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FIG 2 Detection of MV-infected cells in peripheral blood mononuclear cells (PBMCs) and cervical lymph nodes and EGFP expression in the tissues and organs
of infected macaques. (A) One monkey (no. 4850) (closed circles) was infected with IC323-EGFP, and 2 monkeys (no. 4848 and 4849) (open triangles and open
squares, respectively) were infected with EQH-EGFP,. Single-cell suspensions (10°/ml) from PBMCs and cervical lymph nodes (CLN) were divided into 2-fold
serial dilutions, and then a 1-ml aliquot of each diluted single-cell suspension was inoculated into subconfluent B95a cells on 24-well cluster plates in duplicate.
The number of MV-infected cells per 10° single-cell suspensions was then calculated. (B) At day 7, EGFP fluorescence in the tongue and tonsils (a, e, and i),
cervical lymph nodes (b, £, and j), stomach (¢, g, and k), and gut-associated lymph nodes (d, h, and 1) was detected using a fluorescence microscope with a
charge-coupled device (CCD) camera. Arrows indicate the MV-infected regions expressing EGFP.

monkeys. Prior to the infection of monkeys with 1C323-EGFP,
and EdH-EGFP,, we examined the in vitro cell specificities of the
two strains by using B95a and Vero cells and confirmed that EdH-
EGFP, had the wider in vitro cell specificity (Fig. 1C). Then, one
monkey (no. 4850) was inoculated with 1C323-EGFP,, and two
monkeys (no. 4848 and 4849) were inoculated with EdH-EGFP,.
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At day 7, viremia was observed in all 3 monkeys (Fig. 2A). Upon
necropsy at day 7, nearly the same numbers of MV-infected cells
were isolated from the cervical lymph nodes of the 3 monkeys (Fig.
2A). EGFP fluorescence was observed in many lymphoid tissues,
including the cervical lymph nodes, tongue, tonsils, stomach, and
gut-associated lymph nodes, in the 3 monkeys (Fig. 2B). No sig-
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FIG 3 Detection of MV-infected cells and MV genome RNA. (A) Three monkeys (no. 5058, 5062, and 5069) (closed circles, closed triangles, and closed squares,
respectively) were infected with IC323-EGFP,, and 3 monkeys (no. 5056, 5057, and 5068) (open circles, open triangles, and open squares, respectively) were
infected with EdH-EGFP,. PBMCs were obtained at days 3, 7, and 10. CLN and spleens were obtained on day 10. Single-cell suspensions (10°/ml) from PBMCs,
CLN, and spleen were divided into 2-fold serial dilutions, and then a 1-ml aliquot of each diluted single-cell suspension was inoculated into subconfluent B95a
cells on 24-well cluster plates in duplicate. The number of MV-infected cells per 10 single-cell suspensions was then calculated. (B} MV genome RNA was
detected by real-time reverse transcription-PCR on total RNA isolated from tonsils, CLN, thymus, spleens, mesenteric lymph nodes (MLN), inguinal lymph
nodes (IngLN), bone marrow (bone M), and lungs. Three monkeys (no. 5058, 5062 and 5069) were infected with IC323-EGFP,, and 3 monkeys (no. 5056, 5057,
and 5068) were infected with EdH-EGFP,. The results for the real-time RT-PCR were expressed as genome RNA equivalent to plasmid p(+)MV323-EGFP.

nificant difference in the distributions and intensities of EGFP
fluorescence in the internal organs and tissues was observed
among the 3 monkeys, indicating that the tropism of EdH-EGFP,
was not expanded in vivo.

Growth of recombinant MV strains in cynomolgus monkeys.
To assess whether these results could be confirmed, 6 monkeys
were infected with IC323-EGFP, or EdH-EGFP,. Three monkeys
(no. 5058, 5062, and 5069) were inoculated with 1C323-EGFP,,
and 3 monkeys (no. 5056, 5057, and 5068) were inoculated with
EdH-EGFP,. At day 7, viremia was detected in all 6 monkeys, and
the number of infected cells was increased at day 10 in most mon-
keys (Fig. 3A, left). Upon necropsy at day 10, MV-infected cells
were isolated from the cervical lymph nodes and spleens of the 6
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monkeys (Fig. 3A, right). In monkeys infected with IC323-EGFP,
a large number of the lymphocytes (up to 49%) of cervical lymph
nodes were infected, whereas in monkeys infected with EdH-
EGFP,, a smaller number (0.040 to 0.77%) of the lymphocytes of
cervical lymph nodes were infected (Fig. 3A, right). Similarly, in
monkeys infected with IC323-EGFP,, a large number of the lym-
phocytes (up to 8.2%) in the spleen were infected, whereas in
monkeys infected with EdH-EGFP,, a smaller number (0.032 to
1.5%) of the lymphocytes in cervical lymph nodes were infected
(Fig. 3A, right). In all 6 monkeys infected with either 1C323-
EGFP, or EdH-EGEFP,, substantial amounts of MV genome RNA
were detected in the tonsils, cervical lymph nodes, thymus, spleen,
mesenteric lymph nodes, inguinal lymph nodes, bone marrow,
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FIG 4 EGFP expression in tissues of monkeys after experimental infection with IC323-EGFP, and EdH-EGFP,. At day 10, EGFP fluorescence in the tongue and
tonsils (a, f, and k), thymus (b, g, and 1), trachea and lung (c, h, and m), stomach (d, i, and n), and gut-associated lymph nodes (e, j, and o) of infected monkeys

was detected using a fluorescence microscope with a CCD camera.

and lungs (Fig. 3B). We note that the amount of MV genome RNA
in EdH-EGFP,-infected monkeys was significantly lower than that
in IC323-EGFP,-infected monkeys, especially in lungs.
Macroscopic detection of EGFP fluorescence in organs and
tissues. In all 6 monkeys infected by IC323-EGFP, or EdH-
EGFP,, EGFP fluorescence was macroscopically detected in many
lymphoid organs and tissues, including the tongue and tonsils,
thymus, trachea and lungs, stomach, and gut-associated lymph
nodes, upon necropsy at day 10 (Fig. 4). No difference in the
distribution of EGFP fluorescence in the internal organs and tis-
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sues was observed between monkeys infected with IC323-EGFP,
or EdH-EGFP,, confirming that tropism of EdH-EGFP, is not
expanded in macaques. However, the intensity of EGFP fluores-
cence in the internal organs and tissues of EdH-EGFP,-infected
monkeys was significantly weaker than that in IC323-EGFP,-
infected monkeys.

Histopathological and immunohistochemical analyses. To
further examine the tissue and organ tropism of IC323-EGFP, and
EdH-EGEFP,, we performed histopathological and immunohisto-
chemical analyses of fixed specimens. In bronchioles, we histo-

Journal of Virology

ejebepN 2nsoAy Aq Z1.0Z ‘gl Ael uo /Bio wse’IAl//:diy wodl pepeojumoq



A IC323-EGFP2

HE

IHC/MV N

Measles Virus H Protein and Tropism

EdH-EGFP2

WG ny

.gﬁ‘ a?’« P
j f i Wil L)
£

B EdH-EGFP2

MV N

Cytokeratin

DAPI

Merge

FIG 5 Histopathological and immunohistochemical analyses. (A) Bronchiole sections obtained from monkeys infected with IC323-EGFP, or EdH-EGFP, were
examined by hematoxylin and eosin staining and immunohistochemistry. Giant-cell formation (*) and lymphoid filtrates were seen in the epithelial layer of the
bronchiole. MV nucleocapsid (N) antigen (light brown) was detected in the cytoplasm and nucleus in the giant cells and in the cytoplasm of the lymphocytes
(arrows) of lymphatic nodules under the epithelial layer by immunohistochemical analysis (IHC). (B) The bronchiole area obtained from a monkey infected with
EdH-EGFP, was investigated by double immunofluorescence staining. Tissue sections were stained with antiserum against the MV N antigen and mouse
monoclonal antibody against cytokeratin. DAPI was used to identify nuclei. Br, bronchiole; LN, lymphatic nodule. Bars, 50 pm (A) and 100 pm (B).

pathologically observed bronchiolitis and giant cells with eosino-
philic inclusion bodies in monkeys infected with both IC323-
EGFP, and EdH-EGFP,, and MV N antigen was detected in both
sections (Fig. 5A). Tissue sections obtained from the bronchiole
area were double stained with anti-MV N and anticytokeratin
antibodies, which clearly showed infection of EdH-EGFP, in the
epithelial cells (Fig. 5B) as reported for wild-type MV (3, 20),
possibly through a nectin-4-mediated pathway (18, 20, 23, 31).
Interestingly, the N protein was accumulated under the apical
plasma membrane of the infected cells (Fig. 5B), suggesting an
intracellular mechanism of transport of the N protein to the apical
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plasma membrane. The MV N antigen was detected in the lym-
phocytes of the spleen, mesenteric and cervical lymph nodes, thy-
mus, salivary gland, tonsils, stomach, and jejunum (Table 1), as
well as in epithelia of the lungs, bronchi, tonsils, and stomach, but
not in the muscles of the heart and in the epithelia of the liver,
kidney, skin, tonsils, and stomach of most monkeys. These data
again indicated that tropism of EdH-EGFP, was not expanded in
macaques.

Flow cytometric analysis. To examine the cell tropism of
IC323-EGFP, and EdH-EGFP, in lymphocytes, EGFP expression
in lymphocytes isolated from PBMCs and mesenteric lymph
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TABLE 1 Detection of giant cells and measles virus nucleocapsid antigen in different tissues by immunohistochemistry

Detection of giant cells or antigens after:

1C323-EGFP, infection of monkey no.:

EdH-EGFP, infection of monkey no.:

5058 5062 5069 5056 5057 5068

Tissue or Giant  Viral Giant  Viral Giant  Viral Giant  Viral Giant Viral Giant  Viral
Organ cell type cells  antigens cells  antigens cells  antigens cells  antigens cells antigens cells  antigens
Lung Epithelium  + + + + + + + + + + + +
Bronchus Epithelium + + + + + + + — + + + +
Heart Muscle - - — = - - - - e — s =
Liver Epithelium  — = = + - = - - = = — —
Kidney Epithelium  — = + + B - - - — + - _
Skin Epithelium  — - + + — - - - - — + +
Spleen Lymphocyte + + + + + + + + + + — -
Mesenteric lymph node  Lymphocyte + + + + + + + + + # + +
Cervical lymph node Lymphocyte + % + & + + + + + + + +
Thymus Lymphocyte  + <+ + + + + + + + + + +
Salivary gland Lymphocyte — - — + - + - + — + — n
Tonsil Epithelium  NE*  NE + + + + ¥ + NE NE + +

Lymphocyte NE NE + + e + + + NE NE + +
Stomach Epithelium  — = + + + + + + - - +: i

Lymphocyte — + - + - -+ - + - e - +
Pancreas Epithelium  — - - - — - - - - - -
Jejunum Lymphocyte — + - + — + — + — + — +

“ NE, not examined.

nodes was analyzed by flow cytometry. A total of 0.90% and 8.59%
of B lymphocytes in PBMCs and MLNS, respectively, and 0.90%
and 3.90% of T lymphocytes in PBMCs and MLNs, respectively,
were infected with IC323-EGFP, (Fig. 6). Lymphocytes expressing
SLAM were infected with IC323-EGFP,, as previously reported
(3). Similarly, 0.44 to 0.53% and 1.06 to 2.23% of B lymphocytes
in PBMCs and MLNG, respectively, and 0.42 to 0.68% and 0.70 to
1.44% of T lymphocytes in PBMCs and MLNSs, respectively, were
infected with EdH-EGFP, (Fig. 6). Lymphocytes expressing
SLAM were also infected with EdH-EGFP,. These results indi-
cated that tropism of EdH-EGFP, was not expanded in lympho-
cytes of macaques. Interestingly, the number and intensity of
EGFP-expressing cells in lymphocytes of EdH-EGFP,-infected
monkeys were significantly lower than those in of IC323-EGFP,-
infected monkeys.

Cytokine production by infected monkeys. To investigate
whether the differences in growth of IC323-EGFP, and EdH-
EGFP, in monkeys were associated with altered host responses to
infection, we measured cytokine and chemokine levels in plasma
samples from infected monkeys. The cytokines selected for anal-
ysis were IL-12, IEN-vy, IL-2, IL-4, IL-5, and IL-17 (Th1/Th2 bal-
ance) and the IL-6, TNF-q, IL-1B3, and MCP-1 (inflammatory
response).

With Th1-type cytokines, we found that plasma levels of IL-12
were high for 3 (no. 5056, 5057, and 5062) out of 6 monkeys at day
0, were slightly elevated at day 3, and then declined by day 7 (Fig.
7). The plasma levels of IL-12 for the 3 other monkeys (no. 5058,
5068, and 5069) were low throughout the experiment. Irrespective
of the plasma levels of IL-12, the plasma levels of IFN-y were
elevated in all 6 monkeys. The increase in plasma levels of IL-2 was
marginal by day 10 for 5 monkeys. For inflammatory cytokines,
the plasma level of MCP-1 was markedly elevated for all monkeys.
IL-4, IL-17, and IL-1 were not detected throughout the experi-
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ment. Other cytokines (IL-5, IL-6, and TNF-a) were not consis-
tently detected (data not shown).

Taking the results together, there were no significant differ-
ences in the cytokine production profiles of the monkeys infected
with IC323-EGFP, or EdH-EGFP,, and similar Th1-type and in-
flammatory responses against acute MV infection occurred in
monkeys infected with IC323-EGFP, or EdH-EGEFP,.

DISCUSSION

In this study, we compared the cell specificities and tropisms of the
wild-type strains of MV bearing the H protein of the Edmonston
vaccine strain with those of the wild-type MV strains. Although
EdH-EGFP showed wider cell specificity in cell lines and primary
cell cultures (Fig. 1B), the tissue and organ tropism of EdH-EGFP,
was not altered in all 5 infected macaques (Fig. 2 and 4 and Table
1). Since CD46 is ubiquitously expressed in human and monkey
cells, EdAH-EGFP, could infect all cells in macaques. However,
widespread infection of EQH-EGFP, in tissues and organs was not
observed. This result is not surprising because it was reported that
only the lymph nodes and spleen of monkeys were infected with
MV vaccine strains (39). Furthermore, it was recently reported
that CD11c-positive myeloid cells, such as alveolar macrophages
and dendritic cells in lungs of monkeys, were infected with an
EGFP-expressing recombinant Edmonston strain of MV via an
aerosol route (5). This result is consistent with our findings in that
the CD46-using Edmonston vaccine strain does not cause wide-
spread infection in the lungs of monkeys, although there is a pos-
sibility that the infection by the Edmonston strain in lungs may be
restricted due to mutations in the N and P/C/V genes, which are
most important in combating the innate immune system.

One possible explanation for the limited infection of EdH-
EGFP, in macaques is the expression level of CD46. Anderson et
al. reported that at low CD46 density, infection with the MV vac-
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FIG 6 EGFP-positive cells in lymphocyte subpopulations of PBMCs and mesenteric lymph nodes from infected monkeys. Cryopreserved PBMCs and mesen-
teric lymph nodes (MLN) of monkeys infected with IC323-EGFP, (no. 5058) or EdH-EGFP, (no. 5057 and 5068) were stained with monoclonal antibodies
against CD3, CD20, and CD150 (signaling lymphocyte activation molecule [SLAM]) and analyzed with a FACSCalibur instrument. Results are shown as dot
plots, with SLAM expression on the x axis and EGFP expression on the y axis. EGFP expression in CD20" B lymphocytes and CD3™ T lymphocytes is shown.
CD46 expression in lymphocytes of PBMCs of monkeys infected with EdH-EGFP, (no. 5057 and 5068) was detected with monoclonal antibody against CD46 and

isotype control antibody.

cine strain occurs but subsequent cell-to-cell fusion does not (1).
If the expression levels of CD46 are low in cells in the tissues,
EdH-EGFP, may infect those cells, but subsequent cell-to-cell fu-
sion may not occur. In primary cell cultures, gene expression pro-
files often change when tissue cells are cultured in vitro. Thus, it is
likely that the CD46 expression levels of primary cell cultures are

March 2012 Volume 86 Number 6

high enough for infection with EdH-EGFP. We are now examin-
ing the expression levels of CD46 in cell lines and primary cell
cultures and in tissues of cynomolgus monkeys. Another possible
explanation for the limited infection of EdH-EGFP, in macaque
tissues is the inefficient replication of MV due to interferons. Yo-
shikawa et al. reported that primate kidney cells rapidly lose
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FIG 7 Detection of cytokines in plasma samples from infected monkeys.
Three monkeys (no. 5058, 5062, and 5069) (closed circles, closed triangles, and
closed squares, respectively) were infected with IC323-EGFP,. Three other
monkeys (no. 5056, 5057, and 5068) (open circles, open triangles, and open
squares, respectively) were infected with EdH-EGFP,. Plasma was obtained at
days 0, 3, 7, and 10. Cytokine levels in the plasma were measured with a
Luminex 200 instrument using a Milliplex nonhuman primate cytokine/
chemokine kit. The physiological upper concentration ranges detected in hu-
man plasma are indicated by dotted lines.

interferon-inducing activity and permit poliovirus replication
when the cells are cultured in vitro (40). MV replication in monkey
tissues may be inhibited by interferon, whereas MV replication in
primary cell cultures can occur due to the lack of interferon-
inducing activity.

Flow cytometric analysis showed that lymphocytes expressing
SLAM were infected with both 1C323-EGFP, and EdH-EGFP,
(Fig. 6). It is known that stimulated lymphocytes can be efficiently
infected with MV and that SLAM is highly expressed in stimulated
lymphocytes (11). Thus, the activation status of lymphocytes may
be important for infection with MV, and infection of unstimu-
lated lymphocytes with EdH-EGFP, by the CD46-mediated path-
way would not result in efficient MV replication. As a result, lym-
phocytes expressing SLAM may appear to be equally infected with
both strains. Recently, two groups revealed that both SLAM and
CD46 are required for stable transduction of resting human lym-
phocytes with lentiviral vectors pseudotyped with the vaccine MV
F and H proteins (8, 42). Thus, another possibility is that SLAM
binding in addition to CD46 binding may be required for efficient
infection of lymphocytes with EdH-EGFP,. SLAM binding and
subsequent signaling (8, 42) may be important for efficient MV
infection.

A previous study in which monkeys were infected with patho-
genic and Edmonston vaccine strains via an aerosol route showed
that only the pathogenic strain caused massive infection in lym-
phoid tissues (5). We also infected monkeys with IC323-EGFP,
and EdH-EGFP, via the aerosol route, and we found that both
strains caused massive infection in lymphoid tissues (Fig. 3). This
result indicated that the Edmonston H protein does not influence
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the extent of infection in lymphoid tissues. Proteins other than the
H protein, possibly viral polymerase proteins (30), may regulate
MYV replication in lymphoid tissues.

Suppression of the production of IL-12 during measles was
proposed (10). We found that the initial level of IL-12 was high for
3 monkeys (no. 5056, 5057, and 5062) but low for 3 other mon-
keys (no. 5058, 5068, and 5069) (Fig. 7). We do not have an ex-
planation for this difference. However, our results indicated that
the IL-12 levels were not significantly induced at early time points
during MV infection. This result may be consistent with a previ-
ous observation of suppressed serum levels of IL-12 during MV
infection in rhesus macaques (13, 26). Interestingly, Th1-type cy-
tokines (IFN-yand IL-2) were induced in all monkeys irrespective
of the IL-12 level. The induction of IFN-v in plasma at early time
points is consistent with that in previous studies of human measles
(10, 19, 24, 41). A previous study showed no significant induction
of IL-2, IL-12, and IFN-vy in monkeys infected with wild-type MV
(4). However, in that experiment the induction of IL-2,IL-12, and
IFN-vy was measured by quantitating their mRNAs by real-time
RT-PCR using RNA extracted from PBMCs. Real-time RT-PCR
data may not coincide with the actual amounts of cytokines in
plasma.

In summary, the current study showed that the H protein of
the Edmonston vaccine strain alters the cell specificity of wild-type
MYV in vitro but not the tropism in macaques. SLAM™ cells were
main target for both IC323-EGFP, and EdH-EGFP, in macaques.
In addition, it is suggested that the Edmonston vaccine H protein
attenuates MV growth in vivo, especially at a later stage. It has long
been proposed that the vaccine H protein attenuates the virus
growth in vivo by several mechanisms (e.g., CD46-mediated sig-
naling in infected cells or downregulation of CD46 in infected cells
and subsequent complement-mediated cell lysis) (14). It will be
interesting to examine the type I interferon production and the
downregulation of CD46 in MV-infected cells in monkeys in-
fected with EdH-EGFP, or MV vaccine strains.
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The influenza virus RNA-dependent RNA polymerase is capable of initiating replication but mainly catalyzes
abortive RNA synthesis in the absence of viral and host regulatory factors. Previously, we reported that
IREF-1/minichromosome maintenance (MCM) complex stimulates a de novo initiated replication reaction by
stabilizing an initiated replication complex through scaffolding between the viral polymerase and nascent
¢RNA to which MCM binds. In addition, several lines of genetic and biochemical evidence suggest that viral
nucleoprotein (NP) is involved in successful replication. Here, using cell-free systems, we have shown the
precise stimulatory mechanism of virus genome replication by NP. Stepwise cell-free replication reactions
revealed that exogenously added NP free of RNA activates the viral polymerase during promoter escape while
it is incapable of encapsidating the nascent cRNA. However, we found that a previously identified cellular
protein, RAF-2p48/NP1-5/UAP56, facilitates replication reaction-coupled encapsidation as an NP molecular
chaperone. These findings demonstrate that replication of the virus genome is followed by its encapsidation by

NP in collaboration with its chaperone.

The genome of influenza type A viruses consists of eight-
segmented and single-stranded RNAs of negative polarity.
Transcription from the viral RNA (VRNA) genome is initiated
using the oligonucleotide containing the cap-1 structure from
cellular pre-mRNAs as a primer, whereas genome replication
is primer independent and generates full-length VRNA
through cRNA (full-sized complementary copy of VRNA) (re-
viewed in reference 17). Generally, each viral DNA or RNA
genome is not present as a naked form but as a complex with
viral basic proteins. The influenza virus genome exists as a
ribonucleoprotein (termed vRNP) complex with nucleoprotein
(NP), one of the basic viral proteins, and viral RNA-dependent
RNA polymerases consisting of three subunits (PB1, PB2, and
PA). NP binds single-stranded RNA without sequence speci-
ficity and is required for maintaining the RNA template in an
ordered conformation suitable for viral RNA synthesis and
packaging into virions (6, 23, 34). In the case of Mononegavi-
rales, nonsegmented and negative-stranded RNA viruses, it is
proposed that the nucleocapsid (N) protein forms a trimeric
complex with the viral RNA polymerase large (L) protein and
phosphoprotein (P) to form a replicase complex to produce the
progeny viral genome with concomitant encapsidation of nas-
cent RNA by N protein and that encapsidation is mediated by
the chaperone activity of P protein (2, 7, 14, 24). In the case of
influenza virus, it is also postulated that NP might regulate the
viral polymerase function and encapsidate the virus genome
through its interaction with PB1 and/or PB2 (1, 23). Genetic
analyses suggest that NP participates in the replication process
(15). Recently, it was also shown that NP that is saturated with

* Corresponding author. Mailing address: Department of Infec-
tion Biology, Graduate School of Comprehensive Human Sciences,
University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8575, Japan.
Phone and fax: 81 29 853 3233. E-mail: knagata@md.tsukuba.ac.jp.

V Published ahead of print on 20 April 2011.

6197

single-stranded DNA (ssDNA), resulting in the lack of RNA
binding activity, stimulates virus genome replication from a
model template without primer (18). It is possible that NP
stimulates virus genome replication through interaction with
the viral polymerase in an RNA binding activity-independent
manner. Moreover, the in vitro cRNA synthesis using infected
cell extracts as an enzyme source depends on a supply of NP
free of RNA (27). This finding has been interpreted as indi-
cating that NP prevents the premature termination of RNA
synthesis, possibly by binding to nascent RNA chains, that is,
encapsidating them. Based on these observations, it could be
hypothesized that NP facilitates virus genome replication by
both RNA binding- and viral polymerase binding-dependent
mechanisms. It is proposed that encapsidation is initiated by
successive targeting of exogenous NP monomer to a replicating
RNA through the interaction between NP and the viral poly-
merase, which is distinct from the replicative enzyme bound to
the 5" end of nascent RNA (1, 8, 11, 22), and then additional
NP molecules are subsequently recruited by the NP-NP oli-
gomerization (3, 23). It is also reported that nascent cCRNA is
degraded by host cellular nucleases unless it is stabilized by
newly synthesized viral RNA polymerases and NP (33). How-
ever, the precise molecular mechanisms involved in virus ge-
nome replication and encapsidation by NP are yet unclear.
The cRNA synthesis occurs from incoming vRNA in in-
fected cells, but vRNP complexes isolated from virions by
themselves hardly synthesize cRNA (9). Thus, it was reason-
able to examine whether a host factor(s) and/or a viral factor(s)
is required for the replication process. We reconstituted a
cell-free virus genome replication system with virion-associ-
ated vVRNP and nuclear extracts prepared from uninfected
HeLa cells (9). Using biochemical fractionation and comple-
mentation assays, we identified influenza virus replication fac-
tor 1 (IREF-1) that enabled the viral polymerase to synthesize
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full-sized cRNA. Otherwise, the viral RNA polymerase pro-
duces mainly abortive short RNA chains in the absence of
IREF-1. IREF-1 was found to be identical with a minichromo-
some maintenance (MCM) heterohexamer complex. IREF-1/
MCM stabilizes replicating polymerase complexes by promot-
ing the interaction between the nascent cRNA and the PA
subunit.

Here, we examined the molecular function of NP in influ-
enza virus genome replication using a previously established
cell-free virus genome replication system and virion-associated
vRNP. Exogenously added NP free of RNA stimulated virus
genome replication with MCM in an additive manner. Further,
we found that NP activates the viral polymerase during its
transition from initiation to elongation to synthesize the
unprimed full-length cRNA, but NP by itself is incapable of
encapsidating the nascent cRNA. However, we found that
RAF-2p48/NPI-5/UAP56/BAT1, which was identified as a host
factor for activation of viral RNA synthesis (16), is required for
the encapsidation of nascent cRNA with exogenously added
NP free of RNA and for the stimulation of the elongation
process of virus genome replication. We observed that the level
of the virus genome replication was decreased in infected cells
when the expression of the RAF-2p48/UAP56 gene was
knocked down by small interfering RNA (siRNA)-mediated
gene silencing. Based on these observations, we propose an
NP- and host factor-dependent mechanism of virus genome
encapsidation in concert with its replication.

MATERIALS AND METHODS

Biological materials. VRNP was prepared from purified influenza A/Puerto
Rico/8/34 virus as previously described (28). For the expression of His-tagged NP
(His-NP), we cloned the open reading frame (ORF) corresponding to the NP
gene into pET14b. Rabbit polyclonal antibody against NP was generated by
immunization of a 2-month-old female rabbit with His-NP protein. HeLa cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum.

Preparation of recombinant proteins. His-tagged recombinant proteins were
prepared and purified according to the manufacturer’s protocol. In addition, to
remove the bacterial RNA possibly bound to NP, we treated recombinant pro-
teins with RNase A before purification and washed them with a buffer containing
1 M NaCl. Recombinant RAF-2p48/UAP56 was prepared from glutathione
S-transferase (GST)-tagged RAF-2p48/UAP56 by PreScission protease (GE
Health Care) digestion. Purified proteins were stored in a buffer containing 50
mM HEPES-NaOH (pH 7.9), 300 mM KCl, 20% glycerol, and 1 mM dithio-
threitol (DTT) at —80°C until use. Recombinant MCM complex was prepared as
previously described (9). These purified recombinant proteins were separated by
SDS-PAGE and visualized by staining with Coomassie brilliant blue in Fig. 1A.

Cell-free virus genome replication system. Cell-free virus genome replication
was carried out at 30°C for 90 min in a final volume of 25 pl containing 50 mM
HEPES-NaOH (pH 7.9), 5 mM MgCl,, 50 mM KCl, 1.5 mM dithiothreitol, 500
uM each ATP, CTP, and UTP, 25 uM GTP, 5 pCi of [a-*?P]JGTP (3,000
Ci/mmol), 8 U of RNase inhibitor, and vVRNP (10 ng of NP equivalents) in the
presence or absence of purified proteins. RNA products were purified, subjected
to 4% PAGE in the presence of 8 M urea, and visualized by autoradiography.
For limited elongation assays, RNA synthesis was performed with vRNP (150 ng
of NP equivalents) in the absence of UTP, and RNA products were separated by
15% PAGE containing 8 M urea. To address the encapsidation of nascent cRNA
with NP, RNA synthesis was carried out by following the standard protocol
described above except that 0.3 uM UTP, 250 pM each ATP, CTP, and GTP,
and 10 pCi of [e-**PJUTP (3,000 Ci/mmol) were used in a final volume of 200 ul.
The coprecipitated RNA products with NP or MCM were separated through
10% PAGE containing 8 M urea.

Gene silencing mediated by siRNA. An siRNA against the RAF-2p48/UAP56
gene corresponding to its open reading frame (5'-AGUACUACGUGAAACU
GAAGGACAA-3') and control double-stranded RNA (dsRNA) targeting none
of the cellular mRNAs were designed and synthesized by iGENE Therapeutics

J. VIROL.

Inc. HelLa cells (1 X 10° cells) were transfected with 40 pmol of siRNA using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. At
48 h posttransfection, the cells were infected with influenza A/PR/8/34 at a
multiplicity of infection (MOTI) of 10 in the absence or presence of 100 p.g/ml of
cycloheximide (CHX). The RAF-2p48/UAP56 knockdown cells were also trans-
fected with viral protein expression plasmids encoding PB1, PB2, PA, and NP
and pHH21-vNS-Luc reporter plasmid to reconstitute a model viral replicon (19,
30). This reporter plasmid carries the luciferase (Luc) gene in reverse orientation
sandwiched between 23-nucleotide (nt)-long 5'-terminal and 26-nucleotide-long
3'-terminal promoter sequences of the influenza virus segment 8, which is placed
under the control of the human polymerase I (Pol I) promoter.

Indirect immunofiuorescence assay. HeLa cells on coverslips were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS). The cells were per-
meabilized in 0.5% Triton X-100 and incubated in PBS containing 1% bovine
serum albumin (BSA). The coverslips were incubated with anti-RAF-2p48/
UAP56 rabbit polyclonal antibody (16) for 1 h. After a washing step with 0.1%
Tween 20 in PBS, coverslips were incubated with Alexa Fluor 568-conjugated
anti-rabbit IgG (Invitrogen) for 1 h. Images were acquired under the same
exposure time by a fluorescence microscope system (Axiovision; Carl Zeiss).

Primer extension assay. Total RNAs isolated from control and RAF-2p48/
UAPS56 knockdown cells at 0, 3, 6, and 9 h postinfection (hpi) were subjected to
reverse transcription at 42°C for 1 h with primers specific for segment 5 VRNA
(5’-GGGAATACAGAGGGGAGAA-3") corresponding to the NP cDNA be-
tween nucleotide sequence positions 1336 and 1354, segment 5 m/cRNA (5'-G
ATTTCAGTGGCATTCTGGC-3") complementary to the NP cDNA between
nucleotide sequence positions 101 and 120, and 5S tRNA (5'-GGGGTACCTT
CGAAAGCCTACAGCACCCGGTA-3'), which were labeled at their 5' ends
with [y-*?P]ATP and T4 polynucleotide kinase (Toyobo). The products purified
with phenol-chloroform extraction and ethanol precipitation were separated
through 6% polyacrylamide gel containing 7 M urea and visualized by autora-
diography.

Real-time quantitative PCR. Total RNAs isolated from control and RAF-
2p48/UAP56 knockdown cells at 12 h posttransfection for construction of the
model viral replicon were subjected to reverse transcription with primers to
determine the level of VRNA (5'-TCCATCACGGTTTTGGAATGTTTACTA
CAC-3', which corresponds to the luciferase coding region between nucleotide
sequence positions 728 and 757), cRNA (5'-AGTAGAAACAAGGGTGTTIT
TTAGTA-3’, which is complementary to the 3’ portion of the segment § cRNA),
and viral mRNA [oligo(dT),, for poly(A) tail] synthesized from the reconstituted
model viral replicon. The synthesized single-stranded cDNAs were subjected to
real-time quantitative PCR analysis (Thermal Cycler Dice Real Time System
TP800; TaKaRa) with two specific primers, 5'-TCCATCACGGTTTTGGAAT
GTTTACTACAC-3', which corresponds to the luciferase coding region between
nucleotide sequence positions 728 and 757, and 5'-GTGCGCCCCCAGAAGC
AATTTC-3’, complementary to the luciferase coding region between nucleotide
sequence positions 931 and 952. The amount of NP mRNA transcribed from the
expression plasmid, which is transcribed by cellular RNA polymerase II, was
detected as an internal control.

RESULTS AND DISCUSSION

Stimulation of de novoe cRNA synthesis by NP. Exogenously
added recombinant NP free of RNA (here, designated exoge-
nous NP) stimulated de novo virus genome replication in the
absence of MCM and any kind of primer (Fig. 1B, lanes 1 to 5).
We confirmed by RNase H digestion analyses with primers
corresponding to each segment that RNA products corre-
sponded to those synthesized from each segment (data not
shown). Then, we examined whether exogenous NP and MCM
coordinately stimulate the virus genome replication reaction.
MCM stimulated virus genome replication additively with re-
combinant NP, suggesting that NP and MCM function through
distinct mechanisms (Fig. 1B, lanes 6 to 10 and 16 to 20). The
stimulatory activity per molecule of MCM was five times
higher than that of NP, as judged by the slopes of the lines in
Fig. 1C (Fig. 1D). We observed that authentic NP free of RNA
purified from virions by CsCl glycerol density gradient centrif-
ugation (5, 34) stimulates activity equally as well as recombi-
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FIG. 1. NP and MCM additively stimulate virus genome replication. (A) Purified recombinant proteins and vRNP. Purified His-NP, vVRNP,
RAF-2p48/UAPS56, and MCM complexes were separated by 7.5% SDS-PAGE and visualized by staining with Coomassie brilliant blue. (B) Stim-
ulatory activity of NP and MCM in cell-free virus genome replication. RNA synthesis was carried out in the absence (lanes 1 to 5) or presence
(lanes 6 to 10) of recombinant MCM complex (0.05 pmol of MCM complex) with 0 (lanes 1 and 6), 0.25 (lanes 2 and 7), 0.5 (lanes 3 and 8), 1.0
(lanes 4 and 9), and 2.0 pmol (lanes 5 and 10) of recombinant NP (upper panel). For the experiments shown in the lower panel, we performed
the RNA synthesis assay in the absence (lanes 11 to 15) or presence (lanes 16 to 20) of recombinant NP (0.50 pmol) with 0 (lanes 11 and 16), 0.025
(lanes 12 and 17), 0.05 (lanes 13 and 18), 0.10 (lanes 14 and 19), and 0.20 pmol (lanes 15 and 20) of MCM complex (lower panel). (C) Quantitative
summary of panel A. The amounts of newly synthesized cRNA corresponding to segment 7 were determined by the ImagelJ software. (D) Stim-
ulatory activity per molecule of MCM and NP. The slopes of the lines in the presence of NP or MCM in panel C were determined. (E) Limited
elongation assays. Unprimed limited elongation assays were carried out in the absence (lane 1) or presence (lane 2; 0.5 pmol) of MCM or NP (lane
3; 3.0 pmol). (F) NP functions during transition from initiation to elongation reaction. Unprimed limited elongation reactions were performed
without (lanes 1, 3, and 5) or with (lanes 2 and 4) either MCM (lane 2; 0.5 pmol) or NP (lane 4; 3.0 pmol). After incubation for 1 h, elongation
reactions were restarted by the addition of UTP. For lanes 3 and 5, MCM (0.5 pmol) and NP (3.0 pmol) were added at the restart of elongation
reaction, respectively. (G) MCM stimulates the elongation process more effectively than NP. RNA synthesis was carried out in the absence (lane
1) or presence of either MCM (lane 2; 0.5 pmol) or NP (lane 3; 3.0 pmol) with 0.3 pM UTP, 250 uM each ATP, CTP, and GTP, and 10 p.Ci of
[«-**PJUTP (3,000 Ci/mmol). The purified products were separated through 4 to 15% linear gradient PAGE containing 8 M urea and visualized
by autoradiography.

nant NP (data not shown). We used as the enzyme source the
VvRNP containing authentic NP that is bound to the template
RNA. Thus, it is quite likely that RNA-free NP but not tem-
plate-bound NP is required for de novo virus genome replica-
tion. The RNA synthesis level varied among segments, as pre-
viously described (9). For instance, segments 1, 2, and 3 were
hardly replicated compared with replication of other segments.
The reason for this variation in cRNA synthesis is presently
unknown.

NP facilitates the promoter escape of the viral RNA poly-
merase. Previously, we demonstrated that MCM does not en-
hance the frequency of replication initiation, but rather makes
a nonproductive viral polymerase override the step for abortive
synthesis. To examine whether NP is involved in the initiation
reaction of virus genome synthesis, we carried out a limited
elongation assay, in which UTP is omitted from the reaction
mixture and the RNA polymerase pauses at the first adenine
residue on the template. The expected lengths of limited elon-
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gation products are 12 nt for segments 1, 3, and 7, 13 nt for
segments 5 and 8, 14 nt for segment 6, 18 nt for segment 4, and
19 nt for segment 2. Since we detected comparable amounts of
each RNA product in the absence or presence of exogenous
NP (Fig. 1E), it is concluded that NP, like MCM, does not
stimulate the initiation reaction (9). Thus, NP may be required
for a step(s) after the initiation and the early elongation steps,
in which short cRNAs are synthesized.

To examine whether NP stimulates the transition of the viral
polymerase from initiation to elongation, that is, the promoter
escape of the viral polymerase, unprimed limited elongation
assays were first performed in the absence of UTP, and elon-
gation reactions were restarted by the addition of UTP (Fig.
1F). MCM (0.5 pmol) or exogenous NP (3 pmol) was also
added either before or after the limited elongation. The full-
length cRNA was synthesized by restarting the limited elonga-
tion reaction performed in the presence of MCM (lane 2) or
exogenous NP (lane 4) during the limited elongation reaction.
Thus, it is quite likely that, to avoid abortive RNA synthesis by
the viral polymerase, MCM and NP are required for the viral
polymerase prior to its movement along a 12- to 19-nt-long
vRNA template from the 3’ terminus of vVRNA, where the
hairpin loop and double-stranded promoter region are located.
Since the initiation reaction was not stimulated by NP (Fig. 1E)
and since the viral polymerase could not transit from initiation
to elongation in the absence of NP (Fig. 1F), it is possible that
NP stimulates elongation complexes during the promoter es-
cape of the viral polymerase, as does MCM (9). A cell-free
virus genome replication reaction was also carried out (Fig.
1G) in the presence of MCM (lane 2; 0.5 pmol) or NP (lane 3;
3 pmol) with a low concentration of UTP to slow down the
reaction and synthesize a ladder of nascent cRNA chains in
order to examine the length of elongated nascent cRNA
chains. We found that comparable amounts of cRNA with a
shorter length (~100 nt) are synthesized in the presence of
either MCM or NP. In contrast, the amount of longer cRNAs
(>100 nt) stimulated by MCM was greater than that stimu-
lated by NP (Fig. 1G, compare lane 2 with lane 3). Therefore,
it is quite likely that MCM promotes the elongation process
more effectively than NP, possibly due to the weak interaction
of exogenously added NP with long nascent cRNA, as de-
scribed later. Taking these results together, it is strongly sug-
gested that NP, like MCM, stimulates the promoter escape of
the viral polymerase. Previous reports showed that the target
of MCM is PA (9), whereas that of NP is PB1 and PB2 (1).
Therefore, it is possible that the replication stimulation mech-
anisms of NP and MCM are distinct from each other.

Encapsidation of newly synthesized virus genome by NP.
Previously, we proposed that MCM stimulates virus genome
replication by acting as a scaffold between nascent cRNA
chains and the viral polymerase during the promoter escape of
the polymerase (9). Since NP has both RNA and viral poly-
merase binding activities, it should be speculated that NP, like
MCM, also functions as a scaffold between newly synthesized
RNA and the viral polymerase. To address this, we tried to pull
down the replicated cRNA chains associated with His-tagged
MCM or NP using Ni-nitrilotriacetic acid (NTA) resin (Fig.
2A). The cell-free virus genome replication reaction was car-
ried out in the presence of an equal molar amount of MCM
(lanes 1 and 3) or NP (lanes 2 and 4) with a low concentration
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FIG. 2. Encapsidation of nascent cRNA with NP. (A) De novo
RNA synthesis was carried out in the presence of His-MCM (lanes 1
and 3; 20 pmol) or His-NP (lanes 2 and 4; 20 pmol) with 0.3 puM UTP
and 250 pM each ATP, CTP, and GTP and 10 pCi of [«->*PJUTP
(3,000 Ci/mmol) in a final volume of 200 wl. The products were puri-
fied with His-MCM (lane 3) or His-NP (lane 4) by using Ni-NTA resin.
Lanes 1 and 2 represent 20% of the input amounts. The band inten-
sities of short (*) and long (#*) nascent cRNA products were quan-
titatively measured with Image] software, and the relative intensity of
newly synthesized cRNA coprecipitated with MCM or NP against the
input fraction is indicated. (B) De novo RNA synthesis was carried out
with the authentic vRNP in the presence of His-NP as described for
panel A. The newly synthesized RNA products were coimmunopre-
cipitated without (lane 2) or with (lane 3) anti-NP antibody. Lane 1
shows 20% of the input amount. The product purified by Ni-NTA resin
is also represented in lane 4. The band intensities of short (*) and long
(**) nascent cRNA products were quantitatively measured with Im-
ageJ software, and the relative intensity of newly synthesized cRNA
precipitated by using anti-NP antibody or Ni-NTA resin against input
fraction is indicated. a, anti.

of UTP in order to examine the length of copurified RNA as
shown in Fig. 1G. As shown in input lanes, MCM stimulated
the elongation process more effectively than NP (Fig. 1E and
2A, lanes 1 and 2). Further, longer nascent cRNA chains were
preferentially copurified with MCM (Fig. 2A, lane 3), suggest-
ing that MCM stabilizes the elongation complex and thereby
makes the viral polymerase escape the promoter successfully.
It also seems likely that MCM has a role in the elongation
process, but its precise mechanism is still unknown. In contrast,
rather shorter cRNA chains were associated with exogenous
NP (lane 4). After or along with virus genome replication, the
newly synthesized virus genome has to be encapsidated by
exogenous NP to form RNP complexes as templates for the
next phase of virus genome replication and to protect the virus
genome from degradation by cellular nucleases (33). It is hy-
pothesized that encapsidation proceeds by targeting exogenous
NP to the nascent RNA through the interaction between NP
and the viral polymerase bound to the 5’ end of the nascent
RNA to allow NP to interact with the viral RNA preferentially
with respect to other cellular RNA species (1, §, 11, 22), and
then subsequently NP is recruited through NP-NP oligomer-
ization (3, 23). In our cell-free system, we found that exoge-
nous NP interacts with shorter cRNA (Fig. 2A, lane 4) without
the addition of soluble viral polymerases, which could bind to
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FIG. 3. The stimulatory activity of RAF-2p48/UAP56 in encapsi-
dation of nascent cRNA. (A) RNA synthesis was performed in the
absence (lanes 1 and 3) or presence (lanes 2 and 4) of recombinant
RAF-2p48/UAP56 with His-NP as described in the legend of Fig. 2.
The products were purified with His-NP by using Ni-NTA resin (lanes
3 and 4). Twenty percent of the input amounts is shown in lanes 1 and
2. The band intensities of short () and long (*+*) nascent cRNA
products were quantitatively measured with ImagelJ software, and the
relative intensity of cRNA coprecipitated with NP in the absence or
presence of RAF-2p48 against input fraction is indicated. (B) The
band intensities of the regions corresponding to RNAs of less than 30
nt, 30 to 70 nt, 70 to 120 nt, and more than 120 nt in each lane in panel
A were quantitatively measured with ImagelJ software, and the results
are indicated as a percentage of the total intensity of each lane.

the 5" end of the nascent RNA and be a target of NP. It might
be explained that the primary targeting of NP to the nascent
RNA easily occurs since there is no RNA target other than the
nascent RNA in our system. However, it is worth noting that
encapsidation of longer nascent cRNA by NP was not achieved
when NP was simply added to the system (lane 4). This raises
a question of how the newly synthesized virus genome is en-
capsidated with NP free of RNA.

NP recognizes the phosphodiester backbone of ssSRNA in a
specific sequence-independent manner. We used, as the en-
zyme source, the VRNP containing authentic NP, which is
bound to the template RNA. Thus, it is reasonably hypothe-
sized that newly synthesized cRNA chains remain associated
with the template RNP, possibly by partial hybridization of the
nascent CRNA with template VRNA and/or the interaction of
nascent cCRNA with template-bound authentic NP instead of
exogenous NP. To address this, we immunopurified the tem-
plate-bound authentic NP of vRNP in the presence of exoge-
nous His-NP using anti-NP antibody (Fig. 2B). The length of
RNA products associated with authentic NP or both authentic
NP and exogenous His-NP (lane 3) was clearly distinct from
that of RNA products interacting with only exogenous His-NP
(lane 4). From these results, it is assumed that the nascent
cRNA product is hardly encapsidated with exogenous NP since
the nascent cRNA tends to interact more with template-bound
NP than exogenous NP and might partially hybridize with the
template.
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FIG. 4. Proposed model. NP facilitates the promoter escaping from
the viral polymerase through the interaction between NP and the viral
polymerase in an RNA binding activity-independent manner. During
elongation step, RAF-2p48/UAPS6 stimulates the coreplicational en-
capsidation of newly synthesized cRNA with exogenous NP, thereby
increasing the processivity of the viral polymerase.

promoter

Encapsidation with NP mediated by RAF-2p48/UAP56. As
shown in Fig. 2, it is assumed that some factor(s) may be
missing in the encapsidation of nascent cRNA products with
exogenous NP. Previously, RAF-2p48/UAPS56/BAT1 (here,
designated RAF-2p48/UAP56) belonging to the DExD-box
family of ATP-dependent RNA helicase (13), also reported as
NPI-5 (20), was identified as a host factor that binds to NP and
stimulates influenza virus RNA synthesis from exogenously
added model vVRNA templates (16) and that is involved in
splicing of cellular pre-mRNAs and messenger RNP matura-
tion of cellular and viral transcripts (4, 25, 29). RAF-2p48/
UAPS56 binds to NP free of RNA but not to an NP-RNA
complex and facilitates NP-RNA complex formation as a mo-
lecular chaperone for NP. Therefore, it was proposed that
RAF-2p48/UAP56 is involved in the arrangement of NP on the
template. However, its precise roles, including the requirement
for the encapsidation process, have not yet been uncovered.
Thus, we tried to examine whether RAF-2p48/UAPS56 facili-
tates the encapsidation of newly synthesized RNA with exog-
enous NP (Fig. 3A). We found that long nascent cRNA was
encapsidated with exogenous NP by the addition of RAF-2p48/
UAPS56 (Fig. 3A, compare lane 4, in which RAF-2p48/UAP56
is present, with lane 3, in which RAF-2p48/UAP56 is absent).
The ATP-dependent RNA unwinding activity of RAF-2p48/
UAPS6 was not required for the encapsidation of nascent
chains since the encapsidation occurred in the presence of
ATP~S, which is a nonhydrolyzable analog of ATP (data not
shown). Therefore, we propose a model whereby RAF-2p48/
UAPS56 facilitates the formation of RNP complexes by corep-
licationally transferring exogenous NP to the nascent cRNA
chain. It is unlikely that RAF-2p48/UAP56 remodels second-
ary structures of template and newly synthesized cRNA by its
potential RNA helicase activity (Fig. 4). Furthermore, RAF-
2p48/UAPS6 stimulated the elongation activity of the viral
polymerase, possibly by facilitating the encapsidation of nas-
cent cRNA (Fig. 3, lane 2). It is speculated that the coreplica-
tional encapsidation of nascent cRNA by NP may prevent the
premature termination of RNA synthesis by avoiding a sec-
ondary structure of nascent RNA, which is hypothesized to be
one of the causative factors in the termination process of other
RNA polymerases (10, 27). Therefore, it is possible that the
encapsidation of the nascent RNA with exogenous NP medi-
ated by RAF-2p48/UAP56 increases the processivity of the
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FIG. 5. Involvement of RAF-2p48/UAP56 in influenza virus genome replication in infected cells. (A) At 48 h posttransfection, cells transfected
with either a control or siRNA against the RAF-2p48/UAP56 ORF (si-p48) were subjected to indirect immunofluorescence assay with anti-RAF-
2p48/UAP56 antibody. Nuclear DNA stained with 4',6-diamidino-2-phenylindole (DAPI) is also shown. Images were acquired under the same
exposure time by a fluorescence microscope system (Axiovision; Carl Zeiss). (B) Expression level of RAF-2p48/UAP56. The lysates prepared from
control and RAF-2p48/UAP56 knockdown cells (5 X 10%, 1 X 10%, and 2 X 10 cells) were separated by SDS-PAGE and then visualized by Western
blotting assays with anti-NP and B-actin antibodies. (C, D, and E) Level of viral RNAs in infected RAF-2p48/UAP56 knockdown cells. Control
and RAF-2p48/UAPS6 knockdown cells were infected with influenza virus in the absence (lanes 1 to 7 and 14 to 20) or presence of cycloheximide
(lanes 7 to 13 and 21 to 26) for 0, 3, 6, and 9 h. Primer extension assays were carried out with primers specific for segment 5 VRNA or m/cRNA
as described in Materials and Methods. As a loading control, 5S rRNA was also detected (lanes 27 to 39). The band intensities were quantitatively
measured by ImageJ software, and the results of three independent experiments are summarized in panel D and are indicated in panel E as the
ratio of the mRNA amount in RAF-2p48/UAP56 knockdown cells to that in control cells with or without CHX. (F) The level of viral RNAs
synthesized from a reconstituted model replicon in RAF-2p48/UAP56 knockdown cells. Control and RAF-2p48/UAPS56 knockdown cells were
transfected with plasmids expressing PB1, PB2, PA, and NP and model vRNA encoding the luciferase gene as described in Materials and Methods.
At 12 h posttransfection, total RNAs were purified and then subjected to reverse transcription, followed by quantitative real-time PCR with primer
sets specific for VRNA, cRNA, and luciferase mRNA. The expression level of NP protein in control and RAF-2p48/UAPS56 knockdown cells was
also detected by a Western blotting assay with anti-NP antibody (ab).

viral polymerase by avoiding inappropriate secondary struc-
tures of nascent cRNA.

Involvement of RAF-2p48/UAP56 in influenza virus genome
replication in infected cells. Finally, we tried to examine
whether RAF-2p48/UAP56 functions in influenza virus ge-
nome replication in cultured cells using sSiRNA-mediated gene
silencing. At 48 h posttransfection of siRNA corresponding to
the RAF-2p48/UAP56 ORF, the expression level of RAF-
2p48/UAP56 in knockdown cells decreased to approximately
30% of that of cells transfected with the nontargeting siRNA
used as a negative control (Fig. SA and B). We carried out
quantitative primer extension assays with appropriate primers

cellulose (data not shown). This result showed that the accu-
mulation of VRNA and cRNA was reduced and delayed in
RAF-2p48/UAP56 knockdown cells compared with levels in
control cells (Fig. 5C, lanes 1 to 7 and 14 to 20, and D). The
same results were obtained for other segments (data not
shown). It is proposed that nascent cRNA is degraded unless it
is encapsidated with viral RNA polymerase and NP (33). In
addition, the results shown in Fig. 3 and a previous report (16)
demonstrated that RAF-2p48/UAPS6 stimulates the viral poly-
merase activity. Thus, RAF-2p48/UAP56 might be involved in
virus genome replication and encapsidation in infected cells.
We also found that the level of NP mRNA in RAF-2p48/

specific for each VRNA and mRNA/cRNA of segment 5 (Fig.
5C and D). We confirmed that the product corresponding to
cRNA was not found from a fraction bound with oligo(dT)

UAP56 knockdown cells decreased to 15% in control cells at 3
hpi (Fig. 5C, lanes 15 and 18, and E). In contrast, comparable
amounts of NP mRNA were found in both control and RAF-
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2p48/UAP56 knockdown cells at 6 and 9 hpi (Fig. 5C, lanes 16,
17, 19, and 20) since the amount of vVRNA template sufficient
for viral mRNA synthesis might be accumulated at 6 and 9 hpi,
but the replication activity was reduced and delayed in RAF-
2p48/UAPS6 knockdown cells. To confirm the effect of RAF-
2p48/UAPS56 on viral transcription, we utilized cycloheximide
(CHX), a potent protein synthesis inhibitor (Fig. 5C, lanes 8 to
13 and 21 to 26, and E). A previous report showed that CHX
suppresses viral protein synthesis and thereby leads to degra-
dation of replicated viral RNA but not mRNA since new vVRNP
formation was repressed (33). Therefore, we could examine
the amount of viral mRNA synthesized from incoming vRNP
independent of the level of VRNA accumulation in the pres-
ence of CHX (Fig. 5C, lanes 8 to 13, and E). The level of NP
mRNA in RAF-2p48/UAP56 knockdown cells was reduced to
70% in control cells in the presence of CHX at 3 hpi (Fig. 5C,
lanes 21 and 24, and E). Therefore, it is likely that the reduc-
tion of viral mRNA synthesis in RAF-2p48/UAP56 knockdown
cells is mainly due to the decrease of VRNP accumulation in
the absence of CHX although RAF-2p48/UAP56 has a stim-
ulatory role in viral transcription, possibly by arrangement of
NP on template and/or the nuclear export-competent messen-
ger RNP formation (25). To rule out the possibility that the
reduction of vVRNA and cRNA synthesis was caused by the
reduction of viral protein synthesis, we carried out a viral
model replicon assay (19, 30) in which active vVRNP complexes
were reconstituted with PB1, PB2, PA, and NP and the model
vRNA encoding the luciferase gene, as described in Materials
and Methods (Fig. 5F). With this system, we could examine the
viral polymerase activity independent of the expression level of
viral proteins since viral proteins were expressed from plasmids
under the control of cellular RNA polymerase II promoter in
this assay. Results shown in Fig. 5F indicate that vRNA,
cRNA, and viral mRNA synthesis was decreased in RAF-2p48/
UAP56 knockdown cells compared with that in control cells
even in the presence of comparable amounts of NP in both
cells. We found that NP synthesized in RAF-2p48/UAP56
knockdown cells migrates differently from that in control cells
(Fig. 5F). Previous reports showed that NP is modified by
phosphorylation (23) and that its N-terminal region is digested
by caspase (35), but the involvement of RAF-2p48/UAPS6 in
these is not known at present.

It is well known that NP is one of proteins responsible for
virus genome replication (15, 18, 27, 33). Recently, it is re-
ported that ubiquitination of NP regulates virus genome rep-
lication (12). It is proposed that the soluble viral polymerase
might act as a replicative enzyme in frans, but transcription
occurs from template-bound viral polymerase in cis (8). In this
study and recent reports (9, 31-33), de novo cRNA synthesis is
found from template-bound viral polymerase; thus, it could be
explained that the soluble viral polymerase might have stimu-
latory activity but is not completely essential for the synthesis
of nascent cRNA. The viral nuclear export protein (NEP/NS2)
is also involved in the accumulation level of vRNA and cRNA
(26). Further, it is reported that small noncoding RNAs de-
rived from the influenza virus genome might regulate viral
transcription and replication through their interaction with
viral polymerase complexes (21). To further understand the
mechanism of influenza viral genome replication, precise anal-
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yses of a functional replicative enzyme including viral and
cellular factors are required.
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Synergistic requirement of or

and DNA bending enhanced by HMGB1 for RAG-mediated
nicking at cryptic 12-RSS but not authentic 12-RSS
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V(D)J recombination is initiated by the specific binding of the recombination activating gene
(RAG) complex to the heptamer and nonamer elements within recombination signal sequence
(RSS). The break points associated with some chromosomal translocations contain cryptic
RSSs, and mistargeting of RAG proteins to these less conserved elements could contribute to
an aberrant V(D)] recombination. Recently, we found RAG-dependent recombination in the
hotspots of TEL-AML1 t(12;21)(p13;q22) chromosomal translocation by an extrachromosomal
recombination assay. Here, we describe using in vitro cleavage assays that RAG proteins
directly bind to and introduce nicks into TEL and AML{ translocation regions, which contain
several heptamer-like sequences. The cryptic nicking site within the TEL fragment was cleaved
by RAG proteins essentially depending on a 12-RSS framework, and the nicking activity was
enhanced synergistically by both HMGB1 and orphan nonamer-like (NL) sequences, which do
not possess counterpart heptamers. In addition, we found that DNA bending stimulated by
HMGBI is indispensable for the HMGB1- and orphan NL element-dependent enhancement of
RAG-mediated nicking at the cryptic 12-RSS. Collectively, we would propose the mechanism
of HMGB1-dependent enhancement of RAG-mediated nicking at a cryptic RSS through

enhanced DNA bending.

Introduction

To produce a huge diversity of lymphocyte antigen
receptor in vertebrate, V, D, and ] gene segments
encoded in germ line arrays are assembled by the pro-
cess of somatic recombination, known as V(D)J
recombination (Tonegawa 1983; Gellert 2002). Each
gene segment is flanked by recombination signal
sequence (RSS), which consists of highly conserved
heptamer element (consensus sequence, 5-CAC
AGTG-3") and less conserved AT-rich nonamer
(consensus sequence, 5'-~ACAAAACC-3"). Heptamer
and nonamer elements are separated by 12 + 1 or
23 £ 1 nucleotides, which is known as 12-RSS or
23-RSS, respectively. Recombination activating gene
(RAG) 1-RAG2 complex binds to an RSS and intro-
duces a nick at the 5 side of heptamer, and then a
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double-strand break (DSB) occurs by transesterifica-
tion. After introduction of RAG-mediated DSB, the
cleaved DNA ends are repaired by nonhomologous
end joining (NHE]) pathway. RAG1 recognizes both
heptamer and nonamer sequences, but these elements
have distinct roles (Cuomo ef al. 1996). The hep-
tamer alone can specify an accurate nicking site, and
the 5" three nucleotides (5'-CAC-3') of the heptamer
are highly conserved among RSSs (Hesse et al. 1989;
Ramsden et al. 1994). The nonamer serves a major
binding surface for RAG1 (Nagawa et al. 1998). The
nonamer alone is enough for nick introduction by
RAG complex into an appropriate site, but hairpin
structure, an intermediate structure of RAG-mediated
recombination, is not formed in the absence of the
heptamer (Ramsden efal. 1996). Normal V(D)
recombination is restricted to immune antigen recep-
tor loci containing authentic RSSs. However, it has
been suggested that mistargeting of RAG proteins to
cryptic RSSs  (cRSSs) might be responsible for
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aberrant recombinations other than antigen receptor
loci (Kitagawa et al. 2002; Marculescu et al. 2002;
Zhang & Swanson 2008). Indeed, cRSSs are identi-
fied in the germ line sequences of LMO2, Ttg-1, and
HOX11 proto-oncogenes nearby translocation-related
break points, especially when antigen receptor loci
are fusion partners (Raghavan et al. 2001; Zhang &
Swanson 2008).

HMGB proteins belong to one of the three classes
of high mobility group (HMG) proteins and are rela-
tively abundant architectural nonhistone proteins.
HMGB proteins bend DNA, and their DNA bending
activity has been thought to enhance the DNA bind-
ing and cleavage activity of RAG complex on RSSs,
in particular on 23-RSS by enhanced formation of
synaptic complex depending on the 12/23 rule of
V(D)J recombination (van Gent et al. 1997; Sawchuk
et al. 1997). It has been proposed that HMGB1 facili-
tates the correct DNA binding and the cleavage activ-
ity of RAG proteins at RSSs followed by coordinated
DSB depending on the 12/23 rule in vitro (Swanson
2002a,b), and simultaneously the addition of HMGB1
represses incorrect RAG-mediated nicking at aberrant
sites within the 23-RSS (Yoshida et al. 2000). On the
contrary, it is recently shown that HMGB1 and
HMGB?2 can promote the RAG-mediated illegitimate
cleavage via the nick/hairpin mechanism (Zhang &
Swanson 2009). However, it remains unanswered
whether HMGB proteins enhance mistargeting of
RAG proteins to cRSSs at the translocation regions
identified in lymphoid malignancies.

Recently, it is shown that an aberrant RAG-
dependent recombination occurs between TEL and
AML1 translocation regions containing several hept-
amer-like sequences by the extrachromosomal recom-
bination assays (Numata et al. 2010). However, the
molecular basis of this aberrant RAG-dependent
recombination and the involvement of HMGB1 are
not clarified fully. For example, it should be investi-
gated whether RAG proteins directly bind to and
cleave the c¢RSSs within TEL and AML1 transloca-
tion regions. In addition, it is worthwhile to examine
whether HMGB1 enhances the aberrant RAG-medi-
ated cleavage at cryptic sites within TEL and AML1
translocation regions. To address these, we have car-
ried out in vitro assays using recombinant RAG and
HMGB proteins and TEL and AML1 DNA frag-
ments containing several cryptic sites, which have
been characterized by extrachromosomal recombina-
tion assays. We found that HMGB1 enhances the
direct binding of RAG proteins to the TEL and
AML1 translocation regions containing several hept-
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amer-like sequences. Furthermore, the RAG nicking
activity at the 12-RSS-like cryptic site was enhanced
synergistically by both HMGB1 and orphan non-
amer-like (NL) elements, but not at the artificially
replaced canonical 12-RSS in the TEL translocation
locus. Taken these results altogether, it is suggested
that RAG proteins contribute to the aberrant DNA
nicking step at cRSSs with the aid of HMGB1.

Results

HMGB1 enhances RAG-dependent recombination
between TEL and AML1 on a plasmid DNA

It is reported that HMGB1 stimulates RAG-mediated
DNA binding and cleavage activity on RSSs in a cell-
free system (Bergeron ef al. 2005). However, because it
has been unclear whether HMGB1 enhances canoni-
cal or aberrant V(D)] recombination in wvivo, we
investigated the effect of HMGB1 on those RAG-
dependent recombinations using extrachromosomal
recombination assays. 293T cells were transfected with
pAT plasmid substrate bearing either 12-23 RSS or
TEL-AML1 translocation regions with full-length
human RAG expression vectors in the presence or
absence of HMGB1 expression vectors (Numata et al.
2010). HMGB1ADNA lacking 2 DNA binding activ-
ity was prepared by replacing three hydrophobic resi-
dues (Phe 38, Phe 15, and Ile 34) with alanines. The
expression levels of HA-RAG proteins and FLAG~
HMGB!1 proteins were examined by Western blotting
with anti-HA and anti-HMGB1 antibodies, respec-
tively (Fig. 1A). HA-RAG1 and 2 were expressed
equally in each lane (Fig. 1A, lanes 2—4), and the
expression level of exogenous FLAG-HMGB!1 protein
in each lane was similar to that of endogenous
HMGB!1 (Fig. 1A, lanes 3 and 4). We found that
overexpression of wild-type HMGB1 significantly
increased RAG-dependent recombination frequencies
on both authentic RSS (Fig. 1B, top panel) and TEL-
AMLT translocation regions (Fig. 1B, bottom panel),
whereas HMGB1ADNA increased the recombination
frequency not significantly enough but slightly. This
HMGB! effect in vivo was more for the recombina-
tion between TEL and AML1 than for that of authen-
tic RSSs (Fig. 1B).

HMGBI1 enhances RAG binding to TEL and
AML1 fragments

To examine whether RAG proteins bind to the
TEL and AML1 DNA fragments containing the
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Figure 1 HMGB1 enhances recombination activating gene (RAG)-dependent recombination on pAT-TEL-AML] plasmid sub-
strate by an extrachromosomal recombination assay in vivo. (A) 293T cells were cotransfected with pAT substrate and expression
vectors for HA-RAG proteins and FLAG-HMGB1 proteins. The total cellular proteins were separated through a 10% SDS-PAGE
and immunoblotted with anti-HA and anti-HMGB!1 antibodies. (B) The tetracycline- and ampicillin-resistant recombinant colonies

were counted, and the recombination frequency was calculated as described previously (Numata et al. 2010). The recombination

assays were repeated three to five times independently.

RAG-dependent recombination sites determined by
the extrachromosomal recombination assays (Numata
et al. 2010), we performed electrophoresis mobility
shift assays (EMSAs) using truncated core GST-RAG
proteins purified from 293T cells (see Data S1 and
Fig. S1 in Supporting Information). As it was indi-
cated in the previous extrachromosomal recombina-
tion assays that core RAG proteins cause TEL-AML1
recombination at the similar level with that of full-
length RAG proteins (Numata et al. 2010), we used

© 2011 The Authors

core RAG proteins also in vitro assays. For the
substrates of EMSAs, we prepared 54-bp-long DNA
fragments of TEL and AML1 harboring both the
RAG-dependent break points and heptamer-like
sequences (Fig. 2A, ‘TEL-1" and ‘AML1-1"). A “12-
RSS Mutant’ substrate was constructed by replacing
heptamer and nonamer consensus sequences in wild-
type 12-RSS with the random sequences (Fig. 2A).
Only trace amounts of RAG-mediated shifted bands
were observed when ‘12-RSS Mutant’ and ‘TEL-2’
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Figure 2 Recombination activating gene (RAG) proteins bind to each TEL and AML1 DNA fragment containing recombination
sites. (A) The DNA sequences of top strands of 54-bp-long DNA substrates used in EMSA are indicated. Arrowheads indicate the
positions of recombination sites determined previously in the extrachromosomal V(ID)J recombination assays (Numata et al. 2010).
Mutations introduced to heptamer and nonamer sequences are indicated by lower-case letters in ‘12-recombination signal sequence
Mutant’ substrate. Underlines and dotted lines indicate heptamer or nonamer sequence, respectively. ‘TEL-1°, ‘TEL-2’ and
‘AML1-1" were amplified by PCR using sets of primers, TEL-F54 and TEL-R54, TEL-F420 and TEL-R420-54, and AML1-F54
and AML1-R54, respectively. ‘Nucleotide sequences with at least 5/7 match to the consensus heptamer element (CAC A/T
GTG) are indicated by asterisks. (B) Complex formation of RAG-HMGB1 with DNA substrates. The [**P] end-labeled DNA
substrates in panel A were incubated with recombinant proteins (GST-core RAG1 and GST-core RAG2 shown as ‘RAG’ with or
without His-HMGB1 shown as ‘HMGB1’) as indicated at the top of the gel. Protein-DNA complexes were separated through
electrophoresis mobility shift assay, and visualized by autoradiography. The each position of RAG-DNA complex or RAG-
HMGB1-DNA complex is indicated on the left side of gel. The experiments were repeated three times independently, and relative
amounts of protein-bound DNA are shown below the gel, where the amount in lane 5 is set to be 1. ‘N.D.” means ‘Not

Detected’.

substrates were used. In contrast, RAG proteins bound
to each ‘TEL-1" and ‘AML1-1" DNA fragments con-
taining several recombination sites. The effect of
HMGB1 was examined in EMSA (Fig. 2B, lanes 3, 6,
9, 12, and 15), because this architectural DNA binding
and bending protein is known to enhance the DNA
binding and cleavage activity of RAG proteins on
authentic RSSs in vitro (Aidinis et al. 1999). The addi-
tion of HMGB1 supershifted RAG-DNA complexes
containing ‘12-RSS’, ‘TEL-1’, and ‘AML1-1" DNA
fragments. Furthermore, HMGB1 enhanced the DNA
binding of RAG proteins with these three DNA frag-
ments similarly, by about threefold higher than that in
the absence of HMGB1. These results indicate that
HMGB!1 enhances the RAG binding activity to the
TEL and AML1 DNA fragments containing both
heptamer-like sequences and RAG-dependent recom-
bination sites.
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HMGBI1 affects the RAG nicking activity on TEL
and AML1 translocation regions

In the course of RAG-mediated recombination, RAG
proteins bind to DNA and then introduce a nick juxta-
pose to the 5 end of the heptamer sequence of RSS.
As the TEL and AMLI1 fragments containing the
RAG-dependent recombination sites were found to
possess some heptamer-like sequences, we examined
whether RAG proteins introduce nicks in vitro around
these heptamer-like sequences. To this end, we per-
formed in vitro cleavage assays with purified recombi-
nant proteins and the TEL and AMLI1 DNA
fragments, which are [*°P] end labeled at the 5’ end of
either top or bottom strand. To exclude the possibility
that any DNA nuclease activity contaminated in puri-
fied RAG proteins generates nicks, we constructed and
purified a cleavage-defective mutant of RAG1 (D711A
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