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Induction of apoptosis by extracellular ubiquitin in human hematopoietic cells:

possible involvement of STAT3 degradation by proteasome pathway in
interleukin 6-dependent hematopoietic cells

Hanako Daino, Itaru Matsumura, Koji Takada, Junko Odajima, Hirokazu Tanaka, Shuji Ueda, Hirohiko Shibayama, Hirokazu Ikeda,
Masahiko Hibi, Takashi Machii, Toshio Hirano, and Yuzuru Kanakura

The ubiquitin—proteasome pathway is
responsible for selective degradation of
short-lived cellular proteins and is critical
for the regulation of many cellular pro-
cesses. We previously showed that ubig-
uitin (Ub) secreted from hairy cell leuke-
mia cells had inhibitory effects on
clonogenic growth of normal hematopoi-
etic progenitor cells. In this study, we
examined the effects of exogenous Ub on
the growth and survival of a series of
human hematopoietic cells, including my-
eloid cell lines (HL-60 and U937), a B-cell
line (Daudi), and T-cell lines (KT-3, MT-4,
YTC-3, and MOLT-4). Exogenous Ub inhib-
ited the growth of various hematopoietic

cell lines tested, especially of KT-3 and
HL-60 cells. The growth-suppressive ef-
fects of Ub on KT-3 and HL-60 cells were
almost completely abrogated by the pro-
teasome inhibitor PSI or MG132, suggest-
ing the involvement of the proteasome
pathway in this process. Furthermore,
exogenous Ub evoked severe apoptosis
of KT-3 and HL-60 cells through the
activation of caspase-3. In interleukin-6
(IL-6)-dependent KT-3 cells, STAT3 was
found to be conjugated by exogenous
biotinylated Ub and to be degraded in a
proteasome-dependent manner, whereas
expression levels of STAT1, STAT5, or
mitogen-activated protein kinase were

not affected. Moreover, IL-6-induced the

up-regulation of Bcl-2 and c- myc, and

JunB was impaired in Ub-treated KT-3
cells, suggesting that the anti-apoptotic
and mitogenic effects of IL-6 were dis-
rupted by Ub. These results suggest that
extracellular Ub was incorporated into
hematopoietic cells and mediated their
growth suppression and apoptosis
through proteasome-dependent degrada-
tion of selective cellular proteins such as
STAT3. (Blood. 2000;95:2577-2585)

© 2000 by The American Society of Hematology

Introduction

Hematopoiesis is regulated by a wide variety of external stimufiactors, and the overexpression of Bcl-XL effectively protected
including those from hematopoietic growth factors. On binding tth.-3—dependent myeloid cells from factor-deprived apoptbsis.
cell-surface receptors, the growth factors activate multiple signd&durthermore, IL-3—activated Akt was shown to phosphorylate
ing molecules, resulting in the induction of specific target genegrine residues of BAD in a PI-3K—dependent manner, thereby
required for physiologic processes such as cell growth and surviyabtecting the cells from intrinsic death machinéfy.

(reviewed in Ihlé and Darnefl). Recently, several transcription  The expression levels of cell-cycle regulatory molecules and
factors such as STATs (signal transducers and activators sifinal transduction molecules are regulated at transcriptional and
transcription) and AP-1 have been reported to be implicated pssttranscriptional levels, and the ubiquitin (Ub)-proteasome sys-
important mediators of growth signals from membrane to nucleusm plays the most important role in the latter step (reviewed in
where they contribute to cell-cycle progression through transcriptochstrassérand Vershavsky). Ub is a highly conserved 76-
tional regulation of cell-cycle regulatory genes, including cyclin@mino acid polypeptide, and the Ub-proteasome—mediated proteoly-
cyclin-dependent kinases (CDKs), and CDK inhibitors. Hematopasis is executed in a series of enzymatic reactions. First, Ub is
etic growth factors also exert anti-apoptotic effects through tteharged with adenosine triphosphate by Ub-activating enzyme (E1)
activation of Ras/mitogen-activated protein kinase (MAPK) pattand then transferred to the substrate by a Ub-conjugating enzyme
ways, phosphatidylinositol ‘&inase (PI3-K)/Akt pathways, or (E2). An element within the target protein termeddegronis
STATs (reviewed in Miyajima et &l. In addition, Bcl-2 family recognized by E2 either alone or in combination with a ubiquitin
proteins behave as cell-death antagonists (eg, Bcl-2, Bcl-XL, aligase (E3). After recognition of théegron,the Ub-target protein
Mcl-1) or agonists (eg, Bax, Bad, and Bak) (reviewed in Regdl conjugates are formed through an isopeptide bond between the
Tsuimots) and play crucial roles in anti-apoptotic effects ofcarboxyl-terminal glysine of Ub and a lysine residue on the target
hematopoietic growth factors. It was reported that expression level®tein. Repeated rounds of ubiquitylation result in highly ubiqui-
of Bcl-XL proteins were tightly regulated by hematopoietic growthylated target protein, which is recognized and destroyed rapidly by
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the 26S proteasome. At present, a number of molecules are kndw@MI 1640 (Nakarai Tesque, Kyoto, Japan) supplemented with 10% fetal
to be the targets of the Ub-proteasome system as follows: cell-cygpdf serum (FCS) (Flow, North Ryde, Australia). KT-3 was cultured in
regulatory molecules, E2F, cyclin D1, cyclin E, cyclin A, cyclin B‘RPMI 1640 supplemented with 10% FCS in the presence of 1 ng/mL
CDC25B, p2IF1 p27i 1 and p53; signal transduction mol- rhiL-6. A murine pro-B cell line Ba/F3 was cultured in RPMI 1640
ecules, gun, c-myg STAT1, STAT3, SOCS1, NEB, kB, B-catenin, supplemented with 10% FCS in the presence of 1 ng/mL rmIL-3. A human

. . kidney cells line 293T was cultured in Dulbecco’s modified essential
HIF-1, and HSF2 (reviewed in Hochstrassand Vershavsky). medium (Nakarai Tesque) supplemented with 10% FCS. Peripheral blood

Thus, .the Ub-proteasomg syste.m. IS reqUIred. for the normﬁlmple was obtained from a normal volunteer by venipuncture after
regulation of cell growth, differentiation, and survival, and abnonformed consent was given, and mononuclear cells were isolated with

malities in ubiquitin-mediated processes in hematopoietic systemoll-Hypaque (Nycomed Pharma AS, Oslo, Norway) density-gradient
are suggested to cause pathologic conditions, including malignaaitrifugation.
transformation and uncontrolled hematopoiesis.

Hairy cell leukemia (HCL) is a hematologic ma“gnanc))?adioimmunoassays for measurement of Ub concentration
characterized by a unique morphology of leukemic cells bearing concentration in the sera of HCL patients and the conditioned media of
hairy cytoplasmic projections.A major clinical manifestation in the cultured cells was measured by radioimmunoassays, as previously
patients with HCL is marked pancytopenia. We previously hypotheported:®
esized that HCL cells might secrete a factor capable of inhibitin ) .
normal hematopoiesis. Supporting this hypothesis, the conditioné%” proliferation assay
media of hairy cells were found to contain an approximately 8-kth quantitate the proliferation of cultured cells, MTT (3-[4,5-dimethylthiazol-
protein that inhibits clonogenic growth of granulocyte-macrophageyl]-2,5-diphenyl tetrazolium bromide) (Sigma) rapid colorimetric assay
colony-forming units and erythroid colony-forming units in viff. was used as previously report&din brief, triplicate aliquots of cells
Subsequently, we purified the factor from the conditioned media G 10* cells) were resuspended in 100 uL ASF103 medium (Ajinomoto,
an HCL cell line and found it to have the amino-terminal sequen&?""asaki' Japan) and cultured in 96-well flat-bottom microtiter plates for
identical to that of UB3 Furthermore, we demonstrated that théw hours at 37°C in the conditions as indicated. Normal peripheral blood

exogenous addition of purified Ub significantly inhibited colon mononuclear cells were stimulated with 5 pg/mL PHA with or without Ub.
9 P 9 y TT (10 pL a 5-mg/mL solution in phosphate-buffered saline [PBS]) was

formation of normal myeloid and erythroid hematopoietic Progenlyyed for the final 4 hours of culture, and 100 pL acid isopropanol (0.04 N
tor cells* These results suggested that extracellular Ub coujgt in isopropanol) was added to all wells and mixed. The optical density
affect the growth of hematopoietic cells. However, the biologigas then measured on the MicroELISA plate reader (Corona Electric,
significance and molecular mechanism of growth inhibition bybaragi, Japan) with a test wavelength of 595 nm and a reference
extracellular Ub have yet to be determined. In this study, weavelength of 620 nm. This assay was found to give equivalent results
examined the effects of exogenous Ub on various types of humetriained by®H-thymidine incorporation or cell enumeration as described
hematopoietic cells lines, especially on a human interleukinfeviously!’
(IL-6)—depend_ent cgll Ilng KT—_3', because _IL-6 receptor (gp130) ISNA content analysis
known to mediate signaling critical for various aspects of hemato-
poiesis. Treatment with Ub was found to result in growth suppreghe DNA content of cultured cells was analyzed by staining with propidium
sion of various hematopoietic cells through the induction dedide (Pl) as previously describé#Briefly, 1 x 10° cells were washed
apoptosis. The Ub-induced apoptosis was proteasome dependéiffice-cold PBS twice and fixed by 70% ethanote20°C for 30 minutes.
and, in IL-6—dependent KT-3 cells, Ub-induced growth suppreghe fixed cells were incubated |n_500 pL stalnlr:g buffer (1 _mg/mL RNase,
sion and apoptosis was accompanied by proteasome-depen&g g/mL PI, and 0.01% NP-40 n P.BS) at3r°Cfor 10 minutes and then
. alyzed on FACSort (Becton Dickinson, Oxnard, CA) with a program
STAT3 degradation. These reSl_JIts_ suggest that extra_cellular madfit LT2.0 (Becton Dickinson).
may suppress normal hematopoiesis through the selective degrada-
tion of intracellular proteins such as STAT3. TUNEL assays

TUNEL assays were performed with the In Site Cell Death Detection Kit
. (Boehringer Mannheim, Indianapolis, IN). Briefly, cells were fixed in 4%
Materials and methods paraformaldehyde in PBS for 30 minutes, transferred to permeabilization
solution (0.1% Triton X-100 in 0.1% sodium citrate), and incubated on ice
for 2 minutes. After washing with PBS, the cells were resuspended in
Highly purified recombinant human (rh) IL-6 and recombinant murine (rm) UNEL reaction mixture containing TdT enzyme and digoxigenin nucleo-
IL-3 were provided by Kirin Brewery Company (Tokyo’ Japan). Bovine Utslde |nC0rp0ratiOn of nucleotides into’-BNA fragmented ends was
and phytohemagglutinin (PHA) were purchased from Sigma (St. Louidetected by flow cytometry.

MO). Proteasome inhibitors MG132 and PSI were purchased from Peptide o

Institute (Osaka, Japan). A murine anti-phosphotyrosine monoclonal arfifinexin-V staining

body (mAb), 4G10, was supplied by Dr B. Druker (Oregon Health Scienggg|is were washed with RPMI 1640 twice and resuspended in 100 pL
University, Portland, OR). Rabbit anti-STAT1, anti-STAT3, and antitapeling solution containing avidin—annexin-V conjugates at room tempera-
STATS5b polyclonal antibodies were purchased from Santa Cruz Biotechnglre for 30 minutes. The cells were rinsed and developed with fluorescein-

ogy (Santa Cruz, CA). Rabbit anti-phospho MAPK and anti-MAPKonjygated avidin (Becton Dickinson) at 4°C for 30 minutes. The stained
polyclonal antibodies were purchased from New England BioLabs (Be¥a|is were analyzed by flow cytometry.

erly, MA). Murine anti-Bcl-2 mAb was purchased from Transduction
Laboratories (Lexington, KY). Assays for caspase-3 activities

Reagents and antibodies

Caspase-3 activities were measured with PhiPhiLux-G1D2 kit (Oncolm-
munin, College Park, MD). Briefly, cells were washed with PBS and
A human promyelocytic leukemia cell line HL-60, a human IL-6—dependenésuspended in 50 pL substrate solution supplied by the manufacturer
T-cell lymphoma cell line KT-3° a human Burkitt's lymphoma cell line containing the caspase-3-specific substrate with amino acid sequence
Daudi, and human T-cell lines MT-4, YTC-3, and MOLT-4 were cultured ilGDEVDGI. After 60-minute incubation in a 5% G@hcubator at 37°C, the

Cells and cultures
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cells were suspended in 500 pL dilution buffer supplied by the manufacturer

and subjected to flow cytometry. In this system, caspase-3 activities EF?QSU

measured by fluorescence derived from the cleaved substrate specific

for caspase-3. Intracellularly synthesized ubiquitin is secreted
outside the cells

In vitro biotinylation of ubiquitin In previous studies, we found that intracellular Ub secreted from

Ub was biotinylated with EZ-Link Sulfo-NHS-LC-Biotin (Pierce, Rock- HCL cells would inhibit normal hematopoiesis in patients with
ford, IL) according to the manufacture’s protocol, and unreacted biotin w&CL.1214 In this study, we initially examined whether intracellu-
removed by NAP-10 column (Pharmacia Biotech, Uppsala, Sweden) [asly synthesized Ub could be secreted outside the cells. For this

previously describeé? purpose, we transfected an expression vector of Ub along with that
of GFP into a murine pro-B cell line, Ba/F3, and a human kidney
Northern blot analysis cell line, 293T. After 12 hours, the transfected cells were washed

and cultured in serum-deprived conditions for 24 hours. After 36
i i 0,

cellular RNA was isolated with Trisol reagent (Gibco BRL, Gaithersburigg/rs irggn?’fpe tl'iar‘SfeCt;On, 3pprt<))X|mat_e_Iy 6f0 A)GO;PBa/Fs Ceus agd

MD). For Northern blot analysis, equal amounts of RNA (15 pg) were si 00 cells were found to be positive for expression by

fractionated by electrophoresis through 1% formaldehyde agarose géllgw cytometric analysis (data not shown). The supernatant ob-
After blotting to the nylon membrane (GeneScreen Plus; NEN, Bostotined from Ub-transfected Ba/F3 and 293T cells was found to

MA), the filters were prehybridized and then hybridized with randongontain more increased levels of Ub than those obtained from
32P-labeled probe in rapid hybridization buffer (Amersham, Tokyo, Japagprresponding mock-transfected or untreated cells (Ub concentra-
for 2 hours at 65°C. The filters were washed and autoradiographedtigin in the supernatant, Ub-transfected Ba/F3 80 ng/mL, mock-

Northern blot analysis was performed as previously repdftBdiefly, total

—70°C with 2 intensifying screens for 1 to 2 days. transfected Ba/F3 12.4 ng/mL, and untreated Ba/F3 10.7 ng/mL;
Ub-transfused 293T 141 ng/mL, mock-transfected 293T 19.7
Immunoprecipitation and immunoblotting ng/mL, and untreated 293T 12.4 ng/mL). These results indicated
that intracellularly synthesized Ub could be secreted outside

Isolation of total cellular lysates, immunoprecipitation, gel electrophoresi
and immunoblotting were performed according to the methods describ

previously?® Briefly, the cultured cells were lysed in lysis buffer (20

mmol/L Tris-HCI, pH 8.0, 137 mmol/L NaCl, 10% glycerol, 1% NP-40, 10addition of exogenous ubiquitin leads to growth suppression

mmol/L EDTA, and 100 mmol/L NaF) containing protease and phosPhataé?hematopoietic cells

inhibitors. Insoluble material was removed by centrifugation at 1@060

20 minutes at 4°C. For immunoprecipitation, the lysates were precleatdé® next examined the effects of exogenously added Ub on the
with protein-G Sepharose beads (Pharmacia Biotech) for 2 hours at 4gtowth of 2 human hematopoietic cell lines, a human promyelo-
The precleared lysates were incubated with 1 pg anti-STAT3 polyclongytic leukemia cell line HL-60 and a human IL-6—-dependent T-cell
antibody followed by the addition of protein-G Sepharose beads (Pharmigre KT-3. As shown in Figure 1A, the treatment with Ub
cia Biotech). For Western blotting, immunoprecipitated proteins or tm%'uppressed the factor-independent growth of HL-60 cells and the

cellular lysates were subjected to sodium dodecyl suIfalte—polyacrylamiﬁ_ei6_dependent and —independent growth of KT-3 cells. The

gel electrophoresis (SDS-PAGE) and electrophoretically transferred to_a . . .
polyvinylidene difluoride membrane (Immobilon; Millipore, Bedford,S'JppreSSNe effect of Ub was dose dependent, with readily detect-

MA). After blocking residual binding sites on the filter by incubation inable activity at more than 10 ug/mL Ub and maximal activity at 100

TBS (10 mmol/L Tris-HCI, pH 8.0, 150 mmol/L NaCl) containing 1% H9/mL. We next examined the effects of Ub (100 pg/mL; we used
gelatin (Bio-Rad Laboratories, Richmond, CA), immunoblotting waghis concentration in the following experiments) on the growth of
performed with an appropriate antibody. Immunoreactive proteins wev@rious types of hematopoietic cells, including a human monocytic
visualized with an enhanced chemiluminescence (ECL) detection systekemia cell line U937, a human Burkitt's lymphoma cell line
(DuPont NEN, Boston, MA). To detect biotin-labeled Ub, the blotte®audi, human T-cell lines MT-4, YTC-3, and MOLT-4, and
membrane was incubated with ExtrAvidin peroxidase (Sigma) at roopA-stimulated normal peripheral blood mononuclear cells. As
te_':r‘]pte':at“égl‘:ozjlthogr and V‘iaShe‘Ij'The” b'o“”""’_‘be'e? Uf’hwaf_slt"'sua"zﬁ%wn in Figure 1B, the treatment with Ub induced growth
Wi e etection system. In some experiments, e Titers we, : f : :
stripped and reprobed with the anti-STAT3 or anti-MAPK antibody tog?Jppressmn in all cgll types tested, though a Co_nSIderabIe differ-
examine the amounts of proteins. ence was obsewgd in the rate of growth supprgssmn petween target
cells. To determine further whether proteolysis mediated by the
Ub—proteasome pathway was involved in the growth suppression,
Transient transfection into the cells we investigated the effects of proteasome inhibitors PSI and
293T cells (1x 10 cells) were seeded in a 60-mm dish, cultured for 2MG132 on the Ub-induced growth suppression of KT-3 cells
hours, and cotransfected with 10 pg pMT123 (an expression vector (figure 1C). The suppressive effect of Ub on IL-6-induced
HA-tagged Ub, kindly provided from Dr D. Bohmann, Heidelbergproliferation of KT-3 cells was rescued by the addition of either PSI
Germany}? and 1 ug pMX-GFP (an expression vector of green fluoresr MG132 in a dose-dependent manner, suggesting the involve-
cence protein [GFP], kindly provided by Dr T. Kitamura, Tokyo Universityment of the proteasome pathway in the growth inhibition by Ub. To
Tokyo, Japan) by calcium phosphate coprecipitation method. Transfectigther define the roles of extracellular Ub and to deny the effects of
'(;'to B_?Z‘?’l ceI_Isﬂwas perf?rm‘ad by eleC”Opforat'Z” mﬁthc’d as previouglyyic contaminants, we examined the effects of methylated Ub
escribedt! Briefly, 1 X 10’ cells were transfected with 30 pg pMleséSMet-Ub) (Sigma) on Ub-induced growth suppression of KT-3

together with 30 pg pMX-GFP by electroporation (350V, 960 pFD . .
(Bio-Lad Laboratories, Richmond, CA). After 12 hours, transfected cel ells. Met-Ub can be ligated to the target proteins but cannot form

were washed, serum deprived, and cultured for 24 hours. Then transfec@fyubiquitin chains. Thus, it has been shown to act as an specific
efficiencies were monitored by the GFP expression by flow cytometrighibitor of ubiquitin-dependent protein degradation in a previous
analyses. Ub concentrations in the conditioned media were measuredaeiicle?® KT-3 cells were preincubated with or without Met-Ub for
described above. 3 hours and subjected to culture with Ub. As shown in Figure 1C,

cells.
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A KT-3 cells was more rapidly and remarkably induced by Ub
025 HL-60 020 KT-3 treatment. In accord with these findings, DNA content analysis
020 o1s —o—IL-6 (-) revealed that Ub treatment led to a more marked increase in the
& —+IL-6 (+) proportions of apoptotic cells in both cell types, which were
8 0.15 010 detected as a subdiploid fraction by PI staining (% subdiploid
016 005 fraction at 48 hours: HL-60, Ub- 8% vs. Ub+ 85%; KT-3,
' " Ub — 37% vs. Ub+ 73%) (Figure 2B).
0 To further characterize Ub-induced cell death, we performed
01 1 10 100 1000 0.1 1 10 100 1000 . .. .
Ub (ug/mL) Ub (pg/mL) TUNEL assay and annexin-V staining, both of which are useful
methods for detecting apoptosis. As shown in Figure 3A, more
B s increased numbers of HL-60 and KT-3 cells became positive for
7] o TUNEL-staining after 48 hours of Ub treatment (% TUNEL-
1 Ub L)) positive cells at 48 hours: HL-60, Ub 2% vs. Ub+ 86%; KT-3,
w02 7 Ub — 40% vs. Ub+ 95%) (Figure 3A, upper panels). In addition,
“ | ///f annexin-V—positive cells markedly increased after 48-hour Ub
© / treatment in KT-3 and HL-60 cells (% annexin-V—positive cells at
0.1 4 //5 36 hours: HL-60, Ub— 10% vs. Ub+ 84%; KT-3, Ub— 38% vs.
//4 Ub + 89%) (Figure 3A, lower panels). Together, these results
o é indicated that the exogenous addition of Ub induced apoptosis of
A > » ~ » o HL-60 and KT-3 cells.
& & & 8§ & ; i ;
N g & & N S Because caspase-3 is reported to be activated in many types of
C S L apoptosis (reviewed by Thornberry and LazeBf)ikwe also
0.20 5 [J Ub(-) examined whether caspase-3 was implicated in Ub-induced apopto-
o1 ’ Ub (+) sis of HL-60 and KT-3 cells. Caspase-3 activity was evaluated by
T measuring fluorescence intensity derived from the caspase-3—
2 10 1 cleaved substrate. Flow cytometric analysis showed that, before
g
0.05 7
Z
O E e > o 5 &> HL-60 KT-3
L E S 10073 100 3
NTAT AT AT AT AT AT
PSI (M) MG132(M) Met-Ub s 75 | s 757
Figure 1. Effects of Ub on the growth of hematopoietic cells. (A) Dose-response : :
of HL-60 and KT-3 to Ub. Triplicate aliquots of the cells were cultured in serum-free E 50 = 501
ASF103 medium with various concentrations of Ub for 48 hours, followed by ﬁ -g
measurement of cell proliferation with an MTT assay. (B) Effects of Ub on various 5 254 o Ub (-) > 254
types of hematopoietic cells. The cells were cultured in ASF103 medium in the - Ub (+)
presence or the absence of 100 pg/mL Ub for 48 hours and were subjected to an MTT 0 — . . v \ 0 — — .
assay. (C) Effects of proteasome inhibitors PSI, MG132, and methylated Ub (Met-Ub) 0 24 48 72 0 24 48 72
on Ub-induced growth suppression. KT-3 cells were resuspended in ASF103 medium Time (hr) Time (hr)
containing 1 ng/mL rhIL-6 with or without 100 pug/mL Ub and various concentrations of
PSI or MG132 as indicated, cultured for 48 hours, and subjected to an MTT assay. In B
addition, KT-3 cells were preincubated with 100 pg/mL Met-Ub for 3 hours, cultured HL-60 KT-3
with or without Ub for 48 hours, and subjected to an MTT assay. The results are Ub (-) Ub +) Ub ) Ub (+)
shown as the mean = SD of triplicate cultures. A
0 hr
the pretreatment with Met-Ub alone showed little effect on the growth -
of KT-3 cells, whereas it restored Ub-induced growth suppressior e
nearly completely, suggesting that extracellular Ub would induce 12 hr =
growth suppression in KT-3 cells through the polyubiquitin chain g
formation on target proteins as would intracellular Ub. e
24 hr Z
=1
Ubiquitin induces apoptosis in HL-60 and KT-3 cells §-
To elucidate the mechanism of Ub-induced growth suppressior 48 hr 5
HL-60 and KT-3 cells were cultured in serum-deprived conditions
with or without Ub treatment, and cell viability was quantitated by .
trypan blue dye exclusion method at various times after the Log Fluorescence Intensity -
addition of exogenous Ub. Although viability of HL-60 cells was
ure 2. Changes in cell viability during the culture with or without Ub. (A)

. s . . g
not Slgnlflcamly Changed in the absence of Ub (Flgure 2A, leﬁL-GO and KT-3 cells were resuspended in ASF103 and ASF103 containing 1 ng/mL

panel), Ub treatment of HL-60 cells led to a decrease in theyL.s, respectively, and cultured in the presence or absence of 100 pg/mL Ub for 72
proportion of viable cells. When KT-3 cells were cultured in éours. Changes in cell viability were quantitated by trypan blue dye exclusion method
serum-deprived medium containing rhIL-6, their viability gradué‘t the times indicated. The results are shown as the mean = SD of triplicate cultures.

. . . (B) Flow cytometric analyses of HL-60 and KT-3 cells during the culture with or
a”y decreased with the Iapse of time even in the absence of {]] out Ub. The DNA content of the cultured cells was examined by PI staining and
(Figure 2A, right panel). However, the decrease in cell viability afnalyzed on FACSort.
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A HL-60 KT-3 A of IL-6 receptor, STAT3 was reported to transmit anti-apoptotic
Ub (-) Ub (+) Ub (-) Ub (+) signals from IL-63° We therefore examined the effect of Ub on
- g E rhiL-6—induced tyrosine phosphorylation of STAT3 (Figure 4B,
TUNEL | #\ § upper panel). Without Ub pretreatment, rhiL-6 was capable of
4 & inducing tyrosine phosphorylation of STAT3 in KT-3 cells. In
2 contrast, STAT3-tyrosyl phosphorylation was barely observed in
z Ub-pretreated cells. When the same filter was reprobed with
Annexin-V £l anti-STAT3 antibody, STAT3 protein bands were hardly detect-
3 able in Ub-pretreated cells, suggesting that STAT3 was degraded
by Ub treatment in KT-3 cells. Next, we examined whether the
Log Fluorescence Intensity Ras/MAPK pathway, which is another major signaling pathway of
B IL-6, was affected by Ub. MAPK activation was assessed by
Western blot analysis on the whole lysates with anti-phospho
HL-60 KT-3 MAPK antibody, which recognizes only an activated form of
b Ub ) Ub©) b A MAPK (ie, phosphorylated MAPK at tyrosine and serine residues).
As shown in Figure 4B (lower panel), rhiL-6 was able to activate
Ohr - MAPK in Ub-untreated KT-3 cells and, albeit to a slightly lesser
e degree, in Ub-pretreated KT-3 cells. In addition, expression levels
— < of MAPK proteins did not show an apparent difference between the
a Ub-untreated and Ub-pretreated cells, suggesting that Ub had little
18 hr % effect on IL-6-induced MAPK activation.
— :
36 hr = i Ub (9 N Ub (+) |
Time 005 1 2 4 8 12 0051 2 4 8 12
- &) 4 = 3 B c-myc
Log Fluorescence Intensity i “‘ g I
Figure 3. Staining for TUNEL and annexin-V before and after culture with or ;.—...,.” Y L) Tis1l

without Ub treatment.  (A) HL-60 and KT-3 cells were cultured under the conditions =
described in Figure 2. The cells were subjected to staining for TUNEL and annexin-V ¢ owh b W SOCS-1
and analyzed on FACSort. (B) Flow cytometric analyses on caspase-3 activities. = T

bE £ £ - -
Caspase-3 activities were measured by a fluorescence intensity that derives from the ko B tie e IRF-1
caspase-3—cleaved substrate by flow cytometry. A height of right fluorescent peak R R R T T T Egrl
indicates the degree of caspase-3 activation.

e R R RN ] c-fos

- Fr s s i c-jun
culture, caspase-3 activity detected as a high-fluorescence intensi e S Rt
(right) peak was hardly observed in HL-60 and KT-3 cells (Figure
3B). After 18- to 36-hour culture, Ub treatment distinctly up- B e TS
regulated caspase-3 activities in HL-60 and KT-3 cells, wherea: ) I 1"
only a limited level of caspase-3 activation was detected in :::?::e) 0 5 1530 0515 30
Ub-untreated HL-60 and KT-3 cells (Figure 3B). F . —— et Blot: a-PY
Treatment of ubiquitin leads to degradation of STAT3 in gt sie Bogt e (AT
IL-6—stimulated KT-3 cells IP: a-STAT3
A possible explanation for the apoptosis-inducing activity of Ub UL () —
was that Ub treatment resulted in the impediment of anti-apoptotic },‘,‘,’,‘5 0 S5 15 30 0 5 15 30
S|gpallng in the cells._ Bec_aus_e IL-_6 was knoyvn to mediate SRR Blot: a-pMAPK
anti-apoptotic and proliferation-inducing signals in KT-3 céfls,
we examined the effects of Ub on IL-6-mediated signal transduc B === Blot: a-MAPK
tion. After the deprivation of rhlL-6 for 12 hours with or without
Ub pretreatment, KT-3 cells were cultured with rhiL-6 in the Total Cellular Lysate

presence or absence of Ub, and then induction levels of IL-@igure 4. Effects of Ub on induction of IL-6-responsive genes. (A) KT-3 cells were
responsive gené"szg were investigated by Northern blot anaiysisserum- and rhiL-6—deprived for 12 hours and were cultured with 10 ng/mL rhiL-6 for

. . . the time indicated. To examine the effects of Ub, the cells were pretreated with 100
(Flgure 4A)' Without Ub treatment, expressions afngzc JunB, pg/mL Ub for the last 3 hours of the starvation period and cultured with Ub during the

TlSll, SOCS'J-, |RF'1, Egr-l, f05. and C}Un MRNA were test period. Induction of IL-6-responsive genes was examined by Northern blot

induced by rhlL-6, though they showed differential inductioranalysis. (B) Effects of Ub on IL-6-induced tyrosine phosphorylation of STAT3 and

patterns. When KT-3 cells were treated with Ub, the induction PK activation. KT—_3 cells were cu_ltured and treated with r.hIL-6 as de_squbed

i above. To detect tyrosine phosphorylation of STAT3, STAT3 was immunoprecipitated

c-mycand JunB mRNA was suppressed dramatically, whereas thah total cellular lysates with anti-STAT3 antibody and separated by SDS-PAGE,

of TIS11, IRF-1, Egr-1, dos and cjun mRNA was not. These and the blot was probed with anti-phosphotyrosine mAb, 4G10. Then the filter was

results indicated that IL-6—mediated signaling pathways were rﬁtﬁpped and reprobgd with anti-STAT3 antibody. MAPK gcnvanon was examlnled by

. Western blot analysis on total cellular lysates with anti-phospho MAPK antibody,

tOta”y’ but onIy partla”y' abrogated by Ub. which primarily recognizes activated MAPK. The filter was then reprobed with
Among various signaling molecules located at the downstreadmi-MAPK antibody.
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STAT3 is specifically degraded by extracellular ubiquitin p21WAFL and p27 Kirl are also degraded by extracellular ubiquitin

We further analyzed the effects of Ub on the expression levels liext we examined whether extracellular Ub could affect protein
other members of STAT proteins. KT-3 cells were cultured with aexpression levels of p2%F! and p2¥ir! that are target molecules
without Ub for the time indicated, and expression levels of STAT bf the Ub—proteasome pathw&y?2KT-3 cells were cultured with
STAT3, and STATS5 were investigated by Western blot analyses onwithout Ub for up to 6 hours, and expression levels of f¢1

the whole cellular lysates. As shown in Figure 5, STAT1, STATand p2¥r! were examined by Western blot analysis on the whole
and STAT5 proteins were expressed constantly in Ub-untreateell lysates. Although an apparent change in the protein expression
KT-3 cells throughout the culture period. In addition, expressidevels of p2¥AF1 and p2¥P! was not detected during the culture
levels of STAT1 and STAT5 proteins were not affected by Ulwithout Ub, their expression levels were significantly reduced by
treatment. In contrast, expression of STAT3 protein began tdb treatment (Figure 6C).

decline as early as 0.5 hour and decreased to a barely detectable ) o o
level thereafter. IL-6—induced Bcl-2 expression was inhibited by ubiquitin

treatment in KT-3
Exogenously added ubiquitin conjugates to and destroys

: To clarify further the mechanisms underlying Ub-induced apopto-
STAT3 in a proteasome-dependent manner

sis of KT-3 cells, we examined changes in expression of apoptosis-
We examined whether exogenously applied Ub could actualfggulating genes by Northern blot analysis (Figure 7A). After
conjugate to STAT3 by using biotinylated Ub. KT-3 cells werestarvation of rhIL-6, KT-3 cells were stimulated with rhIL-6 in the
cultured with or without biotinylated Ub for 1 hour in the presenceresence or absence of Ub. After the addition of rhIL-6, expression
of proteasome inhibitor MG132, and then STAT3 was immunopref Bcl-2 mRNA was gradually induced at 4 to 12 hours in
cipitated from the total cellular lysates. When biotinylated Ub wadb-untreated KT-3 cells, whereas little or no induction was
visualized with peroxidase-conjugated avidin, extracellular biotirdetected in Ub-treated cells. In contrast, expression of Bcl-XL
ylated Ub was found to be coimmunoprecipitated with STATEBnRNA was induced similarly in both cultures. Expression of
(Figure 6A, left panel). Because Ub-induced growth suppressi@tl-XS was not detectable in either culture. Bax, Bad, Bim, and
was canceled efficiently by proteasome inhibitor in KT-3 cellBak mRNA were expressed at basal levels in both cultures, and
(Figure 1C), we examined whether proteasome inhibitor couttleir expression was not influenced by rhiL-6 or Ub. Furthermore,
prevent the decreased expression of STAT3 by Ub. KT-3 cells wearensistent with data derived from Northern blot analysis, Western
pretreated with a proteasome inhibitor MG132 for 2 hours arfdlot analysis demonstrated that Bcl-2 protein was induced by
cultured with or without Ub in the presence of MG132. WhemhIL-6 in Ub-untreated KT-3 cells but not in Ub-treated cells
treated with MG132, STAT3 protein was expressed at an almdstgure 7B).
constant level throughout the culture with Ub (Figure 6B, lower
panel), and its expression was slightly up-regulated in the absence
of Ub (Figure 6B, upper panel). Together these results sugges®iscussion
that extracellular Ub could be transported into the cells and could
participate in the destruction of STAT3 in a proteasome-dependé#iquitin-mediated degradation of cellular proteins plays a critical
manner, just as intracellular Ub. role in many cellular processes, including cell-cycle progression,
signal transduction, transcriptional regulation, apoptosis, receptor
down-regulation, and endocyto$i¥’ Because the ubiquitin—
proteasome pathway is abundant and ubiquitous and participates in
the degradation of cellular proteins located primarily in the cytosol
Ub 0 05 115 3 6 and the nucleus, only a limited number of studies have been
m directed to the function of extracellular Ub. However, extracellular
) ' Ub secreted by activated T cells was shown to inhibit platelet
Blot: a-STAT1 : - activities2? In addition, extracellular Ub was reported to suppress

Time (hr)

(+) IgG production in lipopolysaccharide-stimulated splenoc¥tes.
Furthermore, we previously demonstrated that Ub secreted from
hairy cells had an inhibitory effect on the growth of normal
hematopoietic progenitor celt814In our preliminary experiments,

) serum Ub concentration in patients with HCL ranged from 0.08 to

Blot: o-STAT3 : 1.7 pg/mL (0.44= 0.52 mg/mL, meant SD; n= 8), while those

in normal controls were from 0.02 to 0.150 pug/mL (0-68.02
pg/mL, meant SD; n= 64). In addition, Ub concentration in the
conditioned media of an HCL-derived cell lidgfrom which we
purified Ub as an inhibitor of clonogenic growth of hematopoietic

(+) - S

0] cells, was 0.34 pg/mL. To inhibit the growth of KT-3 and HL-60
cells in short-term cultures, Ub concentration was required to be
Blot: a-STATS B = F - R=H raised more than 20 pg/mL, which is far higher than that detected in
) mua sera of patients with HCL; however, we previously found that
extracellular Ub could inhibit the growth of hematopoietic cells
Figure 5. Effects of Ub on expression of STAT1, STAT3, and STATS proteins in from a concentration of 0.5 pg/mL in long-term (7 to 14 days)

KT-3 cells. KT-3 cells were cultured with or without 100 pg/mL Ub for the times clonogenic assay‘é Moreover. it was speculated that Ub might
indicated. Total cellular lysates were obtained at the time indicated and subjected to ) ’

SDS-PAGE. The filters were probed with anti-STAT1, anti-STAT3, or anti-STATSh be present at a hlgher Concentra'tlon I.n confined Spac_es S.UCh
antibody as indicated. as the spleen and bone marrow, in which HCL cells primarily
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A Biotin-Ub - + - +

IP: o-STAT3

ExtraAvidin Blot: o-STAT3

B Time (hr)
Ub 0 05 115 3 6

Blot: o-STAT3 )
(+)

C Time (hr)
Ub 0 05153 6
)

Blot: a-p21
(+)
) P—-

= &

Blot: a-p27
) m —

Figure 6. Degradation of STAT3, p21 WAFL and p27 Pl by incorporated extracel-
lular Ub. (A) Binding of biotinylated extracellular Ub to STAT3 in KT-3 cells. KT-3 cells
were incubated with or without biotinylated Ub for 1 hour in the presence of
proteasome inhibitor MG132, and then STAT3 was immunoprecipitated from the total
cellular lysates. Biotinylated Ub was visualized by peroxidase-conjugated avidin with
ECL detection system (left panel). The filter was stripped and reprobed with
anti-STAT3 antibody (right panel). (B) Effects of MG132 on Ub-induced STAT3
degradation in KT3 cells. KT-3 cells were pretreated with 10 pmol/L MG132 for 2
hours and then cultured with or without Ub in the presence of MG132. Total cellular
lysates were obtained at the times indicated and subjected to SDS-PAGE. The filters
were probed with anti-STAT3 antibody. (C) Effects of Ub on protein expression levels
of p21WAFL and p27XiPl in KT-3 cells. KT-3 cells were cultured with or without 100
pg/mL Ub for the times indicated. Total cellular lysates were obtained at the times
indicated and subjected to SDS-PAGE. The filters were probed with anti-p21WAFL or
anti-p27KieL Ap.
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erased by the addition of proteasome inhibitor. These findings
suggest that extracellular Ub may play a role in mediating
apoptosis of hematopoietic cells through proteasome-dependent
degradation of selective cellular proteins such as STAT3.

In this study, the treatment with Ub enhanced the IL-6—induced
expression of SOCS-1 in KT-3 cells despite severe STAT3 degrada-
tion. This finding seems to be at variance with the previous réport
showing that the expression of SOCS-1 was regulated by STAT3
directly. However, it remains unknown whether only STAT3 is
responsible for SOCS-1 transcription because its mMRNA has been
shown to be induced by a variety of cytokines such as IL-3, IL-4,
IL-13, granulocyte macrophage—colony-stimulating factor, erythro-
poietin, and interferon:2” In our preliminary experiment, rhiL-6
was able to activate both STAT1 and STAT3 in KT-3 cells (data not
shown); therefore, we speculated that rhiL-6 might induce SOCS-1
expression through the activation of STAT1 in Ub-treated KT-3
cells. In addition, because SOCS-1 can be ubiquitinyl&ted,
SOCS-1 and SOCS-1 associating proteins that turn off the IL-6
signaling might be degraded by Ub treatment, thereby leading to
the continued IL-6 signaling and the enhanced SOCS-1 transcrip-
tion in Ub-treated KT-3 cells. In addition to SOCS-1nmycand
JunB have been proved to be direct target molecules of STAT3 in
previous paper®2® Supporting our observation that STAT3 is
severely degraded by Ub treatment, IL-6—induced expression was
intensely inhibited in Ub-treated KT-3 cells (Figure 4A). Although
IL-6 was found to induce IRF-1, Egrl,fos and cjun expression
in Ub-treated and Ub-untreated KT-3 cells with similar efficiency
(Figure 4A), the signaling molecules responsible for these induc-
tions have not been determined. Particularly, the induction of Egrl,
c-fos and cjunwas observed in the later phases (4 to 12 hours after
the addition of IL-6). Thus, it was speculated that this expression

A
Ub (-) Ub (+)
I 11 1
Time 0051 2 4 8 12 0051 2 4 8 12
(hr)

proliferate, than in the serum. Therefore, we assumed that extrace

lular Ub could affect hematopoiesis in vivo of patients with HCL.
In this study, we found that the exogenous addition of Ub led

apoptosis of various types of hematopoietic cells, resulting in theTime 0 05 1 2 48120 051 2 4 8 12
. . . r,
suppression of cell growth. The Ub-induced apoptosis and growtl -

suppression appeared to be proteasome dependent because t

B : A Bim
P el 12
B 2=
Ub () Ub (+)

to r 1 !

he

effects were considerably abrogated by the incubation with protea. Blot : a-Bel-2

some inhibitors. It has been reported that proteasomes do not di

cellular proteins indiscriminately but that they participate in th&

g‘e@te 7. Effects of Ub on IL-6—induced expression of apoptosis-regulating
nes. (A) KT-3 cells were rhiL-6—deprived for 12 hours and then cultured with 10
/mL rhIL-6. To examine the effects of Ub, the cells were pretreated with 100 pg/mL

. . n
regulated breakdown of selective proteins. In accordance Wlﬁ% for the last 3 hours of the starvation period and were cultured with Ub during the
these findings, we found that among various signaling moleculest period. Total cellular RNA was extracted at the times indicated and subjected to
activated by IL-6. the treatment with Ub led to selective degradggnhern blot analysis. (B) Expression of Bcl-2 protein during the culture with or

tion of STAT3 in IL-6—dependent KT-3 cells. Moreover, the;

without Ub treatment. Total cellular lysates were isolated from the cultured cells at the
mes indicated, and the expression levels of Bcl-2 proteins were examined by

Ub-induced STAT3 degradation and apoptosis in KT-3 cells wersstern biot analysis.
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was induced in an indirect manner, possibly through the mediaticardiotropin 1 (reviewed by Hiraidand Hirano et #P). Ligand-
of other signaling molecules such as Ras/MAPK, PI-3K/Akt, onduced assembly of gp130 leads to activation of JAK-STAT and
other STAT members. Ras—MAPK and PI-3K pathways. These gpl130-mediated signals
Although this study provided unique evidence that extracellulae involved in a variety of cellular responses, including self-
Ub could affect the fate of STAT3, it remains to be elucidated hoyenewal of embryonic stem celté,expansion of multipotential
extracellular Ub mediates the targeting of STAT3 for degradatiqﬂgmatopoietic stem cells in bone marrow, aorta_gonad_mesoneph_
by proteasome(s). It was previously reported thatradiation— s regior's and differentiation of M1 cell82°Recent cumulative
induced apoptosis of human lymphocytes was accompanied &dence implies that STAT3 plays an important role in hematopoi-
increased Ub mRNA and ubiquitinylated nuclear protéinshe e as a downstream effector of gp130. For example, STAT3 was
expression of Ub sequence-specific antisense oligonucleotides Waswn to be linked with anti-apoptotic signals and cell-cycle
shown to induce a significant decrease in the proportion pfy ation through the induction of Bcl-2 andmycin a murine
gpoptotic cells_. It is therefore possible that gxtracellular Ub may l?l?—S—dependent Ba/F3:304Furthermore, Takeda et'atisrupted
!ncorporated in the gells and that the |ngreased amounts éﬂfe STAT3 gene specifically in T cells by conditional targeting and
intracellular Ub may yield some cellular proteins, such as S-I—'A‘T%howed that IL-6 could not protect STAT3-deficient T cells from
IS

susceptible to degradation by the proteasome pathways. Ta optosis. In the case of Ub-treated KT-3 cells, IL-6 failed to

possibility may be supported, at least partially, by our preliminar, duce the up-regulation ofmycand JunB mMRNA. IL-6-induced

results showing that transfection of Ub in HepG2 hepatoméi 12 . b din Ub d KT-3 cells. Th
cells led to the inhibition of IL-6—induced STAT3 transcriptional cl-2 expression was not observed in Ub-treate - cells. These

activities, dependent on the overexpression levels of Ub (déf%?l_ms suggested th‘"_"t _STAT3 degradation may be a major cause of
not shown). Ub-induced apoptosis in KT-3 cells. In contrast, the mechanisms

Recent results indicate that some proteins, such as cpRSPonsible for Ub-induced growth suppression and apoptosis of
inhibitor Sic1P, are targeted for degradation by phosphoméﬂonfactor-lndependent cell lines such as HL-60 and U937 remain to be
In the case of STAT transcriptional factors, IRNactivated STAT1 determined, though expression of Bcl-XL protein was down-
was reported to be a target of a Ub—proteasome system if€gulated in Ub-treated HL-60 cells (data not shown).
phosphorylation-dependent manner, whereas STAT5 was not ex-Our results suggest that extracellular Ub may play a role in the
posed to this system even in a phosphorylated f&rffi.with ~control of hematopoiesis. In addition to HCL cells, a human
regard to STAT3, Malek and Halvorsémecently showed that only melanoma cell line HTZ-19 was also reported to secrete*®Ub.

a tyrosyl phosphorylated form of STAT3 was degraded by protedhese findings raise the possibility that extracellular Ub may be
somes after stimulation with ciliary neurotrophic factor. In contrasiyvolved in impaired hematopoiesis and immune response in
they also revealed that treatment with phorbol ester led to tpatients with various malignancies. Furthermore, because abnor-
targeting of STAT3 for degradation by proteasomes, but thisal accumulations of ubiquitylated proteins in senile plaque,
process was irrespective of STAT3-tyrosyl phosphorylatiom lysosome, endosome, or inclusion body were observed in neurode-
this study, STAT3 was suggested to be degraded by exogenousdéinerative disorders such as Alzheimer disease and Parkinson
regardless of its tyrosyl phosphorylation because STAT3 degradiiseasé?>°the Ub system may contribute to the impaired function
tion was observed in both IL-6—stimulated and IL-6-starved KT-8f hematopoietic cells. Further studies will be necessary to
cells in which STAT3-tyrosyl phosphorylation was obviously andinderstand the precise mechanisms by which the Ub system
scarcely detectable, respectively. regulates normal and abnormal hematopoiesis.

The selective degradation of STAT3 in IL-6—dependent KT-3
cells is of great interest because STAT3 is the major mediator Of
gpl30 signals. The receptor for IL-6 is composed of an ”—'GAcknowledgments
specific ligand-binding subuni& chain, and a signal-transducing
subunit, gp130, which is shared by the receptors for ciliaiye thank Dr A. Yoshimura for providing us with SOCS-1 cDNA
neurotrophic factor, leukemia inhibitory factor, oncostatin M, andnd Fujisaki Cell Center for providing KT-3.
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