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compared to the EZ-Wt as control. This result was consistent Additionally, we analyzed the effects of the EZ-N on trans-
with that in the TE671/CD4 cells stably expressing the EZ-N  duction activity and syncytium formation of ecotropic MLV Env
(Fig. 1B). However, the EZ-N did not significantly affect the R5-  proteins in rat XC cells (Kubo etal., 2003). These functions of the
tropic JRFL HIV-1 vector transduction efficiency. ecotropic MLV Env proteins were not affected by the EZ-N
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Fig. 3. Knockdown of ERM family proteins by siRNAs. Panel A, Effects of siRNA on ERM mRNA expression. Total RNA samples were isolated from siRNA-GFP-,
SIRNA-E |-, siIRNA-E2. siRNA-R-, or siRNA-M-transfected TE671/CD4/RS cells and from cells simultaneously transfected with siRNA-E2, siRNA-R, and siRNA-
M (3 siRNAs). Semi-quantitative RT-PCR of these total RNA samples was performied to detect ezrin, radixin, moesin, or GAPDH mRNA., Pancl B. ERM family
protein expression in human cells. Cell lysates were prepared from 293T, TE671, and HeLa cells, and subjected to Western immunoblotting using the anti-gzrin (lefi
panel), -radixin (middle panel). and -moesin (nght panel) antbodies. Molecular size markers are indicated in lefi side of the panels. Panel C. Effects of siRNA-E1 on
eznin protein expression. Cell lysates were prepared from siRNA-GFP (control)- or siRNA-E |l -transfected TE671/CD4 cells expressing the VSV-G-tagged EZ-N
mutant. Western immunoblotting of the lysates was performed using the anti-VSV-G epitope antibody. Cell lysates were prepared from siRNA-GFP- or indicaed
sIRNA-E | -transfected TEAT1/CD4/RS cells. Westem immunoblotting of the lysates was performed using the anti-c2rin or anti-petin antibody. Panel D, Effects of
sIRNA-R on radixin protein expression. TEGT1/CD4/RS cells were transiently transfected with the HA-tagged radixin expression plasmid and an siRNA indicated, and
cell lysares were prepared from the transfected cells. Western immunobloming using the anti-HA antibody was performed. Cell lysates were prepapred from TE67T1
CD4/RS cells transfected with the siIRNA-GFP or -R. Western immunoblotting using the anti-radixin or anti-actin antibody was performed. Panel E. Effects of siRNA-
M on moesin protein expression. Cell lysates were prepared from TEGT1/CD4/RS cells transfected with the siRNA-GFP or -M. Western immunoblotting using the anti-
moesin or anti-actin antibody was performed. Panel F, Effects of these three siRNAs on ERM protein expression. Cell lysates were prepared from TE6T1/CD4/RS cells
simultaneously rransfected with siRNA-E2, -R, and -R and from cells ransfected with siRNA-GFP. Western immunoblotting using anti-ezrin, anti-radixin, anti-
moesin, or anfi-actin anttbody wis performed
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expression (data not shown), indicating that eznin is not associated
with the ecotropic MLV Env functions.

Knockdown of ERM family protein expression by siRNA inhibits
HIV-1 vector transduction

We were interested in the roles of other ERM family
proteins, i.e., radixin and moesin, in HIV-1 nfection. siRNAs
targeting ezrin, radixin, or moesin mRNA was introduced into
the TE6T1/CD4/RS cells, and level of the mRNA was monitored
by semi-quantitative RT-PCR; siRNA-E| and -E2 target the
ezrin mRNA; siRNA-R targets the radixin mRNA; siRNA-M
targets the moesin mRNA. As shown in Fig. 3A, these siRNAs
specifically and effectively suppressed expression of corre-
sponding ERM family mRNAs in the TE6TI/CD4/RS cells.

We next examined if the siRNAs influence expression levels
of the ERM family proteins by Western immunoblotting. As
described in manufacture’s documents of the antibodies, the
commercially available antibodies against the ezrin, radixin,
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and moesin had strong cross-reactivity due to the high homol-
ogy within the ERM family proteins. However, we could
distinguish moesin from others by the anti-moesin antibody
because moesin has smaller molecular size (Fig. 3B, anti-
moesin). The moesin was expressed at detectable levels in HeLa
and TE671 cells but not in 293T cells. The data with anti-ezrin
and anti-radixin antibodies suggest that these proteins were
expressed in the three human cells.

To examine siRNA suppression effects on ERM protein
expression, we first used anti-VSV-G antibody and examined if
exogenous expression of the VSV-G-tagged EZ-N mutant protem
in TE6TI/CD4/EZ-N cells is suppressed by the siRNA against
ezrin (SIRNA-E1). Target sequence of the siRNA-EI is located in
the N terminal protein-coding region of ezrin mRNA and thus
expression of the EZ-N should be suppressed if the sIRNA-E1 was
functional. Fig. 3C shows that the siRNA-E1 suppressed the
expression of the VSV-G-tagged EZ-N mutant protein in TE671/
CD4/EZ-N cells, indicating that the sSIRNA-E] is functional. As
expected, however, we failed to detect the siRNA suppression
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Fig. 4, Effect of siRNAs against ERM family genes on HIV-1 vector mnsduction. HIV-1 vector pseudotyped with VSV-G (panel A), HIV-1 X4-tropic Env (panel B), or
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effect in the TE671/CD4/RS cells with the anti-ezrin antibody
(Fig. 3C), because the anti-ezrin antibody recognizes radixin as
well. Similarly, we failed to confirm suppression of radixin ex-
pression by the siRNA-R. with the anti-radixin antibody due to the
cross-reactivity of the antibody (Fig. 3D). Therefore, we con-
structed an expression plasmid of a C-terminally HA-tagged
radixin (Rad-HA) to confirm whether the siRNA-R is functional.
The Rad-HA level in TE6T1/CD4/RS cells co-transfected with the
Rad-HA expression plasmid and the siRNA-R was lower than that
in cells co-transfected with the Rad-HA expression plasmid and
the siIRNA against GFP (Fig. 3D). In contrast, we could confim
the siRNA-M-mediated suppression of endogenous moesin
protein expression with anti-moesin antibody, because molecular
size of moesin is smaller than ezrn and radixin (Fig. 3E). When
TE&GTI/CDA/RS cells were simultaneously transfected with the
SIRNA-E2, -R, and -M. suppressed expression of ezrin, radixin,
and moesin proteins was detected using the each antibodies

(Fig. 3F). Taken together, our results suggest that these siRNAs
inhibit the corresponding protein expression via suppression of
mRNA expression.

Transduction titer of the VSV-G vector was not affected by
these siRNAs (Fig. 4A), suggesting that VSV-envelope-mediated
infection proceeds via ERM-protein independent pathway as
already reported (Kameoka et al., 2007). In contrast, transduction
titers of the X4-tropic NDK and HXB2 vectors were decreased
uniformly by the introduction of siIRNA against ezrin, radixin, or
moesin (Fig. 4B). X4-tropic transduction efficiency of the X4R5-
tropic NHI vector was also inhibited in TE671/CD4 cells
(Fig. 4D), because CC3R is not expressed in the cells. These
results were consistent with the data on the ezrin dominant nega-
tive mutant (Figs. 1 and 2).

The siRNA-R decreased the titers of the R5-tropic vector and
the siRNA-M mther increased the titers (Fig. 4C). These
changes were highly reproducible in the repeated expenments.
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These effect of the siRNA-mediated knock down of the ERM
proteins on the HIV-1 infection was not induced by altered cell
surface expression of the HIV-1 receptors, because cell surface
expression of the HIV-1 receptors, CD4, CXCR4, and CCRS,
were not changed by the siRNAs (Fig. 4E). These results
suggest that all of the three ERM family proteins function as
positive regulators of the X4-tropic HIV-1 infection, whereas
radixin and moesin function positive and negative regulators,
respectively, of the R5-tropic HIV-1 infection.

Transduction efficiency of the dual-tropic NHI vector in
TE671/CD4 cells was suppressed by each of the siRNA (Fig. 4D)
as that of the X4-tropic vector. Because TE671/CD4 cells do not
express CCRS, entry of the dual-tropic NHI vector occurs only
through CXCR4 in the cells. The moesin knockdown in TE6T1/
CD4/R5 cells did not enhance transduction efficiency of the dual-
tropic NH 1 vector, but did that of the R5-tropic vector. Entry of
the NH1 vector was thought to occur through both of CXCR4 and
CCRS5 in TE6T71/CD4/RS5 cells. Therefore, the effect of moesin
knockdown on the dual-tropic vector in TE671/CD4/R35 cells
should be different from that on the R5-tropic vector.

To examine if expression of siRNA-resistant ezrin mRNA
abrogate the inhibitory effect of eznin sIRNA on the X4-tropic
HIV-1 vector transduction, we examined effects of siRNA-E2,
which targets 3’ untranslated region (3'UTR) of the ezrin
mRNA, on the X4-tropic virus transduction in the TE671/CD4
cells. The sIRNA-E2 reduced the endogenous ezrin mRNA level
(Fig. 3A), but did not suppress exogenous expression of VSV-G-
tagged wild type ezrin (Fig. 5A), because the exogenous mRNA
encoding the VSV-G-tagged ezrin does not contain the 3'UTR.
The siRNA-E2 transfection into TE671/CD4 cells decreased
transduction titer of the NDK HIV-1 vector (Fig. 5B) as the
siRNA-EI did (Fig. 4B). Expression of the siRNA-resistant
ezrin, i.e., VSV-G-tagged ezrin wild type protein, abrogated the
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inhibitory effect of the siRNA-E2 (Fig. 5B). The VSV-G-tagged
ezrin expression alone did not affect the HIV-1 vector trans-
duction efficiency. These results support the argument that ezrin
is important for increasing efficiency of the X4-tropic HIV-1
infection.

Effects of ERM-family-targeting siRNAs on celi-cell fusion
mediated by HIV-1 Env proteins

To assess whether the ERM family proteins play roles in
HIV-1-Env-mediated membrane fusion, we examined if the
ezrin dominant negative mutant (EZ-N) and siRNAs against the
ERM family proteins influence cell-cell fusion in co-culture of
target cells and NDK Env-expressing 293T cells. In this co-
culture system, we can monitor cell-cell fusion via interac-
tion of HIV-1 Env and HIV-1 infection receptors by using the
[3-galactosidase activity (see Materials and methods). NDK Env-
mediated cell-cell fusion was inhibited by introduction of either
the EZ-N protein (Fig. 6A), siRNA-E2, -R, or -M (Fig. 6B) into
the receptor expressing cells, consistent with the results obtained
from HIV-1 vector transduction assay (Figs. 1B and 4B). Simi-
larly, JRFL-Env-mediated cell-cell fusion was inhibited by ezrin
and radixin siRNAs (Fig. 6C), although the ezrin siRNA had no
effect on the RS-tropic HIV-1 vector transduction efficiency
(Fig. 4C). The siRNA-M enhanced the vector transduction of the
R5-tropic vector, whereas such enhancement was not observed in
the cell fusion, These effects were highly reproducible in the
repeated experiments.

Discussion

In this study, we examined potential roles of the ERM proteins
in HIV-1 entry. A recent study described the similar topic, in
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which the authors showed that the moesin regulates stable
microtubule formation and inhibits transduction of HIV-1 vectors
having VSV-G protein in the rat cells (Naghavi et al,, 2007), Our
study deals with the similar topic but rather focused on the roles
of the three ERM proteins in HIV-1-Env-mediated infections of
human cells rather than VSV-Env-mediated infection of the
rodent cells. Our study thus could reveal a hitherto unappreciated
regulation mechanism, a pleiotropic regulation of HIV-1 infec-
tion by the ERM proteins.

Each of the siRNA against the ERM family proteins as well
as the dominant negative mutant of ezrin inhibited transduction
of X4-tropic HIV-1 vectors (Figs. 1B and 4B). These inhibitions
were unlikely to be due to the reduced binding events of HIV-1
Env to the infection receptors, because the levels of cell surface
expression of the CD4 and CXCR4 were similar in the ERM-
suppression-positive and -negative cells (Figs. 1C and 4E).
Similarly, the inhibitions were unlikely to be due to the overall
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Fig. 6. Effect of eznin dominant negative mutant and siRNAs against ERM family proteins on HIV-1-Env-mediated cell-cell fusion, 2937 cells were transfected with the
NDK (panels A and B) or JRFL (panel C) Env expression plasmid. TEGTH/CDM or TEGTI/CDA/EZ-N cells transfected with the LTR-LacZ construct were added onto
2037 cells wansfected with the NDK Env expression plasmid (pancl A). TE6T 1/CD4/RS cells were co-transfected with the each siRNA as indicated and the LTR-LacZ
plasmid. The tansfected TEGT1/CD4/RS cells were added onto the trunsfected 2937 cells. [t-Galactosidase activities of their cell lystaes were measured as described in
Materials and methods, Relative values to f-galactosidase activity of the mixed culture of the siRNA-GFP-transfected TE6T1/CD4/RS cells and the Env-transfected
293T cells were indicated, This expeniment was repeated three times, and error bars indicate standard deviations. Astensks indicate statisocal significance (P<0,05)

reductions in the HIV-1 replication processes, because VSV-G-
mediated HIV-1 transductions were not affected by the ERM
suppression (Figs. 1B and 4A). Alternatively, our results strong-
ly suggest that the ERM suppression induced specific inhibition
of the X4-tropic HIV-1 infection at the entry step(s). Correlation
between the X4-tropic vector transduction inhibition and cell
cell fusion inhibition (Figs. 4B and 6B) suggests that a key site
of action for the siRNA-mediated inhibition is the membrane
fusion. This in turn implies that the ERM proteins individually
play positive roles in the membrane fusion mediated by
interactions of X4-tropic Env and infection receptors.
Interestingly, transductions of the RS5-tropic HIV-1 vectors
were inhibited by the radixin siRNA alone. but were not by the
ezrin and moesin siRNAs (Fig. 4C). The moesin siRNA rather
increased the R3-tropic HIV-1 vector transductions. These results
suggest that radixin of the ERM family is a key molecule for the
efficient R5-tropic HIV-1 infection, whereas moesin rather
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suppresses the HIV-1 RS virus infection. Notably, such bimodal
effects of the ERM proteins were not observed in the R5-tropic-
Env-mediated cell-cell fusion (Fig. 6C). These results suggest
that the ERM proteins including moesin function as positive
regulators of R3-tropic-Env-mediated membrane fusion and that
moesin additionally functions as a negative regulator of HIV-1 RS
virus replication at the early step(s) after the membrane fusion.

Our findings suggest that the ERM proteins regulate dif-
ferently the R5- and X4-wopic HIV-1 infection. Underlying
mechanisms by which the ERM proteins undergo the different
regulation rerain to be clarified. In this regard, CCRS and CD4
co-localize on the plasma membrane before HIV-1 infection
(Steffens and Hope, 2003, 2004), whereas CXCR4 and CD4 do
not (Kozak et al, 2002). Such a difference mn cell surface
localization raises a possibility that regulation system for the
CCRS and CXCR4 fluidity on the plasma membrane is different.
This in turn may lead to distinct regulation of infection receptor
fluidity and cytoskeleton rearrangement by the ERM in CCRS
and CXCR4-mediated HIV-1 infection. However, we cannot
exclude the possibility that the CCR5 over-expression in the
target cells diminishes the ERM protein function for the R5-tropic
HIV-1 infection (Jimenez-Baranda et al., 2007; Viard et al., 2002).

Recent study has reported that the moesin regulates stable
microtubule formation and inhibits transduction of HIV-1 vectors
having VSV-G protein in the rat cells (Naghavi et al., 2007). The
findings suggest that moesin regulates cytoskeleton rearrange-
ment to suppress HIV-1 replication somewhere after virus entry.
Our data show that knockdown of moesin by siRNA resulted in
enhancement of HIV-1 vector transduction only when the vector
has the R5-tropic Env (Fig. 4C). The results suggest that in the
case of R5-tropic virus infection, the moesin-mediated enhance-
ment of infection is dominant in comparison with moesin-
mediated suppression of HIV-1 replication, if any. after entry. The
EZ-N protein suppressed the X4-tropic HIV-1 infection in
TE671/CD4 and 293T/CD4 cells, but did not significantly in
HelLa/CD4 cells (data not shown). Apparently the inconsistent
results with HIV-1 vectors may imply differences of the moesin-
mediated regulation system in these different cells, although
further study is required for clarifying the issue,

The inhibitory effects of the ezrin dominant negative mutant and
the ERM siRNAs on the HIV-1 vector transduction were not so
high (about 50% reduction). As mentioned above, ERM proteins
are highly homologous each other. and similarly functions,
suggesting a possibility that other members of ERM family pro-
teins complement functions of the proteins suppressed by the
siRNA. Therefore, the target cells were simultaneously transfected
with the siRNAs-E2, -R, and -M. However, the introduction of the
three siRNAs resulted in severe cytotoxicity on the target cells as
reported (Takeuchi et al., 1994), and it was difficult to analyze their
effect on such cells. Transduction titers of the X4-tropic HIV-1
vectors on TE671/CD4 cells transfected with an siRNA against
CXCR4, which actually reduced its expression level, was about
50% of those on the GFP siRNA-transfected cells (data not shown),
like the ERM siRNAs. This result suggests that the ERM proteins
function in X4-tropic HIV-1 entry as importantly as CXCR4 does.

In conclusion, we found that ezrin, radixin, and moesin
proteins functions as pleiotropic regulators of HIV-1 infection in
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human cells. Our findings provide a basis to study HIV-1 entry
in relation to the regulation of membrane protein fluidity and
cytoskeleton rearrangement by the ERM proteins.

Materials and methods
Env protein expression plasmids

An Xd4-tropic HIV-1 NDK Env expression plasmid was kindly
provided by Dr. U. Hazan (Dumonceaux et al., 1998). HIV-I
HXB2 (X4 tropic), JRFL (R5 wopic), NH1 (X4R5-tropic), and
NH2 (R5 tropic) Env expression plasmids were kindly provided
by Dr. Y. Yokomaku (Kusagawa et al., 2002; Yokomaku et al.,
2004). These HIV-1 Env expression plasmids encodes HIV-1 tat
and rev genes as well as the env sequence, A VSV-G expression
plasmid (pHEF-VSV-G) was obtained from Dr. L. Chang
through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH, USA (Iwakuma et al., 1999).

Construction of C-terminally HA-tagged radixin expression
plasmid

Total RNA samples were isolated from TE671 cells, and
radixin ¢cDNA was amplified by PCR using following primers;
Rad-S (5-GAGAAAGAAAATGCCGAAACC-3') and Rad-
AS (5"-ATATATGCAAAATAACAGCTCTCA-3'). The radixin
PCR products were ligated into pTarget vector plasmid
(Promega) by TA cloning. The predicted amino acid sequence
of the radixin cDNA was completely identical to that of already
reported human radixin. The radixin sequence was amplified by
PCR using the Rad-S and Rad-HA (5'-TCATGCGTAATCCG-
GAACATCGTACGGGTATCCCATTGCTTCAAACTCATC-
3') for C-terminal HA tagging. The antisense Rad-HA primer
contains the HA tag sequence. The PCR product was ligated
into pTarget vector and its nucleotide sequence was confirmed.

HIV-I vector

A DNA construct (R8.91) that encodes HIV-1 proteins
required for HIV-1 vector prepamtion except for Env protein
was kindly provided by Dr. D. Trono (Naldini et al., 1996). A
LacZ-containing HIV-1 vector genome expression plasmid
(pTY-EFnLacZ) was obtained from Dr. L. Chang through the
AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH. USA (Chang et al., 1999).

Cells

Human TE671, 293T. HeLa cell lines were cultured at 37 C
under 5% CO; in Dulbecco’s modified Eagle's medium (Wako)
supplemented with 8% fetal bovine serum (Biosource). CD4-
expressing TE671 and HelLa cells (TE671/CD4 and HelLa/CD4)
were constructed by transfection with a CD4-expression plasmid
containing the neomycin resistant gene. CD4-expressing 293T
cells (293T/CD4) were constructed by transfection with a CD4-
expression plasmid containing the hygromycin resistant gene.
TE671 cells expressing CD4 and CCRS (TE671/CD4/R5) were
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constructed as follows. The TE671/CD4 cells were inoculated
with a CCRS5 and puromycin-resistant gene-encoding murine
leukemia virus (MLV) vector constructed as reported (Kubo etal.,
2003), and were selected with puromycin. Puromycin-resistant
cell pool was used in this study. TE671 and 293T cells expressing
CD4 and a C-terminally VSV-G-tagged dominant negative
mutant of ezrin (EZ-N) was constructed by inoculation of the
TE6T71/CD4 and 293T/CD4 cells with an EZ-N-encoding MLV
vector constructed as reported (Kubo etal., 2003), and designated
as TE671/CD4/EZ-N and 293T/CD4/EZ-N. The VSV-G-tagged
EZ-N plasmid was kindly provided from Dr. M, Arpin.

Transduction assay

To obtain HIV-1 vector particles, 293T cells (5* 10°) were
plated onto a 10-cm dish and cultured for 2 days. The 293T cells
were transfected with the R8.91, pTY-EFnLacZ, and one of HIV-|
Env expression plasmids. The transfected 293T cells were washed
to remove the transfection complex 24 h after transfection, and
continued to be culwred in fresh medium for additional 24 h.
Cultre supernatants of the transfected cells were diluted to make
their titer about 60 blue-cell-forming units per a microscopic field
in ezrin dominant negative mutant-free or siRNA-free cells, and
were inoculated into target cells. Target cells (2 x 10°) were plated
onto a 6-cm dish and were inoculated 24 h afier the plating. The
inoculated cells were stained with 5-bromo-4-chloro-3-indolyl-f-
p-galactopyranoside (X-Gal) (Wako) 2 days afier inoculation.
Numbers of blue cells were counted to estimate transduction titers.

Western immunaoblotting

Cell lysates were subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (BioRad), and were transferred
onto a PVDF membrane (Millipore). The membrane was treated
with an anti-VSV-G (Sigma), -ezrin, -radixin, -moesin, or -actin
antibody (Santa Cruz), and then with a horseradish peroxidase-
conjugated protein G (BioRad). Protein G-bound polypeptides
were visualized by ECL Western blotting detection reagents
(Amersham Pharmacia Biotech).

FACS

To analyze cell surface expression of CXCR4 and CCRS,
suspended cells were treated with a rat anti-CXCR4 or -CCRS
antibody (Tanaka et al., 2001). The cells were washed with PBS
3 times, and then treated with an FITC-conjugated anti-rat IgG
antibody (Sigma). The cells were applied to a flow cytometer
(Coulter). To analyze CD4 cell surface expression, cells were
treated with an FITC-conjugated anti-CD4 antibody (Sigma).

Transfection of siRNA

Sequences of sense strands of two sIRNAs against ezrin
were GAAUCCUUAGCGAUGAGAUCU (siRNA-E1) and
CCUGAUUCUCGCGAUUAUUCU (siRNA-E2). Sequences
of sense strands of sIRNAs against radixin and moesin were
CGACAAGUUAACACCUAAAU (siRNA-R) and CUCCCA-

GACGGAUCUGUUGC (siRNA-M), An siRNA against green
fluorescence protein (GFP) was used as control, and sequence
of the sense strand was CUGGAGUUGUCCCAAUUCUUG.
These siRNAs were synthesized by RNAi Co. LTD. Cells were
transfected with one of these siRNAs (200 pmol) by the TransIT
TKO reagent (10 ul) (Mirus). To knockdown expression of all
three ERM family proteins simultaneously, cells were co-trans-
fected with three siRNAs (total 600 pmol) by the transfection
reagent (30 pl).

Semi-quantitative RT-PCR

Total RNA was isolated from siRNA-transfected cells. First
strand cDNA was synthesized from the total RNA with ramdom
hexamer by a reverse transcriptase (TAKARA). Semi-quantitative
PCR was performed using the first strand eDNA as template to
detect ezrin, radixin, moesin, and GAPDH mRNAs. Nucleotide
sequences of the PCR primers for ezrin mRNA were GCA-
CAAACTTACCAG and TGGTCCTGGCCTGGCTGTTA, for
radixin mRNA were GGCAACACAAAGCTTTTGCAG and
ATATATGCAAAATAACAGCTCTCA, for moesin mRNA were
TGAGGCTGTGGAGTGGCAGCA and CTAGAGGCTGGG-
TGCCCATTA, and for GAPDH mRNA were AGGTCGGAGT-
CAACGGATTTGGT and GTGGGCCATGAGGTCCACCAC.
These primers were synthesized by Genenet Co. Lid.

Cell-fusion assay

Receptor protein-expressing cells (2 = 10°) were plasted onto
a 6-cm dish and cultured for 2 days. The cells were co-
transfected with the siRNA and a j5-galactosidase expression
plasmid, in which the j3-galactosidase gene is under the control
of an HIV-1 long terminal repeat (LTR-LacZ), by the TransIT
TKO transfection reagent (Mirus). 293T cells (2% 10%) were
plated onto a 6-cm dish and cultured for 2 days. The cells were
transfected with a Tat expression plasmid as control or the HIV-
I Env expression plasmid by the Lipofectamine transfection
reagent (Invitrogen). The Env expression plmasids additionally
encodes the tat gene. The transfected recipient cells (5% 10%)
were added onto the HIV-1 Env-expressing 293 T cells 24 h after
transfection. If these cells fuse, the Tat protein activates the (-
galactosidase expression. p-Galactosidase activity of cell
lysates was measured 24 h after mixed culture by the high
sensitive [3-galactosidase activity kit (Stratagene).

Statistical analysis

Differences between two groups of data were determined by
the Swudent’s -test. Statistical significance was set at P<0.05
for all tests.
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Overexpressed NF-kB-inducing kinase contributes to the tumorigenesis of adult
T-cell leukemia and Hodgkin Reed-Sternberg cells
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The nuclear factor-«B (NF-xB) transcrip-
tion factors play important roles in cancer
development by preventing apoptosis and
facilitating the tumor cell growth. How-
ever, the precise mechanisms by which
NF-xB is constitutively activated in spe-
cific cancer cells remain largely un-
known. In our current study, we now
report that NF-kB-inducing kinase (NIK)

of Infectious D Tokyo, Japan

level in adult T-cell leukemia (ATL) and
Hodgkin Reed-Sternberg cells (H-RS) that
do not exp viral regulatory proteins.
The overexpression of NIK causes cell
transformation in rat fibroblasts, which is
abolished by a super-repressor form ol
IxBa. Notably, depletion of NIK in ATL
cells by RNA Interference reduces the
DNA-binding activity of NF-xB and NF-xB—

h Institute and School of Biomedical Science, Tokyo
Bun-in Hospital, Kagoshima, *Depariment of Medical Genome Sciences, Graduate
School of Medicine, Tokyo Medical and Dental

ficiently suppresses tumor growth in NOD/
SCID/ye™" mice. These results indicate
that the deregulated expression of NIK
plays a critical role in constitutive NF-xB
activation in ATL and H-RS cells, and
suggest also that NIK is an attractive
molecular target for cancer therapy.
(Blood. 2008;111:5118-5129)

is overexpressed at the pretranslational

Introduction

dependent transcriptional activity, and ef-
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The nuclear factor-kB (NF-xB) transcription factors are known to
regulate the expression of a wide range of genes involved in
development, immune responses, apoptosis, and carcinogenesis as
dimers of the REL family members, RelA, RelB, c-Rel, p50, and
p52.' The p50 and p52 proteins are generated by proteasome-
mediated processing of their precursors, pl05 and plO0, respec-
tively, In resting cells, Rel proteins are sequestered in the cyto-
plasm through their interactions with the ankyrin repeats of the
inhibitory proteins IkBea, -B, and -€, as well as the precursor
proteins pl05 and pl00. On stmulation, signals converge at the
multiprotein IkB kinase (IKK) complex, which is composed of
2 catalytic subunits, IKK1/x and TKK2/B, and the scaffolding
proteins, NF-xB essentinl modulator (NEMO, also known as
IKKy) and ELKS.? Phosphorylation by the IKK complex of
specific serine residues on the IkB or precursor proteins results in
their poly-ubiquitination and proteasome-dependent degradation or
processing.? Released NF-kB then translocates to the nucleus and
regulates expression of arget genes.

NF-kB signaling pathways are largely classified as either
canonical or noncanonical based on the stimuli and targets of the
IKK complex.? Canonical activation is induced by stimuli, such as
tumor necrosis factor-a (TNFo) and interfeukin-10, and involves
NEMO- and IKK2/B-dependent phosphorylation and the subse-
quent degradation of IkB proteins. Noncanonical NF-xB pathways
are activated after the stimulation of a range of TNF receptor family
members, such as B-cell activating factor belonging to the TNF

family (BAFF) receptor, lymphotoxin- receptor, Fnl4 and CD40,
and direct NF-kB-inducing kinase (NIK)- and IKK l/a-dependent
phosphorylation and subsequent processing of pl00, leading to
activation of NF-xB complexes containing RelB.* Of note in this
context, the noncanonical pathways operate in a delayed fashion
and are sensitive to protein synthesis inhibition.**

Compared with the mechanisms underlying the transduction of
ligand-induced signaling to NF-xB activation, much less is known
about how NF-xB is constitutively activated in a vanety of cancer
cells.” Constitutively high NF-kB activity has typically been
demonstrated in human hematopoietic cancer cells, including
adult T-cell leukemia (ATL), Hodgkin lymphoma. and multiple
myeloma cells.”® We have previously reported the aberrant
expression of p52 in ATL and Hodgkin Reed-Sternberg (H-RS)
cells thar do not express viral regulatory proteins, such as Tax of
the human T-cell leukemia virus or latent membrane protein | of
the Epstein-Barr virus."' In addition, IKK activation in ATL
and H-RS cells was found to be sensitive to protein synthesis
inhibition.'"""" These results indicate that the noncanonical
pathways of NF-xB activation operate in these cancer cells.
Aberrant p52 expression has also been reported in other types of
cancer cells, including breast,’? prostate.'” pancreas,' and
colon.'® However, the actual triggers of noncanonical NF-xB
activation in these cancer cells remain largely unknown except
for certain multiple myeloma cells that have mutations in the
NIK, TRAF3, and related genes.'*"”
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NIK is a serine-threonine kinase that is an essential participant
in the induction of the TKK I-dependent processing of pl00 as well
as IkB degradation in response to stimuli, such as CD70, CD40
ligand, and BAFFE.'® It has also been reported previously that the
IKK complex is recruited to CD27 in a manner dependent on NIK
function. However, the mechanism by which NIK activity is
regulated thereafter was unknown until it was recently demon-
strated that these stimuli protect basally translated endogenous NTK
protein from proteasome-mediated degradation.'"*" Liao et al
reported that the interaction of NIK with TNF receptor-associated
factor 3 (TRAF3) is responsible for the rapid degradation of NIK
and that noncanonical NF-kB sumuli induce the degradation of
TRAF3 and the elevation of NIK expression.' In a separate study,
Qing et al have demonstrated that noncanonical NF-kB stimuli
stabilize the NIK protein but do not modify its RNA expression or
protein translation.™ The findings of these studies explain the delay

only.

ROLE FOR NIK IN NF-«B ACTIVATION IN CANCER CELLS 5119

on the Blood website: see the Suppl | Matenals link at the top of the
online anicle) using the calcium phosphate precipiuation method, Culiure
supernatants were collected 48 hours afier ransfection and fillered. BS and
h12 cells were infected for 2 hours in the presence of 10 pg/mL polybrene
Infected cells were then cul J in med ining 2 pgfml puromy-
cm, and cell clones were isolated. Rat fibroblasts expressing SR-IxBa or its
empty control vector (EV2) were established essentially os described
previowly. " For production of lentiviruses, 293T cells were cotransfected
with pCS-puro-Ctli. pCS-puro-NIKi-1. or pCS-puro-NIKi-2 (Document
S1) wgether with the pCMVARS.2Z packaging construct and pHCMV-
VSV-G (kind gifts from Dr 1.5.Y. Chen) using FuGENE 6 (Roche Applied
Science, Indianapolis, IN). Culture supernatants were collected 48 hours
after transfection and filtered. ED40515( —) and ATL-43Th ) cells were
infected once or twice with 24 hours interval with these lentiviruses for
6 hours in the presence of 10 pg/mL polybrene. At 48 hours afler the
infection, cells were cultured in medium containing 2 pg/ml puromycin for
an additional 48 hours, These infectants were subjected to immunoblotting,
electmph mobility shift assay (EMSA), and transient transfection

in triggering the noncanonical pathway and its high itivity to
protein synthesis inhibition.

Because NIK is a central regulator of the noncanonical pathway
of NF-kB activation, we have investigated in our current study how
this Kinase is regulated in hematopoietic cancer cells, in which TKK
1s constitutively activated in the absence of viral regulators.

Methods
Cell culture

ED40515¢ - )2 ATL-43Th( ~),** and TL-Om1*" are human T-cell leukemia
virus type-1 {HTLY-1-infected T-cell lines established from the leul

cells of ATL patients, The H-RS cell lines, HDLM-2. L428, and 1540, were
purchased from the German Coll of Micr and Cell
Culwres (Braunschweig, Germany), CEM?** and Jurkat™ are HTLV-1-free
human T-lymphoblasuce leukemia cell lines. A human B-cell line. Romas
RG69,” was a Kind gift from Dr Gutian Xiao (State University of New
Jersey, Piscataway, NJ). Primary leukemia cells derived from ATL patients
were obuined under informed consent at Imamura Bun-in Hospital and
supplied through the Joint Study on Predisposing Factors of ATL Develop-
ment. The patients were diagnosed with ATL on the basis of clinical and
hematologic features and the presence of antibodies 0 ATL-associated
antigens in serum and of the HTLV-1 proviral genome in the leukemia cells
Use of peripheral blood lymphocytes from ATL patients for research
purposes was approved by the institutional review board of each institute
Peripheral blood mononuclear cells (PBMCs) derived from healthy donors
were also obtained under informed consent, PBMCs were isolated from

with 2 pg of lgkCona-luc™ and pEFI-LacZ™ using DMRIE-C i Invitrogen.
Carlshad, CA) according to the manufacturer’s instructions. Assays for
luciferase and B-galactosidase were performed 48 hours after trunsfection
by standard methods, Luciferase activity was nommalized on the bisis of
B-galactosidase  activity. The growth of lentivirus-infected cells was
determined by the trypan blue staining method,

Immunoprecipitation

For the immunoprecipitation of endogenous NIK, approximately 2 X 107
cells were lysed in buffer A (20 mM Tns-HCI, pH7.5, 0.5% Nonidet P-40,
150 mM NaCl supplemented with | pg/mL aprotinin, | pg/mL leupeptin,
0.57 mM phenylmethanesulphony lfluonde. 10 uM MG 132, 10 uM MGLIS)
followed by preclearing with purified rabbit IgG (Cedarlane Laboratones,
Homby, ON) and protein G-Sepharose beads (Pierce Biotechnology,
Rockford, L) After centrifugation at 14000 rpm for 3 minutes, supermna-
tants were subjected to i precipitation with purified i

rahbit 1gG or ant-NIK antibody (#4994) (Cell Signaling Technology.
Dunvers, MA), | precipitates were hed 3 times with TNT buffer
(20 mM Trs-HCL pH 7.5, 200 mM NaCl, and 1% Triton X-100),
Endogenous NIK proteins were detected by immunobloming with anti-NIK
antibody {#4994). For the immunoprecipitation of HA-tagged NIK, 750 pg
cell Tysates prepared with buffer A was subjected w immunoprecipitation
with anti-HA antibody (12CAS, a kind gift from Dr A, Ismél, Institut
Pasteur Paris, Paris, France). Immunoprecipitates were washed 3 times with
TNT buffer. HA-tagged NIK proteins were o dbyi blotting
with anti-NIK antibody. For precif of endog IKKI/2,
1500 pg cell lysates prepared with buffer A were subjected to immunopre-
cipi with anti-IKK1 monoclonal antibody (B78-1: BD PharMingen.

both ATL patients and healthy donors by density gradient with
Ficoll-Plaque PLUS (Amersham Biosciences. Uppsala, Sweden). Cells
were maintained in RPMI 1640 supplemented with 10% fetal bovine serum,
100 U/ml. penicillin G, und 100 pg/mL streptomycin sulfute; SR is a
NEMO-deficient subline of the Rat-1 cell line and has been described
previously.® BS and h12 are sublines of Rut- | and 5R, respectively. express
the blasticidin deaminase gene under the control of an NF-kB—dependent
promoter, and have also been described previously. ™" Plai-E packaging
cells were deseribed previously.** BS, h12, Plat-E, 2937 cells, and mouse
embryonic fibroblasts were maintained in Dulbecco modified Eagle me-
dium supplemented with 10% feral bovine serum, 100 L/mL penicillin G,
and 100 pg/ml. strepiomyein sulfate. Anchorage-independent cell growth
was examined essentially us described previously™ Images were captured
wsing an inverted microscope (IX70. Olympus, Tokyo, Japan) and
processed with Openlab 3.0.2 software (Improvision, Coventry, United
Kingdom), Cells used in this study were all maintained ot 37°C in air
containing 5% CO-

Virus infection and transfection

Plat-E cells were transfected with pMRX-HA-NIK-ires-purm. pMRX-HA-
kd-NIK-ires-purn, or pMR X-HA-ires-puro (EV 1) iDocument §1, available

San Diego, CA) or purified mouse IgG2b (MI10-104; Bethyl Laboratories,
Montgomery, TX). | precipi were hed 3 tmes with TNT
huffer. Expression of endogenous proteins was detected by immunoblotting
with untiphospho-lKK1/IKK2 (Serl80/Ser181) (#2681: Cell Signaling
Technology), anti-1KK 1 (H-744), or anti-IKK2 (H-470; Santa Cruz Biotech-

nology, Santa Cruz, CA) antibodies.

Quantitative RT-PCR

Totml RNA was extracted using Isogen reagents (Nippon Gene, Tokyo,
Japan) according to the manufacturer’s instructions. Quantitutive
RT-PCR amplifications were performed with 100 ng total RNA, 0.3 uM
of each primer. and 0.25 pM TagMan probe using an ABL-7700
Sequence Detector (Applied Biosystems, Foster City, CA) reverse
transcription was performed at 48°C for 30 minutes, Tag DNA
polymerase was activated at 95°C for 10 minues, followed by
45 amplification cycles of 95°C for 15 seconds, and annealing and
extension at 60°C for | minute. The NIK, VEGF. ICAM- 1. and MMP-9
mRNA levels were normalized based on the amount of /85 ribosomal
RNA determingd simultaneously by the real-time RT-PCR.
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Mice and inoculation of cells

NOD/SCID/yc™® (NOGH' mice were purchased from the Central Institute
for Experimental Animals (Kawasaki, Japan), All mice were maintained
under specific pathogen-fres condibons i the Ammal Center of Tokyo
Medical and Dental Univensity (Tokyo, Japan), The Ethical Review
Comminee of the institute approved the experimental protocol. ED40515¢ - )
cells expressing Ctli or NIKi-1 and -2 were washed twice with serum-free
RPMI 1640 and resuspended in the same medium. Mice were anesthetized
with ether and inoculated subcutaneously in the postauriculur region with
5 3 10" cells per mouse, as described previously. "' We measured tumor size
and weight 2 weeks after cell inoculation

Statistics

Statistical significance was evaluated using a 2-tailed, unpaired Student's ¢
test, P values less than (5 were considered 1o be significant.

Results

NIK is aberrantly expressed in both adult T-cell leukemia and
Hodgkin Reed-Sternberg cells

The constitutive processing of pl00 1o p52 in ATL and H-RS
cells*'® prompted us to examine whether NIK is aberrantly
expressed in both established und primary ATL cells. Immunoblot-
ting of whole-cell lysates prepared from ATL or H-RS cells did not
show any detectable NIK signal (data not shown); however, when
endogenous NIK was immunoprecipitated from approximately
20 million of these cells and subjected to immunoblotting, NTK was
specifically detectable in anti-NIK immunoprecipitates from ATL
and H-RS cells, but not from control cells, such as CEM and Jurkat
(Figure 1A). Previous studies revealed that inhibition of the
proteasome function allowed for detection of endogenous NIK in
simple whole-cell lysates of B-cell lines.""*® Treaimem of ED-
40515( =) cells with the MG 132 proteasome inhibitor for 3 hours
belore harvesting enabled us to observe robust endogenous NIK
expression at the expected position (Figure |B). Lysates of 293T
cells with or without exogenous NIK expression were used as the
positive and negative controls, respectively, We next examined the
NIK expression levels as well as those of pl100 phosphorylated at
serine residues 866 and 870 in a panel of ATL, H-RS, and control
cells (Figure 1C). No appreciable NIK expression could be
observed in control CEM and Jurkat T-cell lines treated with
MGI132, in which NF-xB is not constitutively activated. Protea-
some inhibition induced strong NIK expression in other Tax-
negative ATL-derived cell lines, ATL-43Th(—) and TL-Oml.
Proteasome inhibition also strongly augmented NIK expression in
H-RS cells, but only weakly so in the control B-cell lines, RG6Y,
These results indicate that the steady-state levels of NIK of the
authentic size are elevated in ATL and H-RS cells. and suggest that
NIK may be abundantly produced in ATL and H-RS cells. but is
rapidly degraded by the proteasome, The levels of NIK expression
correlated well with those of phosphorylated p100 (Figure 1C).
Moreover. p52 and the phoshoryluted form of IkBa were also
abundant in ATL and H-RS cell lines, but not in the control T-cell
lines (Figure 1C). These results indicate that the overexpression of
NIK is closely linked to the downstream events leading to
constitutive activation of the canonical and noncanonical NF-xB
pathways in ATL and H-RS cells. A previous study suggested that
1428 cells express a C-terminally truncated form of IkBa and that
the phosphorylated form of this protein was accumulated after
treatment of the cells with proteasome inhibitor or dexametha-
sone. ™ In agreement with this, we did not detect IkBax expression
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with the antibody used in this study, which recognizes the
C-terminus of the protein, but detected the phoshorylated form of
this IxBa only after treatment with MG 132 (data not shown).

We next investigated N/K expression at the mRNA level by
quantitative PCR (Figure 1D) and found that that NIK transcripts
were at between 20- and 100-fold higher levels in ATL and H-RS
cells, compared with CEM cells. Next, actinomycin D was used to
block new mRNA synthesis, so that decay of existing transcripts
could be detected, Quantitative PCR analyses revealed that the
half-life of NIK mRNA was approximately 3 hours both in the ATL
and control T cells (Figure 1E). Essentially similar results were
obtained with the other cell lines shown in Figure 1D, including
H-RS cell lines (data not shown). A previous report has demon-
strated that NF-xB is constitutively activated in primary ATL cells
in the peripheral blood.* We therefore quantified the N/JK mRNA
levels in PBMCs from both healthy donors and ATL patients
(Figure 2A), and found thut N/K mRNA is overexpressed in
PBMCs of 15 of 21 ATL patients. Actinomycin D treatment of
PBMCs further revealed that NIK mRNA was not apparently
stabilized in primary ATL cells (Figure 2B). Moreover, fluores-
cence in situ hybridization studies on primary ATL cells failed to
detect amplification or translocation of the N/K gene (Figure S1:
Table S2). Finally, when PBMCs were cultured for 3 hours in the
presence of MG132, NIK protein was detectable in cells from an
ATL patient showing abundant NTK mRNA expression. but not in
those from a healthy donor (Figure 2C).

NIK transforms rat fibroblasts in an NF-xB—dependent manner

To further explore the roles for NIK during cell transformation, we
infected the 3T3-like rat fibroblast cell line Rat-1 with a retroviral
vector expressing | NIK and ex 1 its oncogenic activity.
As expected, cells transduced with this NIK vector exhibited strong
NF-kB DNA binding activity within 36 hours (data not shown).
Rat-1 cells transduced with a control retrovirus became resistant o
the selection marker puromycin approximately 24 hours after
infection and continued to proliferate rapidly. In contrast, Rat- |
cells transduced with the NTK expression vector expressed a
readily detectable level of NIK, had a transformed morphology,
but ceased proliferating and died within 3 to 4 days after
becoming resistant to puromycin. Cells that survived 2 weeks of
puromycin selection after NIK transduction eventually sppeared
indistinguishable from those transduced with the control vector
and showed no detectable NIK expression or NF-xB DNA
binding activity (data not shown ),

Based on these observations, we speculate that the retroviral
overexpression of NIK is toxic to the cells so that only cells that
had lost its expression could emerge from the puromycin-
resistant pools. To address this problem, we used BS5 and hi2
cells carrying an integrated Igx2bsrH plasmid that confers
resistance to the antibiotic blasticidin § when cells are constitu-
tively expressing active NF-xB.?® BS cells are derived from
Rat-1 cells, and h12 cells are from 5R cells that lack NEMO
expression. When the B5 and h12 cells were transduced with the
wild-type NIK retroviral expression vector and subjected o
selection with both puromycin and blasticidin S, the majority of
the resultant cell clones maintained detectable NTK expression
(Figure 3A), elevated catalytic activity of IKK (Figure 4), and
the initial transformed morphology (Figure 5B). On the other
hand. when BS and h12 cells were ransduced with a retrovirus
vector expressing o catalytically inactive mutant form of NIK
and selected with puromycin alone, the cells successfully
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Figure 2. Oversxpression of the NIK mRANA and
prolein in PBMCs from ATL patients. (A) Total ANA
was axtracted trom PBMCs from healthy donoss and ATL
patients and then subjected o quantitative AT-PCA. The
NIX mANA lavels were nomalized lo 185 ANA. The
refalive nik mANA leveis shown mpresent the ioid m-
creases N MANA sbundance relalive 10 Mal of heafly
donor 1 (arbitranity st al 1). Thess data are exprassed a5
the mean plus or minus 50 of 3 independent sxpar-
maenis. (B) PBMCs ware cultured in the presence of
actinomycin D (5 wg/ml. ) for the mes indicated. and then
fotal ANA was isclated and subjecled 10 quantilalive
RAT-PCR. The reiative amounts of NIK mRNA shown
op ha p ges i mANA abund: relative
nMoleummmmmymD
{arbitranly set at 100%). (C) PBMCs from a healthy donor
and an ATL pabent wera treated with ( + ) or withaut (- )
MG132 (20 uM) lor 3 hours, lysed with RIPA bufter, and
subjecied o immuncblolting with anii-NIK or anli-a-
tububin antbodies
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expressed this protein (Figure 3A) without significant morpho-
logic change (Figure 5B) or constitutive NF-xB activation
(Figure 3C), As expected, these cells failed to survive selection
with blasticidin S (data not shown).

The expression of wild-type NIK in BS and hi2 cells potently
induces p52 expression and NF-xB DNA binding activity, whereas
the catalytically inactive NTK mutant does not (Figure 3B.C). We
also found a specifically phosphorylated form of IkBa in cells
expressing wild-type NIK (Figure 3A) Super-shift experiments

revealed that the NF-xB-DNA binding complexes in B5 and hi2
cells expressing NIK involve p50, RelB, and RelA (Figure 4D).
The presence of p52 in the DNA binding complexes could not be
examined, however, because an antibody recognizing rat p32 in
super-shift assay is not currently available. Instead, we analyzed
DNA-binding complexes induced by NIK expression in wild-type
mouse embryonic fibroblasts (Figure $2). Retroviral overexpression
of NIK indead induced DNA-binding NF-xB complexes containing
P52, and enhanced expression of p52 and phosphorylated form of kB
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Figure 3. NIK induces constitutive NF-«xB activity in
rat fibroblasts. (A) BS and h12 cells wers nfected wilh

only.
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retroviruses capable of sxpressing HA-tagged NIK (NIK)
or catalytically inactive NIK (kd-NIK). Pools of BS and h12
cells transduced with the control pMRX-HAiresPuro vec- E L E
tor (EV1) were used as a conlrol. Cyloplasmic axiracts
from EV and 2 independent cell clones (no. 1 and no. 2)
wure subjocted o iImmunoprecipilation using anBibody
against the HA epiiope, Immunoprecipitales wers than
rasolved by B% SDS-PAGE and subjected 1o immunoblol
ting with anti-NIK antibody. 2937 cells ware transisntly
transfectad with the pMRX-HAiresPuro vactor (EV1) or
pMRAX-HA-NIKiresPuro (NIK}. Cyioplasmic extracts

iy

(5

(30 ug) were than used for immunoblotiing as negabive
and positive controls, respectively. (B) Elevated p52 8
production in rat fibroblasts. Whole-cell lysates from BS
and h12 cells sxprossing wid-type NIK or kd-NIK were
subjected 1o SDS-PAGE and immunablotting with anti-
P52 lor detection of p100 and p52 or aniactin antibodies
(C) Elavated NF-«B-DNA binding activity in rat fibro-
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and h12 NIK#2 calls were preincubated for 30 minutes
with preimmune (P}, anti-p50. anti-RelA or anti-RelB
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B5 We have previously demonstrated that the treatment of ATL cells with
EV1 NIK#1 MGI132 grealy enhances TKK activity, whereas protein synthesis
inhibition quickly abolished this activity.'! Figure 4 shows that the IKK
EtOH + + activity in BS cells stably expressing NIK (NIK#1) is modulated by
CHX + + MGI32 and cycloheximide (CHX) in a manner that is very similar 1o
+ . that seen in ATL cells. In addition, weatment of NIK#1 cells with
i MG132 MG132 remarkably elevates the level of exogenous NIK expression.
Daea seany. - Phospho- The constitutive NF-xB activation caused by the presence of exogenous
IP: IKK1 - <l g = 2 ks g

IPAB: IKK1
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1B: NIK 8 « v«

Figure 4. NIK expression parallels |KK activity atter CHX or MG132 treatment.
185 cells ransduced with e control vecior (EV1) or BS cells expressing wild-type NIK
(NIKE1) ware treated for 4 hours with either vehicle (ethanol, EIOH). cycloheximide
(CHX, 50 pug/ml), or MG132 (20 uM) Cyloplasmic exiracts were subjected to
immunopteciptation with (KK 1-specific antibody. and then immunopreciptales were
used for an in vitro kinase assay. IKK1 exp 1 in the pracip was
revealed by immunoblotting with |KK1-specific antibody, NIK and actin levels n the
cyloplasmic axtracls used for immunoprecipilation ware daleminad by immunobiol-
ting with ant-NIK or antactin antibodies, respectively. |B indicales immunobloiing,
IP. immunoprecipitation; GST, glutathione-5-imnsierase lag.

-

NIK was found 1o be abolished by the retroviml expression of a
super-repressor form of IkBa (SR-IkBa), without affecting exogenous
NIK expression (Figure 5A). Interestingly, the forced expression of
SR-TkBax also diminishes the p32 and p 100 expression levels.

We next tested the ability of NIK to induce anchorage-
independent growth of rat fibroblasts, BS and h12 cells trans-
duced with the control vector did not form colonies of signifi-
cant size in soft agar, whereas those transduced with wild-type
NIK expression vector formed a number of large colonies, as
shown in Figure 5B and Table |, Cells expressing catalytically
inactive NTK failed to form colonies in soft agar, The expression
of SR-IkBa completely abolished NIK-induced colony forma-
tion and also the morphologic alterations of BS and h12 cells,
Given that SR-1kBix specifically suppresses NF-kB octivation,
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Figure 5. The overexpression of NIK transforms rat
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ATL cells. We therefore examined whether the RNA interference-
mediated silencing of endogenous N/K gene expression would

lower NF-kB-dependent transcription in these cells. ED-

NIK mediates constitutive NF-«B activation in ATL cells 40515( —) and ATL-43Th(—) cells were infected with lentiviral

The similar modulation of IKK activity by CHX or MGI132 in
both ATL and BS cells expressing NIK (Figure 4) suggests that
NIK plays an important role in constitutive NF-kB activation in

constructs that express short hairpin RNA (shRNA) molecules
that target mRNA for either Renilla luciferase (Cili) or NIK
(NIKi), and then subjected to puromycin selection for 2 days. To
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Table 1. Efficiency of colony for in soft agar

Colony-forming Average size of
Cells* efficlency, % colonies, pmt
B5-EV1 0705 B26=15
BS-NIK#1 232 :=20¢ 2362 - 126¢
BS-NIK#2 169 = 2.43 184.1 = 19.83
B5-kd-NIK# 1 15=-03 631 =14
BS-kd-NIK#2 1301 G28=18
h12-EV1 1.2:103 605 = 0.0
hi2-NIK&1 128=1.7¢ 146.8 = 4.6¢
hi2-NIK&2 17.7= 1.7} 1548 = 563
hi2-kd-NIK#&1 14=1.0 615z 21
h12-kd-NIK#2 15=04 625=47
B5-EV1-EV2 12=-03 Bla=11
B5-NIKR1-EV2 211 = 1.0% 1938 = 3.7¢
B5-NIKs2-EV2 143 = 1.0 1504 £ 8.7%
h12-EV1-EV2 15=07 608 04
ni2-NIK#1-EV2 1232 1.7¢ 119.4 = 56¢
h12-NIK#2-Ev2 14.0 = 1.8¢ 1603 = 7.2¢
B5-EV1-8R-lxBa 1500 61.7 05
BS-NIK#1-SR-IxBa 34=00 G648 =1
B5-NIK#2-5R-IxBa 38=01 633 =04
h12-EV1-5R-lxBu 7z 1.0 613 =04
h12-NIK#1-5R-l«Ba 27z03 623 =01
h12-NIK#2-SR-lxBa d3d4-14 614 =02

kd-NIK indicates catalyfically inactive NIK: SR, super-repressor, EV1, empty
vactor for NIK or kd-NIK; and EV2, smpty vector for SR-1xBa

*Cells were inoculated in 0.33% soft agar and cullured for 3 weeks.,

tColonies larger than B0 wm ware counted as positive. The sizes of more than
100 positive colonies were averaged.

1P« 05vs BS-EV1.

suppress NIK expression maximally, we used independently or
in combination 2 shRNAs (NIKi-1 and -2) that target different
NIK sequences and reduce NIK expression. The infected cells
were then assayed for transcriptional activity by transient
transfection with an NF-kB-dependent reporter gene (Figure
6A). Lentiviral expression of NIKi constructs resulted in
suppression of NF-kB—dependent reporter gene expression in
ATL cells when independently used, and the combined use of the
2 NIKi constructs (NIKi-1 and -2) was found 1o be more
effective. We then examined ATL cells transduced with NIKi-1
and -2 constructs for the expression of endogenous NIK and
specifically phosphorylated forms of pl00, IkBa, and IKKs by
immunoblotting (Figure 6B) and for NF-xB DNA binding
activity by EMSA (Figure 6C). NIK expression in ATL cells was
found to be down-regulated by the shRNA-mediated silencing
(Figure 6B). As expected, p52 and phosphorylated pl100 were
also reduced by NIK depletion, and interestingly, phoshoryla-
tion of IkBa was also suppressed. This is consistent with the
results observed in NIK-transduced rat fibroblasts that express
the phoshorylated form of IkBe (Figure 5A), indicating that
NIK, when aberrantly and siably expressed, induces phosphory-
lation of IkBa, In addition, NIK depletion suppressed phosphor-
ylation of the serine residues in the activation loop of IKKs,
suggesting o key role for NIK in constitutive activation of TKKs
in ATL cells (Figure 6B). Moreaver, depletion of NIK resulted in
suppression of NF-kB DNA binding activity (Figure 6C).
Super-shift assays revealed that DNA-binding of NF-kB compo-
nents, p50, p52, RelA, and RelB was reduced by NIK depletion
(Figure 6D). As shown previously. ¢c-Rel was not detected in
ATL cells.™ We further investigated alterations in the expression
of NF-kB target genes by NIK depletion. Vascular endothelial
growth factor (VEGF), matnix metalloproteinase-9 (MMP-9),
and intracellular adhesion molecule-1 (ICAM-1), the expression

only.
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of which has been reported to be under the control of NF-
kB, are highly expressed in ATL cells and suggested to
contribute to their invasive properties.”™* Quantitative RT-PCR
studies reveal that depletion of NIK results in down-regulation
of the expression of these NF-kB targer genes (Figure 6E).

NIK regulates tumorigenicity of ATL cells in vive

We finally investigated biologic effects of NIK depletion in ATL
cells. NIK depletion did not significantly influence the growth of
cells in culture (Figure 7A). We then examined whether depletion
of NIK affects the tumorigenicity of ATL cells in a mouse model.
NOD/SCID/ye™ " mice were subcutancously inoculated with ED-
40515(—) cells that express Cili or NIKi and are characterized in
Figure 6B.C, and tumor formation was evaluated 2 weeks later. As
expected, ED-40515(—) cells expressing Ctli efficiently formed
large tumors, whereas tumors formed in mice inoculated with
ED-40515( =) cells expressing NIKi were sigmificantly smaller
(Figure TH-D), suggesting that NIK supports efficient tumor cell
growth in vivo,

Persistent activation of NF-kB has previously been reported to play
an essential role in the growth and survival of specilic cancer cell
types, including ATL, H-RS, melanoma, and prostate cancer
cells**# Inappropriatc NF-xB activation can also contribute to
the resistance to the apoptotic responses induced by certain
anticancer drugs.* On the other hand, cancer cell apoptosis can be
induced when persistent NF-xB activity is blocked by inhibitors,
such as SR-IkBe, by drugs targeting IKK or the proteasome, via
peptides targeting p50 or NEMO, and by double-stranded oligonu-
cleotides containing NF-xB binding sites.*”* One problem with
such inhibitors, however, 15 their lack of specificity 1o cancer cells
because they also necessarily block normal NF-kB activation,
Hence. it would be desirable to specifically inhibit NF-kB activa-
tion in cancer cells by identifying molecular targets in each cancer
type. Virally transformed cancer cells express a virus-derived
regulatory protein(s) that targets entical molecules in a vanety of
key signaling pathways. Cytokine auwtocrine loops or genetic
alterations to genes regulating the NF-xB signaling mechanisms
that lead to persistent NF-kB activation have also been identified in
some cancer cells.'® 7324749 However, the mechanisms underlying
persistent NF-xB activation in many types of cancer remain
unknown,

Most primary ATL cells, although infected with HTLV-I, are
characterized by the loss of viral protein expression, including Tax,
probably because of the host immune surveillance during the long
period of latency.™ Nevertheless, NF-xB is strongly and persis-
tently activated in ATL cells through IKK." although the mecha-
nism of IKK activation has remained unknown. The findings in our
present study demonstrate the aberrant expression of NIK at the
pretranslational level in ATL cells derived from 15 of 21 patients.
This overexpression does not seem to correlate with the patients”
age, sex, disease type, or percentage of abnormal lymphocytes
(Table S1). Further studies will be required to clarfy potentially
NIK-independent NF-xB activation in the other 6 cases. The stable
expression of functional NIK in fibroblasts. but not that of its
catalytically inactive mutant, causes cellular transformation and
persistent NF-kB activation with molecular features quite similar
1o those reported previously in ATL cells. These include the rapid
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Figure 6. D of NIK supp NF-xB. iption in ATL celis. (A} ED40515( ) and ATL-43Th({ - ) cells were infected with lentiviral vecioms

expressing Renita lucitorase (CH) or NIK-specific sShANAS (NIKi-1 of NIKi-2). In paraliel, ED40515( ) and ATL-43Tb( - ) ceils ware infected with lentiviral veciors BApIESsSing
Cihi or NIK-1 shANAs, and 24 hours later. these cells ware supar-ink with lenthviral vectors exp g Ctli or NIKG-2 shRNAs. Twanty-lour hours alter infection, cells were
selected with puromycin for 2 days. Puromycin-resistant cells were then transfecied wih 2 wg of lg«Cona-Luc and 2 ug EF1-LacZ. Luciferase (LUC) activity was determined
48 hours alter transfection and normalized lo f-gal acthvity, Relative lucil n with control cells, 100 are shown. Data are expressed as mean plus or
minus SD of 3 independant axpanments. P vakues are varsus control (Cii). (B) Supar-nfected cells wana trealed with or withou! MG 132 (20 wM) lor 3 hours and subjected 1o
SDS-PAGE and immunobioting with anti-NIK (#4094), antiphosphorylated p100, of anti-a-tubulin antibodies. Whole-cell extracts (30 ug) from these cells wers analyzed by
SOS-PAGE and g with ar fuBa ammﬁ.. of anti-a-tubulin Cytop exiracts prep from ED40515( - ) cells infected or not with
lentivirus wers precleared and | ipitation was perf) d. using anti-IKK1 monolconal antibody or its isotype IgG (IgG). After 3 washes with TNT buffer, immune
complexes were treated of not with ﬂ'\r-np Akaline Phiosphatase (Takara Bio) and then subjected to SDS-PAGE and g with KK 172, anti-IKK1, ar
anti-IKK2 antibodias. (C) A total of 5 ug of nuclear extracts prepared from lentivirus-infected cells shown in panel B were analyzed by EMSA, using oligonuciectides encoding
the NF-«B-binding sequence or Oci-1-binding sequence as probes. (D) Nuclear sxiracts (5 ug) from lenthvirus-intecied cells shown in pansl B were preincubated lor
30 minutes with purfied mouse IgG, anti-p50, anti-cRel antibody, praimmuna (F1), anti-p&0, anti-AelA or anh-RelB sera, and than subjected to EMSA with tha NF-xB-specific
probe. (E) Total RNAS from lentivirus-infected cells shown in panel B were examined by quantitative RT-PCR for VEGF. ICAM-1, and MMP-9mRNA levels. Each mRANA level
was normalized 1o 185 ANA. Rslative mANA levels, in companson with control cells, 100 are shown. Data are expressed as mean plus of minus S0 of 3 independent
sxpanmaents. Pvalues are varsus control (CHl = Cili)
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loss of TKK activity alter protein synthesis inhibition and the
superinduction of IKK activity in the presence of MGI32."
Moreover, RNA interference studies have also indicated that the
deregulated NIK expression is the principal cause of constitu-
tive NF-kB activation in ATL cells. In line with a previous report
by Ramakrishnan et al, which showed that the induction of IkBax
degradation by CD70, CD40 ligand. and BLyS/BAFF is depen-
dent on the function of NIK,'™ we find in our present expen-
ments that the stable expression of NIK induces kB phosphor-
ylation and the formation of DNA binding complexes containing
not only pS0 and RelB, but also RelA both in wild-type and in
NEMO-deficient rat fibroblasts. This indicates that NIK can
stimulate the canonical pathway characterized by Ik Ba phosphor-
ylation and RelA activation and that NIK does not require
NEMO for it. Interestingly, the forced expression of SR-1kBuw in
these fibroblasts abolishes the transformed phenotype and
suppresses constitutive NF-kB activity, with the pl({) and p52
expression levels being diminished simultaneously, probably
because plO0 expression is largely dependemt on NF-xB
activity.”' RelB expression 1s also known 1o be controlled by
NF-kB,*? suggesting that the noncanonical pathway of NF-kB

pctivation does not work independently but rather coincides
with NF-kB activation through the canonical pathway under
stable conditions.

H-RS cells were also found to overexpress NIK, including its
transcripts, in this study. Earlier reports have described
2 potential mechanisms of constitutive NF-kB activation in
H-RS cells: persistent signaling from receptors that cause
NF-kB activation, such as CD30, CD40, and RANK as well as a
CD40-like molecule latemt membrane protein | of the Epstein-
Barr virus; and disruption of IkBa-dependent suppression
resulting from the mutation of this gene,**** The H-RS cell lines
used in this study are Epstein-Barr virus-negative, and neither
HDLM-2 nor L540 cells harbor mutations in their /x8 genes.
Indeed, CD30, CD40, and RANK were all found to be expressed
in the H-RS cell lines used in this study, but we envisage that the
aberrant expression of NIK is a distinct mechanism underlying
the persistent NF-xB activation in these cells. Tt is partly
because these TNF family receptor molecules, when sumulated
or overexpressed transiently in cultured cells, elevate the NIK
protein expression levels with a concomitant reduction
TRAF3 but do not increase NIK mRNA, %30
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Whereas the transient stimulation of a B-cell line with BAFF or
anti-CD40 antibody stabilizes the NIK protein at the posttransia-
tional level and does not up-regulate its mRNA expression,™ NIK
was ohserved 1o be constitutively overexpressed in ATL and H-RS
cells at the pretranslational level. These differing mechanisms of
NIK regulation may not be all that surprising, however, in light of
the transient vs persistent nature of the activation of NF-kB. The
barely detectable levels of steady-state NIK protein expression and
its robust accumulation after proteasome inhibition in ATL and
H-RS cells further suggest that the proteasome-dependent degrada-
tion of NIK occurs rapidly in wmor cells as in normal cells,
although we cannot rule out the possibility that TNF family
receptors known 1o be overexpressed in H-RS cells influence the
stability of NIK to some extent. This point is currently very difficult
to address because the protein amount of NIK in the absence of the
proteasome inhibitor is quite limited. At least 3 mechanisms of
pretranslational induction of NIK are plausible: the stabilization of
NIK transcripts. transcriptional activation and/or amplification of
the MK gene. It should be noted that the stability of NIK mRNA in
ATL cells was similar 1o that in control cells, suggesting that NTK
expression is deregulated in ATL cells at the level of mRNA
production. In this regard. we are currently analyzing the regulatory
region of the NIK gene in normal and cancer cells.

We detected NIK in whole-cell lysates only when the cells
themselves were treated with the proteasome inhibitor, MGI32. Tt
is possible that the expression of the NIK protein is tightly
regulated under detectable levels in resting normal cells. However,
in ATL and H-RS cells, enhanced NTK production, although still
not defectable by simple immunoblotting. may be sufficient to
cause its deregulated activity toward TKK. During the manuscript
preparation, 2 reports demonstrated deregulated expression of NTK
because of mutations in TRAF3, CYLD, or NIK itsell in multiple
myeloma cells.'"™'” In case of ATL cells, formation of a fusion
protein after genomic rearrangement seems to be unlikely based on
the apparently normal size of the protein. At present, the mecha-
nism of overproduction of N/K mRNA in ATL cells remains to be
determined, but the fuorescence in situ hybridization results
suggest that aberrant NIK expression in ATL cells is not the result
of genomic abnormalities., such as amplification or translocation,

Successful anticancer drug or gene therapies can be conducted
in a number of ways, including the general administration of
particular reagents that mechanistically work exclusively on cancer
cells. or delivering conventional anticancer reagents specifically to
cancer cells, The former strategy is likely to be more promising in
the case of hematopoietic cancers. In this regard, NIK could be an
attractive molecular target for ATL and Hodgkin lymphoma
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therapy, although the physiologic functions of NIK in human adults
remain unknown, Suppressing high NF-xB activity levels by
targeting NIK may also sensitize these cancer cells to commonly
used anticancer agenis.
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