The interaction between NARF and NLK observed in the
yeast system was next examined in mammalian cells. T7-tagged
NARF (T7-NARF) and FLAG-tagged full-length NLK (FLAG-
NLK-WT) were co-expressed in 293 cells, and cell lysates were
subjected to immunoprecipitation with anti-FLAG antibody.
As shown in Fig. 1B, T7-NARF was co-immunoprecipitated
with FLAG-NLK-WT and FLAG-NLK-AN (Fig. 1B, lanes S and

TABLE1
Identification of human E2-25K by LC-MSMS
Sequence coverage was 30%.
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7), but not with FLAG-NLK-AC (Fig. 1B, lane 6). These results
suggest that NARF specifically associates with the carboxyl-
terminal region of NLK in mammalian cells.

To prove the existence of the endogenous NLK and NARF
complex, extracts isolated from CaCO-2, SW480, and C2C12
cells were subjected to co-immunoprecipitation analysis using
anti-NLK and NARF antibodies. Endogenous NARF was co-
immunoprecipitated in these samples (Fig. 1C and data not
shown). We conclude that NLK and NARF can form a complex
in cells.

NARF Exhibits Auto-ubiquitylating Activity Associated with

Sequence determined Peptide  Charge  Residues E2-25K—Recent data indicate that numerous RING finger pro-

m/z teins can function as E3 ubiquitin-ligases.: To determine

ﬁ:ﬁ,\&?gsl\lfm AICLDILK gf;? g 23:;2 whether NARF may interact with a partner protein(s) in the
IPETYPENPPK 651.8 2 62-72 ubiquitylation system, we attempted to identify protein(s) that
IENLCAMGFDRNAVIVALSSK 7701 3 115-135 physiologically interact with NARF in mammalian cells. FLAG-
tagged NARF (FLAG-NARF) was

expressed in 293 cells, and NARF

A Flag-NARF  + - + and associated proteins were recov-
P 3:3:5:925'( -t ¥ ered from cell extracts by immuno-

WB: anti-HA e |- ED.25K precipitation with anti-FLAG anti-

body. The precipitated proteins

ty;:ata‘;ﬁ HA esmpegp - E2-25K were eluted with a FLAG peptide

and digested with Lys-C endopepti-

Lysate €2 <o | -NARF dase. The cleaved fragments were

WB: anti-Flag directly analyzed and sequenced by

w:sfgmil:g @ & |-NARF nanoflow LC-MS/MS. A data base

: La?ae' T3 search of the peptide sequences

: obtained identified one of the E2

B WB: anti-Ub WB: anti-GST ubiquitin-conjugating enzymes,
E2-25K, as a NARF-interacting pro-

NARF LS A WT cA tein (Table 1). The interagcgt)ion
E2-25K _- + = + = = = + between NARF and E2-25K was
Time -2 — —3 confirmed with transiently expressed
(kDa) PO ¢ HA-tagged E2-25K (HA-E2-25K) and
w ub FLAG-NARF in 293 cells (Fig. 24,

207- I 207- -NARF e 3). To define whether NARF
Lane: 725456 7800 RBWER T8 UDNRBHSETBE DAR mediates ubiquitylation as an E3
ubiquitin-ligase, we performed an in

c WB: anti-Ub WB: anti-GST vitro auto-ubiquitylation assay for
& 0 . o > 20 .0 S NARF using E2-25K as an E2 conju-

& &iﬁ%&%&%& g,l"\ & ,‘*:\"tg’z“b e,g’ o"’%’& vgzio‘i‘\é‘g gating enzyme. We generated a GST
LEIIIIE IS ALAAOEEON fusion with wild-type NARF (GST-
incubation - 4 - 4«4-ted-t-tod- -4 R Sl A Rk Rk e 2 NARE-WT), and incubated this with
(kDa), Ub purified El1 ubiquitin-activating

% enzyme, E2-25K, and ubiquitin.

207- . 207 “NARF  \estern blotting analysis showed

FIGURE 2. NARF exhibits E3 ubiquitin-ligase activity in cooperation with the ubiquitin conjugating
enzyme, E2-25K. A, E2 ubiquitin-conjugating enzyme E2-25K was identified as a NARF-associating protein by
LC-MS/MS analysis. Interaction between NARF and E2-25K was confirmed in 293 cells transiently expressing
FLAG-NARF and HA-E2-25K. Whole cell lysates were subjected to immunoprecipitation (/P) with anti-FLAG
antibody, followed by Western blotting analysis (WB) with anti-HA antibody to detect HA-E2-25K co-immuno-
precipitated with FLAG-NARF (top panel). B, in vitro ubiquitylation assay was performed with bacterially
expressed GST-NARF wild-type (WT7) or RING finger domain mutant (CA). GST-NARF was incubated with puri-

fied rabbit E1, bovine ubiquitin, and human E2-25K at 30 °C for 0, 30, 60, or 90 mi

resolved by SDS-PAGE, and Western blotting analysis with both anti-Ub antibody (left panel) and anti-GST

antibody (right panel} detected the state of GST-NARF-WT poly-ubiquitylation.C,

GST-NARF was performed with a panel of E2-conjugating enzymes including £2-25K, E2-14K, UbcH3, UbcH5a,
UbcH5b, UbcHSc, UbcH6, UbcH7, and UbcH10. The reaction mixtures were incubated for 0 (—) or 120 min (+).
Poly-ubiquitylated GST-NARF was detected by Western blotting analysis with anti-Ub antibody (left panel) and

anti-GST antibody (right panel).
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that NARF was poly-ubiquitylated,
as indicated by the appearance of a
broad ladder detected with either
anti-ubiquitin (Ub) antibody (Fig.
2B, lanes 5-8) or anti-GST antibody
(Fig. 2B, lanes 21-24). GST-
NARF-WT ubiquitylation levels
increased in a time-dependent man-
ner (Fig. 2B, lanes 5-8 and 21-24),
and required the presence of
E2-25K (Fig. 2B, lanes 1-4 and

n. The reaction mixtures were

invitro ubiquitylation assay of
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uitylation of GST-NARF-WT
occurred most robustly in the pres-
ence of E2-25K among the exam-
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ined E2 enzymes, although other E2
enzymes also mediated weak ubig-
uitylation. These data show that the
auto-ubiquitylating  activity of
NAREF is coordinated with E2-25K,
and that the RING finger domain of
NARF is indispensable for this
reaction.

=] NARF Ubiquitylates the Tran-
scription Factor TCF/LEF—To clar-
ify the biological role of NARF, we ini-
tially searched for target proteins that
are ubiquitylated by NARF. Although
NAREF was isolated as an NLK-associ-
ating protein, NARF did not ubiquity-
late NLK in an in vitro ubiquitylation
assay (data not shown). Therefore, we
examined further the possibility that
NARF may ubiquitylate NLK-associ-
ated transcription factors or other
Wnt signaling components. We used
rabbit reticulocytes to prepare **S-la-
beled recombinant proteins for each
candidate substrate of NARF-di-

Ub
| -TCF/LEF

Lane: 1 2 3 4 5 6 7 8 rected ubiquitylation, and incubate
each, together with GST-NARF-WT
¢ or GST-NARE-CA, in an in vitro
WB: ant-TCF4  WB: anti-Ub ubiquitylation assay {(data not shown).
MG132__- _+ .t From this series of assays, we found
Lyvsat MGt32 _ - + (kf;g) e | that NARF-WT could ubiquitylate
sa o . : L

VB antiTCFs | swe W@ FTCFa Ub the transcription factor TCF/LEF, as
129 TCF4 indicated by the appearance of a lad-

Lysate - '
Wo: anti-pactin | we wmw [Bactin a der of bands (Fxg.. 34, ?anes 3and 7).
s2-| 9~ - 1cra TCF/LEF ubiquitylation was not
Lane: 1 2 Lane: 3 4 5 G observed with NARF-CA, which does

FIGURE 3. NARF ubiquitylates the transcription factors TCF/LEF. A, 3°S-labeled recombinant TCF4 or LEF1
was prepared by an in vitro transcription/translation system, and used as a substrate for an in vitro ubiquityla-
tion assay with GST-NARF wild-type (GST-NARF-WT) or RING finger domain mutant (GST-NARF-CA). Poly-ubig-
uitylated *S-labeled TCF4 and LEF1 were detected by autoradiography (lanes 3 and 7). B, T7-TCF4 or T7-LEF1
were co-expressed with HA-ubiquitin (HA-Ub) and FLAG-NARF in 293 cells. T7-TCF4 or LEF1 were immunopre-
cipitated by anti-T7 antibody from whole cell lysates, and the poly-ubiquitylated states of each were detected
by Western blot (WB) analysis with anti-HA antibody (top panels, lanes 3 and 7). Westem blot analysis with
anti-T7 antibody (middle panels) or anti-FLAG antibody (bottom paniels) using whole cell lysates confirmed that
there were equivalent levels of expressed recombinant proteins in each experiment. C, 293 cells were incu-
bated with 10 um of the proteasome inhibitor MG132 for 4 h, and whole cell lysates were analyzed by Western
blot analysis with anti-TCF4 antibody (upper left panel) or anti-B-actin antibody (lower left panel). Endogenous
TCF4 was immunoprecipitated (/P) with anti-TCF4 antibody, and analyzed with both anti-TCF4 antibody and

anti-Ub antibody (two right panels).

17-20). It is noteworthy that no GST-NARF-WT ubiquityla-
tion was observed when the two conserved cysteine residues at
17 and 53 within the RING finger domain were replaced with
alanine (GST-NARF-CA, Fig. 2B, lanes 13-16 and 29-32). To
clarify whether E2-25K is an authentic E2-conjugating enzyme
for NARF in the ubiquitylation process, we assayed GST-
NARF-WT auto-ubiquitylation using a panel of E2-conjugating
enzymes (E2-25K, E2-14K, UbcH3, UbcH5a, UbcH5b, UbcH5¢,
UbcH6, UbcH7, and UbcH10). Fig. 2C showed that auto-ubig-
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not have ubiquitin ligase activity as
shown in Fig. 3B (Fig. 34, lanes 4 and
8). These results indicate that NARF
ubiquitylates TCF/LEF and this activ-
ity requires its RING finger domain
structure.

To ascertain whether TCE/LEF
is actually ubiquitylated in cells,
T7-tagged TCF4 (T7-TCF4) or LEF1
(T7-LEF1) were co-expressed to-
gether with HA-tagged ubiquitin
(HA-Ub) and FLAG-tagged NARF (FLAG-NARF-WT) in 293
cells, and cell lysates were immunoprecipitated with anti-T7 anti-
body. Poly-ubiquitylation of TCF4 or LEF1 was indicated by the
appearance of a ladder in Western blots with anti-HA antibody
(Fig. 3B, lanes 3 and 7). When the critical cysteine residues at 17
and 53 within the RING finger domain of NARF were mutated
(FLAG-NARF-CA), ubiquitylation of T7-TCF/LEF by FLAG-
NAREF was abolished to basal levels (Fig. 3B, lanes 4and 8). We also
examined the association between endogenous TCF4, NLK, and

VOLUME 281-NUMBER 30-JULY 28, 2006



A TCF4

NARF Regulates Ubiquitylation of TCF/LEF

When 293 cells were treated with

HA-Ub - + + + +
Flag-NARF - - 4+ + &4
Flag-NLK - - - WTKN

the proteasome inhibitor MG132,
endogenous TCF4 levels were
markedly increased (Fig. 3C, lane 2)
and an accumulation of poly-ubig-
. uitylated TCF4 was detected with

(kDa)

218+ 218+
IP: anti-T7
WB: anti-HA

135+ 1354

both anti-Ub antibody (Fig. 3C, lane
6) and anti-TCF4 antibody (Fig. 3C,
lane 4). These results indicate that
the ubiquitylation of TCF/LEF can
occur under physiological condi-
tions and also suggests that TCF/
LEF protein stability is regulated via
the ubiquitin-proteasome system.

Ub
— -TCF/LEF

|P:anti-T7
WB: anti-T7 85

NLK Augments the Ubiquityla-
tion Activity of NARF against

TCF/LEF—To examine the possi-

Lysate

WB: anti-Flag 4°7]

32+

bility that NLK regulates NARF
function in the ubiquitylation of
TCE/LEF in vivo, either T7-TCF4 or
T7-LEF1 were co-expressed with

— NARF HA-Ub and FLAG-NARF with or

Lane: 1 2 3 4 5

B TCF4

6 7 8 9 10
LEF1

without FLAG-NLK in 293 cells.
Poly-ubiquitylated T7-TCF4 or
T7-LEF1 was immunoprecipitated

Flag-NLK WT KN
HA-NARF + -4 + -4 4 -+

WT KN
+ -4 4 -

by anti-T7 antibody and detected as
a ladder of bands reacting with
anti-HA antibody (Fig. 44, lanes 3
and 8). When FLAG-tagged wild-
type NLK (FLAG-NLK-WT) was

+ + -+

co-expressed, ubiquitylation of

2 ‘] — NARF T7-TCF4 or T7-LEF1 was signifi-

T7-TCEAEF ~++ -++ -++ B L 'S
IP: anti-T7 i

WB: anti-HA ' || =
{P:anti-

cantly augmented (Fig. 44, lane 3

WB: antiT7 |_*°2 =@ e=in|

| @sse @  swee| — TCFLEF

versus 4 and lane 8 versus 9),

whereas no enhancement of ubiqui-

WB: anti-Flag | e Ml [

e e | — NLK

tylation was observed when the
kinase-inactive mutant FLAG-NLK

Lysate

WB:antiHA [& & &8 & 8] (o & & 8  ®| —narF

(FLAG-NLK-KN) was co-expressed
(Fig. 44, lane 3 versus S and lane 8

Lane: 123 456 789

NAREF in 293 cells, and detected an interaction between endoge-
nous NLK and TCF4, but not between NARF and TCF4 (data not
shown). This result may raise the possibility that TCF4 is rapidly
degraded after ubiquitylation by NARF. These data established
that TCF/LEF is a candidate target for the ubiquitylation activity of
NARE in vivo.

To verify the ubiquitylation of TCF/LEF in vivo, we
attempted to detect ubiquitylation of the endogenous TCF4.

aaw
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FIGURE 4. NLK augments the ubiquitylation activity of NARF against TCF/LEF. A, T7- TCF4/LEF1, FLAG-
NARF, HA-ubiquitin (Ub), and FLAG-NLK wild-type (WT) or kinase-negative mutant (KN) were co-expressed in
293 cells. T7-TCF4 or T7-LEF1 were immunoprecipitated (IP} by an anti-T7 antibody from whole cell lysates and
poly-ubiquitylated T7-TCF4 or T7-LEF 1 were detected by Western blotting analysis (WB) with anti-HA antibody
{top panels). Western blotting analysis with anti-T7 antibody (middle panels) or anti-FLAG antibody (bottom
panels) using whole cell lysates confirmed that there were equivalent levels of expressed recombinant proteins
in each experiment. B, HA-NARF and T7-TCF4 or T7-LEF1 were co-expressed with FLAG-NLK wild type (WT) or
kinase-negative mutant (KN} in 293 cells. T7-TCF4 or T7-LEF 1 were immunoprecipitated with anti-T7 antibody
from whole cell lysates, and the association of HA-NARF with T7-TCF4 or T7-LEF1 was detected by anti-HA
antibody (top paneis). Western blotting analysis with anti-FLAG antibody (second panels from top), anti-HA
antibody (second panels from bottom), or anti-T7 antibody {bottom panels) using whole cell lysates confirmed
that there were equivalent levels of expressed recombinant proteins in each experiment.

versus 10). To assess the coopera-
tion of NLK in the interaction
between NARF and TCF/LEF, HA-
tagged NARF (HA-NARF) and
T7-TCF4 or T7-LEF1 were co-ex-
pressed in 293 cells with or without
FLAG-NLK. When T7-TCF4 or
T7-LEF1 were immunoprecipi-
tated from whole cell lysates with
anti-T7 antibody, a weak associa-
tion of HA-NARF was detected by
anti-HA antibody in the absence of NLK co-expression (Fig.
4B, lanes 3 and 12). When FLAG-NLK wild-type (FLAG-
NLK-WT) was co-expressed with HA-NARF and T7-TCF/
LEF, the association between HA-NARF and T7-TCF4/LEF1
was apparently enhanced (Fig. 4B, lanes 6 and 15). However,
no such enhancement was seen when kinase-inactive mutant
NLK (FLAG-NLK-KN) was co-expressed (Fig. 4B, lanes 9
and 18). These data clearly indicate that NLK facilitates
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FIGURE 5. NLK and NARF coordinate the degradation of TCF/LEF. A, T7-TCF4 or T7-LEF1 was expressed with
NARF and/or NLK in 293 cells. T7-TCF4 or T7-LEF1 were metabolically labeled with [**SJmethionine and cys-
teine, and chased for the indicated time periods. Cells were lysed in RIPA buffer, and [**S]T7-TCF4 or 355117~
LEF1 were immunoprecipitated with anti-T7 antibody. [3*S]T7-TCF4 or [3*S]T7-LEF1 were detected by autora-
diography (left panels) and quantified from the intensity of the visualized bands (right panels). The half-life of
TCF4 was calculated from a linear plot of the rate of [**S]TCF4 decay in cells. 8, the expression of endogenous
NARF was suppressed by siRNA, 293 cells were transfected with siRNAs and treated with 10 um MG132 or
Me,SO for 4 h. Control siRNA is targeted for luciferase. Expression of endogenous TCF4 and NARF were exam-
ined by Western blotting (WB) analysis with anti-TCF4 antibody (top panel) and anti-NARF peptide antibody

WB: anti-p-actin | U  qgp WP WS W s

Lane: 1 2 3 4

5 6

(middle panel), respectively. B-Actin was used as a loading control (bottom panel).

-

NARF-directed ubiquitylation of TCF/LEF by enhancing the
association between NARF and TCE/LEF, and that this
enhancement depends on NLK kinase activity.

NLK and NARF Coordinate the Degradation of TCF/LEF—
The preceding data demonstrated that TCF/LEF protein levels

are regulated

via the ubiquitin-proteasome pathway (Fig. 3C).
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To evaluate the effect of NARF and
NLK on the protein stability of
TCF/LEF, we performed pulse-
chase experiments using TCF/LEF
metabolically labeled with [3*S]me-
thionine/cysteine in 293 cells. Dur-
ing the chase period, the level of °S-
labeled TCF4 and LEF1 declined
gradually and their half-lives were
estimated to be 12.5 and 12.9 h,
respectively (Fig. 54, control pan-
els). Interestingly, co-expression of
NARF shortened the half-lives of
TCF4and LEF1to 7.8 and 7.2 h (Fig.
5A, NARF panels), and co-expres-
sion of NLK shortened them to 8.6
and 5.7 h, respectively (Fig. 54, NLK
panels). Furthermore, it is intrigu-
ing that co-expression of both
NARF and NLK dramatically
reduced the protein stability of
TCF4 and LEF1 to half-lives of 4.5
and 4.4 h, respectively. The doublet
bands observed for TCF/LEF pro-
teins when NLK was expressed
might be due to NLK-induced phos-
phorylation, as described previously
(4). These results are consistent
with the data from ubiquityla-
tion analysis, suggesting that NARF
and NLK contribute to the regula-
tion of TCF/LEF protein levels via
the ubiquitin-mediated degradation
pathway.

The physiological involvement of
NARF in modulating TCF/LEF pro-
tein stability via ubiquitylation and
the proteasome degradation was con-
firmed using siRNA. Introduction of
siRNA targeting the human NARF
mRNA into 293 cells effectively
diminished the amount of endoge-
nous NARF detected by anti-NARF
antibody, and caused a significant
accumulation of endogenous TCF4in
293 cells (Fig. 5B, lanes I and 2 versus
3; and lanes 4 and 5 versus 6). Protea-
some inhibitor treatment further
enhanced the stability of endogenous
TCF4 (Fig. 5B, lane 1 versus 4; lane 2
versus 5; and lane 3 versus 6), indicat-
ing that NARF physiologically regu-

lates the fate of TCF4 via proteasome-mediated pathways in 293
cells. Interestingly, the levels of NARF protein also increased when
cells were treated with MG132. As we had found that NARF itself
was ubiquitylated in an-in vitro ubiquitylation assay (see Fig. 2, B
and C), we speculate that NARF might also be degraded through

the proteasome system.
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FIGURE 6. NARF negatively regulates the Wnt signaling pathway. A, 293 cells were transiently transfected
with the expression vectors for Wnt-1, a luciferase reporter linked to the Wnt-responsive TCF-binding sites
(3x(TCF)/Luc) or the mutated sites (3x{mTCF)/Luc), and either NARF wild-type (NARF-WT) or RING finger domain
mutant (NARF-CA). Cells were harvested after 24 h post-transfection and assayed for luciferase activity. The
transfection efficiency was normalized with the activity of co-transfected Renilla luciferase vector controlled by
the EF-1a promoter. Values are expressed as the ~fold increase in luciferase activity relative to the level of
activity with reporter plasmid alone. B, synthetic mRNAs encoding B-catenin (100 pg) or Siamois (0.5 pg) were
microinjected with NARF-WT mRNA (500 and 700 pg) or RING finger domain mutant mRNA (500 and 750 pg)
into the ventral equatorial region of the 4-cell stage Xenopus embryos to induce secondary axis formation as
indicated. The representative embryos are shown {Jeft panels). The ectopic axis formations were counted at the
tadpole stage and expressed as the ratio of axis-formed embryos to total examined numbers (n = 30, axis
duplication %, right panel). C, RT-PCR analysis in animal caps. Synthetic mRNA encoding S-catenin (100 pg) was
microinjected with NARF-WT mRNA (50 and 300 pg) or RING finger domain mutant mRNA (50 and 300 pg) into
the animal pole of two blastomeres at the 2-cell stage Xenopus embryos. Animal cap explants were removed at
the blastula stage. Total RNAs were prepared and analyzed by RT-PCR for the expression of Wnt target genes,
Xnr3 and Siamofs. Histone was used as a loading control. Emb indicates whole embryo control with (+RT) or
without (—RT) at the RT step.
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o

NARF Negatively Regulates the
Whnt Signaling Pathway—To inves-
tigate the effect of NARF on Wnt-
induced, TCF/LEF-dependent tran-
scriptional activity, a luciferase
reporter plasmid containing Wnt-
responsive TCF-binding sites,
3x(TCF)/Luc (38), was transfected
into 293 cells, and the transcrip-
tional activity of TCF/LEF was
measured as shown in Fig. 6A.
When an expression vector encod-
ing wild-type NARF (NARF-WT)
was co-transfected together with
the reporter plasmid, Wnt-in-
duced TCF/LEF-dependent tran-
scriptional activity was suppressed
in adose-dependent manner down
to 75% of the control. In contrast,
expression of RING finger domain
mutant NARF (NARF-CA) exhib-
ited little effect on the TCF/LEF
transcriptional activity. To further
address the possibility that NARF
suppresses the Wnt-B-catenin-
mediated  signaling pathway,
NARF mRNA was co-injected into
X. laevis embryos. Expression of
the injected mRNAs in embryos
was confirmed by Western blot-
ting (data not shown). Normally,
the secondary axis in X. laevis
embryos is induced by ectopic
expression of B-catenin. However,
injection of wild-type NARF
(NARF-WT) mRNA into the
embryos significantly inhibited
secondary axis formation and the
target gene expression (Xnr3 and
Siamois) induced by B-cateninina
dose-dependent manner. In con-
trast, injection of the RING finger
domain mutant NARF (NARF-CA)
mRNA had no inhibitory effect on
axis formation and gene expres-
sion (Fig. 6, B and C). Further-
more, injection of NARF or NLK
mRNA into the 4-cell stage
embryos did not produce any dis-
cernible phenotypic change in the
embryos (data not shown). More-
over, injection of NARF-WT
mRNA did not inhibit axis forma-
tion induced by Siamois (Fig. 6B).
These resuits indicate that NARF
specifically inhibits secondary axis
formation and gene expression
induced by B-catenin, and does
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FIGURE 7. Knockdown of the endogenous NARF enhances Wnt-3a-
dependent DKK-1 and Axin2 gene expression. A, HelaS3, transiently trans-
fected with control (siControl) or specific human NARF siRNA (siNARF), were
treated with Wnt-3A conditioned medium for the indicated periods, and total
cell lysates were subjected to SDS-PAGE and Western blotting (WB) analysis
with anti-NARF antibody (upper panel). The loading control was carried out
with an anti-B-actin antibody (fower panel). B and C, the effect of siNARF on
Whnt-3A-induced DKK-1 and Axin2 mRNA expression. siRNA-treated HelaS3
cells were incubated with Wnt-3A CM for the indicated time periods. Semi-
quantitative multiplex RT-PCR was performed for 30 cycle ampilifications with
DKK-1 primers or 35 cycle amplifications with Axin2 primers, and Quantum
RNA 18 Sinternal standards Il. Representative SYBR Green I-stained PCR prod-
ucts are shown (feft panel). DKK-1 and Axin2 expression were normalized to
expression of the 18 S ribosomal RNA and presented as the ratio of fluores-
cence intensity of the DKK-1 or Axin2 versus 18 § bands (right panel). Data are
shown as the mean = S.D. of the three separate experiments.

not act at some downstream signaling step, suggesting that
NARF can negatively regulate Wnt-B-catenin signaling
in vivo.

Knockdown of the Endogenous NARF Enhances Wnt-3a-de-
pendent Genes Expression—To evaluate the physiological rele-
vance of NARE to the canonical Wnt/f-catenin signaling path-
way, we used siRNA to suppress expression of the endogenous
NARF protein in HeLaS3 cells. We examined the effect of
NARF siRNA on the expression of Dickkopf-1 (DKK-1) and
Axin2, target genes of Wnt/B-catenin signaling (39, 40). As
shown in Fig. 7, Band C, Wnt-3a treatment induced the expres-
sion of the DKK-1 and Axin2 genes. When endogenous NARF
expression was suppressed with NARF siRNA (siNARF) (Fig.
74), Wnt-dependent expression of DKK-1 and Axin2 mRNAs
were further enhanced as compared with the control (siCon-
trol) at all time points examined (Fig. 7, B and C). The data
presented here are consistent with our notion that NARF is
physiologically required for suppression of the Wnt/B-catenin-
mediated signaling pathway.
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DISCUSSION

In the present study, we identified NARF as a NLK-binding
protein and characterized its functions. Our results suggest that
NAREF is a RING finger-type E3 ubiquitin-ligase and is involved
in the ubiquitylation of TCF/LEF. Furthermore, we demon-
strate that NARF and E2-25K are indispensable for ubiquityla-
tion and degradation of TCF/LEF. These activities require
NLK-induced phosphorylation of TCF/LEF, as in vitro kinase
assays demonstrated that NLK could phosphorylate TCF/LEF
but not NARF (data not shown). These findings provide the first
evidence that NARF functions in the specific ubiquitylation and
degradation of TCF/LEF in vivo, and demonstrate the signifi-
cance of NARF in Wnt signaling. Based on these data, we pro-
pose a model for the function of NARF in the ubiquitylationand
degradation of TCF/LEF (Fig. 8). In cells at a steady state, NARF
complexes with NLK. Activation of NLK induced by unknown
ligands leads to the phosphorylation of TCF/LEF. NARF then
acts on TCF/LEF as an E3 ubiquitin-ligase and, together with E1
and E2 ubiquitylation enzymes, catalyze the ubiquitylation of
TCF/LEF. Finally, ubiquitylated TCF/LEF is degraded by the 26
S proteasome. Thus, we suggest that NARF is a key component
that regulates the degradation of TCF/LEF and acts as a nega-
tive regulator of Wnt signaling.

We analyzed NARF-binding proteins using an LC-MS/MS
system and identified E2-25K, an E2 ubiquitin-conjugating
enzyme for ubiquitylation. This suggests that NARF is an E3
ubiquitin-ligase. We have previously shown that NLK, and
TCF/LEF phosphorylation, negatively regulate Wnt signaling.
These facts raise the possibility that TCF/LEF or other mole-
cules involved in Wnt signaling may be targets of NARF E3
ubiquitin-ligase activity. We observed that TCF/LEF was ubiq-
uitylated by NARF in vitro and in vivo. We also demonstrated
that suppression of NARF expression by siRNA results in
increased levels of expression of the Wnt-induced genes,
DKXK-1 and Axin2 (Fig. 7). This indicates that NARF plays a
critical role in the endogenous regulation of Wnt signaling. Sev-
eral reports have indicated that the sumoylation and acetylation
of TCE/LEF regulates its subcellular localization and transcrip-
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tional activity (41-43). Our results provide new evidence that
ubiquitylation of TCF/LEF also plays a role in the regulation of
cellular signaling. Although the biological significance of ubig-
uitylation of TCF/LEF is unclear at present, it is certain that
NAREF is involved in the degradation of TCF/LEF through the
action of a yet to be identified ligand(s) that negatively regulates
the Wnt signaling pathway. Further studies will be needed to
identify the precise ligand that induces the activity of the NARF
E3 ubiquitin-ligase involved in TCF/LEF ubiquitylation.

Our studies demonstrate that among the members of the
Ubc family of E2 ubiquitin-conjugating enzymes, E2-25K can
specifically support the ubiquitylation of TCEF/LEF. Previous
biochemical analyses have demonstrated that E2-25K is a
unique E2 protein in the ubiquitin/proteasome system that is
involved in the synthesis of poly-ubiquitin chains in vitro from
mono- or poly-ubiquitin, E1, and ATP (44— 46). Previous stud-
ies also indicated biological roles for E2-25K in neurodegenera-
tive diseases, as a regulator of huntingtin in Huntingtin disease
(47) and amyloid-B peptide neurotoxicity in Alzheimer disease
(48). TCF/LEEF is the first protein to be directly and specifically
shown to be a substrate for E2-25K-dependent ubiquitylation
by NAREF, although it has not been definitively proven whether
NAREF, an E3 ubiquitin-ligase, is involved in any neurodegen-
erative disease at present.

The function of TCF/LEF in embryonic development has
been intensively studied. We have shown previously that NLK
plays an essential role in axis formation, mesoderm induction,
and neural development in Xenopus embryos (4, 6, 11). More-
over, Xenopus NARF mRNA was expressed maternally and
throughout early development (data not shown). Expression of
NARF was observed to inhibit the secondary axis formation
induced by ectopic expression of PB-catenin in Xenopus
embryos. These observations led us to hypothesize that NARF,
a post-translational regulator of TCF/LEF stability, may also
participate in the control of embryonic development. Further
elucidation of the function of NARF may lead to the identifica-
tion of novel mechanisms by which ubiquitylation induced by
unknown ligands negatively regulates Wnt signaling. However,
it remains to be shown how the specific ubiquitylation of TCF/
LEF contributes to the diverse early developmental processes
regulated by NARF in Xenopus embryos. Additional experi-
ments will be required to assess the role of NARF in Xenopus
development.
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Hepatitis C virus (HCV) core protein has been suggested to play crucial roles in the
pathogeneses of liver steatosis and hepatocellular carcinomas due to HCV infection.
Intracellular HCV core protein is localized mainly in lipid droplets, in which the core
protein should exert its significant biological/pathological functions. In this study, we
performed comparative proteomic analysis of lipid droplet proteins in core-expressing
and non-expressing hepatoma cell lines. We identified 38 proteins in the lipid droplet
fraction of core-expressing (Hep39) cells and 30 proteins in that of non-expressing
(Hepswx) cells by 1-D-SDS-PAGE/MALDI-TOF mass spectrometry (MS) or direct nano-
flow liquid chromatography-MS/MS. Interestingly, the lipid droplet fraction of Hep39
cells had an apparently lower content of adipose differentiation-related protein and a
much higher content of TIP47 than that of Hepswx cells, suggesting the participation of
the core protein in lipid droplet biogenesis in HCV-infected cells. Another distinct
feature is that proteins involved in RNA metabolism, particularly DEAD box protein 1
and DEAD box protein 3, were detected in the lipid droplet fraction of Hep39 cells.
These results suggest that lipid droplets containing HCV core protein may participate
in the RNA metabolism of the host and/or HCV, affecting the pathopoiesis and/or virus
replication/production in HCV-infected cells.

Key words: ADRP, DEAD box protein, hepatitis C virus, lipid droplet, TIP47.

Abbreviations: HCV, hepatitis C virus; HCC, hepatocellular carcinoma; MS, mass spectrometry; DNLC,
direct nanoflow liquid chromatography; HRP, horseradish peroxidase; ADRP, adipose differentiation-related
protein; DDX1, DEAD box protein 1; DDX3, DEAD box protein 3.

Hepatitis C virus (HCV) is a major causative agent of
chronic hepatitis (1, 2). Persistent HCV infection, which
ocecurs in more than 70% of infected patients, is strongly
associated with the development of liver steatosis, which
involves the accumulation of intracellular lipid droplets,
cirrhosis, and hepatocellular carcinomas (HCC) (3, 4).
Since more than 170 million people in the world are cur-
rently infected with HCV (), and there is no cure that is
completely effective, understanding the mechanism by
which HCV induces serious liver diseases is one of the
most important global public health issues. HCV, a mem-
ber of the Flaviviridae family, possesses a single-stranded,
positive-sense RNA genome of ~9.6 kb (5). The HCV
genome has a single open reading frame that codes for a
large precursor polyprotein of ~3,000 amino acids that is
processed into at least 10 individual proteins by host and
viral proteases (6).

HCV core protein, the product of the N-terminal portion
of the polyprotein, generated upon cleavage at the endo-
plasmic reticulum by signal peptidase and signal peptide
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peptidase (7, 8), forms the nucleocapsid of an HCV
virion (9). Interestingly, in addition to its function as a
structural protein, the core protein exhibits activities lead-
ing host cells to lipogenic and malignant transformation in
vitro (10—12). Moreover, transgenic mice expressing HCV
core protein developed liver steatosis and HCC (13, 14),
suggesting an important role of the core protein in these
diseases. Many studies have shown that HCV core protein
substantially affects various cellular regulatory processes,
such as gene transcription (15-17) and signal transduction
pathways (12, 18-23), and interacts with a variety of host
proteins (12, 18, 19, 22, 24-34), but it is not clear what
activities/molecules are practically relevant to the patho-
geneses of HCV (core)-derived liver steatosis and HCC.
Extensive screenings for genes/proteins exhibiting dif-
ferences in cellular expression by ¢DNA microarray
(35—40) or proteome analysis (41, 42) have also been
tried for HCV-related HCC. Although various genes/
proteins were identified, further studies are required to
identify the molecules eventually involved in the patho-
genesis of HCV-related HCC.

In host cells, HCV core protein is distributed mainly in
lipid droplets and the endoplasmic reticulum (7, 10, 43—46),
in which the core protein is predicted to exert its significant
biological/pathological functions. In this study, we
thus focused on HCV core protein and lipid droplets, and

921 © 2006 The Japanese Biochemical Society.
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performed comparative targeted proteomic analysis of the
lipid droplet proteins in HCV core—expressing and
non-expressing hepatoma cell lines using two strategies:
conventional 1-D-SDS-PAGE/MALDI-TOF mass spectro-
metry (MS) and automated high-throughput direct
nanoflow liquid chromatography (DNLC)-MS/MS. We
found prominent differences in the protein compositions
of lipid droplets between HCV core-expressing and
non-expressing hepatoma cell lines.

MATERIALS AND METHODS

Cell Lines—The human hepatoma HepG2 cell line con-
stitutively expressing HCV core protein (Hep39) was estab-
lished as described previously (47). Another HepG2 cell
line transfected with expression vector pcEF321lswxneo
without the HCV core protein insert (Hepswx) was used
as a mock control (47). Both cell lines were plated on
collagen-coated dishes (Asahi Techno Glass, Tokyo,
Japan) and maintained in the normal culture medium
[DMEM supplemented with 10% fetal bovine serum,
100 units/ml Penicillin G, 100 pg/ml streptomycin sulfate,
and 1 mg/ml G418 (Sigma, St. Louis, MO, USA)] under a
5% CO, atmosphere at 37°C.

Lipid Droplet Preparation—Hepswx and Hep39 cells
were seeded at 4 x 10° cells/dish (150 mm, inner diameter)
in 25 ml of normal culture medium and cultured for one
day. For efficient formation of lipid droplets by cells, cho-
lesterol (final 20 pg/ml) and oleic acid (final 400 pM)/fatty
acid—free BSA (final 60 pM) complex, prepared as stock
solutions of 5 mg/ml cholesterol in ethanol and 10 mM
oleic acid/1.5 mM BSA in PBS, respectively, were added
to the medium. Each cell line was further incubated for
48-72 h at 37°C. For proteomic analysis of lipid droplet
proteins, confluent monolayers of Hepswx and Hep39
cells in fifteen cell culture dishes (150 mm, inner diameter)
were harvested by scraping and pelleted by centrifugation
(200 x g for 5 min at 4°C). After being washed with PBS
three times, each cell pellet was resuspended in 10 mM
Tris-HC1 buffer, pH 7.5, containing 0.25 M sucrose and
Complete™, EDTA-free (Roche, Mannheim, Germany) to
achieve a final volume equal to five times the volume of the
cell pellet (i.e. a 20% cell suspension). The cell suspension
was homogenized with a ball-bearing homogenizer (48),
and then centrifuged at 800 x g for 5 min at 4°C. One
milliliter of each post-nuclear supernatant fraction was
layered under 2 ml of 10 mM Tris-HCI buffer, pH 7.5,
containing 0.15 M NaCl (TN-buffer). After centrifugation
at 100,000 x g for 60 min at 4°C, the lipid droplet fraction,
i.e. the distinct white band on the top of the preparation,
was collected with a pipetman. The floating lipid droplet
fraction was diluted with 3.5 ml of TN-buffer and then
re-purified by centrifugation (100,000 x g for 30 min at
4°C). This washing step was repeated three times. Lipid
droplets in the floating fractions in both cells were enriched
up to more than 500-fold compared with those in the total
cell lysates as estimated by their protein contents. The
amounts of lipid droplets isolated from Hepswx and
Hep39 cells were nearly the same. The purified lipid dro-
plet fractions (~0.1 mg of protein per ml) were stored at
—80°C until use. The purity of the lipid droplet fractions
was verified by microscopic and immunoblot (Fig. 1) ana-
lyses. Adipose differentiation-related protein (ADRP), a
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Fig. 1. Immunoblot analysis of lipid droplet fractions in
Hepswx and Hep39 cells using antibodies against various
organelle markers. Total cell lysates and lipid droplet fractions
(1.5 pg of protein per lane in the case of anti-ADRP; 5 ug of protein
per lane in others) from Hepswx and Hep39 cells were analyzed by
immunoblotting with the indicated antibodies.

known lipid droplet protein, was significantly enriched
in the lipid droplet fractions of Hepswx and Hep39 cells
(Fig. 1). Other organelle marker proteins, such as nucleo-
porin p62 for the nucleus, prohibitin for the mitochondria,
fatty acid synthase for the cytoplasm, GM130 for the Golgi
apparatus, EEAL1 for the early endosome, or annexin II for
the plasma membrane, were not detected in the lipid dro-
plet fractions of either cells (Fig. 1). Small amounts of cal-
nexin, a marker of the endoplasmic reticulum, which is a
major organelle, were detected in the lipid droplet fractions
of both cells to a similar extent. Although we did not detect
calnexin in the lipid droplet fractions by proteomic analysis
(see Tables 1 and 2), the lipid droplet fractions of both cells
could be contaminated with a small amount of endoplasmic
reticulum,

1-D-SDS-PAGE /MALDI-TOF MS Analysis—The lipid
droplet fraction (30 pg protein) of each cell line was frac-
tionated in a 10% SDS—polyacrylamide gel, and the gel was
stained with Coomassie Brilliant Blue. The protein bands
were excised from the gel and subjected to in-gel trypsin
digestion. The tryptic peptide mixtures were analyzed by
MALDI-TOF MS as described previously (49). Prior to
MALDI-TOF MS analysis, the peptide mixtures were
desalted using C18 Zip Tips (Millipore, Billerica, MA,
USA) according to the manufacturer’s instructions. The
peptide data were collected in the reflection mode and
with positive polarity, using a saturated solution of
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Table 1. Lipid droplet proteins identified in Hepswx and Hep39 cells by means of 1-D-SDS-PAGE/MALDI-TOF MS,

SDS band No.?

Protein Molecular mass (kDa) (calc.) Accession No. Hepswx Hep39
PAT family proteins
Adipose differentiation—related protein (ADRP) 48.1 34577059 5 21
Cargo selection protein/TIP47 47.0 20127486 22
Lipid metabolism )
Acyl CoA synthetase long chain family member 3 80.4 42794752 4 18
Cytochrome b reductase 34.3 4503327 9 26
Lanosterol synthase 83.3 4808278 4 18
NAD(P)-dependent steroid dehydrogenase-like; H105e3 41.9 8393516 8 25
Retinal short-chain dehydrogenase/reductase retSDR2 33.0 7705905 10 27
Cytosolic phospholipase A, 85.2 1352707 14
Rab GTPases '
RablA 22.7 4758988 13 30
RablB 22.2 23396834 13 30
Rab5C 23.5 38258923 11 28
Rab7 23.5 34147513 12 29
RNA metabolism/binding
DEAD box protein 1 (DDX1) 82.9 6919862 16
DEAD box protein 3 (DDX3) 73.2 3023628 18
HC56/gemin 4 118.8 10945430 15
Other/funknown proteins
BiP protein 70.9 14916999 3 17
CGI-49 protein 46.9 7705767 6 23
Heat shock protein gp96 precursor 90.2 15010550 2 14
Ancient ubiquitous protein 1 414 31712024 7
Major vault protein 99.3 15990478 1
Apoptosis-inducing factor-homologous 40.5 13543964 24
mitochondrion-associated inducer of death
KIAAQ887 protein 52.4 4240263 21
Protein disulfide-isomerase [EC 5.3.4.1] ER60 precursor 56.7 1085373 20
Transport-secretion protein 2.1 57.7 9663151 19
HCV core protein 20.6 974345 31

“Band numbers correspond to those in Fig. 2.

a-cyano-4-hydroxycinnamic acid (Sigma) in 50% acetoni-
trile and 0.1% trifluoroacetic acid as the matrix. Spectra
were obtained using a Voyager DE-STR MALDI-TOF mass
spectrometer (PE Biosystems, Foster City, CA, USA).
Internal calibration was performed with adrenocorticotro-
pic hormone, fragment 18-39 (Sigma), and bradykinin
fragment (Sigma). The data basefitting program MS-Fit
available at the WWW site of the University of California,
San Francisco (prospector.ucsf.eduw/ucsfhtml3.4/msfit.htm)
was used to interpret the MS spectra of protein digests (50).
DNLC-MS/MS Analysis—The lipid droplet fraction
(10 pg protein) of each cell line was first delipidated by
chloroform—methanol extraction as originally described
(61). Two volumes of chloroform and 1 volume of methanol
were mixed with 0.8 volume of the lipid droplet fraction.
Then, 1 volume of chloroform and 1 volume of water were
added to the mixture, and the mixture was vortexed for
30 s, and centrifuged at 10,000 x g for 5 min at room
temperature. The resulting organic (lower) phase was
removed. The aqueous (upper) phase and interface, con-
taining all the lipid droplet proteins, was lyophilized.
The delipidated lipid droplet proteins were digested with
endoproteinase Lys-C, and the resulting peptides were
analyzed by DNLC-MS/MS as described (52, 53).
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Cell Fractionation—All manipulations were performed
at 4°C or on ice. After being washed with PBS, confluent
monolayers of Hepswx and Hep39 cells were harvested by
scraping and pelleted by centrifugation (200 x g, 5 min).
The precipitated cells were homogenized with a ball-
bearing homogenizer in 10 mM Tris-HC! buffer, pH 7.5,
containing 0.25 M sucrose, and Complete™, EDTA-free.
After centrifugation of the lysate at 800 x g for 5 min,
the cytosolic fraction (100,000 x g supernatant) and mem-
brane fraction (100,000 x g precipitate) were separated
from the post-nuclear supernatant fraction by centrifuga-
tion at 100,000 x g for 60 min. The membrane fraction was
resuspended in TN-buffer and then re-purified twice by
centrifugation. The protein concentrations of these pre-
parations were determined with BCA protein assay
reagents (Pierce Biotechnology, Rockford, IL, USA) using
BSA as a standard.

Immunoblot Analysis—Equivalent amounts of proteins
from Hepswx and Hep39 cells were separated in a 10 or
12.5% SDS-polyacrylamide gel and then electrophoreti-
cally transferred to a polyvinylidene diftuoride membrane.
The membranes were blocked overnight at 4°C or 30 min at
room temperature in TBS containing 0.1% Tween 20
and 5% skim milk. The blots were probed with a mouse
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Table 2. Lipid droplet proteins identified in Hepswx and Hep39 cells by means of DNLC-MS/MS.
Protein Accle\alssion Molecular mass Matched peptide sequence
o. (kDa) (cale.) Hepswx® Hep39®
PAT family proteins
Adipose differentiation—related 34577059 48.1 + TITSVAMTSALPIIQK  + TITSVAMTSALPIIQK
protein (ADRP) DAVTTTVTGAK DAVTITTIVIGAK
EVSDSLLTSSK EVSDSLLTSSK
Cargo selection protein / TIP47 20127486 47.0 + VSGAQEMVSSAK + VSGAQEMVSSAK
Lipid metabolism .
Acyl-CoA synthetase long-chain 42794752 80.4 + VLSEAAISASLEK + ELTELARK
family member 3
Cytochrome b; reductase 4503327 34.2 + DILLRPELEELRNK + SNPIIRTVK
Gastric-associated differentially- 6970062 14.9 + AIGLVVPSLTGK + AIGLVVPSLTGK
expressed protein YA61P
Retinal short-chain dehydrogenase/ 7705905 33.0 + HGLEETAAK + FDAVIGYK
reductase retSDR2
Sterol carrier protein 2-related 86717 58.8 + LQNLQLQPGNAK + LQNLQLQPGNAK
form, 58.85K
Acyl-CoA synthetase long-chain 4758332 74.4 + SDQSYVISFVVPNQK
family member 4
Fatty acid binding protein 5 4557581 15.2 + ELGVGIALRK
Hydroxzysteroid (17-beta) 4504505 79.7 + NHPMTPEAVK
dehydrogenase 4
Rab GTPases
RablA 4758988 22.6 +* QWLQEIDRYASENVNK + RMGPGATAGGAEK
RMGPGATAGGAEK
RablB 23396834 22.1 + QWLQEIDRYASENVNK + RMGPGAASGGERPNLK
Rab7 34147513 235 + NNIPYFETSAK + ATIGADFLTK
Rab18 20809384 22.9 + HSMLFIEASAK + ILIIGESGVGK
Rab10 12654157 225 + LLLIGDSGVGK
Rabl1 4758986 24.5 + VVLIGDSGVGK
Rab8 539607 23.6 + IRTIELDGK
RNA metabolism/binding
DEAD box protein 1 (DDX1) 6919862 82.4 + FGFGFGGTGK
DEAD box protein 3 (DDX3) 3023628 73.2 + GVRHTMMFSATFPK
IGF-II mRNA-binding protein 3 30795212 63.7 + EGATIRNITK
Ribosomal protein L29 14286258 17.8 + AQAAAPASVPAQAPK
Other/unknown proteins
Apoptosis-inducing factor homologous 13543964 40.5 + EVTLIHSQVALADK + EVTLIHSQVALADK
mitochondrion-associated inducer of
death
BiP protein 14916999 72.3 + SQIFSTASDNQPTVTIK + VYEGERPLTK
Hypothetical protein 7512845 28.2 + LQHIQAPLSWELVRPH- + RELFSNLQEFAGPSGK
DKFZp586A0522.1 IYGYAVK
Prolyl 4-hydroxylase, beta subunit 20070125 57.1 + VHSFPTLK + AEGSEIRLAK
Ancient ubiquitous protein 1 31712024 414 + GTQSLPTASASK
Heat shock protein gp96 precursor 15010550 90.2 + FAFQAEVNRMMK
Hypothetical protein FLJ21820 11345458 37.3 + DIYGLNGQIEHK
Molecule possessing ankyrin repeats 38173790 78.1 + CLIQMGAAVEAK
induced by lipopolysaccharide
Ubiquitin-conjugating enzyme 15079469 18.6 + RLMAEYK
E2G 2, isoform 1
CGI-49 protein 7705767 46.9 + AGGVFTPGAAFSK
DILV594 37182139 314 + RELFSQIK
Hypothetical protein 7512734 33.1 + ILRTSSGSIREK
DKFZp564F0522.1—human (fragment) N
Hypothetical protein HSPC117 7657015 55.2 + EQLAQAMFDHIPVGVGSK
Tumor protein D52-like 2 isoform e 40805860 22.2 + TQETLSQAGQK
Vesicle amine transport protein 1 15679945 41.9 + VVTYGMANLLTGPK

2, detected. "This peptide sequence is present in both RablA and Rab1B.

J. Biochem.
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monoclonal anti-ADRP antibody (PROGEN Biotechnik
GmbH, Heidelberg, Germany) (1:25), a guinea pig polyclo-
nal anti-TTP47 antibody (PROGEN Biotechnik GmbH)
(1:250), a mouse monoclonal anti-HCV core protein anti-
body (Anogen, Ontario, Canada) (1: 1,000), a mouse mono-
clonal anti-DDX1 antibody (Pharmingen, San Diego, CA,
USA) (1:500), or a rabbit polyclonal anti-DDX3 antibody
(antibody custom-made by Invitrogen, CA, USA) (1:500) for
90 min at room temperature. The blots were then incu-
bated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (BIO-RAD), HRP-conjugated goat
anti-mouse IgG (BIO-RAD), or HRP-conjugated goat anti-
guinea pig IgG (ICN Pharmaceuticals, Aurora, OH, USA)
at 1:2,000 dilution for 60 min. Detection of immunoreactive
proteins was performed with an ECL system (Amersham
Biosciences Corp., Piscataway, NJ, USA).

RESULTS

Proteomic Analysis of Lipid Droplets by 1-D-SDS-
PAGE/MALDI-TOF MS—Lipid droplet proteins from con-
trol (HCV core non-expressing) Hepswx cells and HCV
core—expressing Hep39 cells were separated by 10%
SDS-PAGE, and the protein bands were visualized by
Coomassie Brilliant Blue staining (Fig. 2). In each cell
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Fig. 2. Signature SDS-PAGE patterns of the lipid droplet
fractions of Hepswx and Hep39 cells. Proteins in the purified
lipid droplet fractions (30 pg of protein per lane) of Hepswx cells
and Hep39 cells were separated in a 10% SDS-polyacrylamide gel,
and visualized by Coomassie Brilliant Blue staining. The 31 num-
bered bands were excised from the gel, subjected to in-gel trypsin
digestion, and processed for MALDI-TOF-MS. Molecular weights
(MW) are given to the left of the gel.
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line ~30 bands were seen. The visible bands (areas)
were excised from the gels, trypsinized, and analyzed by
MALDI-TOF MS. Among the 31 bands, we identified 25
proteins: 15 proteins in Hepswx cells and 23 proteins in
Hep39 cells (Fig. 2 and Table 1). Thirteen of the 25 proteins
were detected in both types of cell. The lipid droplet
proteins found in both Hepswx and Hep39 cells could be
categorized into four groups: (1) PAT family proteins, i.e.
ADRP and TIP47; (2) multiple molecules involved in lipid
metabolism; (3) several Rab GTPases; and (4) other/
unknown proteins (Table 1). In addition, Hep39 cells
contained another group of proteins involved in RNA meta-
bolism/binding (Table 1).

Proteomic Analysis of Lipid Droplets by DNLC-MS/
MS—Some protein bands in Fig. 2 could not be identified,
probably due to the restricted separation capacity of 1-D-
SDS-PAGE (i.e. multiple proteins migrating to the same
area). We had, however, difficulty in applying 2-DE to the
separation of lipid droplet proteins because of their hydro-
phobic characteristics. We then tried a new LC-based MS
strategy. Lipid droplet fractions from Hepswx and Hep39
cells were delipidated and then digested with Lys-C. The
resulting peptide mixtures were directly analyzed using a
DNLC-MS/MS system (52). We identified 36 lipid droplet
proteins: 24 proteins in Hepswx cells and 27 proteins in
Hep39 cells (Table 2). Twenty-three lipid droplet proteins
were newly identified with this system. Fifteen proteins
detected in both cell lines were classified into four cate-
gories (Table 2) as in the case of 1-D-SDS-PAGE/
MALDI-TOF MS analysis. A group of proteins involved
in RNA metabolism/binding was also found only in
Hep39 cells (Table 2).

Proteins Exhibiting Differences in Their Association
with Lipid Droplets Due to HCV Core Protein
Expression—SDS-PAGE patterns of lipid droplet proteins
were similar but revealed several distinct differences in
protein composition between Hepswx and Hep39 cells
(Fig. 2). The most remarkable differences were seen in
the bands corresponding to PAT family proteins. The
amount of ADRP, a major PAT family protein in lipid dro-
plets in the liver (54, 55), and likely to be the most abun-
dant lipid droplet protein in Hepswx cells (Fig. 2, band 5),
seemed to be less in HCV core-expressing Hep39 cells
(Fig. 2, band 21). On the other hand, TIP47, which is
also known to be a PAT family protein in lipid droplets
(66, 57), was detected as a major protein only in Hep39
cells (Fig. 2, band 22, and Table 1). To confirm these find-
ings, the contents of ADRP and TIP47 in the lipid droplet
fractions of Hepswx and Hep39 cells were examined by
immunoblot analysis with specific antibodies. The lipid
droplet fraction of HCV core-expressing Hep39 cells
showed an apparently lower content of ADRP and a
much higher content of TIP47 than the levels in Hepswx
cells (Fig. 3).

Next we examined the cellular distributions of ADRP
and TIP47 in Hepswx and Hep39 cells by cell fractionation.
ADRP was highly concentrated in the lipid droplet frac-
tions of both cells, even though the content in the lipid
droplets was much lower in Hep39 cells than in Hepswx
cells (Fig. 4). ADRP was not detected in post-nuclear super-
natant fractions or in either the cytosol or membrane frac-
tions, probably because of low expression levels in these
cells or low affinity of the anti-ADRP antibody we used
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Fig. 3. The lipid droplet fraction of Hep39 cells contains
less ADRP, but more TIP47, than Hepswx cells, Lipid droplet
fractions (1.5 pg of protein per lane) from Hepswx and Hep39 cells
were analyzed by immunoblotting with the indicated antibodies.
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Fig. 4. Subcellular localization of ADRP and TIP47 in
Hepswx and Hep39 cells. Hepswx and Hep39 cells were fractio-
nated into post-nuclear supernatant (lane L), 100,000 x g precipi-
tate (lane P), 100,000 x g supernatant (lane S), and lipid droplet
(lane D) fractions as described in “MATERIALS AND METHODS.” Ten
micrograms of protein was processed for gel electrophoresis, and
then analyzed by immuonoblotting with anti-ADRP and anti-
TIP47 antibodies.

(Fig. 4). The mRNA expression level of ADRP in Hep39
cells was less than half that in Hepswx cells (data not
shown), consistent with the immunoblot data shown in
Fig. 4. These results suggest that the lower ADRP content
in the lipid droplet fraction of Hep39 cells is due to a low
expression level of ADRP. In contrast, Hep39 cells had
much more TIPA7 in the lipid droplet fraction (Figs. 3
and 4, lanes D), but the cellular TIP47 content of Hep39
cells was not more than that in Hepswx cells (Fig. 4, lanes L).
Besides the lipid droplet fraction, the cytosolic fraction
of Hepswx cells was found to contain TIP47 at a substantial
level, while the cytosolic fraction of Hep39 cells did not
(Fig. 4, lanes 8). These results indicate that the intracel-
lular distribution of TIP47 shifts drastically from the cyto-
sol to lipid droplets in HCV core—expressing Hep39 cells.

Another obvious difference between Hepswx and Hep39
cells in Fig. 2 is the presence of a specific ~85 kDa band
(Fig. 2, band 16) in Hep39 cells, which was identified as
DEAD box protein 1 (DDX1), a DEAD box protein family
member, by 1-D-SDS-PAGE/MALDI-TOF MS analysis
(Table 1). DNLC-MS/MS analysis also supported the exis-
tence of DDX1 in the lipid droplet fraction of Hep39 cells
(Table 2). In addition, DEAD box protein 3 (DDX3), another
DEAD box protein family member, was alse detected in the
lipid droplet fraction of Hep39 cells by means of the two
different strategies used for proteomic analysis (Tables 1
and 2), suggesting that DDX3 is a major lipid droplet pro-
tein in Hep39 cells. To verify the association of DDX 1 and
DDX3 with lipid droplets in Hep39 cells, immunoblot ana-
lysis was carried out. Figure 5 shows that DDX 1 and DDX
3 exist in the lipid droplet fraction of HCV core-expressing
Hep39 cells, but not Hepswx cells. These results imply the
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Fig. 5. Hep39 cells, but not Hepswx cells, have DDX1 and
DDX3 in the lipid droplet fraction. Lipid droplet fractions
(0.5 pg of protein per lane) in Hepswx and Hep39 cells were
analyzed by immunoblotting with anti-DDX1 and anti-DDX3
antibodies.

special pathological functions of DDX1 and DDX3 in lipid
droplets in HCV core—expressing cells.

DISCUSSION

To analyze lipid droplet proteins, we performed proteomic
analysis by means of 1-D-SDS-PAGE/MALDI-TOF MS and
automated DNLC-MS/MS, and identified 25 and 36 pro-
teins, respectively (Tables 1 and 2). Many more lipid dro-
plet proteins were identified by DNLC-MS/MS, and 22
major proteins separated by 1-D-SDS-PAGE (Fig. 2,
bands, 2, 3, 4, 5, 7, 9, 10, 12, 13, 16, 17, 18, 21, 22, 24,
26, 27, 29, and 30) and detected on MALDI-TOF MS ana-
lysis were also detected on DNLC-MS/MS analysis. These
results indicate that DNLC-MS/MS is a very sensitive and
reliable system as well as a high-throughput method. Par-
ticularly, DNLC-MS/MS would be a powerful system for
exhaustive proteomic analysis of protein mixtures/
complexes (up to ~100 proteins) such as lipid droplets.

In our targeted proteomic study, we identified a total of
48 lipid droplet proteins: 30 proteins in control Hepswx
cells, 38 proteins in HCV core—expressing Hep39 cells,
and 20 proteins in both cell lines. The resident lipid droplet
proteins were classified into four groups (Tables 1 and 2),
consistent with the recently reported data obtained on pro-
teomic analysis of lipid droplet proteins in other cell lines
(58-60). In addition, multiple proteins, such as the sterol
carrier protein 2-related form, fatty acid binding protein 5,
and apoptosis-inducing factor homologous
mitochondrion-associated inducer of death, were newly
identified as lipid droplet proteins in this study. These
accumulated data obtained on proteomic analysis will be
useful for understanding the biogenesis and functions of
lipid droplets about which little is yet known.

A prominent effect of the expression of HCV core protein
on the composition of lipid droplet proteins was observed
among the PAT family proteins, i.e. ADRP and TIP47. HCV
core—expressing Hep39 cells contained much less ADRP in
the lipid droplet fraction (Fig. 3), probably because of the
lower cellular expression level and the lack of induction of
expression upon lipid loading (data not shown). In contrast,
a substantial amount of TIP47 was associated with the
lipid droplet fraction of Hep39 cells (Fig. 3). Perilipin, a
structural protein of lipid droplets in adipocytes, ADRP,
and TIP47, termed PAT family proteins (61), share exten-
sive amino acid sequence similarity (61-63), suggesting a
common biological function in lipid droplet formation. For
example, the transition in surface protein composition of
lipid droplets from ADRP to perilipin occurs during adipo-
cyte differentiation (64). Thus, TIP47 might replace ADRP
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on the lipid droplets in Hep39 cells. Cellular TIP47 was not
up-regulated in Hep39 cells, resulting in a reduction of
TIP47 in the cytosolic fraction (Fig. 4). Since TIP47, ori-
ginally identified as having the ability to interact with the
mannose 6-phosphate/IGF-II receptor (63), appears to be
essential for the endocytic recycling system (65-67), the
altered distribution of cellular TIP47 in Hep39 cells
could affect intracellular membrane trafficking pathways.
Consistent with this assumption, our preliminary results
showed that the rate of protein secretion from cells was
apparently slower for Hep39 cells than Hepswx cells
(unpublished data). Patients chronically infected with
HCV (68) and HCV core-transgenic mice (69) exhibit
decreased levels of plasma very low density lipoproteins
secreted from the liver, also suggesting interference with
intracellular membrane trafficking (secretion pathways)
by HCV core proteins. We currently speculate that the
reduction in cellular ADRP expression mediated by HCV
core protein causes the accumulation of TIP47 in lipid
droplets as a substitute, and that the resulting depletion
of TIP47 in the cytosol could cause the impairment of intra-
cellular membrane trafficking, followed by the cellular
accumulation of membrane lipids and consequent lipid dro-
plet formation. Although further studies remain to be done
to confirm these possibilities, we suggest that HCV core
protein influences not only the biogenesis of lipid droplets
but also intracellular membrane trafficking.

Another interesting finding in this study is that Hep39
cells, unlike Hepswx cells, contain DEAD box proteins,
DDX1 and DDX3, as major lipid droplet proteins (Figs. 2
and 5). On the basis of the results of studies involving yeast
two-hybrid assays, DDX3 has been shown to be able to
interact with HCV core protein, and studies involving
immunofluorescent microscopy have revealed that DDX3
is distributed in cytosolic spots such as lipid droplets (27,
70, 71). These results, together with our present findings,
suggest that DDX3 is associated with lipid droplets via
HCV core proteins located on lipid droplets. In addition
to DDX1 and DDX3, which possess ATPase/RNA helicase
activities (27, 72, 73), several other proteins involved in
RNA metabolism/binding, including HC56/gemin 4 and
IGF-II mRNA-binding protein 3, were also detected in
the lipid droplet fraction of HCV core-expressing Hep39
cells (Tables 1 and 2). Recently Dvorak et al. reported
that RNA itself can be associated with lipid droplets in
human mast cells (74). Taken together, these data strongly
suggest that lipid droplets containing HCV core proteins
may participate in the RNA metabolism of the host and/or
HCV in HCV-infected cells. Furthermore, the findings
that DDX1 is overexpressed in cell lines derived from
tumors such as retinoblastomas and neuroblastomas
(75), and that cellular expression of DDX3 induces
anchorage-independent cell growth (76) suggest the invol-
vement of DDX1 and DDX3 in carcinogenesis.

Some groups recently reported profiles of mRNAs up-
or down-regulated by expression of the HCV core protein
(77-79), but these mRNAs included no molecules identified
as lipid droplet proteins in this study. Since lipid droplets
are a minor organelle in cells, it might be difficult to detect
changes in the mRNA expression levels of lipid droplet
proteins. The merits of targeted proteomic study are
that it is possible to focus on minor cellular fractions,
and also to detect changes in the intracellular distributions
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of proteins. Actually, the mRNA expression levels of TIP47,
DDX1, and DDX3 did not change in Hep39 cells (data not
shown).

We identified many other lipid droplet proteins found in
either Hepswx or Hep39 cells, but their biological functions
remain mostly unknown (Tables 1 and 2). Elucidation of
the biological functions of these proteins will lead to an
advanced understanding of the pathogeneses of
HCV-derived liver diseases.
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The identification of cis-elements (motifs) in the regulatory regions of higher eukaryotes
is an important and challenging problem in computational biology. Eukaryotic transcrip-
tional regulatory mechanisms pose several difficuities for promoter analysis: including a
high variance in the motif locations, frequently large divergence from motif consensus
patterns, and a large amount of repetitive elements (confusing to many motif finding
procedures). One promising approach to this difficult problem involves cross-species com-
parison. In this work we analyzed the full-length regulatory regions of genes involved in
the G-protein coupling MAP kinase pathway and compared the results with ribosomal
genes using human, mouse and rat genomic data. We found 19 high likely transcription
factors (TFs) candidates for MAPK and 12 TFs for the ribosomal dataset. In the case
of the MAPK dataset, regulatory regions of genes functionally grouped as receptors and
MAP-core genes were found mostly highly conserved across the three species.

Keywords: MAPK; promoter analysis; cis-element.

469



470 N. Polouliakh et al.

1. Introduction
1.1. History of MAPK pathway study

Mitogen-activated protein kinases (MAPKs) are important signal transduction
enzymes, unique to eukaryotes, connecting cell-surface receptors to critical regu-
latory targets within the cell. MAPKs are involved in cell survival and adapta-
tion. MAPKs activity is regulated through three-tiered cascades composed of a
MAPK, a MAPK kinase (MAPKK) and a MAPKK kinase (MAPKKK); in mam-
mals this cascade is implemented by ERK, MEK and RAF as depicted in Fig. 1.
MEK (MAPKK) is itself activated by phosphorylation catalyzed by the first kinase
RAF (MAPKKXK), which is activated by the small GTP-binding G protein Ras
in mammalian pathways.! In this paper we present a transcriptional analysis of
some genes in this pathway in the context of protein-protein interaction (PPI) data
(Natsume et al., in preparation).

The MAPK pathway used in this study is activated by signaling through PTK
(protein tyrosine kinase) receptor protein, which is a type I transmembrane proteins
with a cytoplasmic domain, that has intrinsic catalytic activity that is activated
upon ligand binding.? Ligand-induced dimerization juxtaposes the two catalytic
domains of receptors allowing mutual transphosphorylation of residues in the acti-
vation loop of the catalytic domain, leading to enzymatic activation, and autophos-
phorylation of several tyrosines, inducing the GTP-binding conformational state of
Ras, which activates the three gbove mentioned kinases: RAF (MAPKKK), MEK
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Fig. 1. A schematic view of the receptor PTK pathway and functional groups with the respective
number of genes. The number of genes in which we obtained three-species orthologous promoter
alignment is pointed to by arrows for each functional group. For example, in the group of “Recep-
tor — MAP core genes” (RM), 3 out of 6 genes alignment was obtained across human, mouse
and rat.
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