of condi-
tional knockout Lck-Cre/Fbw72°%89% mice were described previously (3).
Mice 6 to 10 weeks of age were used for analysis. All mice were treated
according to the protocols approved by the Hamamatsu University
School of Medicine Animal Care Committees at the Center Animal Care
facility.

Cell culture. Whole thymocytes obtained from Fbw78°f* or Lck-
Cre/Fbw7°%/19% mice and HUT78 cells (Riken) were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 pg/ml). HEK293 and Hela cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, penicillin (100 U/ml), and strepto-
mycin (100 pwg/ml).

Generation of P-T156-GATA3 antibody. Polyclonal antibodies
against phosphorylated Thr-156 of GATA3 (P-T156-GATA3) were raised
against a keyhole limpet hemocyanin (KLH)-conjugated chemically syn-
thesized phosphorylated Thr-156 peptide (P-T156 peptide), correspond-
ing to the CPD region of GATA3 (residues 150 to 161) (MBL). Antiserum
obtained from an immunized guinea pig was purified using column chro-
matography conjugated with the P-T156 peptide and then passed through
a column conjugated with nonphosphorylated Thr-156 peptide (Peptide
Institute) to eliminate antibodies against nonphosphorylated Thr-156
peptide. The antibody specificity was confirmed by enzyme-linked immu-
nosorbent assay and immunoblotting.

Antibodies and fluorescence-activated cell sorting (FACS) analysis.
Phycoerythrin (PE)-Cy5-conjugated anti-CD4 (RM4-5), fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD8a (53-6.7), and PE-labeled an-
nexin V were purchased from BD Pharmingen. PE-Cy7-conjugated anti-
CD44 (IM7) and Alexa Fluor 700~-conjugated anti-CD25 (PC61) were also
purchased from Biolegend. After cell surface labeling, thymic T cells and
splenic T cells of mice were scored and sorted by FACS Aria instruments
(BD). In addition, anti-Myc 9B11 (Cell Signaling), anti-Myc 9E10
(Roche), anti-FLAG M2 (Sigma), antihemagglutinin (anti-HA) 3F10
(MBL), anti-GATA3 HG3-31 (Santa Cruz), anti-Fbw7 (catalog number
A301-7204; Bethyl), anti-CDK2 (TDL), antiphosphothreonine (catalog
number 71-8200; Invitrogen), anti-glutathione S-transferase (anti-GST)
(B-14; Santa Cruz), anti-HSP90 (catalog number 610419; BD), anti-a-
tubulin (clone DM1A; Sigma), anti-B-actin (clone AC15; Sigma), and
anti-NF-kB2 (catalog number A301-822A; Bethyl) were also purchased
for immunoblot analysis. Alexa Fluor 546-conjugated anti-GATA3 was
prepared by an Alexa Fluor 546 monoclonal antibody labeling kit (Ze-
non).

ICC analysis. Immunocytochemistry (ICC) was performed on cytos-
pin preparations of the sorted cell subpopulations. Cells were incubated
overnight with Alexa Fluor 546-conjugated anti-GATA3 antibody at 4°C,
followed by 4’,6'-diamidino-2-phenylindole (DAPI) staining. The rela-
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tive protein levels were calculated as the means = standard deviations
(SD) from 10 random areas.

Plasmids, recombinant proteins, and protein kinases. Complemen-
tary DNAs encoding wild-type (WT) and mutant GATA3 were cloned
into pcDNA3.1/Myc-His (Invitrogen). FLAG-tagged Fbw7 was cloned
into pcDNA3.1 (Invitrogen). The expression plasmid for ubiquitin
(pCGN-HA-Ub) was previously described (21). All point mutants of
GATAS3 were constructed using standard recombinant DNA techniques.
Glutathione S-transferase (GST) and GST-fused GATA3 proteins were
expressed in Escherichia coli BL21 and affinity purified with glutathione-
Sepharose 4B (GE Healthcare). The fusion proteins were eluted with 10
mM reduced glutathione. Recombinant protein kinases used in the in
vitro phosphorylation assay were cyclin E/CDK2 (Abcam), cyclin D1/
CDK4 (Abcam), cyclin D2/CDK4 (Abcam), cyclin A/CDK2 (Abcam), cy-
clin B/CDK1 (Abcam), ERK1 (Carna Biosciences), p38a (Carna Biosci-
ences), HIPK2 (Carna Biosciences), NLK (Carna Biosciences), and
glycogen synthase kinase 33 (GSK38; NEB). For the i vitro binding assay,
recombinant cyclin A/CDK2 (Carna Biosciences) and p38a (Millipore)
were used.

Immunoprecipitation and ubiquitylation assay. Plasmids were tran-
siently transfected into HEK293 cells by the calcium phosphate method.
After 43 h, cells were treated with 20 pM MG132 (Peptide Institute) for 5
hand subsequently lysed inlysis buffer containing protease inhibitors. For
immunoprecipitation (IP), cell lysates were incubated with antibodies
and protein G-Sepharose 4FF (GE Healthcare) at 4°C. Immunocomplexes
were washed with lysis buffer. For denaturing and IP analysis, lysates from
plasmid-transfected HEK293 or HeLa cells were denatured by the addi-
tion of SDS sample buffer and incubation at 100°C for 8 min before being
incubated with an anti-Myc antibody and protein G-Sepharose 4FF at
4°C. Immunoprecipitated samples as well as the original cell lysates (in-
put) were separated by SDS-PAGE and transferred from the gel onto a
polyvinylidene difluoride (PVDF) membrane (Millipore), followed by
immunoblotting. Proteins were visualized using an enhanced chemilumi-
nescence system (PerkinElmer).

Degradation assay. Plasmids were transfected into HeLa cells. At 24 h
after transfection, each transfection was replated into five culture dishes
for the chase experiment, and after an additional 24 h, cells were treated
with 12,5 mg/ml of cycloheximide for the times indicated in Fig. 6. Cell
lysates were subjected to immunoblotting. The intensity of the bands was
quantitated using the image analysis software Image Gauge, version 4.21
(Fujifilm), and the signal intensity of each GATA3 protein was normalized
using levels of HSP90 as a loading control.

In vitro phosphorylation assay. GATA3 WT peptide or GATA3-
T156A peptide (0.1875 mM) was incubated with 0.1 g of recombinant
kinase at 30°C for 1 h in reaction buffer containing 50 uM ATP and 3.5
wCi of [y->?P]ATP (6,000 Ci/mmol), in a final volume of 20 j]. Reactions
were terminated by the addition of 10 wl of 250 mM H,PO,. Peptides were
trapped on P81 papers (Whatman), which were washed six times with 75
mM H,;PO, and then monitored for radioactivity in a liquid scintillation
counter, as previously described (22). A purified GST-fused WT or T156A
mutant of GATA3 was incubated with the kinase sources indicated in Fig.
7 and 8 at 30°C for 30 min in reaction buffer containing 63 mM ATP.
CDK2 inhibitor (CVT313; Enzo Life Sciences) or competitor (purified
recombinant p27) at the indicated dose was added before incubation. The
reaction was terminated by boiling mixtures for 5 min. For iz vifro phos-
phorylation and binding assays, instead of boiling, phosphorylated mix-
tures were incubated for an additional hour at 4°C with lysate from
HEK293 cells exogenously expressing Fbw7. GST-fused proteins were
then precipitated using glutathione-Sepharose beads. All reaction mix-
tures were subjected to immunoblot analysis using the indicated anti-
body.

RNA interference. HEK293 cells were transfected with GATA3 ex-
pression plasmid and small interfering (siRNA) oligonucleotides for
CDK2 using Lipofectamine 2000 reagent (Life Technologies), according
to the manufacturer’s protocol. After 43 h, cells were treated with 20 nM
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FIG 1 The CD4 SP subset in the thymus and CD4™ and CD8§* T-cell subpopulations in the spleen of Lek-Cre/Fbw 7119 mice are reduced. (A) Representative
flow cytometric analysis of surface expression of CD4 and CD8 on thymocytes from Fhw7"/1°% or Lck-Cre/Fbw7"*¥/%* mice at 8 weeks of age. The percentages
of DN, DP, and SP populations are indicated. (B) Proportions of the T-cell subsets determined in panel A. Data are means * SD from six mice of each genotype.
(C) Representative flow cytometric analysis of surface expression of CD4 or CD8 on splenocytes from Fbw71%1% or Lek-Cre/Fbw71*1°* mice at 9 to 10 weeks
of age. The percentages of CD4™ and CD8™ T-cell subpopulations are indicated. (D) Proportions of the T-cell subsets determined in panel C. Data are means *
SD from six mice of each genotype. The P value was determined using the Student ¢ test. F/F, flox/flox.

okadaic acid and 20 WM MG132 for 5 h. The nucleotide sequence of the
CDK2 siRNA was 5'-AAGGUGGUGGCGCUUAAGAAA-3" with 3’
dTdT overhangs (Sigma Genosys). Cell lysates were subjected to immu-
noblotting.

qRT-PCR analysis. Total RNA was isolated from cells using RNAiso
(TaKaRa) or Isogen-LS (Wako) and subjected to reverse transcription
with random hexanucleotide primers and SuperScript II reverse trans-
criptase (Invitrogen). The resulting cDNA was subjected to quantitative
real-time PCR (qRT-PCR) using a Rotor-Gene 3000 system (Corbett Re-
search) and a SYBR premix Ex Tagq kit (TaKaRa). The sequences of PCR
primers were as follows: 5'-AGGCAGGGAGTGTGTGAACT-3' (sense)
and 5'-TCATAGTCAGGGGTCTGTTA-3' (antisense) for GATA3; 5'-C
AGGGAAACCCAGGAAAAAC-3' (sense) and 5'-AGTTCCGCACATCC
TTCTTG-3' (antisense) for CCR7; 5'-AGAAGAGGGGATTGATGAA
C-3' (sense) and 5 -AGTGTTGTCATCAGAACCAC-3' (antisense) for
Fbw7; 5'-TGCACCACCAACTGCTTAG-3’ (sense) and 5'-CAGGCAGG
GATGATGTTC-3' (antisense) for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). The amount of transcript was normalized against that
of GAPDH as an internal standard.

Cell cycle synchronization. For arrest during G,/S phase, HeLa cells
were incubated with 1 g/ml aphidicolin (Sigma) for 16 h, incubated in
aphidicolin-free medium for 10 h, and then incubated with 1 pg/ml
aphidicolin for 16 h. For arrest in G,/M phase, HeLa and HUT78 cells
were incubated with 1 pg/ml aphidicolin for 16 h, incubated in aphidico-
lin-free medium for 4 h, and then incubated with 100 ng/ml nocodazole
(Sigma) for 16 h. The DNA content of HUT78 cells nonsynchronized or
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synchronized at G,/M phase was examined by flow cytometry after pro-
pidium iodide staining (Beckman Coulter).

RESULTS

Conditional inactivation of Fbw7 in the T-cell lineages impedes
T-cell development. To address the unknown in vive contribu-
tion of Fbw7 to T-cell development, we used conditional knock-
out Lek-Cre/Fbw79°¥/1°% mice, which lost Fbw7 expression from
genetic deletion by Cre recombinase activity under the control of
the Lck promoter (3). We found a significant decrease in the
CD4 SP cell proportion in Lck-Cre/Fbw71°°% mice compared
with Fhw71o¥/10% mice (Fig. 1A and B). Moreover, we observed a
tendency toward a reduction of the CD8 SP and an increase of the
DP cells as a proportion of the thymocyte population (Fig. 1A and
B). To determine the influence of the ablation of Fbw7 on the
development of peripheral T cells, we examined spleens harboring
CD4" and CD8™ T cells from Fbw7°/1°% and 1.ck-Cre/Fhw710¥/ox
mice. The percentages of both CD4* and CD8™ cells were signifi-
cantly reduced in the spleen of Lek-Cre/Fbw7"*/1°% mice compared
with Fbw 798 control mice (Fig. 1C and D). Because the CD4 SP
subtype in the thymus of Lck-Cre/Fow7%1°% mice was significantly
reduced, it might affect the splenic CD4™ T cells. Our results suggest
that the aberrant accumulation of an Fbw7 substrate, which may be
GATA3, in CD8 SP cells from Lck-Cre/Fbw7%°/%°* mice might be
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FIG 2 Defects in T-cell maturation in Lck-Cre/Fhw72°%8°% mice, Apoptotic levels in SP subpopulations from Fhw7%8°% and Lck-Cre/Fbw71°X/%°% mice were
evaluated. (A) Graphs show representative profiles of annexin V staining in CD4 SP and CD8 SP subsets from both groups of mice at 8 to 9 weeks. (B) Percentage
of annexin V-positive cells determined from panel A. Data are means * SD from the percentage of annexin V staining in CD4 SP and CD8 SP subsets from five
Fbw7"%/19% and six Lck-Cre/ Fow77°/8°* mice. The Pvalue was determined using the Student ttest. (C) The relative expression level of CCR7 in CD4 SP and CD8
SP subsets in the thymus from Fhw78°/1°% or 1.ck-Cre/Fbw71°/1°% mice at 8 to 9 weeks of age. CCR7 levels were measured by gqRT-PCR and normalized against
GAPDH as an internal standard. Data are means = SD from three mice of each genotype.

due to enhanced apoptosis and/or perturbed maturation at the final
differentiation stage in the thymus.

We next examined the fraction of annexin V-positive cells in
the SP subpopulation in thymocytes of Lek-Cre/ Fhw719¥/1°% and
Fbw71%/8% mice. Although no clear differences in annexin
V-positive CD4 SP cell populations was observed, we found sig-
nificantly more annexin V-positive CD8 SP cells in Lck-Cre/
Fbw71¥/8°% mice than in control mice (Fig. 2A and B). Previously,
mice with enforced GATA3 expression throughout T-cell devel-
opment, driven by the CD2 locus control region (CD2-GATA3 Tg
mice), contained higher numbers of apoptotic cells in the thymus,
especially in CD8 SP cells, than in the controls and decreased
CD$8* T-cell numbers in the periphery although total numbers
of CD8 SP cells in the thymus were within normal ranges com-
pared with controls (6). Our findings of aberrations in Lck-Cre/
Fbw7°8°% myice corresponded well with those observed in CD2-
GATA3 Tg mice. These data imply that excess GATA3 in the CD8
SP subpopulation in the thymus may cause the distinctive aberra-
tions observed in CD8™ splenocytes.

Newly generated SP thymocytes migrate from the thymic cor-
tex to the medulla, where they undergo functional maturation to
acquire immune competence and egress capability (23, 24). CC-
chemokine receptor 7 (CCR7) is an important receptor for the
medullary positioning of SP cells and an indispensable signal me-
diator for unperturbed thymic T-cell differentiation and matura-
tion (24, 25). CCR7 remains at low levels in newly generated SP
cells and is quickly upregulated and maintained at high levels af-
terwards (26). CD8* CCR7™ T cells are more sensitive to sponta-
neous apoptosis than CD8* CCR7 " T cells (27). This suggests that
insufficient CCR7 in CD8™ SP cells suppresses final maturation in
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the thymus, followed by an induction of apoptosis (27). We spec-
ulated that reduced CCR7 expression could be involved in defects
in development and survival of CD8 SP cells in the thymus of
Lck-Cre/ Fbw79/1°% mice and next evaluated CCR7 expression in
SP cells of Lck-Cre/Fhw719/99% and Fhw79789% mice. Significant
reduction of CCR7 expression was detected in CD8 SP cells
from Lck-Cre/Fbw71°* mice compared with expression in
Fbw719/8°% mice although loss of Fbw7 did not affect the relative
expression level of CCR7 in CD4 SP cells (Fig. 2C). Normal CD8
SP cells harbor lower GATA3 levels and may be associated with
reduced CCRY transcription. Finally, we speculate that repression
of CCRY caused by the accumulation of GATA3 in CD8 SP cells
resulted in the prevention of final maturation and survival in the
thymus of the Lck-Cre/ Fbw721°% mice,

Loss of Fbw7 causes accumulation of GATA3 during T-cell
differentiation in the thymus. GATA3 gene expression is re-
quired during T-cell differentiation from early to late stages in the
thymus (28). To examine the in vivo contribution of Fbw7 to
GATA3 stability during T-cell development, we examined the ex-
pression level of GATA3 in subsets of thymocytes. CD4 SP and
especially DN and CD8 SP subsets from Lck-Cre/ Fow 7/ mice
displayed marked increases in GATA3 protein levels compared
with cells from Fhw7191%% mice, whereas an increase of GATA3
in comparison with the level in control animals was not observed
in the DP lineage of Fbw7-deficient mice (Fig. 3A).

Fbw7 protein was detected throughout the stages of T-cell
differentiation in control mice and was abolished in DP, CD4
SP, and CD8 SP subsets of Lck-Cre/Fbw71°/19* mice although
it was detectable in DN subsets (Fig. 3A). A previous report
showed that Lck-Cre-mediated inactivation of the floxed allele
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