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The DNA binding activity of FUS (also known as TLS), a nuclear pro-oncogene involved in multiple
translocations, is regulated by BCR-ABL in a protein kinase CbII (PKCbII)-dependent manner. We show here
that in normal myeloid progenitor cells FUS, although not visibly ubiquitinated, undergoes proteasome-
dependent degradation, whereas in BCR-ABL-expressing cells, degradation is suppressed by PKCbII phos-
phorylation. Replacement of serine 256 with the phosphomimetic aspartic acid prevents proteasome-dependent
proteolysis of FUS, while the serine-256-to-alanine FUS mutant is unstable and susceptible to degradation.
Ectopic expression of the phosphomimetic S256D FUS mutant in granulocyte colony-stimulating factor-treated
32Dcl3 cells induces massive apoptosis and inhibits the differentiation of the cells escaping cell death, while the
degradation-prone S256A mutant has no effect on either survival or differentiation. FUS proteolysis is induced
by c-Jun, is suppressed by BCR-ABL or Jun kinase 1, and does not depend on c-Jun transactivation potential,
ubiquitination, or its interaction with Jun kinase 1. In addition, c-Jun-induced FUS proteasome-dependent
degradation is enhanced by heterogeneous nuclear ribonucleoprotein (hnRNP) A1 and depends on the for-
mation of a FUS-Jun-hnRNP A1-containing complex and on lack of PKCbII phosphorylation at serine 256 but
not on FUS ubiquitination. Thus, novel mechanisms appear to be involved in the degradation of FUS in normal
myeloid cells; moreover, the ability of the BCR-ABL oncoprotein to suppress FUS degradation by the induction
of posttranslational modifications might contribute to the phenotype of BCR-ABL-expressing hematopoietic
cells.

FUS, also known as TLS or heterogeneous nuclear ribonu-
cleoprotein (hnRNP) P2, was first discovered as the N-termi-
nal part of a fusion with CHOP in myxoid liposarcoma carrying
the t(12;16) translocation (8, 33) and was subsequently de-
tected in different types of human myeloid leukemia (37), in
which the C terminus of FUS is replaced by the DNA-binding
domain of ERG (28). The C terminus of FUS is required for
binding to pre-mRNA and mRNA, while the N terminus ap-
pears to function as a transcription activation domain (34).
FUS is expressed at high levels in hematopoietic and nonhe-
matopoietic tissues and is localized primarily in the nucleus,
where it might be involved in pre-mRNA processing and nu-
cleocytoplasmic shuttling, as well as in the regulation of basal
transcription (35). FUS expression and DNA binding activity is
induced in hematopoietic cells by BCR-ABL (30), which cir-
cumvents signals generated by the interaction of growth factors
(e.g., interleukin-3 [IL-3]) with their receptors (43). The DNA
binding activity of FUS requires protein kinase CbII (PKCbII)-
dependent phosphorylation, as indicated by use of PKCbII-
specific inhibitors and expression of a dominant-negative PKCbII
mutant (30). Suppression of FUS expression in myeloid pre-

cursor cells accelerates granulocyte colony-stimulating factor
(G-CSF)-stimulated differentiation and is accompanied by
upregulation of G-CSF receptor expression (30). By contrast,
downregulation of FUS expression in BCR-ABL-expressing
cells is associated with suppression of growth factor-indepen-
dent colony formation, partial restoration of G-CSF-induced
granulocytic differentiation, and reduced tumorigenic potential
in vivo (30).

The ability of BCR-ABL oncoproteins to transform hema-
topoietic cells depends on their tyrosine kinase activity (23),
which is essential for recruiting and activating multiple bio-
chemical pathways that transduce oncogenic signals (7), posi-
tively or negatively regulating the activity of nuclear effectors.
The BCR-ABL-dependent activation of nuclear regulators
might be due to mechanisms of enhanced transcription, as
reported for c-myc (36, 41), but might also involve posttrans-
lational modifications that increase the stability or induce the
proteolytic degradation of target substrates. Indeed, BCR-
ABL promotes the ubiquitin- and proteasome-dependent deg-
radation of antioncogenic Abi proteins (10).

Oncogenic ABL proteins regulate the activity of many down-
stream effectors directly or via a cascade of phosphorylation
and dephosphorylation events (43). These processes control
the formation of multiprotein complexes which appear to be
required for transducing oncogenic signals and, perhaps, for
regulating the stability of some ABL effectors. Indeed, phos-
phorylation plays a key role in controlling the function of
regulatory proteins by targeting them to the ubiquitin-protea-
some proteolytic machinery (13).

In mammalian cells, the 26S proteasome is a specialized
multisubunit enzyme with different catalytic activities (22). It is
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the predominant intracellular, nuclear, and cytoplasmic (3)
nonlysosomal proteolytic mechanism involved in the regula-
tion of a broad range of processes, such as cell cycle progres-
sion, antigen presentation, and gene expression (6). This deg-
radation pathway involves an enzymatic cascade through which
multiple ubiquitin molecules are covalently ligated to the pro-
tein substrate, which is then degraded by the 26S proteasome
complex (6).

Beside polyubiquitinated substrates, the proteasome is also
responsible for the degradation of proteins which, like orni-
thine decarboxylase (ODC), do not undergo ubiquitination (1,
31).

In this study, we show that FUS is degraded by a protea-
some-dependent process in which the targeting of FUS to the
proteasome is dependent on the formation of a complex with
c-Jun and hnRNP A1 but not on FUS ubiquitination. In BCR-
ABL-expressing cells, the enhanced FUS expression requires
PKCbII phosphorylation of serine 256, which prevents protea-
some-mediated FUS degradation. In parental 32Dcl3 cells
treated with G-CSF, ectopic expression of the degradation-
resistant serine-to-aspartic acid phosphomimetic FUS mutant
induces massive apoptosis and the emergence of a cohort of
differentiation-arrested cells able to grow in the presence of
G-CSF.

MATERIALS AND METHODS

Cell cultures. The murine IL-3-dependent 32Dcl3 myeloid precursor and its
derivative cell lines were maintained in culture or induced to differentiate as
described previously (30). Morphologic differentiation was monitored by May-
Grunwald and Giemsa staining of cytospin preparations. For assays requiring cell
starvation, cells were washed four times in phosphate-buffered saline (PBS) and
incubated for 8 to 12 h in RPMI supplemented with 10% fetal bovine serum or
0.1% bovine serum albumin and 2 mM L-glutamine, as indicated. The 293T
human embryonic kidney cell line transformed with the adenovirus 5 DNA
(American Type Culture Collection, Rockville, Md.) was maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% heat-inactivated fetal calf
serum and 2 mM glutamine (Gibco). BOSC 23 packaging cells (American Type
Culture Collection) were cultured and transfected as described previously (29).
The 32DBCR-ABL cell line has been described previously (30).

Transfection and retroviral infection. 32Dcl3 and 32DBCR-ABL-derived cell
lines were generated by electroporation (GenPulser; Bio-Rad) at 200 mV and
960 mF with the following retroviral constructs: LXSP-HA-FUS (32D-WTFUS
and 32DBCR-ABL-WTFUS), LXSP-HA-S256AFUS (32D-S256AFUS and
32DBCR-ABL-S256AFUS), and LXSP-HA-S256DFUS (32D-S256DFUS).
Mixed populations and single-cell clones, obtained after puromycin (2 mg/ml)
selection, were maintained in culture as described previously (30). 32Dcl3 and
32DBCR-ABL cells transfected with the empty vector LXSP were morphologi-
cally identical to the parental cells. Retroviral infection of parental and BCR-
ABL-expressing 32Dcl3 cells was carried out as described previously (29). For
transient transfection, 293T cells were grown for 16 to 18 h to 80% confluence
and transfected with 30 mg of plasmid DNA by calcium phosphate precipitation
using the ProFection system (Promega). The empty pMT plasmid was used to
normalize for equal amounts of transfected DNA.

Plasmids. (i) LXSP-HA WT FUS. A SpeI DNA fragment encoding the hem-
agglutinin (HA) epitope was subcloned in frame in front of the FUS translation
start site after SpeI restriction digestion of plasmid pBS-FUS (30). The resulting
plasmid, pSK-HA-FUS, was digested with HindIII and XbaI, Klenow blunt
ended, and subcloned in the sense orientation into the blunted EcoRI site of the
LXSP retroviral vector.

(ii) LXSP-HA S256A FUS and LXSP-HA S256D FUS. Primers containing the
mutation of FUS serine 256 to alanine or aspartic acid were used to mutagenize
FUS (Quickeasy mutagenesis kit; Stratagene) with plasmid pSK-HA-FUS as
template. Plasmids pSK-HA S256A FUS and pSK-HA S256D FUS were
XbaI-HindIII digested, blunted, and subcloned into the blunted EcoRI site of the
LXSP retroviral vector.

(iii) pMT-HA WT FUS. The XbaI blunted-HindIII fragment from pSK-HA-
FUS containing the HA-tagged FUS full-length cDNA was subcloned in the
sense orientation into the cytomegalovirus (CMV)-based pMT expression vector
(40) previously digested with BamHI, blunted, and digested with HindIII.

(iv) pMT-AZ (antizyme). The XbaI blunted-HindIII fragment from plasmid
ZZ5 (24) containing the full-length antizyme rat cDNA was subcloned in sense
orientation into the CMV-based expression vector pMT previously digested with
BamHI, blunted, and redigested with HindIII.

(v) pMT-HA-cMyb. The HA-tagged human c-myb cDNA was subcloned in
sense orientation into the CMV-based vector pMT.

(vi) pMT-HA-hnRNP A1. The full-length hnRNP A1 cDNA (kind gift of G.
Dreyfuss, Howard Hughes Medical Institute, University of Pennsylvania School
of Medicine, Philadelphia, Pa.) was PCR amplified using an upstream primer
containing a BamHI site and a downstream primer containing a mutated stop
codon followed by the HA epitope sequence and a HindIII restriction site. The
PCR product was BamHI-HindIII digested and subcloned into the CMV-based
vector pMT.

(vii) MSCV-63His-cJun. The BamHI-HindIII Klenow-blunted fragment con-
taining the His6-tagged c-Jun cDNA was subcloned into the HpaI site of the
retroviral vector MSCV-puro (Clontech).

(viii) pGEX-FUS-Pep1(241–270), pGEX-FUS-Pep2(308–337), pGEX-FUS-
Pep3(342–376), and pGEX-FUS-Pep4(428–456). FUS cDNA fragments encod-
ing FUS amino acids 241 to 270 (Pep1), 308 to 337 (Pep2), 342 to 376 (Pep3),
and 428 to 456 (Pep4) were generated by PCR performed on plasmid pBS-FUS
using upstream primers containing a BamHI restriction site followed by an ATG
codon at the 59 end and downstream primers carrying a stop codon followed by
an EcoRI site at the 39 end. The gel-purified fragments were phosphorylated,
digested with BamHI-EcoRI, and directionally subcloned into the BamHI-EcoRI
sites of the pGEX-2T vector (Pharmacia Biotech). pGEX-FUS(1–240) and
pGEX-FUS(240–526) have been described previously (30). pMT107 (His6-
tagged ubiquitin), pMT108 (HA-tagged c-Jun), and pMT35 (His6-tagged c-Jun)
were the kind gifts of Dirk Bohmann (European Molecular Biology Laborato-
ries, Heidelberg, Germany). Plasmid ZZ5 was a kind gift from S. Matsufuji (Jikei
University, Tokyo, Japan). The LXSP retroviral vector was the kind gift of A.
Sacchi (Regina Elena Cancer Institute, Rome, Italy). Wild-type (WT) and dom-
inant negative (APF) Jun NH2-terminal kinase CMV-based expression plasmids
(15) were the kind gift of R. J. Davis (University of Massachusetts Medical
School, Worcester, Mass.). pRSV-v-Jun was a kind gift of E. J. Black and D. A. F.
Gillespie (Beatson Institute for Cancer Research, Bearsden, Glasgow, United
Kingdom). The transactivation-deficient S63/73L c-Jun mutant (32) cloned into
the mammalian expression vector pMT2 was a kind gift of J. Woodgett (Ontario
Cancer Institute, Toronto, Ontario, Canada).

Enzyme inhibitors. Where indicated, cells were IL-3 starved or IL-3 and serum
starved (8 h) in the presence of kinase, protease, or proteasome inhibitors used
at the following concentrations: calphostin C, 200 ng/ml (Calbiochem); N-acetyl-
Leu-Lev-Nle-CHO (ALLM), 25 mM (Calbiochem); N-acetyl-Leu-Lev-Met-CHO
(ALLN), 25 mM (Calbiochem); lactacystin, 10 mM (Calbiochem); and MG 132,
40 mM (Calbiochem).

Western blotting, immunoprecipitation, and Ni-NTA-mediated nickel chro-
matography. Cells were harvested, washed twice with ice-cold PBS, and lysed
(107 cells/100 ml of lysis buffer) in HEPES buffer (10 mM HEPES [pH 7.5], 150
mM NaCl, 10% [vol/vol] glycerol, 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 25 mg of aprotinin per ml, 10 mg of leupeptin per
ml, 100 mg of pepstatin A per ml, 5 mM benzamidine, 1 mM Na3VO4, 50 mM
NaF, 10 mM b-glycerolphosphate) containing 1% (vol/vol) NP-40. Lysates and
immunoprecipitated proteins were obtained and processed as described previ-
ously (29). Nuclear and cytoplasmic subcellular fractions were obtained as fol-
lows. Cells (107) were washed twice in ice-cold PBS and lysed in 1 ml of isotonic
buffer (150 mM NaCl, 20 mM HEPES [pH 7.5]) supplemented with 0.2% NP-40.
After disruption of the cytoplasmic membrane, nuclei were collected by centrif-
ugation (5 min at 500 3 g and 4°C), lysed in isotonic buffer supplemented with
1% NP-40, and clarified by centrifugation. FUS antiserum was obtained by rabbit
immunization with the agarose-coupled glutathione S-transferase (GST) FUS(1–
240) (N-terminal FUS, amino acids 1 to 240) fusion protein and used at a 1:5,000
dilution. Ni-nitrilotriacetic acid (NTA)-mediated nickel chromatography (Ni-
NTA agarose: Qiagen Inc., Valencia, Calif.) was performed under denaturing (4)
or nondenaturing conditions (Ni-NTA pull-down assay) as suggested by the
manufacturer.

Pulse-chase experiments. 32D WT FUS and 32DBCR-ABL cells expressing
WT or S256A HA-tagged FUS were cultured for 90 min in RPMI 1640 without
methionine and supplemented with 10% dialyzed FBS (Gibco BRL, Grand
Island, N.Y.) and 2 ng of recombinant murine IL-3 (Gibco BRL) per ml at 106

cells/ml. The cells were washed and resuspended (5 3 106 cells/ml) in medium
containing 250 mCi of [35S]methionine per ml (NEN; Life Science Products).
After 1 h, the cells were washed with methionine-containing RPMI and cultured
(105 cells/ml) for 12 h in IL-3-containing medium or in serum- and IL-3-deprived
medium, supplemented with an excess of L-methionine (3 mg/ml; Gibco BRL).
At different times, the cells were harvested and lysed in isotonic buffer (20 mM
HEPES [pH 7.5], 150 mM NaCl, 1% NP-40) supplemented with protease and
phosphatase inhibitors used at the indicated concentrations. Precleared extracts
were incubated at 4°C for 2 h with protein G plus (Oncogene Research Prod-
ucts)-coupled anti-HA antibody (Babco, Berkeley, Calif.). Immunoprecipitated
proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), visualized by autoradiography upon transfer onto a ni-
trocellulose membrane, and analyzed by densitometry. The half-lives of WT and
S256A FUS proteins (t1/2) were calculated using the formula t1/2 5 (0.693t)/ln
(Nt/N0) as described previously (24).

In vivo 32P labeling. WT and S256A FUS-expressing 32DBCR-ABL cells were
washed three times in phosphate-free RPMI (Gibco BRL), phosphate purged for
3 h, and incubated for 3 h in phosphate-free RPMI containing 0.3 mCi of
[32P]orthophosphate (New England Nuclear, Boston, Mass.) per ml, 0.1% bovine
serum albumin, and 25 mM HEPES (pH 7.4). Isotype-matched antibody-pre-
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cleared and protein G-agarose (Pharmacia, Piscataway, N.J.)-precleared lysates
were used in immunoprecipitation with an anti-HA antibody previously coated
with protein G-agarose. Immunoprecipitates were resolved by SDS-PAGE (4 to
15% polyacrylamide), transferred to nitrocellulose filters, and exposed for auto-
radiography.

Recombinant protein purification and PKC assay. BL-21 (DH3) cells were
transformed with plasmid pGEX-FUS(1–240), pGEX-FUS(240–526), pGEX-
FUS-Pep1, pGEX-FUS-Pep2, pGEX-FUS-Pep3, or pGEX-FUS-Pep4, encod-
ing, respectively, GST fused in frame with the FUS N-terminal amino acids 1 to
240, C-terminal amino acids 240 to 526, peptide 1 (amino acids 241 to 270
[RGRGGGRGGRGGMGGSDRGGFMKFGGPRDQ]), peptide 2 (amino ac-
ids 308 to 337 [GIIKTNKKTGQPMINLYTDRETGKLKGEAT]), peptide 3
(amino acids 342 to 376 [DPPSAKAAIDWFDGKEFSGNPIKVSFATRRA
DFNR]), or peptide 4 (amino acids 428 to 456 [PNPTCENMNFSWRNECNQC
KAPKPDGPGG]) containing putative PKCbII phosphorylation sites (underlined).
Purified proteins were obtained as specified by the manufacturer (Pharmacia
Biotech).

PKCbII serine/threonine kinase activity was assayed using an in vitro PKC
assay kit from Upstate Biotechnology, Inc. (UBI), with a recombinant PKCbII
(UBI) and 1 mg of N-terminal GST-FUS(1–240), C-terminal GST-FUS(240–
526), GST-FUS-Pep1, GST-FUS-Pep2, GST-FUS-Pep3, or GST-FUS-Pep4 as
the substrate, as suggested by the manufacturer (UBI). The reaction products
were fractionated by SDS-PAGE (4 to 15% polyacrylamide), and the gel was
stained with Coomassie blue, dried, and exposed for autoradiography.

Northern blot analysis. Total RNA was extracted using Tri-Reagent (Molec-
ular Research Center, Inc.). For Northern blot analysis, RNA (15 mg) was
fractionated onto denaturing 1% agarose–6.6% formaldehyde gels, transferred
to a nylon membrane (Amersham), and hybridized to radiolabeled full-length
FUS cDNA (8).

RESULTS

BCR-ABL prevents proteasome-mediated FUS degradation.
Induction of FUS binding activity in BCR-ABL-expressing
32Dcl3 cells is associated with enhanced expression of FUS
(30). To determine whether the induction of FUS expression
reflects an increase in mRNA levels or enhanced FUS protein
stability, Northern and Western blots were performed using
total RNA or cell extracts from parental and BCR-ABL-ex-
pressing 32Dcl3 cells cultured in the presence of IL-3 or after
12 h of IL-3 deprivation. Compared to parental 32Dcl3 cells,
BCR-ABL-expressing cells showed higher levels of FUS
mRNA only when cultured in the absence of IL-3 (Fig. 1A).
FUS protein was undetectable in IL-3-starved parental 32Dcl3

FIG. 1. FUS expression, stability, and proteasome-dependent degradation. (A) Northern (top panel) and Western blot (bottom panel) analysis of FUS expression
in parental and BCR-ABL-expressing 32Dcl3 cells in the presence of IL-3 (lanes 3 and 4) or after IL-3-deprivation for 8 h (lanes 1 and 2). rRNA and actin levels were
used as controls for RNA and protein loading, respectively. (B) Stability of FUS in IL-3-cultured parental and BCR-ABL-expressing 32Dcl3 cells ectopically expressing
the HA-tagged WT FUS. The turnover of FUS was monitored by a pulse-chase assay and quantitated by densitometry. Each point on the graph represents the mean
and standard deviation of the relative amount of FUS during the chase period; t1/2 values were calculated using the formula reported in Materials and Methods. The
graph is representative of three independent experiments with similar results. (C) Effect of proteasome (lactacystin [Lacta.] and MG132), calpain and proteasome
(ALLN), and calpain (ALLM) inhibitors on endogenous FUS expression in IL-3-deprived (8 h), parental, and BCR-ABL-expressing cells. FUS was detected using
antiserum raised against the N-terminal region (amino acids 1 to 240) of FUS. (D) Effect of ALLN on nuclear and cytoplasmic levels of HA-tagged FUS. Western blots
show expression of HA-tagged FUS, hnRNP C1/2, 14-3-3b, and hnRNP A1 in nuclear and cytoplasmic fractions of 32Dcl3 cells (cultured in IL-3, IL-3 starved [for 8
h], or IL-3 starved in the presence of ALLN). Expression of hnRNP C1/2 was used as nuclear marker, while that of 14-3-3b was used as cytoplasmic marker. The
anti-hnRNP C1/2 (4F4) and the anti-hnRNP A1 (9H10) monoclonal antibodies were a kind gift of G. Dreyfuss (Howard Hughes Medical Institute, University of
Pennsylvania School of Medicine, Philadelphia, Pa.), while HA-tagged FUS and 14-3-3b were detected using monoclonal anti-HA and anti 14-3-3b (Santa Cruz
Biotechnology, Santa Cruz, Calif.) antibodies. Data are representative of three different experiments with similar results.
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cells, whereas low levels of full-length FUS and faster-migrat-
ing forms, probably representing FUS degradation products,
were detected when these cells where cultured in the presence
of IL-3 (Fig. 1A). By contrast, FUS protein was abundant in
BCR-ABL-expressing cells regardless of the culture conditions
(Fig. 1A). Together, these findings suggest a role of BCR-ABL
in preventing FUS degradation. Indeed, pulse-chase experi-
ments performed with parental and BCR-ABL cells grown in
the presence of IL-3 and ectopically expressing the HA-tagged
FUS to facilitate its detection revealed that the t1/2 of newly
synthesized FUS was at least ;4.5 times longer in BCR-ABL-
expressing cells (t1/2 ' 11.3 h) than in the parental 32Dcl3 cells
(t1/2 ' 2.5 h) (Fig. 1B).

To investigate which proteolytic pathway might be respon-
sible for FUS degradation, inhibitors of Ca21-dependent neu-
tral proteases calpains (ALLN and ALLM), caspases (DEVD
and ZVAD-FMK), and the proteasome catalytic activities (lac-
tacystin, MG132, and ALLN), were assayed for their ability to
rescue FUS expression in 32Dcl3 cells deprived of IL-3 for 8 h.
Indeed, FUS expression was restored to levels comparable to
those of IL-3-cultured cells only when parental cells were IL-3
starved in the presence of 25 mM ALLN, 40 mM MG132, or 10
mM lactacystin (Fig. 1C), whereas the calpain inhibitor 25 mM
ALLM (Fig. 1C) and all the other inhibitors had no effect (data
not shown). Thus, FUS degradation appears to be proteasome
dependent. Note that FUS levels were not downmodulated by
growth factor deprivation of BCR-ABL-expressing cells and
that the faster-migrating bands recognized by the polyclonal
anti-FUS serum in parental 32Dcl3 cells (Fig. 1C, lane 1)
became undetectable after treatment with the proteasome in-
hibitors (lanes 5 and 7), further suggesting that they represent
cleavage products of FUS. Like the endogenous FUS, levels of
the ectopically expressed HA-tagged FUS were also regulated
in a proteasome-dependent manner and, as expected, most of
the HA-tagged FUS was detected in the nucleus (Fig. 1D, top
panel). Interestingly, the FUS-associated hnRNP A1 protein
was also protected from proteasome-dependent degradation
(Fig. 1D, lower panel) and was not downmodulated in BCR-
ABL-expressing cells (data not shown).

Proteasome-mediated proteolysis of FUS does not require
its ubiquitination. Most cellular proteins targeted for protea-
some-dependent degradation undergo an enzymatic modifica-
tion whereby they are covalently bound to ubiquitin molecules
in the form of polyubiquitin chains which function as a degra-
dation signal (31). To determine whether FUS is a substrate
for ubiquitination, 293T cells were cotransfected with HA-
tagged FUS and His6-tagged ubiquitin plasmids and assessed
for ubiquitination. FUS was readily detectable in total lysates
(Fig. 2, lane 8) but not in the Ni-NTA-purified fractions (lane
4), suggesting that it was not ubiquitinated at detectable levels.
By contrast, the HA-tagged FUS-associated protein hnRNP
A1 (42) and the control HA-tagged c-Jun were polyubiquiti-
nated, as indicated by the multiple slowly migrating forms
detected by the anti-HA antibody (lanes 2 and 3). FUS poly-
ubiquitination was also undetectable in Western blots using
FUS antiserum on anti-HA immunoprecipitates from 32Dcl3
and 32DBCR-ABL cells expressing the HA-tagged ubiquitin
(not shown). Accordingly, FUS appears to be one of an un-
known number of proteins recognized and degraded by the
proteasome without undergoing ubiquitination, although it
cannot be excluded that low levels of ubiquitination may con-
tribute to its degradation.

BCR-ABL-dependent PKCbII activity is required for FUS
protein stability. The DNA binding activity of FUS in BCR-
ABL-expressing 32Dcl3 cells was inhibited by treatment with a
PKCbII-specific inhibitor or upon expression of a PKCbII

dominant-negative mutant (30). To determine whether the
impairment in FUS binding activity is accompanied by a pro-
gressive decline in FUS expression, we assessed FUS levels in
BCR-ABL-expressing cells treated with calphostin C, a specific
inhibitor of conventional PKCs (39). In IL-3- and serum-
starved BCR-ABL-expressing cells treated with a calphostin C
concentration which does not induce apoptosis (12), FUS lev-
els were barely detectable at 8 h and undetectable at 12 h,
whereas they remained unchanged in untreated cells (Fig. 3A).
The decreased FUS expression in calphostin C-treated cells
was not due to reduced mRNA levels (Fig. 3B). The protea-
some inhibitor ALLN rescued FUS protein expression in 8-h
calphostin C-treated BCR-ABL-expressing 32Dcl3 cells (Fig.
3A), suggesting that PKCbII protects FUS from proteasome-
mediated degradation. The potential role of PKCbII phos-
phorylation in FUS stability was further investigated by iden-
tifying potential phosphorylation sites and by assessing the
properties of proteins carrying a mutated phosphorylation site.
PROSITE database analysis of the FUS protein sequence re-
vealed multiple potential PKC phosphorylation sites clustered
between amino acids 240 and 526; thus, GST fusion proteins
with various FUS peptides were generated and tested as
PKCbII substrates. FUS peptides 1 (amino acids 241 to 270)
and 2 (amino acids 308 to 337) were heavily phosphorylated,
while phosphorylation of peptides 3 (amino acids 342 to 376)
and 4 (amino acids 428 to 456) was barely detectable or unde-
tectable (Fig. 3C, lanes 1 to 4). Consistent with the results of a
previous study (30), the C terminus but not the N terminus
FUS was highly phosphorylated (lanes 5 and 6).

FUS stability and resistance to proteasome degradation de-
pends on its phosphorylation at serine 256. Serine phosphor-
ylation of FUS is required for its DNA binding activity (30),
and peptide 1, RGRGGGRGGRGGMGGSDRGGFNKFGG
PRDQ (amino acids 241 to 270) which is heavily phosphory-
lated, contains only one PKCbII phosphorylation site (serine
256 of the SDR motif), while the four PKCbII phosphorylation
sites present in peptide 2 do not include serine residues (see
Materials and Methods). Accordingly, we generated HA-

FIG. 2. FUS proteolysis does not require its ubiquitination. An in vivo ubiq-
uitination assay of c-Jun, hnRNP A1, and FUS was performed. Shown is a
Western blot with an anti-HA antibody on nickel chromatography-purified (Ni-
NTA resin under denaturing conditions) His6-ubiquitinated proteins (lanes 1 to
4) or on total-cell lysates (lanes 5 to 8) from 293T cells transfected with His6-
tagged ubiquitin (lanes 1 to 8) along with HA-hnRNP A1 (lanes 2 and 6),
HA-c-Jun (lanes 3 and 7), or HA-FUS (lanes 4 and 8). Data are representative
of three independent experiments with similar results.
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tagged S256A and S256D FUS mutants to investigate their
biochemical properties and susceptibility to proteasome-de-
pendent degradation. Parental 32Dcl3 cells stably transfected
with HA-tagged WT FUS or with the S256A mutant showed
downmodulated FUS expression after IL-3 starvation, which
was restored by treatment with the proteasome inhibitor lac-
tacystin (Fig. 4A, left panel). By contrast, expression of the
S256D mutant remained unchanged upon IL-3 removal and
after inhibition of proteasome activity (Fig. 4A, left panel). As
expected, levels of WT FUS in transfected BCR-ABL-express-
ing cells were not altered after 8 to 10 h in IL-3- and serum-
deprived cultures; under the same culture conditions, expres-
sion of the S256A FUS mutant was markedly impaired but was
restored by lactacystin (Fig. 4A, right panel). Consistent with
the propensity of the S256A FUS mutant to undergo degrada-

tion upon serum and IL-3 deprivation of BCR-ABL-expressing
cells, the t1/2 of newly synthesized S256A FUS was considerably
shorter (t1/2 ' 1.5 h) than that of WT FUS (t1/2 ' 10.8 h) (Fig.
4B). The S256A mutant retained the ability to associate with
PKCbII (data not shown) but was less phosphorylated in vivo
(approximately 50%) than was WT FUS (Fig. 4C), suggesting
that serine 256 is also an in vivo phosphorylation site. More-
over, the S256A FUS mutant lost the ability to bind DNA (data
not shown), and the relative amount of FUS in complex with
hnRNP C1/2 and hnRNP A1, two FUS-associated proteins
(42), was larger in the anti-HA immunoprecipitates from
S256A FUS-expressing cells than from WT FUS- or S256D
FUS-expressing cells (data not shown), suggesting that FUS
function is regulated by serine 256 phosphorylation.

c-Jun requirement for proteasome-dependent FUS proteol-
ysis. With the exception of the antizyme-dependent degrada-
tion of (ODC) (1), the mechanisms involved in the protea-
some-dependent degradation of nonubiquitinated substrates
are largely undefined. Upon formation of a heterodimeric
complex, c-Jun induces the ubiquitination and the proteasome-
dependent degradation of the associated ATF2 protein (14). In
experiments assessing the potential role of antizyme and c-Jun
in FUS degradation, we found that antizyme expression had no
effect on FUS levels in transfected 293T cells (Fig. 5A, lane 5)
while FUS degradation was induced by expression of two dif-
ferent plasmids carrying the His6-tagged c-Jun cDNA (Fig.
(lanes 2 and 3) and it was prevented when the cotransfected
cells were treated with the proteasome inhibitor lactacystin
(lane 10). Moreover, c-Jun expression promoted the proteol-
ysis of the S256A but not S256D FUS mutant (lanes 6 to 9),
suggesting that the effects of c-Jun are specific and that de-
phosphorylation of serine 256 is a prerequisite for c-Jun-me-
diated FUS degradation by the proteasome machinery. Over-
expression of the HA-tagged c-Myb, used as control for the
effect of an ectopic protein on FUS expression, did not alter
FUS levels (lane 4). Of note, overexpression of c-Jun had no
effect on the mRNA levels of endogenous and exogenous FUS
(Fig. 5B). To determine whether BCR-ABL prevents c-Jun-
induced FUS degradation, expression of the HA-tagged FUS
was assessed in parental and BCR-ABL cells overexpressing
WT FUS, as well as in 32Dcl3 cells expressing the S256D FUS
mutant, 48 h after infection with a retrovirus carrying the
full-length c-Jun cDNA. Exogenous WT FUS expression was
markedly downmodulated by c-Jun in parental cells but not in
BCR-ABL-expressing 32Dcl3 cells (Fig. 5C, lanes 4 and 5).
Moreover, c-Jun overexpression had no effect on the levels of
S256D FUS in 32Dcl3 cells expressing this mutant (lane 6).
The c-Jun-dependent degradation of WT FUS in 293T cells
was blocked by coexpression of c-Jun NH2-terminal kinase 1
(JNK1) but not by a dominant-negative JNK1 (15) (Fig. 6A),
suggesting that expression of nonphosphorylated c-Jun is re-
quired for proteasome-mediated FUS proteolysis. Overexpres-
sion of v-Jun, which is unable to associate with JNKs and
cannot be ubiquitinated in vivo (9, 39), induced FUS degrada-
tion (Fig. 6B, lane 2), further indicating that this effect is not
dependent on Jun-JNK interaction or c-Jun ubiquitination. In
addition, expression of S63/73L c-Jun, a mutant which is de-
fective in transactivation (16, 32), induced FUS proteolysis as
effectively as did wild-type c-Jun (lanes 3 and 4), suggesting
that FUS degradation is not mediated by protein(s) whose
expression is transcriptionally regulated by c-Jun.

FUS–hnRNP A1–c-Jun interaction is required for protea-
some-dependent FUS proteolysis. In 293T cells, the ectopically
expressed HA-tagged FUS was no longer detectable 48 h after
coexpression with c-Jun (Fig. 5), and Western blots with the
anti-FUS antibody showed that c-Jun also induced degradation

FIG. 3. PKC-dependent FUS expression and identification of FUS PKCbII
phosphorylation sites. (A) Western blot of FUS expression in BCR-ABL-ex-
pressing 32Dcl3 cells untreated or treated for the indicated times with calphostin
C, alone or in the presence of the proteasome inhibitor ALLN. Actin expression
was used as a control. (B) Northern blot of FUS expression in calphostin C-
treated (1.5 to 8 h) BCR-ABL-expressing 32Dcl3 cells. (C) In vitro kinase assay
(top panel) with recombinant PKCbII as the active kinase and GST-FUS fusion
proteins as the substrate. The N-terminal (amino acids 1 to 240) (lane 5) and the
C-terminal (amino acids 240 to 526) (lane 6) regions of FUS and four different
FUS peptides (lanes 1 to 4) containing the putative PKC phosphorylation sites
fused to GST are visible after Coomassie staining of the SDS-PAGE-fraction-
ated kinase reaction products (bottom panel). Data are representative of three
different experiments with similar results.
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of the endogenous FUS in a time-dependent manner (Fig. 7A,
lanes 1 to 4).

If ubiquitination of FUS is important for its degradation, it
might be promoted by c-Jun expression and/or its physical
interaction with c-Jun, as reported for the transcription factor
ATF2 (14). To assess whether c-Jun expression is required for
the induction of FUS ubiquitination, 293T cells were trans-
fected with the His6-tagged ubiquitin in the presence of HA-
tagged c-Jun and HA-tagged WT FUS in a 1:1 molar ratio. At
16, 24, 36, and 48 h posttransfection, the formation of FUS-
ubiquitin conjugates was determined by nickel chromatogra-
phy performed under denaturing conditions. Indeed, Western
blotting with the anti-FUS antibody did not detect ubiquiti-
nated forms of FUS, whereas ubiquitinated c-Jun was readily
detectable (Fig. 7A, lanes 5 to 11).

By the Ni-NTA pull-down assay, WT FUS, but not the
S256D FUS mutant, was found in complex with an ubiquiti-
nated protein(s) (data not shown), suggesting that this FUS-
associated protein might serve as a chaperon for targeting FUS
to the 26S proteasome. The nature of this protein was further
investigated by Western blotting using an antiubiquitin anti-
body on HA immunoprecipitates from 293T cells transiently
transfected with HA-tagged WT FUS or S256D FUS mutant
and His6-tagged c-Jun and treated with 10 mM lactacystin to
prevent proteasome-dependent FUS degradation. Indeed, a
ubiquitinated protein was readily detected in complex with WT
FUS and to a lesser extent with the S256D FUS mutant (Fig.

7B, lanes 2 and 3, a-Ub panel). In the same immunoprecipi-
tates, WT FUS, but not the phosphomimetic S256D FUS mu-
tant, was detected in association with c-Jun (Fig. 7B, lanes 2
and 3, a-cJun panel), consistent with the notion that lack of
phosphorylation at serine 256 is required for proteasome tar-
geting and degradation of FUS. Of note, WT FUS or its S256D
phosphomimetic mutant were found in complex with the
hnRNP A1 protein (Fig. 7B, a-hnRNP A1 panel). Since pro-
teolysis of hnRNP A1 protein is ubiquitin dependent (Fig. 2),
it is conceivable that the ubiquitinated protein which interacts
with FUS and may be required for FUS degradation represents
a ubiquitinated form of hnRNP A1. To address this possibility,
293T cells were transiently transfected with the HA-tagged WT
or S256D FUS together with the His6-tagged c-Jun and the
HA-tagged hnRNP A1 (1:1:1 molar ratio). Compared to the
effect of c-Jun alone (;75% decrease in FUS levels), coex-
pression of hnRNP A1 and c-Jun enhanced the degradation of
FUS (;95% decrease in FUS levels) (Fig. 7C, lanes 1 to 4). As
expected, overexpression of hnRNP A1 and c-Jun had no effect
on the levels of the S256D FUS mutant (lanes 5 to 8). Like
FUS, hnRNP A1 was also susceptible to the degradation-pro-
moting effect of c-Jun (lanes 3 and 4), and the effect was even
more pronounced at a 1:1:0.5 molar ratio of c-Jun, FUS, and
hnRNP A1, respectively (data not shown). In control experi-
ments, c-Jun had no effect on the levels of ectopically ex-
pressed c-Myb, which has a short half-life and, like hnRNP A1,
undergoes ubiquitin-dependent proteasome degradation (data

FIG. 4. Role of serine 256 in expression, stability, proteasome-mediated degradation, and in vivo phosphorylation of FUS. (A) HA-FUS levels in parental (left
panel) and BCR-ABL-expressing (right panel) 32Dcl3 cells stably expressing WT FUS or the S256A or S256D mutant. Cells were maintained in the presence of IL-3
or were IL-3 deprived (for 8 h) in the presence or absence of the proteasome inhibitor lactacystin (Lacta). Actin levels were used as a control. (B) Stability of newly
synthesized WT FUS and S256A FUS mutant in IL-3- and serum-deprived (8 h) 32DBCR-ABL cells. Each point of the graph represents the mean and standard
deviation of the relative amounts of WT FUS and S256A FUS during the chase period. Values on the graph are representatives of three independent experiments. (C)
FUS phosphorylation in in vivo 32P-labeled WT FUS- and S256A-expressing 32DBCR-ABL cells (lanes 1 and 2), and amount of immunoprecipitated (IP) WT and
S256A FUS (lanes 3 and 4). Data are representative of three experiments with similar results.
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not shown). c-Jun-dependent FUS and hnRNP A1 degrada-
tion was prevented by the proteasome inhibitor lactacystin (10
mM) (Fig. 7C, lanes 9 to 11), which also allowed the detection
of poly-ubiquitinated hnRNP A1 protein (lane 10). To exclude
the possibility that c-Jun directly targets hnRNP A1 to ubiq-
uitin-dependent proteasome degradation, Ni-NTA pull-down
experiments were performed with 1.5 mg of the same lysates of
293T cells expressing the His6-tagged c-Jun and WT FUS or
S256D FUS with or without the HA-tagged hnRNP A1 protein
(Fig. 7C). c-Jun was found in association with hnRNP A1 upon
coexpression with WT FUS (Fig. 7D, lane 4) but not with the
S256D FUS mutant (lane 7).

PKCbII-dependent phosphorylation of FUS serine 256 reg-
ulates survival and differentiation of myeloid precursor 32Dcl3
cells. Downregulation of FUS expression accelerates G-CSF-
induced granulocytic differentiation of myeloid precursor
32Dcl3 cells, whereas overexpression of FUS induces apoptosis
and consequently reduces the number of differentiated cells
(30). To assess the role of FUS serine 256 phosphorylation
during G-CSF-dependent differentiation, parental 32Dcl3 cells
or cells expressing the wild-type (32D WT FUS), the phospho-
mimetic (32D S256D FUS), or the nonphosphorylatable (32D
S256A FUS) FUS were cultured for 7 days in medium con-
taining G-CSF and monitored for FUS expression, survival,
and differentiation.

FIG. 5. c-Jun requirement for FUS proteasome-dependent degradation. (A)
HA-FUS expression (top panel) in transiently transfected 293T cells (lane 1),
cotransfected with two different c-Jun expression plasmids (pMT-c-Jun [pMT35]
and MSCV-c-Jun) (lanes 2 and 3, respectively), with pMT HA-c-Myb (lane 4), or
with a CMV-based vector containing the full-length antizyme (AZ) cDNA (lane
5). Expression of S256A FUS and S256D FUS mutants upon transient transfec-
tion in 293T cells (lanes 6 and 8) or cotransfection with pMT-c-Jun (lanes 7 and
9) is also shown. 293T cells were also cotransfected with WT HA FUS and
pMT-c-Jun and treated for 8 h with the proteasome inhibitor lactacystin before
being subjected to lysis (lane 10). c-Jun (middle panel) and HSP90 (bottom
panel) expression were monitored as controls. (B) Ectopic (top panel) and
endogenous (middle panel) FUS mRNA expression in parental 293T cells (lane
1) or in cells transfected with the LXSP HA-FUS plasmid alone (lane 2) or
cotransfected with pMT-c-Jun (lane 3). Ethidium bromide staining of rRNA is
shown as a control for equal loading (bottom panel). (C) Effect of transient
expression of c-Jun (middle panel) on HA-FUS levels (top panel) in retrovirus-
infected parental or BCR-ABL-expressing 32Dcl3 cells constitutively expressing
HA-tagged WT FUS or S256D FUS. HSP90 levels (bottom panel) were moni-
tored as a control of equal loading.

FIG. 6. Effect of JNK1, v-Jun, and S63/73L c-Jun mutant on FUS expression.
(A) HA-FUS expression (top row) in lysates of 293T cells transfected with WT
HA-FUS alone (lanes 1 to 4) or with c-Jun (lanes 2 to 4), FLAG-tagged WT
JNK1 (lane 3), or a FLAG-tagged dominant-negative JNK1 (lane 4). Phospho-
c-Jun levels (second row) were detected using an anti-phospho-Jun antibody
(Santa Cruz Biotechnology, Inc.). Total c-Jun levels (third row) were monitored
using a mix (1:1) of polyclonal anti-c-Jun antibodies (Santa Cruz Biotechnology
and Oncogene Sciences). Levels of exogenous JNK1 (fourth row) were detected
using an anti-FLAG antibody (Sigma). (B) HA-FUS expression (top row) in
lysates of 293T cells transfected with WT HA-FUS alone (lanes 1 to 4) or with
v-Jun (lane 2), c-Jun (lane 3), or the transactivation-deficient S63/73L c-Jun
mutant (lane 4). c-Jun and v-Jun levels (second row) were detected using the
polyclonal anti-c-Jun antibodies mix described for panel A. HSP90 levels were
monitored as control for equal loading.

VOL. 20, 2000 PREVENTION OF FUS PROTEOLYSIS BY BCR-ABL 6165



Consistent with the results of a previous study (29), WT HA
FUS levels were completely downmodulated after 3 days in
G-CSF (Fig. 8A, top panel); by contrast, S256A FUS expres-
sion was suppressed within 24 h (Fig. 8A, top panel), while the
levels of the phosphomimetic FUS (S256D) were almost un-
affected after 2 days and remained readily detectable after 3
days of treatment with G-CSF (Fig. 8A, top panel). Of interest,
downregulation of FUS levels temporally correlated with G-
CSF-induced c-Jun expression, which peaked at 24 h and be-
came undetectable after 3 days of exposure to G-CSF (Fig. 8A,
middle panel), consistent with the involvement of c-Jun in the
induction of FUS degradation. Interestingly, overexpression of
the S256D FUS mutant was more potent than that of WT FUS
in inducing apoptosis of 32Dcl3 cells growing in G-CSF-con-
taining medium (Fig. 8B and C). Moreover, WT FUS-express-
ing cells escaping apoptosis were able to undergo terminal
differentiation, while surviving S256D FUS-expressing cells re-
mained undifferentiated (Fig. 8C) and proliferated in G-CSF-
containing medium (data not shown). Conversely, mutation of
FUS serine 256 to alanine abolished the apoptotic effects of
FUS, allowing an apparently normal granulocytic differentia-
tion (Fig. 8B and C). Together, these data support a model in

which FUS degradation, possibly enhanced by c-Jun, is re-
quired for granulocytic differentiation of 32Dcl3 cells.

DISCUSSION

The observation that BCR-ABL induces FUS expression
and binding to nucleic acids (30) led us to study the mecha-
nisms controlling FUS turnover in normal and BCR-ABL-
expressing hematopoietic cells. Overexpression of FUS in
BCR-ABL-expressing cells reflects both increased mRNA lev-
els and enhanced protein stability (Fig. 1). However, treatment
of BCR-ABL-expressing cells with the protein synthesis inhib-
itor cycloheximide did not alter FUS DNA binding activity or
its expression (data not shown), suggesting that the primary
mechanism for the increase in FUS expression is posttransla-
tional and unlikely to depend on BCR-ABL-regulated path-
ways leading to enhanced FUS transcription. The degradation
of FUS in IL-3-deprived myeloid 32Dcl3 cells was specifically
rescued by proteasome inhibitors but was not dependent on its
polyubiquitination. Although technical limitations may prevent
the detection of low levels of ubiquitination, it is conceivable
that FUS, like other proteins whose prototype is ODC (1, 27),

FIG. 7. Role of ubiquitination and of hnRNP A1 expression in c-Jun-induced FUS degradation. (A) Endogenous FUS levels in 293T cells that were not transfected
(lane 1) or transfected with HA-c-Jun and harvested 16, 24, and 36 h after transfection (lanes 2 to 4), and an in vivo ubiquitination assay in 293T cells cotransfected
with His6-tagged ubiquitin, HA-c-Jun, and HA-WT FUS expression plasmids and harvested 16, 24, 36, and 48 h after transfection (lanes 7 to 10). Western blot with
anti-FUS (upper panel) or anti-HA (lower panel) antibody on total-cell lysate (lanes 1 to 4) or Ni-NTA-purified proteins (lanes 5 to 11) from nontransfected cells (lane
1), cells transfected with HA-c-Jun only (lanes 2 to 4), cells transfected with His6-tagged ubiquitin (lanes 5 to 11), plus HA-WT FUS (lane 6), cotransfected with HA-WT
FUS and HA-c-Jun (lanes 7–10), or plus HA-c-Jun only (lane 11). (B) Identification of WT and S256D FUS-associated proteins in lactacystin-treated 293T cells. Shown
are Western blots with anti-ubiquitin (first panel), anti-c-Jun (second panel), anti-hnRNP A1 (third panel), and anti-HA (fourth panel) antibody on HA-immuno-
precipitates (IP) from lysates of 293T cells transfected with His6-tagged c-Jun (lanes 1 to 3) alone (lane 1) or with HA-tagged WT FUS (lane 2) or S256D FUS (lane
3) and treated for 8 h with 10 mM lactacystin before being subjected to lysis. (C) Effect of hnRNP A1 on c-Jun-induced degradation of FUS. Shown are Western blots
with an anti-HA antibody on total-cell lysates from 293T cells transfected (1:1:1 molar ratio) with HA-tagged WT FUS (lanes 1 to 4 and 9 to 11) or S256D FUS mutant
(lanes 5 to 8), plus His6-tagged c-Jun (lanes 2, 3, 6, 7, 9, and 10) or HA-tagged hnRNP A1 (lanes 3, 4, 7, 8, 10, and 11) left untreated (lanes 2 to 8) or treated (lanes
9 to 11) with the proteasome inhibitor lactacystin. c-Jun and HSP90 levels were measured as internal controls of transfection efficiency and equal loading (data not
shown). (D) Ni-NTA pull-down assay performed with the same lysate (1.5 mg) used in the experiment in Fig. 6C. Shown are Western blots with an anti-HA (upper
panel) or anti-c-Jun (lower panel) antibody on total-cell lysates (lane 1) or on nondenatured (N.D.) Ni-NTA-purified fractions (lanes 2 to 7) from 293T cells transfected
with HA-tagged WT FUS (lanes 1 to 4) or S256D FUS (lanes 5 to 7) along with His6-tagged c-Jun (lanes 3, 4, 6, and 7) or HA-hnRNP A1 (lanes 1, 4, and 7). Data
are representative of three experiments with similar results.
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undergoes proteasome-dependent degradation without prior
ubiquitination. Probably, the association with adapter mole-
cules, like the antizyme for ODC, targets these proteins for
degradation (31). However, the cofactors that might promote
the proteasome-dependent degradation of two of these pro-
teins, the nuclear factors c-Jun (unconjugated form) (17) and
SP1 (38), are still unknown.

The association of various kinases with their substrates is
required in several cases of ubiquitin-proteasome degradation,
and the mechanism responsible for triggering this process is, in
most cases, dependent on recognition of the phosphorylated
substrate (13). However, phosphorylation may also prevent the
degradation of some substrates, such as c-Jun, ATF2, and p53
(13, 27). FUS phosphorylation by PKCbII appears to prevent
its proteasome-dependent proteolysis. Indeed, the S256D FUS
mutant in which the serine phosphorylation site was replaced
with the phosphomimetic aspartic acid was less susceptible to
degradation induced by IL-3-deprivation, while the S256A mu-
tant was even more susceptible to degradation than was WT
FUS (Fig. 4). Expression of the S256A mutant in BCR-ABL-
expressing cells was lower than that of WT FUS (several
S256A-expressing clones were analyzed), downmodulated
upon IL-3 and serum starvation, and restored upon treatment
with the proteasome inhibitor lactacystin (Fig. 4). Although

PKCbII was still able to associate with S256A FUS and this
mutant partially retained the ability to be phosphorylated in
vivo (Fig. 4), the serine-to-alanine mutation at amino acid 256
markedly altered the half-life of FUS (Fig. 4), influenced its
ability to associate with hnRNP C1/2 and A1, suppressed its
DNA binding activity, and had no effect on the ability of
G-CSF to induce the differentiation of 32Dcl3 cells (Fig. 8C).
The location of the Ser 256 PKCbII phosphorylation site
within the first RGG box, reportedly involved in both RNA-
protein and protein-protein interaction (2, 5), raises the pos-
sibility that an interacting protein associates with FUS when
Ser 256 is not phosphorylated and promotes its proteasome-
dependent degradation. Unlike ODC, FUS degradation did
not depend on expression of the ODC-cofactor antizyme but
was induced by c-Jun, previously shown to promote the ubiq-
uitin- and proteasome-dependent degradation of the transcrip-
tion factor ATF2 (14). The c-Jun-dependent degradation of
FUS was suppressed by expression of Jun kinase 1 but not of
a Jun kinase dominant negative mutant, suggesting that a non-
phosphorylated c-Jun is required for the effect; as expected, a
transactivation-defective c-Jun mutant (S63/73L) (32) was
highly effective in inducing FUS degradation, suggesting that
c-Jun-dependent gene expression is not required for the effect.
Moreover, since v-Jun lacks the c-Jun d domain responsible for

FIG. 8. Effect of Ser 256 FUS mutant expression on G-CSF-induced differentiation of 32Dcl3 cells. (A) Kinetics of FUS, c-Jun, and HSP90 expression (Western
blotting) in a representative (of three for each transfectant) clone of WT FUS, S256D FUS, or S256A FUS-expressing 32Dcl3 cells cultured in the presence of G-CSF
for 0, 1, 2, or 3 days. (B) Effect of G-CSF on the viability of parental and derivative cell lines ectopically expressing WT FUS, S256A FUS, or S256D FUS. Each point
represents the average of three independent experiments and standard deviation. The percentage cell death was determined by trypan blue exclusion. (C) G-CSF-
induced differentiation of parental and representative (of three for each transfectant) 32Dcl3-derived cell lines. Representative micrographs of May-Grunwald-Giemsa-
stained cytospins are shown.
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the interaction with JNK/SAPK and for c-Jun ubiquitination
(9, 40), its ability to induce FUS proteolysis suggests that such
an effect is not dependent on c-Jun association with Jun kinase
and/or on c-Jun ubiquitination.

c-Jun targeting of FUS for proteasome-mediated degrada-
tion was dependent on the phosphorylation status of FUS Ser
256, since the S256D FUS mutant was resistant to c-Jun-in-
duced proteolysis (Fig. 5). As expected, WT-FUS levels in
BCR-ABL-expressing cells were not altered by c-Jun overex-
pression, confirming the role of BCR-ABL as a regulator of
FUS stability via the induction of PKCbII-dependent phos-
phorylation and, probably, via its ability to activate Jun kinase
(34). Unlike the c-Jun-dependent degradation of ATF2, which
requires ATF2 ubiquitination induced by formation of the
c-Jun–ATF2 complex (14), measurable levels of ubiquitinated
FUS were not detected (Fig. 7). Although not ubiquitinated at
detectable levels, WT FUS and, to a lesser extent, the phos-
phomimetic FUS mutant were found in association with a
ubiquitinated protein of ;40 kDa (Fig. 7), suggesting that this
FUS-associated protein might be responsible for directing
FUS to the proteasome. Since WT FUS interacts with non-
ubiquitinated c-Jun (Fig. 7) and since the nonubiquitinable
v-Jun (40) induces FUS degradation (Fig. 6), it seems unlikely
that c-Jun itself targets FUS to the proteasome. c-Jun may,
however, favor the posttranslational modification(s) (i.e., ubiq-
uitination) of this FUS-associated protein, providing a signal
for targeting FUS to the proteasome. hnRNP A1, a FUS-
associated protein (35), is polyubiquitinated and undergoes
proteasome-dependent degradation in a c-Jun-dependent man-
ner. These findings, along with the observation that hnRNP A1
enhances the c-Jun-induced degradation of FUS (Fig. 7), sug-
gest that the association with ubiquitinated hnRNP A1 repre-
sents one of the mechanisms for targeting FUS to the protea-
some. In fact, WT FUS was found in complex with c-Jun and
hnRNP A1, whereas the S256D FUS mutant, although able to
associate with hnRNP A1, did not interact with c-Jun (Fig. 7).
Since c-Jun itself does not interact with hnRNP A1 (Fig. 7), it
seems likely that, directly or indirectly, it associates with the
FUS-hnRNP A1-containing complex promoting the protea-
some-dependent degradation of both FUS and hnRNP A1.
Levels of c-Jun were higher in cells cotransfected with degra-
dation-resistant S256D FUS than with degradation-prone WT
FUS (data not shown), suggesting that c-Jun in complex with
FUS and hnRNPA1 also undergoes degradation.

Although it has been reported that the proteasome specifi-
cally degrades only the ubiquitinated subunits of a multipro-
tein complex (19), there is also evidence that monoubiquiti-
nated proteins (20) and nonubiquitinated proteins or protein
complexes, like ODC-antizyme, are efficiently degraded by the
26S proteasome (31). Thus, the formation of a complex with a
ubiquitinated protein(s) might be sufficient for the proteasome
degradation of nonubiquitinated FUS.

Since expression of hnRNP A1 is abundant whereas c-Jun
levels are modulated during the cell cycle or upon induction of
differentiation, hnRNP A1 might have primarily a “chaperone”
function for FUS degradation whereas the c-Jun-dependent
effects on FUS stability might be functionally significant during
these processes. Consistent with previous studies (21), c-Jun
expression is induced by G-CSF treatment of 32Dcl3 cells (Fig.
8) and precedes the downmodulation of FUS, an event re-
quired for granulocytic differentiation (30). Interestingly, the
ectopically expressed proteolysis-resistant S256D FUS mutant
was only partly downmodulated during G-CSF-induced differ-
entiation of 32Dcl3 cells and caused massive apoptosis and the
emergence of a cohort of differentiation-arrested cells growing
in G-CSF-containing medium. In the apoptosis-resistant BCR-

ABL-expressing 32Dcl3 cells, failure to downmodulate FUS
levels might be one of the mechanisms preventing G-CSF-
induced differentiation, thereby contributing to leukemogene-
sis.

In addition to PKCbII-dependent phosphorylation of FUS
at Ser 256, oncogenic BCR-ABL might suppress FUS prote-
olysis by causing an increase in c-Jun phosphorylation medi-
ated by active Jun kinase 1. Since activation of the Jun kinase
pathway is required for BCR-ABL-dependent transformation
(11, 34), it is possible that the oncogenic effects of active Jun
kinase are mediated by stabilization of FUS and, perhaps, of
other nuclear regulators.

In summary, FUS expression is, in part, controlled by a
process of proteasome-mediated degradation regulated by
PKCbII-dependent phosphorylation, c-Jun expression, and
possibly hnRNP A1 ubiquitination. The execution of these
processes appears to be important for granulocytic differenti-
ation, while its suppression by oncogenic BCR-ABL might
contribute to BCR-ABL-dependent leukemogenesis. This might
be especially relevant in chronic myelogenous leukemia blast
crisis, in which BCR-ABL-expressing cells are differentiation
arrested and exhibit abundant FUS expression (30).
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