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FIG 4 Tdentification of ORF44p as the binding partner of ORF49p by pro-
teomic analysis and their in vitro binding assay. (A) pOka-infected MeWo cells
expanded by cell-to-cell spread with full CPE at 2 to 3 days postinfection were
lysed with RIPA buffer, and the binding molecules were coimmunoprecipi-
tated with ORF49p using an anti-ORF49 Ab (lane 1). Mock-infected MeWo
cells were used as a negative control (lane 2). The immunoprecipitates (ip)
were electrophoretically separated and visualized by silver staining. (B)
ORF49p expressed in and purified from MeWo cells was incubated with puri-
fied GST-ORF44 (lane 1), GST-ORF44F129A (lane 2), or GST-ORF44P (lane
3). Bound proteins were electrophoretically separated and visualized by anti-
GST Abs (upper panel) and anti-ORF49 Abs (lower panel).

between ORF44p and ORF49p were confirmed by immunoblotting
with the corresponding Abs and immunoprecipitation with anti-
ORF49 Ab followed by immunoblotting with each Ab (Fig. ¢A, lane
1, and B, lane 1, respectively). In rpOkaORF49M1LRev-infected
MeWo cells, in spite of the broadly diffuse pattern seen for ORF44p,
it appeared to accumulate on the TGN with ORF49p (¥iy. 78), as
was seen in coexpressing cells (Fig. 5C), and this pattern was also
observed in cells infected with rpOka (data not shown). In
rpOkaORF49M 1 L-infected cells, ORF44p was dispersed as in cells
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FIG6 E)q»resslon and interaction of ORF44p and ORF49p in cotransfected cells.
MeWo cells were cotransfected with CAG/ORF49 (lanes 1 to 4 and 7 to 10) or
CAG/ORF49-41AAAA44 (lanes 5 and 6) and CAG/ORF44 (lanes I and 5), CAG/
ORF44T128A (lane 2), CAG/ORF44F129A (lanes 3 and 6), CAG/ORF44K130A
(lane 4), CAG/FLAGORF44 (lane 7), CAG/FLAGORF441121stop (lane 8), CAG/
FLAGORF44P136stop (lane 9), or CAG/FLAGORF44F129AP[36stop (lane 10)
(A and B). Protein expression was visualized with anti-ORF44p and anti-ORF49p
antibodies (A), and proteins immunoprecipitated by anti-ORF49 Ab from
cotransfected cells were electrophoretically separated and visualized using anti-
ORF44 and anti-ORF49 Abs (B).

1 -

expressing ORF44 alone and was not accumulated on the TGN
(Fig. 74), again indicating that the accumulation of ORF44p on
the TGN depended on ORF49p and required no other viral fac-
tors.

TGNEG . merged:

merged

merged

FIG 5 Localization of ORF44p and ORF49p in transiently transfected MeWo cells. MeWo cells were transfected with CAG/ORF44 (A) or CAG/ORF49 (B) or
cotransfected with CAG/ORF44 and CAG/ORF49 (C). Cells were fixed at 48 h posttransfection and triple labeled for ORF44p (green), ORF49p (red), and TGN46

(blue). Nuclei were stained with Hoechst 33342 (cyan). Scale bars, 5 um.
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FIG7 Localization of ORF44p and ORF49p in rpOkaORF49M 1 L-infected MeWo cells. rpOkaORFAOM I L-infected {A) and rpOkaORF49MILR
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TGNAG.

infected (B)

MeWo cells were fixed at 48 hpi and triple labeled for ORFd44p {green), ORF49p (red), and TGN#6 {blue}. Nuclei were stained with Hoechst 33342 {cyan). Scale

bars, 5 um.

The phenylalanine at amino acid position 129 of ORF44p
functions in the conserved interaction and is essential for VZV
infection. In the process of ORF44 cloning, one mutant showed a
T-to-C substitution at nt 385, which led to a phenylalanine-to-
serine transition at aa 129 (F129S). In cells coexpressing
ORF44F129Sp and ORF49p, ORF44F129Sp did not accumulate
on the TGN and was not coimmunoprecipitated with ORF49p
(data not shown).

To examine whether 129F functions specifically in the conserved
interaction in VZV, alanine scanning was performed around 129F
(Fig. 18). ORF44T128Ap, ORF44F129Ap, and ORF44K130Ap
showed similar distributions, and none of these mutants localized to
the TGN when expressed alone (data not shown), as observed in cells
expressing ORF44p alone 34). Coexpression of ORF44T128Ap
and ORF44K130Ap with O A and C, respectively) re-
sulted in their colocalization with ORF49p at the TGN, as observed in
cells coexpressing ORF44p and ORF49p (Fig. In contrast,
ORF44F129Ap was dispersed throughout the cytoplasm and failed to
accumulate on the TGN, even when coexpressed with ORF49p ( £z,
¢B). The levels of expression of ORF44T128Ap, ORF44F129Ap, and
ORF44K130Ap were almost equal (Fig. 64, lanes 2, 3, and 4, respec-
tively),and ORF44T128Ap and ORF44K130Ap were coimmunopre-
cipitated with ORF49p (Fiyz 68, lanes 2 and 4, respectively), whereas
ORF44F129Ap was not coimmunoprecipitated with ORF49p (
48, lane 3).

The results for F129S and F129A suggest that the binding site
for ORF49p might reside in an N-terminal domain, as was re-
cently reported for the pUL16 of HSV-1 (26). Therefore, stop
codons were inserted at positions to either side of codon 129F (i.e.,
at [121stop and P136stop). In addition, a construct cont‘nmn"
both the F129A and P136stop mutations was made 1\”
three mutants were expressed at their predicted size (
8,9, and 10), and only the ORF44P136stop protein was coimmu-
noprecipitated with ORF49p (Fiz. 6B, lane 9), whereas the
ORF44l121stop and ORF44F129AP136stop proteins were not
(Fig. 6B, lanes 8 and 10, respectively). Consistent with this, only
the ORF44P136stop protein accumulated on the TGN with
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OKF{‘E;) (I “}, and the other two mutants did not (£
£), despite the diffused cytoplasmic localization of all mutants if
expressed alone {data not shown). These results show that the
binding site for ORF49p resides in the first third of ORF44p and
that 129F plays a critical role in binding, cither directly or indi-
rectly. Furthermore, in GST-pulldown assays using GST-ORF44
vonding to aa 2 to 363), GST-ORF44F129A {aa 2 to 363
A mutation}, and GST-ORF44P {aa 180 to 363), only
GST-ORF44 pulled down ORF49p expressed in and purified from
MeWo cells , suggesting that there may not be a binding
site within the C-terminal half of ORF44p; however, other C-ter-
minal constructs have not been tested in this or other assays.

To analyze the impact of the 129F mutation in the context
of infection, pOka-BACORF44T128A, pOka-BACORF44F1294,
pOka-BACORF44K130A, and the revertant BAC for pOka-
BACORF44F129A, pOka-BACORF44F129ARev, were generated
{ . With the exception of the ORF44F129A mutant, the recon-
stitution of each virus with a mutation around 129F and of the rever-
tant virus for the F129A mutant was successful, and all of the recon-
stituted viruses showed similar growth to rpOka {data not shown),
suggesting that 129F of ORF4dp may play a central role in the func-
tion of ORF44dp in VZV infection, which occurs through its interac-
tion with ORF49p.

The carboxyl-terminal half of the acidic cluster of ORF49p is
required for the conserved interaction with ORF44p. To map
the binding domain of ORF49p for ORF44p using the accumuia-
tion of ORF44p as an indicator of the interaction, we generated a
series of carboxyl-terminal-truncated mutants of ORF49p (Fig. 1C).
The coexpression of ORF44p and ORF49N48p or ORF49N44p re-
sulted in theaccumulation of ORF4 4p at the juxtanuclear region with
TGN46 and the mutant ORF49p (Fig. 9A and B). In contrast,
ORF44p never colocalized with ORF49N40p (Fiz, ¥C) and was dis-
persed in the cytoplasm, as when it was expressed alone (Fig. 34).
These results suggested that the ORF44p-binding domain in ORF49p
may be located between the aspartate at aa 41 and glutamate at aa 44,
which is in the carboxyl-terminal half of the conserved acidic cluster
(Fig. 1C) in the ORF49 homologs.
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FIG 8 Localization and accumulation of ORF44 mutant proteins in MeWo cells expressing ORF49p. MeWo cells were cotransfected with CAG/ORF49 and
CAG/ORF44T128A (A), CAG/ORF44F129A (B), CAG/ORF44K130A: (C), CAG/FLAGORF44I121stop (D), CAG/FLAGORF44P136stop (E), or CAG/
FLAGORF44F129AP136stop (F). Cells were fixed at 48 h posttransfection and triple labeled for ORF44 (green), ORF49 (red), and TGN46 (blue). Nutclei were

stained with Hoechst 33342 (cyan). Scale bars, 5 wm.

To confirm the specificity of the ORF44p and ORF49p inter-
action while avoiding (although not excluding) nonspecific effects
on the function of ORF49p resulting from the destruction of the
ORF49p backbone, the four residues (41DFDE44) identified as
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the candidate ORF44p-binding motif were replaced by alanine,
resulting in ORF49-41AAAA44p (Fig. 1C). As shown in Fig. 913,
ORF49-41AAAA44p targeted the TGN, similar to ORF49p (
38), but it was unable to accumulate ORF44p on the TGN (Fig,
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FIG 9 Localization and accumulation of ORF44p in MeWo cells expressing ORF49 mutant proteins. MeWao cells were cotransfected with CAG/ORF44 and
CAG/ORF49N48 (A), CAG/ORF49IN44 (B), CAG/ORF49IN40 (C), or CAG/ORF49-41AAAA44 (E), or transfected with CAG/ORF49-41AAAA44 alone (D).
Cells were fixed at 48 h posttransfection and triple labeled for ORF44 (green), ORF49 (red), and TGN46 (blue). Nuclei were stained with Hoechst 33342 (cyan).

Scale bars, 5 um.

Furthermore, ORF49-41AAAA44p did not form a complex with
ORF44p or ORF44F129Ap (Fig. &R, lane 5 or 6) despite the effi-
cient coexpression of all proteins (Fig. 6A, lanes 5 and 6).

The carboxyl-terminal half of the acidic cluster of ORF49p
plays a central role in the function of ORF49p during infection.
rpOkaORF49-41AAAA44 showed almost the same phenotype as
rpOkaORF49MIL, including the loss of the interaction with
ORF44p (¥ lane 1), the dispersed localization of ORF44p
without accumulation on the TGN (¥ig. {GA), impaired growth as
assessed by plaque size and infectious-center assays ( 1A and
B, respectively), and reduced production of infectious progeny

January 2014 Volume 88 Number 1

virus (to 3 to 10% of the wild-type level [Table 2]), excluding the
apparent ORF49-41AAAA44p expression (Fig. 2D, lane 1, and
‘i, 10A). These defects were completely rescued by revertant vi-
rus infection (Fig, 2 and €, lanes 2, Fig t14 and B)
or by exogenous ORF49p in MeWoORF49 cells ( iAand B
and T 2). The expression of ORF49-41 AAAA44p was detected
as a faint and faster-migrating band than that of ORF49p in the
revertant virus infection, but an equal amount of ORF44p was
detected in both viruses with gH and ORF61p (Fig. i, lanes 1
and 2). Furthermore, whereas the interaction between ORF49-
41AAAA44p and ORF44p was not detected at all (¥ig. 2£, lane 1),

108, and Fig,
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FIG 10 Localization of ORF44p and ORF49p in rpOkaORF49-41AAAA44-infected MeWo cells. rpOkaORF49-41AAAA44-infected MeWo cells (A) and
rpOkaORF49-41AAAA44Rev-infected MeWo cells (B) were fixed at 48 hpi and triple labeled for ORF44p (green), ORF49p (red), and TGN46 (blue). Nuclei were

stained with Hoechst 33342 (cyan). Scale bars, 5 pm.

ORF44p was incorporated into the rpOkaORF49-41AAAA44 par-
ticles in the absence or presence of exogenous ORF49p (Fig. 2F,
tane 1 or 2), which was also the case in rpOkaORF49M 1L infection
(Fig. 2D and F).

Taken together, our results indicated that ORF49p functions in
the efficient production of progeny viruses required for VZV in-
fection through its interaction with the essential protein ORF44p.

DISCUSSION

In VZV, ORF49 encodes a nonessential tegument protein that is
one of the cell-tropic factors in cell culture (6). In human fetal
lung fibroblast MRC-5 cells, the growth of ORF49-defective virus
is identical to that of its parental virus, whereas in the human
melanoma MeWo cell line, it shows reduced growth; however, the
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cell tropism of VZV for these two most permissive cell lines has
not been studied. In the previous study, we showed that it is a
cell-tropic factor, although the step(s) at which ORF49 functions,
including the entry, host gene modulation, viral gene expression,
viral particle assembly, or egress, remained unclear. Nevertheless,

we showed that it may play an important role in the production of

a complete virion (6).

VZV is highly cell associated in vitro, producing extremely
small amounts of infectious virus even when isolated intracellu-
larly (in a particle-to-PFU ratio that varies from approximately
40,000 to 1,000,000) (39, 40), and the particles detected by elec-
tron microscopy (EM) analysis appear to be degraded, even in
cells intected by the wild-type virus {41-43). The low infectivity
and the presence of few or no infectious particles in the cell culture
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FIG 11 Growth properties of ORF49-41AAAA44 mutant virus in MeWo and MeWoORF49 cells. (A) Comparison of plaque sizes among recombinant viruses.
MeWo cells or MeWoORF49 cells were infected with rpOka, rpOkaORF49-41AAAA44, or rpOkaORF49-4 IAAAA44Rev (50 PFU/well) and cultured for 7 days.
Infected cells were stained with an anti-gE Ab, and the plaques were traced and measured by Image] software. Plaque size is shown with the standard error of the
mean. Statistical significance was determined by Student’s t test. (B) Growth kinetics of recombinant viruses on MeWo cells and MeWoORF49 cells. MeWo cells
or MeWoORF49 cells were infected with rpOka, rpOkaORF49-41AAAA44, or rpOkaORF49-41 AAAA44Rev (50 PFU/well), harvested at the indicated times,
serially diluted, added to newly prepared MeWo cells, and cultured for 5 days. The plaques were stained with an anti-gE Ab and counted. Each point represents
the mean titer for two wells of one experiment. Two experiments were performed independently. Statistical significance was determined by Student’s  test.
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supernatant in VZV have made it difficult to construct a trans-
complementation system. In such a system, the target viral gene is
expressed on permissive cells on which the target gene-deleted
virus is only capable of efficient replication similar to the wild-type
virus infection on the parental cells. The infection of parental cells
by the target gene-deleted virus isolated from cells expressing the
target gene enables analysis of its function. This method is useful
to confirm that the deletion phenotype is not caused by undesired
mutations, which can also be determined by generating the rever-
tant virus to repair the mutated gene within the viral genome. In
addition, it can also be used to identify the target gene function,
which cannot be determined by simply generating the mutantand
revertant viruses and has been used widely in the mutagenic anal-
ysis of other herpesviruses, especially in the analysis of structural
proteins. However, to the best of our knowledge, this system has
been used successfully to analyze gene function in only one report

(44) and to confirm that the deletion phenotype is independent of

undesired mutation in two reports (453, 46} in VZV research.

In the present study, we established a trans-complementation
system for ORF49. The ORF49 trans-complementation system al-
lowed identification of the precise function of ORF49, which
could not be determined by generating its defective virus follow-
ing EM analysis on MeWo cells. In the EM analysis, no significant
differences between the wild-type and ORF49-defective viruses
were detected with regard to the intracellular and cell surface viral
particle counts or morphology (T. Sadaoka and Y. Mori, unpub-
lished observation), possibly leading to their obvious difference in
infectivity, which was reduced by 10-fold or higher in the defective
virus. Additionally, in both viruses, the infected cells or viral par-
ticles isolated from the same quantity of infected cells contained
almost the same amount of viral proteins. The trans-complemen-
tation system in combination with the results of other analyses
described above indicated that ORF49 functions in the produc-
tion of efficient infectious viruses. The results of EM analysis and
immunoblotting suggested that the ORF49 defect did not cause
the reduction of viral protein synthesis and viral particle assembly
and egress. The cell-free virus titration and plaque formation anal-
yses using the rrans-complementation system showed that the
ORF49p released from the virion into the cells during the entry
step was not functional, but de novo ORF49p synthesized during
Iytic replication functioned in the production of efficient infec-
tious virus required for cell-free and cell-to-cell viral transmission
modes. However, how the deletion of ORF49 impaired infectivity
remained unclear.

To gain further insight into the function of ORF49 during VZV
infection, we confirmed ORF44p as its binding partner, as re-
ported in other herpesviruses (12-13), and examined the con-
served interaction between these proteins by analyzing their bind-
ing properties. We identified 129F in ORF44p as being essential
for accumulation on the TGN through the interaction with
ORF49p: whether it functions in the binding directly or indirectly
is unknown. Simultaneously, 41 DFDE44 of the carboxyl-terminal
half of the acidic cluster within ORF49p was identified as the bind-
ing motif for ORF44p. Among these critical amino acids of
ORF44p and ORF49p, each phenylalanine seems to function in
the binding. As the phenylalanine is an aromatic and hydrophobic
amino acid, it prefers to be buried in protein hydrophobic cores.
However, 129F of ORF44p is surrounded by polar amino acid
128T and charged amino acid 130K and 42F of ORF49p by
charged amino acids 41D, 43D, and 44E, and there is possibility
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that these two phenylalanines are exposed at the protein surface.
The phenylalanine side chain is fairly nonreactive and is thus
rarely directly involved in protein function, although it can play a
role in substrate recognition. In particular, hydrophobic amino
acids can be involved in binding/recognition of hydrophobic li-
gands, and the aromatic side chain can also be involved in inter-
actions with other aromatic side chains via stacking interactions
471 In coexpression of ORF44 and ORF49, ORF49F42A muta-
tion alone disrupted the interaction and failed to accumulate
ORF44p on the TGN, as seen in ORF49-41AAAA44 mutation,
while individual ORF49D41A, -D43A, or -E44A mutation had no
effect on them (T. Sadaoka and Y. Mori, unpublished observa-
tion). On the other hand, ORF44F129A showed an impaired phe-
notype in terms of their interaction and its accumulation on the
TGN, and neither ORF44T128A nor K130A mutation had any
eftect on them. However, in the context of infection, ORF49F42A
alone could not abrogate the interaction and had no effect on
virus growth (T. Sadaoka and Y. Mori, unpublished observation)
different from that of ORF49-41AAAA44 mutation {discussed
below), while only ORF44F129A was truly lethal for infectious
virus production/reconstitution, and again ORF44T128A and
ORF44K130A had no effect. These findings may prompt us to
conclude that the core machinery of the binding is the noncova-
lent attractive force between two aromatic rings of phenylalanine
and that the additional binding force via charged amino acids
around 42F of ORF49p is required in the context of infection;
however, there isanother possibility—that the ORF44F129A mu-
tation just disrupts the protein structure itself, leading to the loss
of interaction. As mentioned above, phenylalanine prefers to be
buried in protein hydrophobic cores, and the interaction
among the aromatic residues is also important in the protein fold-
ing and the structural stabilization ot protein (48, 49). Our results
about the interaction property revealed that the binding domain
within ORFadp is located at the first 136 residues and 129F is
essentially involved in the binding, but could not be determined as
the precise binding domain, and at the same time, there was no
apparent degradation or lower expression of ORF44F129Ap in
comparison with ORF44p in both prokaryotic expression and eu-
karyotic expression systems. To address these issues, further anal-
yses by making an N-terminal truncation for refining the interac-
tion domain and another 129F substitution with tyrosine, which
differs only in that it contains a hydroxyl group in place of the
ortho hydrogen on the benzene ring, for more preferable substi-
tution to maintain structural stability will be helpful and ongoing.
Assessment of the function of ORF44 in the context of infec-
tion did not reveal new findings, with the exception of the F129A
mutant, which showed the same phenotype as the deletion mu-
tant. The ORF44 deletion and F129A mutation were lethal for
progeny virus production/reconstitution in MeWo and MRC-3
cells; however, an effective trans-complementation system for
ORF44 as for ORF49 was not successfully established, and at what
step(s) in the lytic infection ORF44 essentially functions remained
unclear. To find the nonessential but important functions of
ORF44 in the context of infection, we turned back to analyzing the
ORF49 function by generating ORF49-41 AAAA44 virus, in which
ORF49p specifically lost the interaction with ORF44p, following
comparison of the phenotype between ORF49-defective virus and
ORF49-41AAAA44 virus. The rpOkaORF49-41AAAA44 virus
showed the same phenotype as the rpOkaORF49MI1L virus, indi-
cating that the function of ORF49p in the efficient production of
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progeny viruses was completely dependent on the interaction with
ORF44p at 41DFDE44. These results suggest that ORF44p is fully
functional only in the presence of ORF49p and vice versa and has
essential functions during infection, which are independent of the
interaction with ORF49p or redundantly supported by other viral
factors in the absence of ORF49p.

In the absence of the interaction with ORF49p during infec-
tion, ORF44p was detected throughout the cytoplasm and rarely
colocalized with the TGN (or with a reorganized organ containing
TGN-derived membranes known to be induced by viral infection,
although it has not been found in VZV infection), the recognized
site of viral assembly; however, incorporation of ORF44p into
viral particles was comparable to that observed in wild-type virus
infection. These results indicate that ORF44p was not directly in-
corporated into the particles through the TGN via its interaction
with ORF49p, at least in the absence of ORF49p. In HSV-1, the
amount of pUL16 packaged into the viral particles was severely
reduced in the absence of pUL11 (50), but there are some other
interaction partners that potentially function in incorporating
pULI6 into the viral particles (i.e., pUL21 and glycoprotein E) (
52). In VZV, by global screening using the yeast two-hybrid sys-
tem, some candidates for ORF44p binding partner have been re-
ported (28, 19), but in our observations, none of these viral pro-
teins other than ORF49p could accumulate ORF44p on the TGN;
one viral protein could alter the localization of ORF44p into the

nucleus; however, whether it functions in the incorporation of

ORF44p into the viral particles remained unclear (T. Sadaoka and
Y. Mori, unpublished observation). Anyway, additional ORF44p
binding partners active during either the wild-type virus or
ORF49-defective virus infection remain to be identified so far,and
the complexity of the herpesvirus protein-protein network re-
quires a solid approach to elucidate the essential roles of ORF44
during viral infection further through the interactions with other
viral proteins.

In summary, in the present study, we established a trans-com-
plementation system for ORF49 and identified ORF44p as the
binding partner for ORF49p. We showed that (i) ORF49p func-
tions in the efficient production of infectious virus, (ii) no other
viral factor is required for binding, (iii) residue 129F of ORF44p is
critical not only for binding to ORF49p but also for progeny virus
production/reconstitution, (iv) the carboxyl-terminal half of the
acidic cluster (41DFDE44) of ORF49p is the binding motif for
ORF44p, and (v) the efficient production of infectious progeny
virus by ORF49p is dependent on its interaction with ORF44p.
Further analyses of the role of ORF44 mediated by its interaction
with ORF49 or other as yet unidentified viral proteins may shed
light on the conserved infection mechanisms of the Herpesvirinae
and those unique to VZV.
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ABSTRACT

Human herpesvirus-6 (HHV-6), which belongs to the betaherpesvirus subfamily, mainly replicates in T
lymphocytes. Here, we show that MHC class I molecules are incorporated into HHV-6 viral particles
and released into the extracellular environment. In addition, HHV-6A/B-infected T cells showed
reduced surface and intracellular expression of MHC class I molecules. The cellular machinery
responsible for molecular transport appears to be modified upon HHV-6 infection, causing MHC class
I molecules to be transported to virion assembly sites.

Key words human herpesvirus-6A/B, MHC class |, viral particles.

Human herpesvirus 6 (HHV-6), which belongs to the
betaherpesvirus subfamily (1), was first isolated from
peripheral blood lymphocytes obtained from patients
with lymphoproliferative disorders (2). HHV-6 isolates
are classified as HHV-6A and HHV-6B based on genetic
and antigenic differences and their cell tropism (2-5).
Primary infection with HHV-6B causes exanthem
subitum (6). The diseases caused by HHV-6A are so
far unknown. HHV-6B mostly infects infants and
remains latent in more than 90% of the population (7).

In general, herpesviruses use several strategies to evade
host immune responses. For example, viruses may inhibit
MHC class I-associated antigen presentation to escape
detection by cytotoxic T lymphocytes. Several proteins
expressed by herpesviruses block the transport of
antigenic peptides from the cytosol to the endoplasmic
reticulum (8-11), whereas others retain (12-14) or
destroy class I molecules, or deliver them to lysosomes for
degradation (15-18). The result is reduced surface

Correspondence

expression of MHC class I molecules, enabling the virus
to evade host immune surveillance.

HHV-6A, but not HHV-6B, downregulates expression
of MHC class I in dendritic cells (19). HHV-6 U21 binds
to and diverts MHC class I molecules to an endolyso-
somal compartment, effectively removing them from the
cell surface and providing a possible means of immune
escape (20).

Here, we show that expression of MHC class 1
molecules by infected cells is downregulated with
incorporation into HHV-6 viral particles, suggesting a
possible mechanism by which the virus escapes host
immune surveillance.

MATERIALS AND METHODS
Cells and viruses

CBMC:s were prepared as described previously (21). CBMCs
were provided by K. Adachi (Minoh Hospital, Minoh,
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Japan) and H. Yamada (Kobe University Graduate
School of Medicine, Kobe, Japan) and purchased from
the Cell Bank of the RIKEN BioResource Center,
Tsukuba, Japan. Virus stocks were also prepared as
described previously (21, 22). HSB-2 and MT-4 cell lines
were used in this study (23). HHV-6A (strain GS) and
HHV-6B (strain HST) were prepared as previously
described (21).

Antibodies

Monoclonal antibody (Mab) OHV-1 (24) and a
polyclonal antibody against gB (23, 25) have been
described previously. The following other Mabs were
purchased: MHC class T (clone: W6/32; Bio Legend, San
Diego, CA, USA), CD63 (clone: CLB-gran/i2, 435;
Sanquin Blood Supply, Amsterdam, the Netherlands),
and e-tubulin (clone: B-5-1-2; Sigma, St Louis, MO,
USA). The following secondary antibodies were used:
Alexa Fluor 488- or 594-conjugated F(ab')2 fragment of
goat anti-mouse or rabbit immunoglobulin G {IgG)
(Invitrogen, Tokyo, Japan) and anti-mouse IgG, horse-
radish peroxidase-linked whole antibody (from sheep)
(GE Healthcare, Piscataway, NJ, USA).

Virion and exosome isolation

Virions and exosomes were purified as previously
described (23, 26). The collected fractions were used
for western blotting, electron microscopy or liquid
chromatography-tandem mass spectrometry (LC-MS/
MS).

Liquid chromatography-tandem mass
spectrometry

The fractions described above were analyzed by LC-MS/
MS. Proteins were diluted tenfold with 9.8 M urea. The
solutions were adjusted to pH 8.5, reduced with 13 mM
dithiothreitol at 37°C for 1.5 hr and alkylated with 27 mM
iodoacetamide in the dark for 1 hr. The protein mixtures
were further diluted with 100 mM triethylammonium
bicarbonate (pH 8.5) to reduce urea to 1 M, and digested
with 4 uL of I mg/mL trypsin-tosy! phenylalanyl chlor-
omethyl ketone solution. Samples were digested over-
night at 37°C. Following digestion, lysates were acidified
by adding 10% trifluoroacetic acid. The samples were
desalted using peptide cleanup C18 spin tubes {Agilent
Technologies, Santa Clara, CA, USA) and vacuum-dried.
NanoLC-MS/MS analyses were performed on an LTQ-
Orbitrap XL mass spectrometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) as described previously (27),
while spray voltage was changed to 1800 V. Peptides and
proteins were identified by automated database searches
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using Proteome Discoverer v.1.1 (Thermo Fisher Scien-
tific) against all entries of the Swiss Prot protein database
{version 3.26) with a precursor mass tolerance of 10 p.p.m.,
afragment ion mass tolerance of 0.8 Da, and strict trypsin
specificity, allowing for up to two missed cleavages.
Cysteine carbamidomethylation was set as a fixed
modification, and methionine oxidation was allowed as
a variable modification.

Western blotting

Western blotting was performed as described previously
{28, 29).

Electron microscopy

Electron microscopy was performed as  described
previously (30).

Briefly, the virion-containing pellets were resuspended
in 2% (w/v) paraformaldehyde solution buffered with
0.1 M phosphate (pH 7.2). Next, 5 pL of the resuspended
pellet was loaded onto formvar—carbon-coated grids to
adsorb the virions. Immunostaining was then performed.
The virions were incubated with mouse anti-gB, anti-
MHC class I or anti-CD63 antibody for 1 hr at room
temperature, followed by goat anti-mouse IgG conjugat-
ed to 10 nm colloidal gold particles (GE Healtheare) for a
further 1 hrat room temperature. After immunolabeling,
the samples were washed in distilled water, stained for
5min with uranyl oxalate, pH 7.0, washed again,
embedded in a mixture of 1.8% methylcellulose and
0.4% uranyl acetate, pH 4.0, at 4°C, air-dried, and
observed under a Hitachi H-7100 electron microscape
(Hitachi, Tokyo, Japan). For the control experiments,
samples were incubated with the secondary antibody
alone.

Flow cytometry

MT-4 cells were infected with HHV-6B. At 72 hr post-
infection, the cells were fixed with 4% (w/v} paraformal-
dehyde at room temperature for 15 min and incubated
with anti-MHC class I Mab at 37°C for 1 hr. The cells were
then stained with an appropriate secondary antibody at
37°C for 30 min. For the control experiments, samples
were incubated with the secondary antibody alone.
Stained cells were analyzed using a flow cytometer {ec800;
Sony, Tokyo, Japan).

Immunofluorescence assay

Immunofluorescence assay was performed as described
previously (28). Briefly, MT-4 cells were infected with
HHV-6B. At 72 hr post-infection, the cells were fixed
with cold acetone-methanol (7:3) and incubated at 37°C
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for 1 hr with an anti-HHV-6 gB rabbit antibody or an
anti-MHC class I Mab. After washing for 10 min with PBS
containing 0.02% Tween-20, the cells were incubated
with an appropriate secondary antibody at 37°C for
30 min, followed by Hoechst33342 at 37°C for 40 min.
After washing as described above, signals were detected
by a confocal laser-scanning microscope (Olympus
FluoView FV1000; Olympus, Tokyo, Japan).

RESULTS
Virion and exosome isolation

Extracellular viral particles containing exosomes were
purified from the culture supernatant of HHV-6A (strain
GS)-infected HSB-2 or HHV-6B (strain HST)-infected
MT-4 cells. The particle-containing fractions were
confirmed by western blotting with an anti-gB anti-
body (23, 25). Next, the particle-containing fractions
were analyzed by LC-MS/MS (27), which detected many
cellular proteins (unpublished data). Of the host proteins
detected, our analyses focused on MHC class I molecules.

Virion- or exosome-associated fractions
contain MHC class | molecules

To verify expression of MHC class 1 within viral particles,
the proteins in fractions 3-10 were separated by SDS-PAGE
and analyzed by western blotting with anti-gB rabbit, anti-
MHC class 1 or anti-CD63 antibodies. As shown in
Figure 1, gB protein was detected in fractions 5-6 whereas
MHC class 1 was detected primarily in fractions 6-8. We
have previously reported that the MVB marker, CD63, is
incorporated into virions and exosomes (23); therefore,
expression of CD63 was also examined. As expected, CD63
was detected in fractions 5-10 (Fig. lc). To confirm
expression of MHC class T within both virions and
exosomes, negative staining of fractions 6 and 7 were
performed, followed by electron microscopy (30). Fraction
6 contained mainly viral particles of diameter approxi-
mately 200 nm. Both MHC class I (Fig. 1e) and gB protein
(Fig. 1d) were present in these particles. Fraction 7
contained mainly exosomes of diameter approximately 50—
100 nm (Fig. 1f). These exosomes contained MHC class I,
which confirmed the results of the western blotting
experiments. Taken together, these results indicate that
MHC class I molecules are present in exosomes and virions
released from HHV-6B-infected cells.

Downregulated expression of MHC class |
molecules on the surface of HHV-6B-
infected cells

Downregulation of MHC class I occurs in many different
virus-infected cells (31-37). Because MHC class 1

® 2013 The Societies and Wiley Publishing Asia Pty Ltd

molecules were incorporated into virions, HHV-6-
infected MT-4 cells might show an apparent down-
regulation in cell surface expression. To confirm this,
HHV-6B- or mock-infected cells harvested 72 hr post-
infection were fixed and then stained with an anti-MHC
class I antibody. Surface expression of MHC class 1 was
then analyzed by flow cytometry. As expected, HHV-6B-
infected cells showed downregulated cell surface expres-
sion of MHC class I when compared with mock-infected
cells (Fig. 2a). This reduced expression was confirmed by
western blot analysis (Fig. 2b), indicating that expression
of MHC class I molecules within HHV-6-infected cells
(not just expression on the cell surface) was also
downregulated. Next, the localization of MHC class 1
molecules in these cells was assessed after they had been
fixed and co-stained with anti-MHC class I and gB
antibodies. MHC class I in infected cells was localized
mainly within intracellular compartments, and colocal-
ized with the envelope glycoprotein gB during the later
stages of infection; however, MHC class 1 was mainly
localized to the plasma membrane in mock-infected cells
(Fig. 2¢).

DISCUSSION

Here, we used mass spectrometry-based proteomics
analysis to show that MHC class 1 molecules are
incorporated into HHV-6 viral particles. Downregulation
of MHC class I molecules in virus-infected cells is an
important mechanism by which viruses evade immune
surveillance (31-37). We showed that downregulation of
MHC class I molecules occurs in T cells infected by HHV-
6. MHC class I molecules are incorporated into viral
particles and exosomes and then released into the
extracellular environment, suggesting a possible strategy
for escaping host immune responses. In addition, MHC
class I molecules incorporated into virions and exosomes
may assist viral entry. Further studies are needed to
address this question.

We have previously reported that immature HHV-6
particles bud into TGN or TGN-derived vesicles (which
are produced in HHV-6B-infected cells), that vesicles
containing mature virions become MVBs, and that
virions and exosomes are released into the extracellular
environment via an exosomal secretary pathway (23). Itis
possible that MHC class I molecules are transported into
the TGN-derived membranes from which the virions bud
and then incorporated into virions within infected cells
without being recycled (Fig. 3).

Within infected cells, MHC class I molecules colo-
calized with the gB protein in the cytoplasm indicating
that, like viral glycoproteins, they are sorted into vesicles.
The reduction in the total (both cell surface and
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Fig. 1. MHC class | molecules are incorporated into virions and exosomes and released from HHV-6B-infected cells. Virions and
exosomes were collected from the culture medium of HHV-6B-infecled cells by sucrose density gradient centrifugation and examined by (a—¢)
western blotting and (d—f) electron microscopy. Western blots with (a) anti-gB rabbit, (b) anti-MHC class | (W6/32) or () anti-CD63 (CLB-gran/12,
435) antibodies are shown. The same amount of each protein fraction was added to each well of the gel. Immunogold labeling of (d) gB in
fraction 6 and of (e,f) MHC class 1 in fractions 6 and 7. The fractions were collected from the bottom of tube. Hollow arrowheads, labeled virions;

filled arrowheads, exosomes. Scale bars: 200 nm (d-f).

intracellular) expression of MHC class T in HHV-6-
infected cells suggests that some of them may be
transported to lysosomes and degraded, as this route is
the same as that used to transport particles to MVBs.
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Although several host proteins are usually expressed on
the surfaces of uninfected cells, they are expressed in the
same intracellular compartments as those in which viral
particles incorporated. Newly formed compartments
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Fig. 2. Expression of MHC class | in HHV-6B-infected cells. (a) Expression of MHC class | on the surface of HHV-6B-infected cells is
downregulated. HHV-6B-infected or mock-infected cells were harvested at 72 hr post-infection and fixed with 4% (wiv) paraformaldehyde. Fixed
cells were stained with an anti-MHC dlass | antibody followed by staining with a secondary antibody prior to flow cytometric analysis. Control
samples were incubated with the secondary antibody alone. Black histogram, mock-infected cells; blue histogram, HHV-6B- infected cells. (b) The
total expression of MHC class | in HHV-6-infected cells was reduced. HHV-6B-infected or mock-infected cells were harvested at 72 hr post-infection
and cell lysates prepared for western blotting. Purified HHV-6B virions were also used for western blotting. () MHC class | colocalizes with HHV-6B
gB in intracellular compartments. HHV-6B-infected or mock-infected cells were harvested at 72 hr post-infection and fixed in cold acetone-methanol.
Fixed cells were stained with antibodies against HHV-6 gB or MHC dlass | and with Hoechst33342. The stained cells were observed under a confocal
microscope. The merged panels show the colocalized HHV-6 gB and MHC class | molecules. Single sections are shown. Scale bars: 5 micro meter.
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HHV-6-infected cell

Golgi TGN

¥ MHC class
HHV-6 virion

Exosome

Fig. 3. Scematic representation of the fate of MHC class | molecules in HHV-6-infected cells. MHC dass | molecules are transported to
TGN- or post-TGN-derived vacuoles in HHV-6-infected cells and then incorporated into virions and intraceliular small vasicles, which later become
exosomes. Finally, MHC class | molecules are released fror HHV-6-infected cells along with virions and excsomes

within HHV-6-infected cells may show the combined
characteristics of early and late endosomes. Recycling to
early endosomes in HHV-6-infected cells may be
modified or defective; therefore, several cellular proteins
that use the same recycling system may be incorporated
into virions and exosomes.
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Karyopherin proteins mediate nucleocytoplasmic trafficking and are critical for protein and RNA subcellular localization.
Recent studies suggest KPNA2 expression is induced in tumor cells and is strongly associated with prognosis, although the
precise roles and mechanisms of KPNA2 overexpression in proliferative disorders have not been defined. We found that
KPNA2 expression- is induced in various proliferative disorders of the skin such as psoriasis, Bowen's disease, actinic
keratosis, squamous cell carcinoma, Paget’s disease, Merkel cell carcinoma, and mycosis fungoides. siRNA-mediated KPNA
suppression revealed that KPNA2 is essential for significant suppression of HaCaT proliferation under starvation conditions.
Ribosomal RNA transcription and protein synthesis were suppressed by starvation combined with knockdown of KPNA
(including KPNA2) .expression. KPNA2 localized to the nucleolus and interacted with proteins associated with mRNA
processing, ribonucleoprotein complex biogenesis, chromatin modification, and transcription, as demonstrated by tandem
affinity purification and mass spectrometry. KPNA2 may be an important promoter of ribosomal RNA and protein synthesis
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Introduction

Recent studies have defined the molecular mechanisms of
nucleocytoplasmic signal transduction by karyopherins (KPNs),
which function as receptors for various int lular molecules and
mediate nuclear import and export during interphase. In humans,
the karyopherin alpha (KPNA) family consists of at least 7 family
members, all of which interact with karyopherin beta (KPNB) 1
and transport various proteins and RNAs through the nuclear
pores in an energy-dependent manner {1-3]. Various extracellular
environmental changes activate intracellular signaling cascades by
which cells exchange activated signaling molecules hetween the
nucleus and cytoplasm via the KPN-mediated machinery to
regulate proliferation and diflerentiation status [2,4-6]. KPNA2
expression in human epidermal keratinocytes, but not in human
dermal fibroblasts, is differentially regulated by wansforming
growth factor (I'GF)-B; and interferon (IFN)-y, both of which are
established modulators of epidermal proliferation and differenti-
ation [4]. KPNA2 also mediates the translocation of epidermal
differentiation-inducing signals into the nucleus by recruiting
transcription factors such as interferon regulatory factor-1 (IRF-1),
thereby inducing 1IFN-y-mediated epidermal differentiation [4].
Karyopherin alphas also mediate mitotic spindle assembly [7-9]
and nuclear membrane formation [10]. KPNBI is also a global
regulator of mitotic spindle assembly, centrosome  dynamics,
nuclear membrane formation, and nuclear pore complex assembly

PLOS ONE | www.plosone.org

{11,12]. Recent studies have revealed that KPNs including
KPNA2 are ov d in various kinds ol tumors such as
breast cancer, cervical cancer, non-small cell lung cancer, pro
r, and primary cutancous melanoma, and that expr
oclated with prognosis [13
and mechanisms of KPN

Clumors ar
18]. Neverthieless, the pro
jon in proliferative disorders have not been defined.
The rate of cell growth and proliferation is proportional to the
rate of protein synthesis, which is tghty linked 10 ribosome
biologics [19,20]. RNA synl nd ribosome construction ocear
in the nucleolus and their control is important for regulating
protein synthesis; however, the precise mechanisms and roles of
karyopherins in regulating YRNA and protein synthesis remain
unclear.

We report KPNA2 induction in profiferation disorders regard-
less of malignancy, and  suggest KPNA2 regulates rRNA
transcription and general protein synthesis in the nucleolus to
ation,

maintain prolife

Materials and Methods

Skin Samples

Written informed consent was obtained from all patients, and
the study protocol was approved by Medical Ethics Committee of
a University.

October 2013 | Volume 8 | Issue 10 | e76416
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Cell Culture

HaCaT cells, an immortalized, nontumorigenic keratinocyte
cell line, were cultured in Dulbeceo’s modified Eagle’s medium
(DMEM; Nacalai Tesque) containing 10% fetal bovine serum
(FBS) at 37°C under 5% CO3-95% air.

RNA Purification and Reverse Transcription-quantitative
Polymerase Chain Reaction

Total RNA was isolated from HaCaT cells with an RNA
isolation kit (Qiagen) and reverse transcribed with SuperScript 1T
reverse (mnsnnphw. (Invitrogen). Expression of pre-rRNA was
determined by using Power SYBR green PCR Master Mix
{(Applicd Biosystems) according to the manufacturer’s protocol. -
Actin was used to normalize target gene expression. PCR
amplification was performed  with 5-ATCGTCCACCGCA-
AATGCTTCTA-3" and 5-AGCCATGCCAATCTCATCTT-
GTT-3' for B-actin and 5'-GAACGGTGGTGTGTCGTTC-3
and 5'-GCGTCTCGTCTCGTCTCACT-3' for pre-rRNA [21).
PCR cycling conditions were 40 cycles of denaturing at 92°C for
15 sec and anncaling at 60°C for 60 scc on an ABI Prism 7000
sequence detection system (Applied Biosystems).

Small Interfering RNA and Plasmid DNA Transfection
Small interfering RNAs (5iIRNAs) specific for KPNAI, 2, 3, and
4 and the control stealth sIRNA were obtained from In\,umgm
Sells (1.5%10% were transfected with 100 ng siRNAs mixture
using the Neon transfection system (Invitrogen). We performed the
knockdown studies with each siRNA, which ensured more than
50~70% suppression of KPNA2 mRNA and protein.

MTS

[3-(4,5-dimethylthiazol-2~yl)-5 (3~ carboxymethoxyphenyl)‘
2-(4-sulfophenyl)-2H-tetrazolium] assay. HaCaT cells in-
duced with cach siIRNA were seeded at their optimal cell density
(7x10* cells/well) in 96-well microtiter plates and incubated to
allow cell attachment. After 6 h, cells were incubated with 0.1%
FBS DMEM flor 24, 48, 72, and 120 h. At the end of cach
incubation period, celi viability was determined by using the
CellTiter 96® AQ,,.... Non-Radioactive Cell Proliferation Assay
(Promega) according to the manufacturer’s instructions. Samples
were incubated at 37°C in a humidificd 5% CO, atmosphere for
1 h. Absorbance was measured at 490 nm using a microplate
reader.

Immunochistochemistry

Slides of skin biopsies in parallin blocks were stained with
hematoxylin and cosin (HE) and anti-human KPNA2 mouse
monoclonal antibody (BD Biosciences) (1:1000).

Immunofluorescence

HaCaT cells were fixed in 4% f[ormaldehyde in phosphate-
buflered saline (PBS) for 40 min. Afier rinsing twice with PBS, the
cells were permeabilized in 0.5% Triton X-100 in PBS for 60 s
and blocked with 2% skim milk overnight at 4°C. The cells were
incubated with anti-UBF (Santa Cruz) and anti-KPNA2 antibod-
ies for 1 h and stained with Alexa Fluor 546 goat anti-rabbit 1gG
and Alexa Fluor 488 goat anti-mouse IgG secondary antibodies
(1:1000; Invitrogen A-11035 and A-11029) for | h. Afier washing
with PBS, cells were counterstained with 0.5 mg/mL 4/, 6
ciamidino-2-phenylindole (DAPI) and mounted with Vec
mounting medium (Vector Laboratories). Cells were analyzed
using a Radiance 2100 confocal scanning-laser microscope (Bio-
Rad) cquipped with an Eclipse TE-2000 inverted microscope
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Figure 1. Overexpression of KPNA2 in proliferating cells.
Immunohistochemistry showed KPNA2 was uniformly expressed
throughout the epidermis in healthy skin, although KPNA2 overexpres-
sion was observed in the basal layer in psoriasis. In contrast, very few
cells exhibited KPNA2 staining in the basal cells of atopic dermatitis.
KPNAZ overexpression was observed in the tumor celfs of Bowen’s
disease, actinic keratosis, squamous cell carcinoma, Paget’s disease,
Merke! cell carcinoma, and mycosis fungoides.
doi:10.1371/journal.pone.0076416.9001

(Nikon) or a Nikon Al confocal scanning-laser microscope
equipped with a Nikon Eclipse Ti inverted microscope.

Tandem Affinity Purification (TAP) and Mass
Spectrometry

KPNA2 and GFP c¢DNAs were introduced into pCAGIP-gw-
TAP by using Gateway technology (Invitrogen). KPNA2-TAP and
GFP-TAP complexes were purified from HaCaT cell extracts
using TAP technology [22,23]. Proteins we arated by SDS-
PAGE and stained with the Silver Stain MS Kit (Wako Pure
Chemical Industries). Protein bands were excised from the gel and
digested with trypsin (Promega) [24]. NanoLC-MS/MS analyses
were performed on a LTQ:-Orbitrap XL mass spectrometer
(Thermo  Fisher Scientific) cquipped with a nano-ESI source
(AMR) and coupled to a Paradigm MGt pump (Michrom
Bioresources) and an autosampler (HTC PAL, CTC Analytics).
A spray voltage of 1800 V was applied. The peptide mixture was
separated on a MagicC18AQ column (100 pmx 150 mm, 3.0 um

particle size, 300 A, Michrom Bioresources) with a flow rate of

500 nl/min. A lincar gradient of 5% to 45% B in 30 min, 45% to
95% B in 0.1 min, and 95% B for 2 min and 5% B was employed
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Figure 2. Suppression of cell growth by combined KPNA
knockdown. Under starvation conditions (0.1% FBS), siRNA-mediated
knockdown of KPNA2, 1, 3, and 4 suppressed cell growth after 120 h
(*p<0.05). Only KPNAZ sifNA subtraction produced no change in
proliferation.

doi:10.1371/journal.pone.0076416.9002

{A=0.1% formic acid in 2% acetonitrile, B=0.1% formic acid in
90% acetonitrile). Intact peptides were cted inthe Orbitrap at
60,000 resolutions. For LO-MS/MS analysis, 6 precursor fons
were selected for MS/MS scans in a data-dependent acquisition
mode following cach full scan (m/z, 350-1500). A lock mass
function was used for the LTQ-Orbitrap to obtain constant mass
accuracy during gradient analysis.

Peptides and proteins were identified by automated database
searching the Swiss-Prot protein database {version 57.14x) with the
MASCOT search program {version 1.0; Matrix 8
precursor mass tolerance of 10 p.p.m. fragment fon mass
tolerance of 0.8 Da, and strict tryy lowing for up to
2 missed cleavages. Carbamidomethylation of
fix
variable modification.

nee) and a

in spec
CySteine was setas a

modification and oxidation of methionines was allowed as a

Metabolic Labeling

HaCaT cells were labeled for 2 hwith 100 mCi *S-methionine
in methionine-free. DMEM  (Gibeo) supplemented with {0%
dialyzed serum. Protein was extracted with TNE buffer containing
50 mM Tris-HCI at pH 7.4, 150 mM NaCl, 2 mM EDTA, and
0.5% NP-40, then resuspended in 1% sodium dodecyl sulfate and
boiled for 10 min at 100°C. Radioactivity was measured with a
Beckmann Coulter liquid seintillation counter and normalized to
protein content.

Transient Transfection and Luciferase Assay

The human pre-rRNA-lue vector was kindly provided by Dr.
Samson Jacob [25]. HaCa'l cells induced with cach sIRNA were
seeded in a 12-well plate and transfected wnth 0.34 ug human-pre-
rRNA-luc plasmid and Fugene 6 wansfec rgent (Roche).
The luciferase reporter assay was performed using a commercial
luciferase assay kit (Promega). Data were normalized to the protein
concentration.

Statistical Analysis

All data and results were confirmed in at least 3 independent
experiments. Statistical significance was determined by one-way
analysis of variance (ANOVA).

PLOS ONE | www.plosone.org
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Results

KPNA2 Overexpression in Proliferative Disorders of the
Skin

To imestigue KPNA2 expression in various  epidermal-
iferative disorders of the skin, immunohistochenyical staining
was performed on biopsy specimens of cpidermal

sis and atopic dermatitis, which are
\mh higher and lower epidermal
A2 staining was faint and homo-
cant nuclear accumulation in healthy
rked KPNAS

wmors as well as psord
inflammatory skin dis
profiferation, respectiv
genvous without

epidermis. In contrast, there was mar aining in the
1 and eyvtoplasm of malignang ce
different prognoses including Bowen’s d inic keratosis,
squamous cell ¢ nmmmc GO, Paget's disease, Merkel cell
carcinoma, and M fungoides. In malignant cells of SCC
st such as Bowen's disease and actinie keratosis as with well
prognosis, KPNAZ o ed predominantly in the basal laver. In
comrast, established SCC showed rather intense and diffuse
expression of KPNA2 in the malignant cells. Non-squamous cell
lignant wmors of the skin including Paget’s di Merkel cell
carcinoma, and myeosis {ungoides also showed diffuse, intense
staining of KPNA2, indicaing significanly higher expression in

n tumors with

nw

¢ observed in the basal lesions
of atopic dermatiiis, partcularly in the inflamed proliferating

lesions (Figure I).

Contribution of KPNA2 and other KPNAs to Keratinocyte
Celf Growth
Toassess the vole of KPNs in keratinocyte profiferation, HaCaT
cell growth in culiure was assessed by MTS assay after siIRNA-
mediated knockdown of KPNs. In culture medium containing
10% FBS, growth was significantdy suppressed by KPNBI
knockdown {13]: however, knockdown of other KPNAs produced
no significant effert {data not showni. In starved culture medium
with 0.1% FBS, HaCal cell growth was significantly suppressed
by siRNA knockdown of KPNAL 2, 3, and 4, suggesting adequate
ion of KPNAs may be requived for growth mainwenance,
Iy i starved cells such as cancer cells. About 20% of
: s suppressed 120 hoafter KPNA
sedividually subtracted from the
SIRNA cockail o investigate the contribution of cach KPNA o
growth suppr . Interesti nly KPNA2 siIRNA subvtraction
resulted in the significant recovery of cell growth up o the conwrol
level (Figure 2), while removal of the other KPNA SIRNAs did
not affect growth suppression {data not shown). KPNA2 knock-
down alone had no  sgnilicant growth suppression  elfect,
suggesting the other KPNAs are redundant. These data suggest
KPNAs complement eacls other during cell growth, but KPNA2
may be essential for maintaining cell proliferation under starvation
conditions.

knockdowsn, KPN

Association of KPNA2 with Ribosomal Proteins in the
Nucleolus

To identify prowins that interact with KPNA2 in HaCaT
tinocytes, we used the TAP method, which enabled us to
casily isolate and purify proteins bound to the stably expressed
TAP-tagged target recombinant protein [22,23]. Proteins associ-
ated with the KPNA2-TAP complex were isolated from the nuclei
and cytoplasm of KPNA2-TAP-expressing HaCa'T cells, separated
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Figure 3. Detection and analysis of proteins that interact with KPNA2 and localization of KPNA2 in the nucleolus. Proteins that
interact with KPNA2 in the cytoplasm and nucleus were purified using the TAP method and detected by silver staining. Proteins marked with arrows
were analyzed by LC/MS/MS. HaCaT cells expressing GFP-TAP were used to detect nonspecific interactions. a} The results of LC/MS/MS were analyzed
by pathway analysis using reactome (http://www.reactome.org). The categories of “mRNA processing”, “ribonucleoprotein complex biogenesis”,
“chromatin modification,” and “transcription” were the most significantly represented pathways. b) Immunohistochemistry revealed KPNA2 co-
localization with UBF, a nucleolar marker.

doi:10.1371/journal.pone.0076416.g003
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Table 1. Lists of proteins analyzed by pathway analysis.
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mRNA processing

RARY.
NCBP1
aNMr
(;ARl
PABPCA.
MLHT
o
SRRT
oDX17.

‘RNAobinding'prq\ein Raly ,
Nuclear cap-binding protein subunit 1
 mANA cap guanine-N7 methyltransferase

H/ACA ribonucleoprotein complex subunit 1

DNA mismatch repair pratein Mih1

Serrate RNA effector malecule homolog
Probable ATP-dependent RNA hielicase DDX17

RRP1B
pesp1
PCBP2
SeRss
PABPC}

. Splicing factor, arginine/serine-rich 9
Polyadenylate-binding protein 1

NsuN2
KRR1

DHXO
ﬁRP1
obX
HNRN’PU

_ RNA (eytosine-5:imethyltiansferase NSUN2
KRR1 small subunit processome component homolog
o 'AT?-depeqdent RNA helicase A
Ribosomal RNA processing protein 1 homolog B
A’{P—depar\dem RNA helicase DDX1 -

SFRS3

Splicing factor, arginine/serine-rich 3

”‘”A,X:
NOP2

RIS
SNRNP200

adapter RNA export. protein

ey

Spliceosome RNA helicase BAT1

“ "{Nucl’yeas@sensit]ye' e!ement-f)inding protein 1

Ribosomal RNA processing protein 1 homolog B
- Poly(rCl-binding protein:1
Poly(rC)-binding protein 2

Putative ribosomal RNA methyltransferase NOP2

U5 small nuclear ribonucleoprotein 200 kDa helicase

KIAA1429
Ri/bgbin’ude]op?o’t: r{coinplgx‘b‘iogenésis

Nuclear cap-binding protein subunit 1
“KRRT small subuhit processome component homolog

5NéNP2OO
SPRSS.
NOPS6
Chromatin modification
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Ribosomal RNA processing protein 1 homolog B
I < subunit 1

60 S ribosome sﬁbunil biogenesis protein NIP7 homolog
- ATP-dependent RNA helicase DDX1

Phosphorylaled adapter RNA export protein

L plicing factor, arginine/serine-rich.9

NOP2

_Ribosorial RNA procesting protein 1 homolog B

U5 small nuclear ribonucleoprotein 200 kDa helicase
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Nuc!\e,oqjh‘t:plgsmiq transport
o sk s
NeBPY

UPF1

SET

GLE1
NUPL2

mHNA processing

INGS inhibitor of growth pwtem 5

RBBP4 Histone- bmdmg protein RBBPS .~

RBBP7 Histone-| bmdmg protem RBBP7

ARIDZ. AT nch mlemme dommm:onlammg protein 2.
CHD8 Chromodomain-helicase-DNA-| bmdlng protein 8
HDACz ! Hxstone deacetylase 2.

HDAC1 Hlstone deacelylase 1

ASHIL  Probable histone-lysine N-methyltransferase ASHIL
BRDT Bromodomam zesus speclﬁc p(otem

RBN‘i'ifi S \ : NA blr\dmg pmtem 14

BCOR BCL-6 corepressor

CHD4 f j\hromudomam hel:cas DN : ndmg protein 4.
MLL2

Histone-| Iysme N-1 me(hyl\ransferase MLLZ

Phosphorylaxed adapter RNA export protein
- Nuclear cap-bindi tein subunit 1

Regulatur of nonsense transcripts 1

" Protein SET

Nucleoporin GLE1

KPNBT

Nudeoporin-like protein 2 -
Nucleoprotein
!mpmtin subunit alpha-2

Importin subunit beta-1
BAT Spliceosome ANA helicase BAT1
Transcription )
iNGS ~ink : f growth pratem 5
NMI N-myc-interactor
Foxk Forkhead box protein K1
FOXM1 Forkhead box protein M1
conTt CydiineTi
ARID2 AT-rich interactive domain-containing protein 2
YBxi ‘Nn‘dez‘avse'»sensirive element-binding proiein 1
CNOT4 CCRA-NOT transcription complex subunit 4
¥YBXZ Y-box-binding protain 25
CHDS Chromodomain-helicase- DNA-binding protein 8
Asha Set1/Ash2 histor b omplex subunit ASHZ'
BCOR BCL-6 corepressor
EW§R1 : RNA-binding. protsm EWS
CHD4 Chromodomain-helicase-DNA-| bmdlng protem 4
MLL i H!stone~lysine N methy[(mnsiemse MLL2
ASXL3 Pulauve Polycomb group pvo(eln ASXL3
TAFA o nitjation facior TFID subunit 4
RBBP4 Histone-binding protein RBBP4
TAFS  Transciption infiation factor TEID subunit 6
POLRI/;\‘ DNA~d1re§(ed RNA polymerase | subunit RPAT
MEDIZ Mediator of RNA polymé(ase 1 ‘tmns;:ripﬂcn subunit 12
CSDA DNA‘bmding protein A

doi:10.1371/journal.pone.0076416.1001
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100 i

pre-rRNAlevel (%)

si cantrol SiKPNAZ SEKPNA2Z4 5 KPNATAA

Figure 4. Suppression of ribosomal RNA synthesis by com-
bined KPNA knockdown. Under starvation conditions (0.1% fetal
bovme serum) s1RNA~mednated knockdown of KPNA2, 1, 3, and 4
ib | RNA hy lyzed by reverse
trans:npuon quanmatxve polymerase chain reaction (***p<(0.01}. The
amount of pre-ribosomal RNA was reduced by about 37% after 72 h.
doi:10.1371/journal.pone.0076416.g004

GFP-

by SDS-PAGE, and silver stained. HaCa'l' cells expressing
TAP : control (Figure 3a). KPN
associated  proteins ted from the silversstained gel were
identified by mass specirometry.  Numerous
analyzed by reactome {(hup://www.reactome.org) to investig
their biological relationships. Pathway analysis the
proteins interacting with KPNAZ were ted with mRNA
processing, ribonucleoprotein complex lnoggm chromatin
modification, and transcription, all of which are ntial for cell
activities including cell growth (Figure 3b, Table 1). Inte
ingly, significant numbers of ribosomal proteins were listed as
associated  with KPNA2.  Furthermore,  immunofluorescence
staining of KPNA2 in cultured HaCa'l' keratinocytes demonstrat-
ed co-localization of KPNA2 with UBF in the nucleoli, suggesting
a role of KPNAZ2 for maintaining rRNA funciion (Figure 3c).

¢ used as a ney

proteins  were
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e pre-RNA promoter activity

o

si contral SIKPNA?  stRPNAZIRM s KPHNALSH

Figure 6. Suppression of the pre-ribosomal RNA promoter by
combined KPNA knockdown. Under starvation conditions {0.1%
fetal bovine serum), sifNA-mediated knockdown of KPNAZ, 1, 3, and 4
significantly suppressed pre-rRNA promoter activity after 24 b
["**p<0.01).

doir10.137 Vjournal.pone. 0076416.5006

and mRNA processing. we hypoth
nucleoli may regulate TRNA transeripion (o mainain cell growth
under starvaton conditions. To test this hypothesis, the sIRNA
cockiail was again applied w knockdown KPNAs o observe the
effect on pre-rRNA transeription in starved HaCa'l keratinocytes,
Kanockdown of all KPNAs reduced pre-rRNA levels as measared
by RT-qPCR. In the 72 b after weatment with the siIRNA vocktail,
RNA expression was rerduced by about 40%. Subtraction of
TRNA restored pre-riR on. The other KPNAs
did not conribute 1o pre-rRNA exp Treatment with
2 siRNA alone had no significant effect, suggesting a
redundant mechanism with other KPNAs (Figure 4). Protwin
synthesis in HaCa'T keratinocyies was also reduced, corresponding
1o the suppre
rRNA promoter was 5
24 h {Figure 61 Fluor
cells before and after KPNA knos
change in the \(ii oyl patern

o suppressed by KPNA knockdown after

R ated cell sorting of HaCal'
down showed no significant
A not shm»'m T}:u( d'm

st
m nucleolus, maintaining cell ;,mwh by ensuring transeription

and ranshation directly or indirectly.

72h

]
1]

sicontrol st KPRAZ S KPNAZ1/34 s KPNA

Figure 5. Suppression of protein sy

bined KPNA knockd Under starvation conditions (0.19 fetal bovine serum), siRNA-

is by
mediated knockdown of KPNAZ, 1, 3, and 4 significantly suppressed protein synthesis after 48 h (*p<0.05) and 72 h (***p=<0.01), as demonstrated by

metabolic labeling with sss-me(hmnme

doi:10.1371/journal.pone.0076416.g005
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Discussion

In this study, KPNA2 was overexpressed in proliferating
disorders of the skin and interacted with many kinds of proteins
that control transcription and gene expression  direcdy and
indireetly. This was the [irst report to show that KPNA2 is
essential for cell growth in terms of TRNA and protein synthesis
under starvation conditions.

KPNA2 overexpression in several skin malignanci
ated with varying prognoses. In the basal cells of psoriasis, KPNA2
expression was diflusely up-regulated in comparison to atopic
dermatitis. Thus, KPNA2 expression might be induced in cells in
which proliferation has been  activated, Comparing Bowen'’s
cdisease and actinic keratosis, which are known as SCC in sifu,
KPNA2 was remarkably and diffuscly overexpressed. KPNA2 may

is associ-

therefore be a tumor marker with wtility as a prognostic factor of’

proliferative activity in skin malignancies, although we have
insullicient sample sizes to determine s:gmhcamc Previous reports
have demonstrated KPNA2 overexpression in various tumors cells
in vitro and in vive; clevated KPNA2 and KPNBI expression in
cancer cells correlates with altered  transcriptional  regulation
associated with deregulated E2F/Rb activities [26]. Some studic
have indicated that higher KPNA2 expression in tumor cell nuclei
shortens patient survival, although the mechanisms and precise
roles of KPNA2 in the tumor cells remained unclear [16,17].
Researchers also hypothesized that KPNA2-mediated nuclear
transport of proteins ne ry for maintaining cell proliferaton,
such as transcription factors, promote tumor cell growth. In this
context, KPNA2 was shown to interact with NBS1 (Nijmegen
breakage syndrome 1), a key regulator of the MREL1/RADS0/
NBS1 complex. NBS! promotes tumorigenesis by binding and
activating the phosphatidylinositol 3-kinase/AKT pathway [27].
Interestingly, siRNA-medicated KPNA2  knockdown  studics
revealed a different celtular response 1o KPNA2 inhibition in
prostate and cervical cancer cell lines. In prostate cell line PC3,
proliferation and viability were significantly reduced  when
KPNA2 expression was inhibited, whereas there was no significant
change in a cervical cancer cell line. This difference could be due
(o tissue-specilic tumor ctiologies [13,17].

In this study, we characterized KPNA2-binding proteins in situ
in immortalized HaCaT keratinocytes. In silico gene ontology
indicated a signilicant relationship between KPNA2 binding
and mRNA processing, ribonucleoprotein complex
biogenesis, chromatin modification, and wanscription. KPNA2
interacted with various ribosomal proteins and heterogencous
nuclear ribonucleoproteins directly or indirectly and was located in
the nucleolus, the site of pre-rRNA transcription and processing
and ribosome assembly. rRNA synthesis, the first event in
ribosome synthesis, is a fundamental determinant of a cell’s
capacity to grow and proliferate. Ribosomal RNA genes ('DNAs)

are transcribed with high efficiency and the complex regulation ol

rRNA synthesis is responsive to general metabolism and specific
environmental challenges [20,28]. Serum starvation is also a well-
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established approach to inducing a broad range ol cellular stress.
TAP analysis revealed that KPNA2 associates with numerous
ribosomal RNA synthesis-related proteins including RNA poly-
merase 1 subunit, TRNA methyl transferase, rRNA subunit
biogenesis protein, and rRNA processing proteins. Furthermore,
KPNA?2 accumulates in the nucleolus and contributes to rRNA
transcription in #itr. These lines of evidence suggest KPNA2 may
serve important roles as a canonical nuclear transporter and to
ensure rRNA biogenesis in proliferating ccells. In this context,
enhanced KPNA2 expression in malignant and inflammatory
keratinocytes may positively regulate their proliferating capacity
by supporting rRNA synthesis, which is indispensable. In
malignant cells, the poor prognosis indicated by nuclear KPNA2
accumulation may be associated with KPNA2 retention in
response to cellular siress and increasing rRNA - synthesis or
changing gene expression.

KPNA subtypes exhibit different abilities o interact with
specific NLS-containing cargos and in various expression patterns
in cells and tissues. KPNAZ is highly expressed in undifferentiated
embryonic stem cells and down-regulated during neural differen-
tiation, indicating that proper expression of KPNAZ2 is required for
embryonic stem cells to maintain their undifferentiated state [29].
KPNs are also complementary because they are indispensable for
cellular proliferation and differentiation. We previously examined
the effect of KPNA2 siRNA subtraction on RNA expression in
normal human keratinocytes by microarray analysis {4]; however,
there was no increases of more than 2 fold in any other KPNs
including KPNAL, 3, 4, and KPNBI (data not shown).

In this study, KPNA2 was essential for cell growth related to
rRINA and protein synthesis under starvation conditions; however,
there was no significant change when only KPNA2 was knocked
down. Combined knockdown of KPNAZ, 1, 3, and 4 was needed
to suppress cell growth and KPNA2 was indispensable. Even
under these conditions, growth suppression was gradual and mild
over 120 h. Furthermore, combined knockdown of KPNAs mildly
suppressed the synthesis of rRNA and proteins after 72 h. These
results indicated that KPNAs might play complementary roles
with suflicient reserves.

Further studics are needed to clarify the additional function of

KPNAZ2 in cell proliferation, which would be a focus for a new
treatment to regulate KPNAZ2.
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Lung cancer {LC) is the major cause of death by cancer and the
number of LC patients is increasing worldwide. This study inves-
tigated the therapeutic potential of gene delivery using suppres-
sor of cytokine signaling 1 (SOCS-1), an endogenous inhibitor of
intracellular signaling p. ys, for the t of LC. To
examine the antitumor effect of SOCS-1 overexpression on non-
small-cell lung cancer (NSCLC) cells, NSCLC cells (A549, LU65, and
PC9) were infected with adenovirus-expressing SOCS-1 vector.
The cell proliferation assay showed that A549 and LUGS, but not
PCY, were sensitive to SOCS-7 gene-mediated suppression of cell
growth. Although JAK inhibitor | could also inhibit proliferation
of A549 and LU65 cells, SOCS-7 gene delivery appeared to be
more potent as SOCS-1 could suppress focal adhesion kinase and
epidermal growth factor receptor, as well as the JAK/STAT3 sig-
naling pathway. Enhanced phosphorylation of the p53 protein
was detected by means of phospho-kinase array in $OCS-1 over-
expressed A549 cells compared with control cells, whereas no
phosphorylation of p53 was observed when JAK inhibitor | was
used. Furthermore, treatment with adenoviral vector AdSOCS-1
in vivo significantly suppressed NSCLC proliferation in a xeno-
graft model. These results t that the o pression of
S0CS-1 gene is effective for antitumor therapy by suppressing
the JAK/STAT, focal adhesion kinase, and epidermal growth fac-
tor receptor signaling pathways and enhancing p53-mediated
antitumor activity in NSCLC. (Cancer Sci 2013; 104: 1483-1491)

Lung cancer is the leading cause of cancer death in Japan
and is a growing health epidemic worldwide.”” Moreover,
therapies_that can cure metastatic LC have not been yet estab-
lished,® so there is an urgent need for the development of
novel interventions to cure LC.

One of the potential therapeutic targets of NSCLC is
STAT3. Constitutively activated STAT3 has been shown to
promote tumor cell growth, survival, and tumor angiogenesis,
and persistently activated STAT3 has been found in 50% of
lung adenocarcinomas.™ It is thought that STAT3 is activated
by JAK, EGFR, or Src family kinases. Among these TYKSs,
JAK family kinases play an important role in the phosphoryla-
tion of STAT3 in NSCLC.®” Dysregulated activation of the
JAK/STATS signaling pathway, the major downstream path-
way of cytokines such as interleukin-6, has been detected in
varjous cancers including NSCLC.® Moreover, it has been
recently reported that ruxolitinib, which is a potent and selec-
tive JAK1 and JAK?2 inhibitor, is associated with marked and
durable clinical benefits for patients with myelofibrosis,

doir 10.1111/cas. 12266
© 2013 Japanese Cancer Association

suggesting that JAK kinases are promising therapeutic targets
for cancer.

Cytokine signaling pathways are tightly controlled by nega-
tive regulatory mechanisms under homeostatic conditions. Sup-
pressors of cytokine signaling family proteins play a role in
the negative regulation of cytokine responses by terminating
the activation of the JAK/STAT and other signaling path-
ways, (10-12

The SOCS family, characterized by a central src homology
2 domain and a conserved C-terminus SOCS box, is composed
of eight structurally related proteins."> Of these, SOCS-1 is
known as the most potent negative regulator of pro-inflamma-
tory cytokine signaling."" It interacts with phosphotyrosine
residues on proteins such as JAK kinases to interfere with the
activation of STAT proteins or other signaling intermedi-
ates. 19 Also, SOCS-1 recruits the Elongin BC-containing
E3 ubiquitin-ligase complex through the conserved SOCS box
to promote the degradation of target proteins.'” Studies of
SOCS-1 deficient mice have indicated that SOCS-1 is essential
for the inhibition of excessive immune responses and is also
involved in the suppression of tumor development. 59

Although it is still not clear whether SOCS shows therapeu-
tic benefit for NSCLC, preclinical analyses of SOCS in thera-
pies of several types of cancers have been carried out
worldwide, ®® Previously reported studies by us showed that
SOCS-1 or SOCS-3 were effective when used for therapies of
malignant pleural mesothelioma or gastric cancer.# ™Y In
addition, it has been reported that overexpression of the SOCS-
3 gene showed antitumor effects in NSCLC.2%

In the study presented here, we used the NSCLC cell lines
AS549, LUS65, and PC9 to investigate the possibility of the
application of SOCS-I gene transduction to NSCLC therapies
and the mechanisms of antitumor effects by SOCS-1.

Material and Methods

Cell lines. Both A549 and LU6S cell lines were obtained
from the Japanese Collection of Research Bioresources (Osaka,
Japan). The PC9 cell line was kindly provided by Prof. Nishio
of Kinki University of Medicine, Department of Genome Biol-
ogy (Osaka, Japan). Details are deseribed in Data S1.

Reagents. PD153035 and JAK inhibitor I were purchased
from EMD Millipore (Billerica, MA, USA) and Calbiochem
(La Jolla, CA, USA), respectively.

To whom correspondence should be addressed.
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Preparation of adenoviruses. The replication-defective recom-
binant adenoviral vector expressing the mouse SOCS-1 gene
was provided by Dr. Hiroyuki Mizuguchi (Osaka University.
Osaka, Japan), which was constructed with an improved
in vitro ligation method, as described prevjously.‘w‘“m An
adenoviral vector expressing the LacZ gene was constructed
using a similar method and expression of these genes was reg-
ulated by means of a CMV promoter/enthancer and intron A.
Details are described in Data S1.

Phospho-kinase array. Expression of phosphorylated proteins
was detected with the Proteome Profiler Human Phospho-
Kinase Amray kit (R&D Systems, Minneapolis, MN, USA).
Details are described in Data S1.

Cell viability assay. The NSCLC cell lines were plated in
96-well plates at a density of 1 x 107 cells per well and incu-
bated in RPMI-1640 medium containing 10% FCS. Details are
described in Data S1.

SDS-PAGE and Western blot analysis. Whole cell protein
extracts were prepared from NSCLC cells and tumor tissue in
RIPA buffer containing phosphatase inhibitor cocktail and a pro-
tease inhibitor cocktail (both from Nacalai Tesque, Kyoto, Japan
and both at a concentration of 1x) followed by centrifugation
(16 1004, 4°C, 15 min). Details are described in Data §1.

Small interfering RNA transfection. Commercial FAK siRNA
was obtained from Qiagen (Hilden, Germany). Details are
described in Data S1.

Mouse xenograft model. All animal experiments were carried
out according to the institutional ethical guidelines for animal
experimentation of the National Institute of Biomedical Inno-
vation (Osaka, Japan). Details are described in Data S1.

Immunohistochemistry. Subcutaneously implanted —twmors
were harvested and paraffin embedded for immunohistochemi-
cal analysis using anti-SOCS-1 antibody (Abcam, Cambridge,
MA, USA) and anti-Ki-67 antibody (Novocastra Laboratories,
Newcastle, UK). A TUNEL assay (with DAPI nuclear counter-
staining) for apoptosis was carried out using the ApopTag
Fluorescein In Situ Apoptosis Detection Kit (Chemicon Inter-
national, Temecula, CA, USA) according to the manufacturer’s
instructions.

Statistical analysis. Data are shown the mean & SD (unless
stated otherwise) for the number of experiments indicated.
Details are described in Data S1.

Results

S0CS-1 gene delivery shows marked antiproliferative effects in
A549 and LU6S cells. We used AS549, LU6S, and PCY cell lines,
which have been used as NSCLC cell lines in many other
experiments. Because the JAK/STAT3 pathway has recently
received attention as a novel target for treatment of NSCLC,
we investigated the expression levels of JAK family kinases
and of STAT3, as well as tyrosine phosphorylation of STAT3
in NSCLC cells. The four known mammalian members of the
JAK family are TYK2, JAK1, JAK?2, and JAK3. These kinases
are widely expressed in a variety of different cell types, with
the exception of JAK3, which is selectively expressed in cells
of hematopoietic origin. " The expression of each JAK was at
a similar level in the three cell lines (Fig. la). Although phos-
phorylated STAT3 was detectable in all cell lines, it was mark-
edly more elevated in AS49 and LUG6S (Fig. 1b).

We next investigated whether SOCS-1 could suppress prolif-
eration of A549, LU6S, and PCY. Following SOCS-/ gene
delivery, overexpression of SOCS-1 was detected in all cell
lines by Western blot analysis (Fig. 1c), but overexpression of
SOCS-1 had antiproliferative effects on AS49 and LU6S but
not on PCY (Fig. 1d).

Overexpression of SOCS-1 shows stronger antiproliferative
effect than JAK inhibitor in NSCLC cells. Immunoblotting
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analysis showed that the expression levels of some of the JAK
family kinases in all cell lines were reduced by overexpression
of SOCS-1 (Fig. 2a). Next, phosphorylation levels of STAT3
(Tyr705), a downstream molecule of the JAK kinase family,
were analyzed by Western blot analysis. Phosphorylation
levels of STAT3 (Ty were decreased in response to over-
expression of the SOCS-7 gene in all cell lines (Fig. 2b).
These results agree with previously reported findings that
SOCS-1 can directly on JAK family kinases to suppress
their kinase activity as well as to accelerate their degradation
by the recruitment of an E3 ubiquitin ligase.!”

Although the JAK/STATS pathway was downregulated by
SOCS-1 in all cell lines, overexpression of the SOCS-J gene
showed an antiproliferative effect only on AS49 and LUGS
cells. Accordingly, we next used JAK inhibitor 1, a blocker of
JAKL, JAK2, and JAK3, instead of AdSOCS-1 to examine the
effects of JAK inhibition on all cell lines. Proliferation of A549
and LU6GS cells was significantly suppressed by treatment with
JAK inhibitor I, however, proliferation of PCY was not signifi-
cantly suppressed (Fig, 2¢). Immunoblotting analysis showed
that tyrosine phosphorylation of STAT3 was downregulated in
all cell lines after introduction of JAK inhibitor I (Fig. 2d).
These findings suggest that JAK-mediated signals are critical
for the proliferation of AS49 and LUGS cells, but are not needed
for that of PCY cells. In addition, because JAK! and JAK2 are
overlapping target molecules between SOCS-1 and JAK inhibi-
tor I, the primary target molecules of SOCS-1 in NSCLC cells
are likely to be JAKID and/or JAK2. Therefore, we assumed that
the antiproliferative effect of SOCS-1 was essentially deter-
mined by the JAR-dependence of NSCLC cells,

Immunoblotting analysis showed that introduction of both
the SOCS-1 gene (at 40 MOI) and of JAK inhibitor 1 (5 uM)
could effectively suppress STATS phosphorylation (Fig. 2b.d).
However, SOCS-1 was more effective than JAK inhibitor | for
inhibiting proliferation of AS49 and LUGS cells (Fig. 2e).
Because SOCS-1 is known as an adaptor of several molecules
other than JAK family kinases,” it was expected that
S 1 could also exert JAK-independent action in AS49
To investigate in detail the mechanisms of antitu-
nor ts induced by overexpression of SOCS-1, we used
AS49 cells for further analyses.

Focal adhesion kinase is downregulated by overexpression of
SOCS-1 in A549. Focal adhesion kinase s known as an adhesion
molecule and previous investigations have indicated that FAK
contributes to umeor cell proliferation, survival, and metasta-
sis. % SOCS-1 was found to inhibit FAK-dependent signaling
events by suppressing FAK-associated kinase activity and
tyrosine phosphorylation of FAK,"D and also by promoting
polyubiquitination apd degradation of FAK in a SOCS box-
dependent manner,'”’ For this reason, we next focused on the
FAK pathway and examined the levels of FAK expression and
of FAK tyrosine phosphorylation after overexpression of the
SOCS-1 gene.

Focal adhesion kinase expression was upregulated by intro-
duction of the LacZ gene in AS49 cells (Fig. 3a), probably
reflecting the previously reported non-specific stimulation by
adenovirus vectors.””" Compared to the cells introduced by
LacZ., FAK phosphorylation (Tyr397) was downregulated after
the introduction of the SOCS-I gene in A349 (Fig. 3a). We
also investigated whether JAK inhibitor I, instead of SOCS-1,
can suppress activation of FAK in AS49 cells, and found that
JAK inhibitor could not (Fig. 3b).

We assumed that downregulation of FAK by SOCS-1 could
contribute to the inhibition of AS49 cell proliferation. There-
fore, examined whether FAK siRNA indeed had an antiprolif-
erative effect on A549, and found that proliferation of A549
cells was suppressed by FAK knockdown, indicating that these
cells are dependent on FAK (Fig. 3c,d). We also mvestigated
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Fig. 1. Delivery of SOCS-1 gene shows marked antiproliferative effects in A549 and LUG5 lung cancer cell lines. (a) Expression of JAK family Kin-
ases in all cell lines determined by Western blotting. Cell lysates were immunoblotted with JAK1, JAK2, or tyrosine kinase 2 (TYK2) antibodies.
(b) Comparative analysis of phosphorylation and expression of signal transducer and activator of transcription 3 (STAT3) determined by Western
blotting. (c) Cell lysates were prepared 48 h after treatment with AdSOCS-1or AdlacZ adenoviral vectors at an MOI of 10-160, and immunoblot-
ted with anti-SOCS-1 antibody. (d) Cells were infected with AdSOCS-1 or AdLacZ at an MOI of 10-160. Cell proliferation was determined by MTS
assay 72 h after transfection. Growth ratio of AdlLacZ or AdSOCS-1-infected cells was calculated by a percentage of that for non-treated cells.

Each value represents the average & SD of hexaplicate wells.

the combined cffect of JAK inhibitor I and FAK siRNA on
A549 cell proliferation. The results showed that the combined
cffect was stronger than that of JAK inhibitor I alonc (Fig. 3c).
These findings suggest that FAK has an important role in
A549 cell proliferation independent of JAK and that SOCS-1-
mediated FAK inhibition might contribute to the suppression
of proliferation of A549 cells treated with AdSOCS-1.
Epidermal growth factor receptor is downregulated by overex-
pression of SOCS-1 in A549. Expression of SOCS-1 reportedly
interacts with the cytoplasmic domain of EGFR and is likely
to induce ubiquitination and degradation of ligand-bound
EGFR.® This notion was confirmed by means of
immunoblotting analysis in our study, in that EGFR expres-
sion was downregulated 48 h after introduction of the SOCS-
1 gene in A549 cells. The EGFR phosphorylation (Tyr1068)
was also downregulated after overexpression of the SOCS-/

Shimada et al.

gene had occurred in AS49 cells (Fig. 4a). In contrast, JAK
inhibitor I did not suppress EGFR activation in A549 cells
(Fig. 4b).

We next examined the antiproliferative effects of the EGFR
inhibitor PD153035 on A549 cells. Expression of EGFR in
A549 cells was much lower than that in PC9 cells (data not
shown), which harbor a dcletion of an EGFR mutation.®®
Nevertheless, our findings show that proliferation of A549
cells with wild-type EGFR were also somewhat dependent on
EGFR (Fig. 4c,d). We also investigated the combined effect of
JAK inhibitor I and PD153035 on proliferation of A549 cells
and found that they have an additive effect (Fig. 4e). This
finding suggests that EGFR is also involved in A549 cell pro-
liferation independent of JAK and that its downrcgulation by
SOCS-1 may have an inhibitory cffect on proliferation of
AS549 cells.
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Fig. 2. Antiproliferative effect of suppressor of cytokine signaling-1 (SOCS-1) correlated with JAK dependence is stronger than JAK inhibitor.
(a) Cell lysates were prepared 48 h after treatment with AdSOCS-1 or AdLacZ adenoviral vectors at an MOl of 40 and immunoblotted with 1AK1,
JAK2, or tyrosine kinase 2 (TYK2) antibodies. (b) SOCS-1 suppressed activation of signal transducer and activator of transcription 3 (STAT3). Cell
lysates were prepared as described above and immunoblotted with anti-p-STAT3 (Tyr705), anti-STAT3, and anti-SOCS-1 antibodies. {(c) Cells cul-
tured in RPMI-1640 medium containing 10% FBS were exposed to 1-5 uM JAK inhibitor I. After incubation for 72 h, viable cells were counted
with the MTS assay. (d) Cells were cultured in RPMI-1640 medium containing 0.5% FBS with 5 uM JAK inhibitor 1. Cell lysates were immunoblot-
ted with anti-p-STAT3 (Tyr705) and anti-STAT3 antibodies. (e) All cell lines cultured in RPMI-1640 medium containing 10% FBS were exposed to
5 uM JAK inhibitor |, or infected with AdLacZ or AdSOCS-1 at an MOI of 40. After incubation for 72 h, viable cells were counted with the MTS

assay.
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AdLacZ or AdSOCS-1 were carried out at an MOI of 40. Cell proliferation activity was assessed by MTS assay 72 h after treatment. n.s., no signifi-
cant change detected by Tukey’s post-hoc comparisons.
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Fig. 4. Epidermal growth factor receptor (EGFR) is downregulated by adenovirus vector containing suppressor of cytokine signaling-1 (AdSOCS-
1) in A549 lung cancer cells. (a) Cells were infected with AdLacZ or AdSOCS-1 at an MOI of 40 for 24 h. Cell lysates were immunoblotted with
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no significant change detected by Tukey's post-hoc comparisons.

Accordingly, JAK1, JAK2, FAK, and EGFR should be con-  overexpression of the SOCS-/ gene (Fig. 5b). We also inves-
sidered critical for the proliferation of A549 cells, so that  tigated whether JAK inhibitor I, instcad of SOCS-1, could
simultancous inhibition of these molccules by SOCS-1 may  activate p53 in A549 cells, but found that it did not
have a potent antiproliferative effect on A549. (Fig. 5b). Given the well-cstablished antitumor effect of p33

Upregulation of p53 by AdSOCS-1 in A549 cells. We also used  phoshorylation,™® ™ SOCS-1-induced pS53 activation may
a phospho-kinase array to determine the expression profile of  thus also contribute to the suppression of A549 cell prolifera-
phosphorylated proteins in A549 in order to identify other  tion.
target molecules for SOCS-1 in addition to JAK, FAK, and Antitumor activity of SOCS-7 in a lung cancer xenograft model.
EGFR (Fig. 5a). Phosphorylation of p53 was upregulated in - We also evaluated the therapeutic cffect of AdSOCS-1 injec-
A549 cells after the introduction of the SOCS-/ gene. This  tion on the growth of NSCLC cells in vivo. We established a
was confirmed by immunoblotting analysis, which showed  xenograft model of ICR nu/nu mice in which A549 cells
that pS3 phosphorylation was upregulated in A549 cells by  were  sc.  implanted.  Injection of AdSOCS-1  vector
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Fig. 5. Protein p53 is upregulated by adenovirus vector containing
suppressor of cytokine signaling-1 (AdSOCS-1) in A549 lung cancer
cells. (a) A549 cells were cultured in RPMI-1640 medium containing
10% FBS with AdSOCS-1 at an MOI of 40, After a 24-h culture, protein
extracts were examined with a phospho-kinase array with each phos-
phorylated protein identified in duplicate. The double-labeled spots
in the upper right corner represent the positive controls. (b) Cell
lysates were prepared 48 h after infection with AdlLacZ or AdSOCS-1
at an MOI of 40. Cell lysates were immunoblotted with anti-phospho-
53 (p-p53 [Ser15]) and anti-p53 antibodies. {(c) Cell lysates were pre-
pared 48 h after exposure to 5 pM JAK inhibitor | and immunoblotted
with anti-p-p53 (Ser15) and anti-p53 antibodies.

(4 x 10°® pfu) intratumorally twice per week significantly sup-
pressed tumor growth compared to control AdLacZ injection
(Fig. 6a). AdSOCS-1 in vivo could modulate intracellular sig-
naling in NSCLC cells as in vitro, as Western blot analysis
showed that phosphorylation levels of STAT3 were decreased
in the A549 tissues from AdSOCS-1 injected animals
(Fig. 6b). Furthermore, few Ki-67-positive nuclei were
detected by immunohistochemical analysis in  AdSOCS-1
infected tissues compared to AdLacZ, indicating that prolifer-
ating cells are decreascd by overexpression of SOCS-I
(Fig. 6¢). Additionally, induction of apoptosis was detected in
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Fig. 6. Suppressor of cytokine signaling-1 (SOCS-1) shows antitumor
activity in a lung cancer xenograft model. (a) Female ICR nu/nu mice
were s.c. implanted with 2 x 10° A549 cells in their flank. When the
calculated tumor volumes reached to approximately 100 mm?
4 x 10® pfu AdSOCS1 or AdLacZ adenoviral vectors were mtratumoral-
ly treated twice per week. Tumor volumes were determined twice per
week. The mean volume + SEM of five tumors in each group, and
were analyzed by Student’s t-test (*P < 0.05, **P < 0.01). (b} Western
blot analysis of phosphorylated signal transducer and activator of
transcription 3 (pSTAT3), STAT3, SOCS-1, and GAPDH in A543 tissues
from AdSOCS-1 or AdLacZ injected animals. Lysates from tumors were
analyzed by Western blotting. (¢) Immunohistochemical analysis of
SOCS-1, Ki-67, and TUNEL (blue fluorescence, DAPI staining for nuclei;
cyan fluorescence, TUNEL positivity} in A549 tissues from animals
injected with AdSOCS-1 or AdlacZ. Scale bar = 25 ym.

AdSOCS-1 infected A549 tissue compared to AdLacZ by
TUNEL analysis (Fig. 6¢).

Discussion

In this study, we investigated the possibility that SOCS-1
could be used in LC therapics. Previous reports showed that
PC9 harbors a deletion mutation in EGFR and that A549 and
LUG5 cells possess wild-type EGFR.%** Although EGFR
mutation in NSCLC was prcvmusly reported to activate AKT,
MAPK, and STAT3 signaling,®”" our rescarch showed that
STAT3 was more strongly expressed in A549 and LUG65 than
in PC9 cells, and that sensitivity to overexpression of SOCS-1
was also higher in A549 and LU65 cells than in PC9 (Fig. 1).
In addition, JAK inhibitor I significantly suppressed prolifera-
tion of A549 and LUG65 cells, but not of PC9. Therefore, we
consider that the marked antiproliferative effect by overexpres-
sion of SOCS-1 on A549 and LU65 cells, but not on PC9, was
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attributable to the inhibition of JAK/STAT3 pathway in vitro.
As SOCS-1 also shows an antiproliferative cffect in vivo
(Fig. 6), AdSOCS! genc therapy might be effective for
patients with NSCLC, in which the JAK/STAT3 signaling
pathway is constitutively activated. It has been reported that
approximately 50% of NSCLC tumors showed elevated phos-
phorylation levels of STAT3 (Tyr705) by immunohistochemi-
cal analysis. ") There is a further possibility that LC paticnts
harboring STAT3 dependence, detected by immunostaining
analysis of phosphorylation levels of STAT3 (Tyr705) in spec-
imens obtained surgically or bronchoscopically, could be
selected for treatment with SOCS-1 overexpression.

Comparative analyses of the antiproliferative cffects of

SOCS-1 gene introduction and JAK inhibitor I treatment sug-
gest that overexpression of SOCS-1 may have a stronger
cffect than that of the JAK inhibitor I on A549 and LU65
cells (Fig. 2e). In fact, SOCS-1, but not JAK inhibitor I,
inhibited FAK and EGFR, which arc important for the sur-
vival of A549 cells. In addition, the combined effect of FAK
siRNA and JAK inhibitor I, or that of PD153035 and JAK
inhibitor I, was superior to the antiproliferative effect of JAK
inhibitor alone (Figs 3,4). These findings suggest that the
potent antiproliferative effect of SOCS-1 depends not only on
JAK inhibition but also on the suppression of other distinet
signal transduction pathways, such as FAK and EGFR. In
addition, phosphorylation of p53 at Serl5 was cnhanced by
the overexpression of the SOCS-1 gene in A549 cells (Fig. 5).
Because phosphorylation of p53 at Serl5 contributes to anti-
tumor cffects under certain cxpcnmcmdl conditions,™* and
A549 cells express wild-type p53,*" activation of p53 ])y
SOCS-1 overexpression secems to be involved in the antitu-
mor effects.“?

In conclusion, the findings of our study suggest that SOCS-/
gene therapy is potentially effective for at least a subset of
NSCLC both in vitro and in vivo. It was shown that SOCS-1
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had a potent antiproliferative effect on JAK-dependent NSCLC
cells by targeting the JAK/STAT3 pathway. In addition,
SOCS-1 successfully targeted many factors such as FAK,
EGFR, and p53 in NSCLC cells. It is thus possible that SOCS-
1 gene therapy could have a unique advantage over JAK inhib-
itor for the treatment of NSCLC.

Further studies will be needed to elucidate the mechanism of
JAK/STAT3 pathway-dependence in NSCLC, and to validate
the benefits that SOCS-/ gene therapy could provide for
NSCLC trcatment in clinical practice.
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Despite the Luti y effects of imatinib on ad d gastrointestinal stromal tumors (GISTs), most patients eventually
develop disease progression following primary & or acquired resistance driven by secondary-resistant mutations.
Even in radiographically vanishing lesions, pathology has revealed persistent viable cells during imatinib therapy, which could
lead to the emergence of drug-resistant clones. To uncover the mechanisms underlying these clinical issues, here we exam-
ined imatinib-induced phosphop ic al i in GIST-T1 cells, using our quantitative tyrosine phosphoproteomic analy-
sis method, which combined immunoaffinity enrichment of phosphotyrosine-containing peptides with isobaric tags for relative
and absolute g itation (iTRAQ) technology. Using this approach, we identified 171 tyrosine phosphorylation sites spanni
134 proteins, with 11 proteins exhibiting greater than 1.5-fold increases in tyrosine phosphorylation. Among them, we eval-
uated FYN and focal adhesion kinase (FAK), both of which are reporiedly involved in proliferation and malignant alteration of
tumors. We confirmed increased tyrosine phosphorylation of both kinases by western blotting. Inhibition of FYN and FAK phos-
phorylation each increased tumor cell sensitivity to imatinib. Furthermore, a FAK-selective inhibitor (TAG372) induced apopto-
sis of imatinib-resistant GIST-T1 cells and decreased the imatinib {Cg. These results indicate that FYN or FAK might be
potential therapeutic targets to overcome resistance to imatinib in GISTs. Additionally, we showed that the iTRAQ-based quan-

titative p h ine-focused ph

p

with drug resxstance

The gastrointestinal stromal tumor (GIST) is the most com-
mon mesenchymal tumor of the digestive tract, and is char-
acterized by expression of the KIT (CD117) and/or DOGI
proteins. Most GISTs have oncogenic KIT or PDFGRA muta-
tions, which is a key factor in sporadic GIST pathogenesis
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stromal tumor; iTRAQ: isobaric tags for relative and absolute
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quantitation; LC: liquid chromatography; MS/MS: tandem mass
spectrometry; shRNA: small hairpin RNA; siRNA: small interfer-
ing RNA
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ph ic approach is a powerful method for screening phosphoproteins associated

and proliferation.”™ This knowledge has facilitated the devel-
opment of targeted therapies with tyrosine kinase inhibitors
and led to the revolutionary treatment with imatinib mesylate
{Glivec®; Novartis Pharmaceuticals). Recent clinical trials
with advanced/unresectable GIST have shown that imatinib
produces objective responses in ~50% of patients, and dis-
ease stabilization {stable disease) in another 30-40%. The
carresponding 2-year overall survival rates range from 70 to
80%, indicating markedly improved patient outcomes com-
pared with anecdotal data from cytotoxic chemotherapy in
the preimatinib era.*™

Despite imatinib’s effectiveness, there remain several prob-
lems. First, GIST patients cannot stop taking the drug even if
complete response is obtained, because discontinuation inevi-
tably leads to reprogression and disease relapse.”® Second,
imatinib activity is limited by primary resistance to the drug
in ~15% of patients, and secondary resistance eventually
develops in more than 80% of patients.”” Secondary resist-
ance mainly occurs due to additional kinase domain muta-
tions, which are thought to develop in viable tumor cells
(persistent cells) during imatinib therapy. It is not yet known
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What's new?
While the d tyrosine kinase inhibil

Kinase switch in gastrointestinal stromal tumor under imatinib

inib can significantly improve two-year survival rates for patients with gastro-

intestinal stromal tumor (GIST), primary and secondary resistance mutations often limit its benefits. This. study of the human
GIST-T1 cell line suggests that imatinib-induced increases in tyrosine phosphorylation of FYN kinase and focal adhesion kinase
(FAK) may be responsible for mediating some instances of imatinib resistance and therefore may be potential targets for kill-
ing persistent tumor cells and overcoming resistance. The findings also indicate that iTRAQ-based quantitative

hosph ine-focused p i ysis is a useful way of screening for phosphoproteins associated with drug

PROSPROtyr
resistance,

what mechanisms keep these persistent cells alive after shut-
down of KIT signaling by imatinib.

Phosphorylation of protein kinases in signaling pathways
is a key event in tumor cell survival and proliferation. Differ-
ential phosphoprotein analysis may provide clues to alterna-
tively activated pathways and/or substituted kinases that may
be activated after inhibition of main pathways, such as KIT."
Recenl advances in mass spectrometry-based phosphoproteo-
mics enable extensive profiling of serine-threonine kinases,
while tyrosine kinase analysis has remained challenging in
terms of quantity and quality. However, a recent method
coupling peptide-level antiphosphotyrosine immunoaffinity
purification with liquid chromatography (LC)-tandem mass
spectrometry (MS/MS) has provided reasonable profiling for
tyrosine phosphorylation.!

In the present study, we quantitatively measured the phos-
phoproteomic alterations induced by imatinib in a GIST-T1
cell line. We also examined the roles of some tyrosine kinases
that were activated in persistent tumor cells after imatinib
exposure.

Material and Methods

Cell lines

We previously established the human GIST cell line GIST-
T1, which has a 57-nucleotide (V570-Y578) in-frame deletion
in KIT exon 11."> The cell line identity was confirmed by
DNA fingerprinting through short tandem repeat profiling,
as previously described.”® GIST-T1-R was established from
GIST-T1 as an imatinib-resistant clone that arose from con-
tinuous culturing in 5 pM imatinib. The GIST-T1-R cells
GIST-T1-R2 and GIST-T1-R8 each exhibit imatinib I1Cs, val-
ues of ~30 pM, which is ~1000 times that of the GIST-T1
parent.

Reagents and antibodies

Imatinib and TAG372—selective tyrosine kinase inhibitors
for KIT and focal adhesion kinase (FAK), respectively—were
synthesized and provided by Novartis Pharmaceuticals (Basel,
Switzerland). The following primary antibodies were used:
anti-phospho-Src  Family (Tyr416) (1:1000), anti-phospho-
ERK and anti-ERK from Cell Signaling Technology (Danvers,
MA); anti-GAPDH from Santa Cruz Biotechnology (Santa
Cruz, CA); anti-phospho-FAK (Tyr397) from Biosource
(Camarillo, CA); anti-FAK from BD Transduction

Laboratories (San Jose, CA) and anti-phosphotyrosine (clone
4G10) from Upstate Biotechnology (Lake Placid, NY).
Detailed immunoprecipitation information is provided in the
Supporting Information Materials and Methods section.

Peptide synthesis

A tyrosine-phosphorylated peptide (NVPLyK) derived from a
trypsinized peptide sequence of yeast alpha-enolase was syn-
thesized at Sigma Aldrich (Milwaukee, WI) using standard
solid-phase peptide synthesis techniques and Fmoc chemistry.

bhacnh i
P

GIST-T1 cells were treated with 400 nM of imatinib for 0, 1,
6 and 24 hr. Tyrosine-phosphorylated peptides were purified
using Cell Signaling PhosphoScan pTyr100 Kits (Beverly,
MA) following the manufacturer’s instructions with minor
modification. Detailed information is provided in the Sup-
porting Information Materials and Methods section.

iTRAQ labeling

After immunoprecipitation, peptides were dissolved in 9.8 M
Urea (5 pL) and 1 M TEAB (20 pL). Following the manufac-
turer’s protocol (Applied Biosystems, Foster City, CA), the
samples were labeled with the isobaric tags for relative and
absolute quantitation (iTRAQ) reagents as follows: GIST-T1
with reagent 114 (0 hr), GIST-T1 with reagent 115 (1 hr),
GIST-T1 with reagent 116 (6 hr) and GIST-T1 with reagent
117 (24 hr). The labeled peptide samples were then pooled
and desalted with Sep-Pak Light C18 Cartridges, and the
peptides were dried in a SpeedVac. The labeled peptide mix-
tures were purified and fractionated into 14 fractions
using strong cation exchange fractionation, as previously
described."

Quantitative mass spectrometric analysis

Nano LC-MS/MS analysis and iTRAQ data analysis were per-
formed as described in the Supporting Information Materials
and Methods section.

Small interfering RNA transfection

Commercial FAK small interfering RNA (siRNA) and non-
specific siRNA were obtained from QIAGEN. Cells were
transfected with siRNA using Lipofectamine 2000 reagent
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(Invitrogen) following the manufacturer’s instructions. Selec-
tive silencing of FAK was confirmed by western blot analysis.

Generation of FYN knockdown cells

To generate stable FYN knockdown cell lines, GIST-T1 cells
were transfected with a commercial plasmid containing an anti-
FYN short hairpin RNA (shRNA Fyn, plasmid KH00147N;
SABiosciences [Qiagen], Frederick, MD) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. The correctly transfected and expressing
cells were selected with 600 pg/mL G418 (Invitrogen). Stable
clones were maintained in 250 pg/mL G418, Three stable
GIST-T1-FYN shRNA cell lines were established, designated
B1, B2 and B3 cells. We also established a control cell line of
GIST-T1 stably transfected with the empty vector, which we
designated GIST-T1-C.

Measurement of IC5, after imatinib treatment

Cells were seeded in 96-well plates at 2000 cells/well (Costar;
Corning, Corning, NY) for 24 hr and then exposed (o various
concentrations (0-40 uM) of imatinib for 72 hr. Cell prolifera-
tion was evaluated with the WST-8 [2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium  salt] assay (Cell Counting Kit-SF; Nacalai
Tesque) at the indicated post-treatment times. A microplate
reader Model 680 (Bio-Rad Laboratories, Hercules, CA) was
used to measure WST-8 absorption at a wavelength of 450 nm
with a reference wavelength of 630 nm. Growth rate was
expressed as the percentage of absorbance for treated cells vs.
control cells. Experiments were performed in triplicate in two
independent experiments, and the presented values are the
averages of all six wells.

Apoptosis assay

GIST-T1 cells were seeded in 6-well plates at a density of
3 X 10° cells per well and treated with imatinib and/or
TAG372 for 2 days. The cells were then washed with PBS,
and caspase-3 activity was detected using the caspase-3 fluo-
rometric assay kit (R&D systems, Minneapolis, MN) follow-
ing the manufacturer’s instructions. The presented values are
the means of three independent experiments.

Statistical analysis

Statistical analyses were performed using the Mann-Whitney
U-test or one-way analysis of variance (ANOVA), followed
by Scheffe’s test. One-way ANOVA followed by Dunnett’s
test was used for multiple comparisons.

Results

Quantitative phosphotyrosine p i lysis identifies
upregulation of FYN and FAK in imatinib-exposed GIST-T1
cells

GIST-T1 cells that possessed the activating mutation in exon
11 of KIT are sensitive to imatinib, with a K; value for imati-
nib of 20 nM. Time-dependent decreases in the tyrosine
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phosphorylation of KIT were observed when GIST-T1 cells
were treated with 400 nM imatinib for 0, 1, 6 and 24 hr
(Fig. 1a). These time-points were used for subsequent MS
analysis, with 0 hr used as a control.

By utilizing immunoaffinity enrichment of phosphotyro-
sine peplides with quantitative phosphoproteomic analysis
using iTRAQ technology combined with nano LC-MS/MS
analysis, we identified 171 tyrosine phosphorylation sites
spanning 134 proteins (Supporting Information Table S1).
After imatinib treatment, a total of 11 phosphotyrosine sites
spanning 11 proteins exhibited increases of >1.5-fold and 21
phosphotyrosine sites spanning 15 proteins showed decreases
of <0.3-fold (Table 1). As a representative protein, we con-
firmed a dramatic decrease in the tyrosine phosphorylation
levels of the KIT protein (Y609, Y703, Y747, Y823 and
Y936). In contrast, imatinib induced increased phosphoryla-
tion of FYN (Y420) and FAK (Y576). Phosphorylation of
FYN (Y420) upregulates tyrosine kinase activities, and phos-
phorylation of FAK (Y576) is critical for its maximal catalytic
activity.

To validate these results obtained from iTRAQ analysis,
we further examined the tyrosine phosphorylation of FYN
and FAK using western blotting. As shown in iTRAQ analy-
sis, western blotting confirmed that FYN (Y420) and FAK
(Y576) were time dependently phosphorylated (Figs. 1b and
2c). When tyrosine phosphorylation in the activation loop
was measured for other Src family kinases, we found that
imatinib treatment did not increase tyrosine phosphorylation
of SRC, LYN, LCK or YES (Fig. 1b).

Inhibition of FYN or FAK enhances imatinib sensitivity of
GIST-T1 cells

To examine the functions of FYN in GIST-T1 cells exposed
to imatinib, FYN expression was stably suppressed using a
FYN shRNA plasmid. We cloned and established GIST-T1
B1, B2 and B3 cells, as well as GIST-T1 C cells transfected
with empty vector as a control (Fig. 1d). Compared with
GIST-Tt C cells, the FYN knockdown cell lines showed
significantly decreased 1Cso values for imatinib (p < 0.05;
Fig. 1d).

We also examined the role of FAK activation in imatinib
treatment. We repressed FAK expression using siRNA, and
we used a FAK inhibitor (TAG372) to inhibit FAK phospho-
rylation, Transfection of FAK siRNA reduced 1Csq values for
imatinib (p < 0.05; Fig. le). When used with imatinib,
TAG372 further decreased cell survival in a dose-dependent
manner (Fig. 1f).

Inhibition of FAK improves imatinib sensitivity in GIST-T1-R
cells

Next, we examined FAK activation in imatinib-resistant cell
lines established from GIST-T1 cells. Eight imatinib-resistant
cell lines were established by incubation of GIST-T1 cells with
imatinib of gradually increased concentrations. Constitutive
phosphorylation of FAK was observed in two imatinib-resistant
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figure 1. (a) Altered tyrosine phosphorylation levels detected by iTRAQ analysis were confirmed by western blotting. Imatinib treatment led
to reduced phosphotyrosine levels. (b) Imatinib treatment changed SRC family kinase phosphorylation levels. (c) iTRAQ analysis showed that
FYN (Y420) and FAK (Y576) exhibited similar tyrosine phosphorylation. (d) Compared with in GIST-T1 C cells, the ICg, for imatinib was signifi-
cantly reduced in all FYN knockdown GIST-T1 cells (B1, B2 and B3). (e) The iCgq for imatinib was reduced in GIST-T1 cells that were trans-
fected with FAK SIRNA. (/) WST-8 assay showed the cell viability with imatinib and TAG372 treatment. Data are presented as means * SD.
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Table 1. Phosphotyrosine peptides that were increased or decreased by imatinib treatment, as quantified by TRAQ analysis®

Accession Number ~ Sequence Description Site 1hr/ohe® 6 hi/o hr® 24 hi/o hr?

Greater than 1.5-fold increase of phosphorylated peptide at 24 hr compared with 0 br

P06241 LIEDNEYTAR Tyrosine-protein kinase Fyn Y420 0.845 2.365 3.641

P15880 AFVAIGDYNGHVGLGVK 40$ ribosomal protein S2 Y133 2138 1.807 2,443

000401 VIYDFIEK Neural Wiskott-Aldrich syndrome Y256 0.768 1491 1.978
protein

Q99623 MLGEALSKNPGYIK Prohibitin-2 Y248 1446 1.778 1.726

P62829 NLYHSVK 60S ribosomal protein L23 Y38 2.138 1.348 1.679

P18433 VVQEYIDAFSDYANFK Receptor-type tyrosine-protein Y791 1.245 1.098 1.667
phosphatase alpha

P30040 FDTQYPYGEK Endoplasmic reticulum resident Yé4 1.80¢ 2.558 1.640
protein 29

Q05397 YMEDSTYYK Focal adhesion kinase 1 Y570 1.043 0.893 1.608

A6NI28 LDTASSNGYQRPGSVWAAK  Rho GTPase-activating protein 42 Y792 0.599 0.980 1.594

P08758 LYDAYELK Annexin A5 Y94 1.043 1.399 1.581

P18669 HYGGLTGLNK Phosphoglycerate mutase 1 o2 0.930 2.583 1.532

Less than 0.3-fold reduction of phosphorylated peptide at 24 hr compared with 0 hr

P10721 IGSYIER Mast/stem cell growth factor receptor Y747 0.669 0.244 £.291
Kit

095490 SENEDIYYK Latrophilin-2 Y1350 0.431 ¢.318 0.2586

Q92569 LQEYHSQYQEK Phosphatidylinositol 3-kinase reguta- Y184  0.433 0.271 0.255
tory subunit gamma

P10721 QEDHAEAALYK Mast/stem cell growth factor receptor Y703 0.560 0.207 0.254
Kit

P10721 QISESTNHIYSNLANCSPNR  Mast/stem cell growth factor recepior Y936 0.44% 0.212 0.264
Kit

Q92796 RDNEVDGQDYHFVVSR Disks large homolog 3 Y673 0.556 0.427 0.241

Q5XXA6 STIVYEILKR Anoctamin-1 Y251 0.508 0.720 0.235

Q00535 IGEGTYGTVFK Cyclin-dependent kinase § Yis 1.877 0.821 0.232

Q06481 MQNHGYENPTYK Amyloid-like protein 2 Y755 0.474 - 0.220

095297 INKSESVVYADIR Myelin protein zero-like protein 1 Y263 0.785 0.249 0.211

Q969M3 QYAGYDYSQQGR Protein YIPFS Y42 0,145 - 0.195

014964 VVQDTYQIMK Hepatocyte growth factor-regulated Y132 1.097 0.464 0.173
tyrosine kinase substrate

095297 SESVVYADIR Myelin protein zero-like protein 1 Y263 0.563 0,169 0.166

Q92569 VQAEDLLYGKPDGAFLIR Phosphatidylinositol 3-kinase regula- Y373 1.186 0.17& 0.130
tory subunit gamma

096000 YQDLGAYSSAR NADH dehydrogenase {ubiguinone] 1 Y143 0.864 0.393 0.122
beta subcomplex subunit 10

P16333 LYDLNMPAYVK Cytoplasmic protein NCK1 Y112 0.651 0.257 0.103

Q12846 NILSSADYVER Syntaxin-4 Y251 0.179 0.131 0.072

Q8N128 YQYAIDEYYR Protein FAM177A1 Y162 0.196 0.090 0.055

P10721 VVEATAYGLIK Mast/stem cell growth factor receptor Y609 0.723 b 6.023
Kit

P10721 DIKNDSNYWVK Mast/stem cell growth factor receptor Y823 0.164 A -4
Kit

P53778 QADSEMTGYVVTR Mitogen-activated protein kinase 12 Y185 1.582 0.888 B

The full list is provided in Supporting Information Table 1.
2The ratio of peptide derived from the iTRAQ reporter ion, as determined by iTRAQ analysis; 1 hr/0 hr, 6 hr/0 hr and 24 hr/0 hr refer, respectively,
to the value of each peptide at 1, 6 and 24 hr divided by the value of that peptide at 0 hr.
A 0-hr value of 0 (i.e. below background) and a positive value at 1, 6 or 24 hr.
“A 0-hr positive value and a value of 0 (i.e. below background) at 1, 6 or 24 hr.
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GIST-T1 cell lines (GIST-T1-R2 and GIST-T1-R8), which had
imatinib 1Cs values of 30 uM, ~1000 times that of the GIST-
T1 parent cells (Fig. 2a). TAG372 dose dependently inhibited
FAK phosphorylation in GIST-T1-R2 (Fig. 2b), and signifi-
cantly reduced the imatinib 1Cs values when both drugs were
used (Fig. 2c). Moreover, TAG372 induced apoptosis in GIST-
T1-R2 (Fig. 2d). These results indicate that imatinib treatment
induced activation of FYN and FAK in persistent GIST-T1 cells
and was associated with imatinib insensitivity and resistance.

Biscussion

Imatinib is a selective tyrosine kinase inhibitor of KIT,
PDGFRA, ABL/BCR-ABL and CSF-1R, which was first used
to treat GIST in 2000. Since then, it has been a standard
treatment for advanced and/or recurrent GISTs.® Patients
with advanced GIST usually respond to imatinib; however,
most patients eventually experience disease progression with
the reactivation of KIT tyrosine kinase and its downstream
signaling pathways.'*'® Although imatinib has high activity
against GISTs, it cannot achieve complete eradication of
tumor cells in vive or in vitro. Results of the BFR14 trial
showed that stopping imatinib treatment, even after complete
response, resulted in disease progression or recurrence.”® In
chronic myelogenous leukemia (CML), mathematical models
have indicated that secondary mutations might emerge after
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Kinase switch in gastrointestinal stromal tumor under imatinib

imatinib therapy;'® therefore, residual tumor cells may also
be a predisposing factor for acquired resistance to imatinib in
GIST.

To quantitate the alteration of tyrosine phosphorylation
levels induced by imatinib, we established quantitative tyro-
sine phosphoproteomic analysis. Using this technology, we
identified 171 different tyrosine phosphorylation sites in 134
proteins of GIST-T1 cells. As we were searching for alterna-
tive pathways that were activated after inhibition of KIT sig-
naling by imatinib, we pursued tyrosine kinases with
increased tyrosine phosphorylation. Our comprehensive
measures indicated that 11 tyrosine kinases exhibited tyrosine
phosphorylation increases of greater than 1.5-fold (Table 1).
The findings of the phosphoproteomic analysis were confirmed
by western blotting showing the tyrosine-phosphorylation of
KIT, FAK and other src-family kinases. SRC and LYN are
reportedly phosphorylated and activated in GIST after imatinib
treatment;'® however, in the phosphoproteomic and western
blotting analyses in the present study, we did not detect activa-
tion of SRC, LYN, YES, Lck or any other Src family kinases,
except for FYN and FAK. Activation of FYN and FAK is
reportedly involved in tumor proliferation and malignant
transformation.'’"

FYN appears to participate in cell growth and survival,
acting downstream of integrin and PI3K.'”?' Although the
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Figuwre 2. () Constitutive phosphorylation of FAK was observed in GIST-T1-R cells (GIST-T1-R2 and GIST-T1-R8). (b) Constitutive phosphoryla-
tion of FAK was observed in imatinib-resistant GIST-T1 cells (GIST-T1-R2), and TAG372 dose dependently inhibited this phosphorylation. (¢}
TAG372 reduced the ICso of imatinib and induced apoptosis in GIST-T1-R2 cells. (d) TAG372 induced apoptosis in GIST-T1-R2 cells. Data

are presented as means * SD.
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shRNA silencing of FYN induced additional cell death in
GIST-T1 cells during imatinib treatment, dasatinib (a SRC
family kinase inhibitor) had no effect in combination with
imatinib (data not shown). These results suggest the involve-
ment of FYN in alternative survival signaling pathways.

FAK is also a nonreceptor tyrosine kinase that is acti-
vated through autophosphorylation at Tyr*” by integrin and
growth factor receptors; this is followed by subsequent acti-
vation of other functional phosphorylation sites to transduce
the signals to downstream pathways.”*** FAK is reportedly
overexpressed in malignant GISTs and correlated with recur-
rence.!” Furthermore, FAK phosphorylation is associated
with imatinib-resistance of a KIT exon 17 mutation, but not
exon 11 mutation.”” This imatinib-resistance was diminished
by TAE226, which inhibits FAK and insulin-like growth
factor-1 receptor. Our findings showed that imatinib
induced time-dependent FAK activation in GIST-T1 cells
with an imatinib-sensitive mutation of KIT exon 11. More-
over, FAK inhibition using either a FAK-specific TAG372
inhibitor or siRNA decreased the viability of GIST-T1 cells
under imatinib treatment. TAG372 also induced apoptosis
in imatinib-resistant cell lines with FAK activation. Taken
together, it appears that FAK activation may be a critical
survival signal of GIST cells under imatinib treatment, and
targeting FAK with imatinib may be a promising therapeutic
approach.

When imatinib was removed, KIT was quickly rephos-
phorylated, and FYN and FAK were simultaneously dephos-
phorylated (data not shown), suggesting that alternative
pathway activation is functional during imatinib treatment,
and may not be accompanied with qualitative changes, such
as new mutations. FYN inhibition was accompanied with a
subsequent lack of FAK activation, while FAK inhibition
resulted in increased FYN phosphorylation, thus indicating
that FYN acted upstream of FAK. However, the critical
changes that induce FYN activation and subsequent FAK
phasphorylation remain unknown. Additional studies are
required to elucidate the FYN activation mechanisms and the
alternative pathways induced by imatinib, as well as their
association with acquired drug resistance.

In summary, here we found that imatinib induced
increased tyrosine phosphorylation of FYN and FAK in
GIST-T1 cells. Blockade of these tyrosine kinases might be a
potential target to overcome imatinib resistance. Additionally,
iTRAQ-based quantitative phosphotyrosine-focused proteo-
mic analysis appears to be a useful approach to screening for
phosphoproteins associated with drug resistance.

Acknowiedgments

This study was partly supported by grants from Novartis Pharmaceuticals.
Conflict of interest: N.T, has honoraria to disclose from the Novatis, PAizer
and Bayer within past 2 years.

Reforences

1. Hirota §, Isozaki K, Moriyama Y, et al. Gain-of- advanced gastrointestinal stromal tumours after 16. Michor F, Hughes TP, Iwasa Y, et al. Dynamics
function mutations of c-kit in human gastrointes- 3 years of treatment: an open-label multicentre of chronic myeloid leukaemia. Nature 2005:435:
tinal stromal tumors. Science 1998;279:577-80. randomised phase 3 trial, Lancet Oncol 2010:11: 1267-70.

2. Nishida T, Hirofa §, Taniguchi M, et al. Familial 942-9. 17. Timokhina 1, Kissel H, Stella G, et al. Kit
gastrointestinal stromal tumours with germline 9. Nishida T, Shirao K, Sawaki A, et al. Efficacy and signaling through P1 3-kinase and Src kinase
mutation of the kit gene. Nat Genet 1998;19: safety profile of imatinib mesylate (ST1571) in pathways: an essential role for Racl and JNK
323-4. Japanese patients with advanced gastrointestinal activation in mast cell proliferation. EMBO J

3. Hirota S, Ohashi A, Nishida T, et al. Gain-of-
function mutation of platelet-derived growth fac-
tor receptor agene in gastriointestinal stromal 1
tumors. Gastrocaferology 2003;125:660-7.

4, Verweij ), Casali PG, Zalcberg J, et al.
fonf

It } Clin Oncol 200
Mann M, Ong

s

stromal tumours with high-dose imatnib: rando-

11
mised (rial. Lancet 2004;364:1127-34.
5. Blanke CD, Rankin C, Demetri GD, et al. Phase
11T randomized, intergroup trial assessing 12, Taguchi T, Sonobe H, Tayonaga §.

stromal tumors: a phase 11 study (STI57181202).

protein phosphorylation using ma
deciphering the phosphoproteoe.
survival in gastroh 1 Biotechnol 2002:20261-8.
. Rush J, Moritz A, Lee KA, e al. Inmunoaffinity 1
profiling of tyrosine phosphorylation in cancer
cells. Nat Biotechnol 200523:94-101.

451 18, , et al. Imatinib

=

ronborg M, et al. Analysis of upregulates compensatory integrin signaling in a

mouse model of gastraintestinal stromal tumor
and is more effective when combined with
dasatinib. Mol Cancer Res 2010:8:1271-83.

Koon N, Schneider-Stock R, Sarlomo-Rikala M,
et al. Molecular targets for tumour progression in
gastrointestinal stromal (umours. Gut 2004:53:

al. 235.40.

imatinib mesylate at two dose levels in patients Conventional and molecular cytogenetic 20. $akurama K. Noma K, Takaoka M, et al
with ble or metastatic inal ch of a new human ccli line, GIST- Inhibition of focal adhesion kinase as a potential
stromal tumars expressing the kit receptor T1, established fram gastrointestinal stromal h ic strategy for imatinib-resist gastro-

tyrosine kinase: $0033. J Clin Oncol 2008;26:
626-32. 13
6. Demetri GD, von Mehren M, Blanke CD, e al.
Efficacy and salety of imatinib mesylate in
advanced gastrointestinal stromal tumors. N Engl
J Med 2002;347:472-80. 472-84.
7. Blay JY, Le Cesne A, Ray-Coquard 1, et al. 14.
Prospective multicentric randomized phase 111
study of imatinib in patients with advanced
gastrointestinal stromal tumors 1
interruption versus continuation of treatment 99:799-804.
beyond 1 year: the Erench Sarcoma Group. 15.
J Clin Oncol 2007:25:1107-13,
8. Le Cesne A, Ray-Coquard I, Bui BN, et al.
Discontinuation of imatinib in patients with

=

Yokoyama .

&

Int. J. Cancer: 00, 00-00 (2013) ® 2013 UICC

twmor. Lab Invest 2002:82:663-5,
inomoto T,
membrane proteomics identifies bone marrow 2
stromal antigen 2 as a potential therapeutic target

in endometrial cancer. Int J Cancer 2013;132:

Antonescu CR, Besmer P, Guo T, et al. Acquired 23,
resistance 1o imatinib in gastrointestinal stromal

tumor occurs through secondary gene mutation.

Clin Cancer Res 2005;11:4182-90,

intestinal stromal tumor. Mal Cancer Ther 2009
rada §, el al. Plasma 812734,

Linnekin D, DeBerry €S, Mou $. Lyn associates
with the juxtamembrane region of ¢-Kit and i
activated by stem cell factor in hematopoictic cell
lines and normal progenitor cells. J Biol Chem

Nishida T, Kanda T, Nishitani A, ¢t al. 1997:272:2745-55.
Secondary mutations in (he kinase domain of the 22
KIT gene are predominant in imatinib-resistant

i I stromal tumor. Cancer Sci 2008;

Serrcls A, Mcleod K, Canel M, et al. The role of
focal adhesion Kinase catalytic activity on the
proliferation and migration of squamous cell
carcinoma cells. Int J Cancer 2012;131:287-97.
Cox B, Natarajan M, Stetiner MR, et al. New
concepts regarding focal adbesion kinase
promation of cell migration and profiferation.

J Cell Biochent 2006:99:35--52.

I

o




