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hnRNP A1 is a nucleocytoplasmic shuttling heterogeneous nuclear ribonucleoprotein that accompanies
eukaryotic mRNAs from the active site of transcription to that of translation. Although the importance of
hnRNP A1 as a regulator of nuclear pre-mRNA and mRNA processing and export is well established, it is
unknown whether this is relevant for the control of proliferation, survival, and differentiation of normal and
transformed cells. We show here that hnRNP A1 levels are increased in myeloid progenitor cells expressing the
p210BCR/ABL oncoprotein, in mononuclear cells from chronic myelogenous leukemia (CML) blast crisis pa-
tients, and during disease progression. In addition, in myeloid progenitor 32Dcl3 cells, BCR/ABL stabilizes
hnRNP A1 by preventing its ubiquitin/proteasome-dependent degradation. To assess the potential role of
hnRNP A1 nucleocytoplasmic shuttling activity in normal and leukemic myelopoiesis, a mutant defective in
nuclear export was ectopically expressed in parental and BCR/ABL-transformed myeloid precursor 32Dcl3
cells, in normal murine marrow cells, and in mononuclear cells from a CML patient in accelerated phase. In
normal cells, expression of this mutant enhanced the susceptibility to apoptosis induced by interleukin-3
deprivation, suppressed granulocytic differentiation, and induced massive cell death of granulocyte colony-
stimulating factor-treated cultures. In BCR/ABL-transformed cells, its expression was associated with sup-
pression of colony formation and reduced tumorigenic potential in vivo. Moreover, interference with hnRNP
A1 shuttling activity resulted in downmodulation of C/EBP�, the major regulator of granulocytic differenti-
ation, and Bcl-XL, an important survival factor for hematopoietic cells. Together, these results suggest that the
shuttling activity of hnRNP A1 is important for the nucleocytoplasmic trafficking of mRNAs that encode
proteins influencing the phenotype of normal and BCR/ABL-transformed myeloid progenitors.

The leukemogenic potential of the BCR/ABL oncoproteins
depends on their ability to transduce oncogenic signals leading
to altered expression and/or function of critical regulators of
hematopoietic cell proliferation, survival, and differentiation
(21, 22, 29, 43, 53). We recently reported that expression and
activity of the heterogeneous ribonucleoprotein (hnRNP) FUS
are important for the tumorigenic potential, growth factor-
independent proliferation, and altered differentiation of BCR/
ABL-transformed myeloid progenitors (45). In these cells,
BCR/ABL regulates FUS expression and activity by inducing a
PKC�II-dependent phosphorylation that prevents the protea-
some degradation of FUS (46). FUS proteolysis is mediated by
the association with ubiquitinated hnRNP A1, which, in turn,
undergoes proteasome-dependent degradation in cytokine-de-
prived myeloid precursors (46). FUS and hnRNP A1 are two
associated RNA binding proteins that belong to the family of
shuttling hnRNPs (31, 52, 60). hnRNPs are RNA polymerase
II-associated proteins which control different cellular activities
such as transcription, nuclear pre-mRNA processing, mRNA

export, translation, and cytoplasmic mRNA stability (12, 31,
54).

The ubiquitously expressed hnRNP A1 is a well-character-
ized hnRNP, and its levels of expression are higher in prolif-
erating and/or transformed cells than in differentiated tissues
(3). hnRNP A1 has an important role in pre-mRNA and
mRNA metabolism (16); it binds nascent pre-mRNA in a
sequence-specific manner (7), promotes the annealing of
cRNA strands (11, 26), and regulates splice site selection (8–
10, 14, 36, 37), exon skipping or inclusion (5, 28), nuclear
export of mature mRNAs (27), mRNA turnover (23, 24), and
translation (57). Although primarily nuclear, hnRNP A1 shut-
tles continuously between the nucleus and the cytoplasm,
where dissociates from its mRNA cargo and is rapidly reim-
ported into the nucleus in a transportin 1-dependent manner
(47, 49, 55). The nucleocytoplasmic shuttling activity of hnRNP
A1 depends on ongoing RNA polymerase II transcription (47,
48) and on the integrity of the M9 domain, a 38-amino-acid
sequence which controls both nuclear import and export (38)
and serves as a specific sensor for transcription-dependent
nuclear transport of hnRNP A1 (55). hnRNP A1 binds mRNA
both in the nucleus and in the cytoplasm, and its involvement
in the nucleocytoplasmic trafficking of mRNA molecules also
depends on an intact M9 shuttling domain (27).

We show here that expression of hnRNP A1 is increased in
BCR/ABL-expressing cells through a posttranslational mech-
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anism that prevents its ubiquitin/proteasome-dependent deg-
radation. Moreover, survival and differentiation of normal my-
eloid precursors, growth factor-independent proliferation and
tumorigenic potential of BCR/ABL-expressing 32Dcl3 cells,
and colony formation of primary CD34� cells from a patient
with chronic myelogenous leukemia (CML) in accelerated
phase (CML-AP) were impaired by expression of a nuclear
hnRNP A1 mutant deficient in nucleocytoplasmic shuttling.

MATERIALS AND METHODS

Cell cultures and primary cells. The murine interleukin-3 (IL-3)-dependent
32Dcl3 myeloid precursor and its derivative cell lines were maintained in culture
or induced to differentiate as described previously (2). Morphological differen-
tiation was monitored by May-Grunwald and Giemsa staining of cytospin prep-
arations. For assays requiring cell starvation, cells were washed four times in
phosphate-buffered saline (PBS) and incubated for 8 to 12 h in RPMI supple-
mented with 10% fetal bovine serum and 2 mM L-glutamine. The 293T human
embryonic kidney cell line transformed with adenovirus 5 DNA (American Type
Culture Collection [ATCC], Manassas, Va.) and the amphotropic-packaging cell
line Phoenix A (G. P. Nolan, Stanford University School of Medicine) (ATCC
SD3444) were maintained in Dulbecco’s modified Eagle medium supplemented
with 10% heat-inactivated fetal calf serum and 2 mM glutamine (GIBCO), grown
for 16 to 18 h to 80% confluence, and transfected by the calcium phosphate-
DNA precipitation method using the ProFection system (Promega). The empty
pMT or LXSP plasmid was used to normalize amounts of transfected DNA.

The stable 32D-BCR/ABL cell line has been described previously (45),
whereas BCR/ABL-expressing 32Dcl3 cells were obtained by retroviral infection
with supernatants of Phoenix cells transfected with the pSR�WTp210BCR/ABL

plasmid. 32Dcl3 cells transfected with empty vectors (LXSP, MSCVpuro, MIG-
RI, and pSR�MSV-tkneo) were morphologically identical to parental cells.

Where indicated, parental and BCR/ABL-expressing 32Dcl3 cells were IL-3
starved (8 h) in the absence or in the presence of a 25 �M concentration of the
proteasome inhibitor ALLN (Calbiochem). To inhibit BCR/ABL tyrosine kinase
activity, 32D-BCR/ABL cells were cultured for 8 h in medium supplemented
with the Abl-kinase inhibitor STI571 (1 �M) (Novartis). 293T cells were treated
with actinomycin D as described (38, 47). To inhibit protein synthesis, parental
and BCR/ABL-expressing 32Dcl3 cells were treated for the indicated times with
cycloheximide at a concentration (20 �g/ml) equally tolerated by both cell lines.

Samples of mononuclear hematopoietic cells from bone marrow of patients
with CML in chronic phase (CML-CP) and in myeloid blast crisis (CML-BC)
(20) were Ficoll separated and directly lysed in Laemmli buffer (2 � 105 cells/20
�l) for Western blot analysis. CD34� cells from leukophoresis of a CML-AP
patient were purified by using the CD34 MultiSort kit (Miltenyi Biotec, Auburn,
Calif.) and kept overnight in Iscove’s modified Dulbecco medium supplemented
with 20% FBS, 2 mM glutamine, and human recombinant IL-3 (20 ng/ml), IL-6
(20 ng/ml), Flt-3 ligand (100 ng/ml), and KL (100 ng/ml) (Stem Cell Technologies
Inc., Vancouver, Canada). Normal murine hematopoietic marrow cells were
obtained from the femurs of C57BL/6 mice after hypotonic lysis, Ficoll separa-
tion, and adherence to plastic. Mononuclear cells were kept for two days in
complete Iscove’s modified Dulbecco medium supplemented with murine re-
combinant IL-3 (2 ng/ml), IL-6 (1.2 ng/ml), and KL (10 ng/ml) and subjected to
a second round of Ficoll separation. Primary (murine or human) hematopoietic
cells (106) were infected with the indicated retroviral constructs and plated in
methylcellulose for clonogenic assays.

Retroviral infection of 32Dcl3 cells and derivative cell lines, normal murine
marrow cells, and CD34� cells from a CML-AP patient. 32Dcl3 cell lines ex-
pressing wild-type (32D-WT-A1-HA and 32D-BCR/ABL-WT-A1-HA), mutant
(32D-NLS-A1-HA and 32D-BCR/ABL/NLS-A1-HA) or both wild-type and mu-
tant (32D-NLS-A1-HA/WT-A1-HA) hnRNP A1 or mutant hnRNP A1 and
C/EBP� (32D-NLS-A1-HA/C/EBP�-HA) were generated by retroviral infection
of parental and BCR/ABL-expressing 32Dcl3 cells. Transient expression of mu-
tant hnRNP A1 in normal murine marrow cells and in CD34� CML-AP cells was
obtained by infection with the LXSP-NLS-A1-HA retrovirus. Infections were
carried out as described previously (44). Briefly, infectious supernatants from
transiently transfected Phoenix cells were collected at 48 h after transfection and
used to infect normal or BCR/ABL-transformed (primary and 32Dcl3 derivative)
cells; 24 h later, infected cells were either sorted for green fluorescent protein
positivity or cultured in the presence of G418 (1 mg/ml) or puromycin (2.5 �g/ml)
for clonal selection or clonogenic assays. Viral titers of infectious supernatants
from Phoenix cells transfected with the LXSP and the LXSP-NLS-A1 retroviral

constructs were determined as follows. NIH 3T3 cells were plated (70% conflu-
ent) in 60-mm-diameter dishes and infected with 1 ml of viral supernatant as
described previously (44). After infection, cells were split at different dilutions
and plated in the presence of puromycin (2.5 �g/ml); puromycin-resistant colo-
nies were scored after 9 days. The CFU per milliliter of virus inoculum volume
was calculated by multiplying the number of puromycin-resistant colonies by the
split factor of 1/2 as recommended in the ATCC protocol. Comparable numbers
of viral puromycin-resistant CFU per milliliter (1.64 � 106 to 1.82 � 106) were
used for clonogenic assays of 32Dcl3 and CD34� CML cells (see below). For
Western blotting, cells were lysed either in Laemmli buffer (2 � 105 cells/20 �l)
or in hypertonic buffer (10 mM HEPES [pH 7.5], 400 mM NaCl, 10% [vol/vol]
glycerol, 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, 25 �g of aprotinin per ml, 10 �g of leupeptin per ml, 100 �g of pepstatin
A per ml, 5 mM benzamidine, 1 mM Na3VO4, 50 mM NaF, 10 mM �-glycerol-
phosphate, and 1% [vol/vol] NP-40.

Plasmids. The full-length hnRNP A1 cDNA was a kind gift of G. Dreyfuss
(Howard Hughes Medical Institute, University of Pennsylvania School of Med-
icine, Philadelphia). To construct plasmid pMT-A1-HA, wild-type hnRNP A1
cDNA was PCR amplified using an upstream primer containing a BamHI site
and a downstream primer containing a mutation in the stop codon followed by
the hemagglutinin (HA) epitope sequence and a HindIII restriction site. The
PCR product was digested with BamHI and HindIII and subcloned into the
cytomegalovirus-based vector pMT. The shuttling-deficient plasmid pMT-
A1(G274A)-HA carrying the G274A mutation in the M9 domain (38) was
generated by site-directed mutagenesis of pMT-A1-HA with the Quickeasy Mu-
tagenesis system (Stratagene). To construct plasmid pMT-NLS-A1-HA, a dou-
ble-stranded oligonucleotide containing the sequence of the bipartite-basic-type
nuclear localization signal (NLS) (KRPAEDMEEEQAFKRSR) of hnRNP K
(39) flanked at both ends by a BamHI site was subcloned in frame into plasmid
pMT-A1(G274A)-HA previously digested with BamHI. Plasmids MSCVpuro-
A1-HA and LXSP-NLS-A1-HA were generated by subcloning the Klenow-
blunted A1-HA and NLS-A1-HA NotI/HindIII fragments into the HpaI site of
MSCVpuro (Clontech) and LXSP (kind gift of A. Sacchi, Regina Elena Cancer
Institute, Rome, Italy), respectively. Plasmid MIG-RI-WT-A1-HA was gener-
ated by subcloning A1-HA BamHI and HindIII-blunted fragment into the BglII-
and HpaI-digested MIG-RI retroviral vector (44). To construct �uORF-C/
EBP�-HA, rat C/EBP� cDNA was amplified by PCR from plasmid pC/EBP� (a
kind gift of S. L McKnight, Tularik Inc., South San Francisco, Calif.) using a
primer set in which the 5� ends of the upstream and downstream primer start at
the main ATG and at the stop codon of C/EBP� cDNA, respectively. The PCR
product was used as a PCR template with a downstream primer that contains an
EcoRI site at the 5� end flanked by the HA tag sequence and by a mutated
C/EBP� stop codon. The amplified product was directionally subcloned into the
HpaI- and EcoRI-digested MIG-R1 vector. Each plasmid was sequenced to
verify the presence of expected mutations and correct reading frames. Plasmids
pSR�MSVtkneo, pSR�MSVtkneo-p210BCR/ABL, and LXSP-HA-FUS have
been described previously (46). The mc/ebp-alpha-3�UTR plasmid containing
part of the 3� untranslated region of the murine c/EBP� cDNA was a kind gift
of Daniel G. Tenen (Harvard Institute of Medicine, Boston, Mass.).

Western blot analysis. Cells were harvested, washed twice with ice-cold PBS,
and lysed (107 cells/100 �l of lysis buffer) in hypertonic buffer. Lysates were
obtained and processed as described previously (46). Nuclear and cytoplasmic
subcellular fractions were obtained as follows. 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 and with protease inhibitors (see
above). After disruption of the cytoplasmic membrane, nuclei were collected by
centrifugation (5 min, 500 � g, 4°C), lysed in isotonic buffer supplemented with
1% NP-40, and clarified by centrifugation. Cytoplasmic fractions were also fur-
ther clarified by centrifugation (12,000 � g, 15 min, 4°C). For C/EBP� detection,
cells (2 � 105 to 3 � 105) were washed twice with ice-cold PBS, lysed directly in
20 �l of Laemmli sodium dodecyl sulfate (SDS) sample buffer, denatured (10
min, 100°C) prior to fractionation by SDS–4 to 15% polyacrylamide gel electro-
phoresis, and processed for Western blotting as described previously (46). The
antibodies used were as follows: monoclonal anti-hnRNP A1 (9H10) (38) and
monoclonal anti-hnRNP C1/2 (4F4) (42) (kind gifts of G. Dreyfuss); monoclonal
anti-HSP90; rabbit polyclonal anti-C/EBP�, anti-granulocyte colony-stimulating
factor receptor (anti-G-CSFR), anti-Bcl-2, and anti-Bcl-XL (Santa Cruz Biotech-
nology, Santa Cruz, Calif.); monoclonal anti-Abl (Ab3; Oncogene Science);
monoclonal anti-GRB2 and horseradish peroxidase-conjugated antiphosphoty-
rosine PY20 (Transduction Laboratories Inc.); and anti-HA (Babco, Berkeley,
Calif.).

Pulse-chase. 32D-WT-A1-HA and 32D-BCR/ABL-WT-A1-HA cells were cul-
tured for 90 min in RPMI 1640 without methionine and supplemented with 10%
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dialyzed FBS (Gibco BRL, Grand Island, N.Y.) and 2 ng of recombinant murine
IL-3 (Gibco BRL) per ml at 106 cells/ml. Cells were washed and resuspended (5
� 106 cells/ml) in medium containing 250 �Ci of [35S]methionine (NEN, Life
Science Products, Boston, Mass.) per ml. After 1 h, cells were washed with
methionine-containing RPMI and cultured (105 cells/ml) for 20 h in IL-3-con-
taining medium supplemented with an excess of L-methionine (3 mg/ml) (Gibco
BRL). At different times, 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 (Calbiochem)-coupled
anti-HA antibody (Babco). Immunoprecipitated proteins were resolved by SDS-
polyacrylamide gel electrophoresis, visualized by phosphorimaging (Molecular
Dynamics) upon transfer onto a nitrocellulose membrane, and analyzed by den-
sitometry. The half-life of the wild-type hnRNP A1 protein (t1/2) was calculated
using the formula t1/2 � (0.693 � t)/ln (Nt/N0) as described previously (34).

Immunofluorescence microscopy. 293T cells were grown on a microscope glass
slide and transfected with the HA-tagged wild-type, G274A, and NLS-A1 plas-
mids as described above. At 48 h after transfection, glass slides were washed in
Hanks’ balanced salt solution, and cells were fixed for 10 min in PBS containing
3.7% formaldehyde. Thereafter, cells were washed three times with PBS, per-
meabilized by incubation (10 min) in PBS–0.05% Triton X-100 (Sigma), rinsed
again with PBS, and then blocked for 10 min in PBS–4% goat serum. Incubation
with the anti-HA antibody (1:250 dilution) and with the fluorophore-labeled goat
anti-mouse immunoglobulin G Alexa 488 A-11001 (1:200 dilution; Molecular
Probes) were carried out at room temperature for 30 min. Slides were rinsed
three times with PBS, treated with SlowFade Antifade reagent (Molecular
Probes), and analyzed by confocal microscopy.

Northern blot analysis and RT-PCR with total and cytoplasmic RNAs. Total
RNA was extracted with Tri-Reagent (Sigma). Cytoplasmic RNA was prepared
by adding 2 volumes of Tri-Reagent to the cytoplasmic fractions prepared as
described above. For Northern blot analysis, RNA (15 �g) was fractionated onto
denaturing 1% agarose–6.6% formaldehyde gels, transferred to a nylon mem-
brane (Amersham), and hybridized to 32P-labeled hnRNP A1 cDNA (4) and to
the murine C/EBP� 3� untranslated region fragment (50). Reverse transcription-
PCR (RT-PCR) was performed with cytoplasmic RNA (125 ng) reverse tran-
scribed by using avian myeloblastosis virus reverse transcriptase (Roche, Inc.)
and random examers (Pharmacia) as described previously (2). Bcl-XL levels were
determined by PCR using a set of primers corresponding to nucleotides 100 to
120 and 920 to 945 of the reported cDNA sequence of the mouse Bcl-X gene. An
internal BCL-XL primer (nucleotides 721 to 760) was used for Southern blot
analysis to determine the specificity of the amplified PCR product. �-actin levels
were monitored as a control for equal loading. Differences in Bcl-XL levels were

detected after 23 to 28 PCR cycles. After 30 PCR cycles, levels of Bcl-XL were
identical in cells expressing or not expressing the NLS-A1-HA hnRNP A1 mu-
tant.

Clonogenic assay and tumorigenesis in SCID mice. Methylcellulose colony
formation assays were carried out as described previously (2). Where indicated,
cells were plated in the presence of antibiotics (G418 at 1 mg/ml or puromycin
at 1.25 �g/ml) and of different concentrations of IL-3 or G-CSF. Colonies (	125
�m) were scored 7 to 10 days later. 32D-BCR/ABL and 32D-BCR/ABL-NLS-
A1-HA cells (5 � 106 cells/mouse) were injected subcutaneously into 5- to
7-week-old ICR SCID outbred mice (Taconic, Germantown, N.Y.). Before in-
jection, cells were washed and resuspended (2.5 � 107 cells/ml) in PBS. Tumor
growth was monitored every other day. Mice were sacrificed at 20 days postin-
jection, and the excised tumors were fixed in phosphate-buffered formalin.

RESULTS

BCR/ABL prevents ubiquitin/proteasome-dependent hnRNP
A1 degradation. We recently reported that proteasome-medi-
ated degradation of FUS requires association with hnRNP A1,
which, in turn, undergoes ubiquitin/proteasome degradation in
IL-3-deprived myeloid precursor 32Dcl3 cells (46). Since FUS
expression correlates with that of BCR/ABL and its degrada-
tion is, in turn, suppressed by p210BCR/ABL (45, 46), we under-
took experiments to determine whether levels of the FUS-
associated hnRNP A1 are regulated by BCR/ABL in a manner
similar to that of FUS. hnRNP A1 protein but not mRNA
levels were markedly increased in BCR/ABL-expressing cells
and were not influenced by the presence or absence of IL-3
(Fig. 1A). By contrast, hnRNP A1 protein was detectable at
low levels in parental 32Dcl3 cells and downregulated upon
cytokine deprivation (Fig. 1A, lanes 1 and 3). Likewise, hnRNP
A1 levels were low or undetectable in 4 samples (representa-
tive of 10) of mononuclear marrows cells of CML-CP patients
(Fig. 1B, lanes 3, 5, 7, and 9) but were clearly detectable upon
transition into blast crisis (CML-BC patients) (Fig. 1B, lanes 4,
6, 8, and 10). Of note is that hnRNP A1 was more abundant in
the CML-BC samples expressing detectable levels of BCR/

FIG. 1. hnRNP A1 expression in normal and BCR/ABL-transformed cells. (A) Northern (top panel) and Western blot (bottom panel) analysis
of hnRNP A1 expression in parental and BCR/ABL-expressing 32Dcl3 cells in the presence of IL-3 (lanes 1 and 3) or after IL-3 deprivation (12
h) (lanes 3 and 4). rRNA and HSP90 levels were used as controls for RNA and protein loading, respectively. (B) Western blot showing expression
of hnRNP A1, BCR/ABL, and GRB2 in the CD34� and CD34
 fractions of mononuclear cells from a CML-AP patient (lanes 1 and 2) and in
samples of mononuclear marrow cells from four CML-CP and four CML-BC patients (lanes 3 to 10).
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ABL (Fig. 1B). hnRNP A1 expression in the CD34� and
CD34
 fractions of mononuclear cells from a CML-AP pa-
tient, in which cytogenetic analysis revealed the presence of a
double Philadelphia chromosome in approximately 20% met-
aphases, was also assessed. Of interest is that hnRNP A1 levels
were higher in the CD34� than in the CD34
 fraction and
correlated with those of BCR/ABL (Fig. 1B, lanes 1 and 2).
Thus, it seems likely that hnRNP A1 expression correlates with
that of BCR/ABL also in primary CML cells.

In parental 32Dcl3 cells, hnRNP A1 mRNA levels were
similar to those in BCR/ABL-expressing cells regardless of the
culture condition, suggesting that BCR/ABL induces post-
translational modifications that stabilize hnRNP A1 and pre-
vent its proteasome-mediated degradation. Indeed, by pulse-
chase experiments, the half-life of hnRNP A1 was longer in
BCR/ABL-expressing cells (�9 h) than in parental cells (�4 h)
(Fig. 2A, left panel). Consistent with these findings, treatment
with the protein synthesis inhibitor cycloheximide, at a concen-
tration (20 �g/ml) equally tolerated by parental and BCR/
ABL-expressing 32Dcl3 cells during the time of exposure, re-

sulted in downregulation of hnRNP A1 expression more
rapidly in parental than in BCR/ABL-expressing 32Dcl3 cells
(Fig. 2A, right panel). Thus, BCR/ABL expression appears to
promote an increase in hnRNP A1 stability, possibly by pre-
venting its proteasome-mediated degradation. Indeed, treat-
ment with the proteasome inhibitor ALLN (25 �M) restored
hnRNP A1 expression in IL-3-deprived parental 32Dcl3 cells
(Fig. 2B, lanes 1 to 3), whereas it had no effect on hnRNP A1
levels in BCR/ABL-expressing cells (Fig. 2B, lanes 4 to 6). Of
note is that hnRNP A1 levels were also decreased in BCR/
ABL-expressing 32Dcl3 cells treated for 8 h with the specific
ABL tyrosine kinase inhibitor STI571 (1 �M) (Fig. 2B, lanes 7
and 8), indicating that the enhanced hnRNP A1 expression is
BCR/ABL tyrosine kinase dependent.

Generation of parental and BCR/ABL 32Dcl3 cell lines ex-
pressing a nucleus-localized shuttling-deficient hnRNP A1
mutant. Several studies have shown that hnRNP A1 is a reg-
ulator of mRNA nuclear export (12, 54). The nucleocytoplas-
mic shuttling activity of hnRNP A1 depends on the integrity of
a 38-amino-acid sequence, the M9 domain, which provides the

FIG. 2. Role of BCR/ABL in the regulation of hnRNP A1 levels. (A) Left panel, stability of HA-tagged wild-type hnRNP A1 in exponentially
growing parental and BCR/ABL-expressing 32Dcl3 cells. The half-life (t1/2) of hnRNP A1 was assessed by pulse-chase assay and quantitated by
densitometry. Each point on the graph represents the relative amount of hnRNP A1 during the chase period; half-lives were calculated using the
formula given in Materials and Methods. Right, levels of HA-tagged wild-type hnRNP A1 in parental and BCR/ABL-expressing cells treated with
cycloheximide (CHX). (B) Effect of the proteasome inhibitor ALLN (lanes 1 to 6) and the ABL tyrosine kinase inhibitor STI571 (lanes 7 and 8)
on endogenous hnRNP A1 levels in IL-3-deprived (8 h) parental and BCR/ABL-expressing cells. hnRNP A1 was detected with the 9H10
monoclonal antibody (38). HSP90 levels were monitored as a control for equal loading. Data are representative of those from three different
experiments.
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signal for hnRNP A1 nuclear import and export (38). To de-
termine the potential contribution of hnRNP A1 nucleocyto-
plasmic shuttling in the regulation of hematopoietic cell func-
tions, we generated an hnRNP A1 mutant (NLS-A1-HA)
expected to retain the hnRNP A1 nuclear localization (and
perhaps nuclear function) while lacking nuclear export activity.
The NLS-A1-HA construct (Fig. 3A) contains the bipartite-
basic-type NLS of hnRNP K (39) fused in frame with the N
terminus of an HA-tagged hnRNP A1 mutant (A1-G274A-
HA) which lacked both nuclear import and export activities
and inhibits hnRNP A1-dependent mRNA export when mi-
croinjected into nuclei of Xenopus laevis oocytes (27, 38). The
subcellular localization of the NLS-A1-HA mutant was com-
pared to that of HA-tagged wild-type hnRNP A1 (WT-A1-
HA) and A1-G274A-HA mutant hnRNP A1 after transient
transfection of 293T cells. As expected, NLS-A1-HA was lo-

calized only in the nucleus, while the G274A mutant accumu-
lated in the cytoplasm (Fig. 3B). Moreover, treatment with
actinomycin D, which induces the cytoplasmic relocation of
wild-type hnRNP A1 (47), did not affect the subcellular local-
ization of the NLS-A1-HA mutant, which remained entirely
nuclear (Fig. 3B). Thus, the nucleus-localized NLS-A1-HA
mutant has the potential to compete with wild-type hnRNP A1
for binding to, and nuclear export of, mRNAs that may be
required for proliferation, survival, and differentiation of nor-
mal and leukemic myeloid progenitors.

By coimmunoprecipitation we found that FUS, an hnRNP
whose altered expression affects differentiation and survival of
normal and BCR/ABL-transformed myeloid progenitor cells
(45), interacts with hnRNP A1 in the nucleus as well as in the
cytoplasm (not shown). Since FUS is a shuttling protein that
lacks known nuclear export or import signals (62), it is likely

FIG. 3. Generation and expression of a nucleus-localized shuttling-deficient hnRNP A1 mutant. (A) Schematic representation of wild-type
(WT-A1-HA) and mutant (A1-G274A-HA and NLS-A1-HA) hnRNP A1 constructs. Amino acid sequences of the hnRNP A1 M9 domain and of
hnRNP K bipartite-basic NLS are boxed. NI, nuclear import; NE, nuclear export. (B) Anti-HA immunofluorescence shows the subcellular
localization of WT-A1-HA, A1-G274A-HA, and NLS-A1-HA in transiently transfected 293T cells untreated or treated with actinomycin D (Act.
D). (C) Effect of WT-A1-HA and NLS-A1-HA expression on nuclear (Nucl.) and cytoplasmic (Cytopl.) levels of HA-tagged FUS. Western blots
show expression of HA-tagged FUS, HA-tagged wild-type (WT-A1-HA) and mutant (NLS-A1-HA) hnRNP A1, hnRNP C1/2, and HSP90 in
nuclear and cytoplasmic fractions of 293T cells transiently transfected with the indicated plasmids. Expression of hnRNP C1/2 was used as a nuclear
marker, while HSP90 was used as a cytoplasmic marker. Data are representative of those from three independent experiments. (D) Expression
of wild-type and mutant hnRNP A1 in two clones of parental (lanes 1 to 5) and BCR/ABL-expressing (lanes 5 to 8) 32Dcl3 cells infected with the
WT-A1-HA or the NLS-A1-HA retrovirus. The inset shows levels of NLS-A1-HA hnRNP A1 mutant in total lysates (lane T) and in nuclear (lane
N) and cytoplasmic (lane C) fractions of parental and BCR/ABL-expressing 32Dcl3 cells.
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that its nuclear export is regulated in part by the association
with hnRNP A1. Thus, we tested whether expression of the
NLS-A1-HA mutant alters the subcellular distribution of ec-
topically expressed HA-FUS (LXSP-HA-FUS). Indeed, cyto-
plasmic levels of HA-FUS were decreased in 293T cells co-
transfected with LXSP-HA-FUS and the cytomegalovirus-
based pMT-NLS-A1-HA plasmid compared to those in cells
coexpressing wild-type hnRNP A1 and HA-FUS (Fig. 3C,
lanes 3 and 4).

Since the NLS-A1-HA mutant is likely to possess a domi-
nant negative effect on the mRNA export activity of hnRNP
A1, we generated parental and BCR/ABL 32Dcl3 cell lines
ectopically expressing wild-type hnRNP A1 (32D-WT-A1-HA
and 32D-BCR/ABL-WT-A1-HA) or the shuttling-deficient nu-
cleus-localized mutant (32D-NLS-A1-HA and 32D-BCR/
ABL-NLS-A1-HA) (Fig. 3D) and monitored proliferation,
survival, and differentiation of these cell lines. As expected, in

parental and BCR/ABL-expressing 32Dcl3 cells expression of
the NLS-A1-HA mutant was readily detectable only in the
nuclear compartment (Fig. 3D, inset).

Requirement of hnRNP A1 shuttling activity for survival
and granulocytic differentiation of normal myeloid precursors.
Parental and WT-A1-HA- and NLS-A1-HA-expressing my-
eloid precursor 32Dcl3 cells were either grown in the presence
of IL-3, deprived of IL-3 for 12 to 24 h, or treated with G-CSF
for 7 days. In IL-3-containing medium, 32Dcl3 cells expressing
either the wild-type or the nucleus-localized shuttling-deficient
hnRNP A1 proliferated like parental cells (not shown). At 12 h
after IL-3 deprivation, dead cells were more frequent in 32D-
NLS-A1-HA than in 32D-A1-HA cell cultures (�70 versus
�10%) (Fig. 4A, left panel); at 24 h, IL-3-deprived 32D-NLS-
A1-HA cells were all dead, whereas �30% of wild-type
hnRNP A1-expressing cells remained viable (Fig. 4A, left pan-
el). Similarly, 32D-NLS-A1-HA cells were less clonogenic than

FIG. 4. Requirement of hnRNP A1 shuttling activity for survival and colony formation of myeloid precursor 32Dcl3 cells and primary murine
marrow cells. (A) Effect of IL-3 deprivation (left) and G-CSF treatment (right) on the viability of parental and derivative cell lines ectopically
expressing wild-type hnRNP A1 (32D-WT-A1-HA) or the nucleus-localized, shuttling-deficient hnRNP A1 mutant (32D-NLS-A1-HA) or
coexpressing wild-type and shuttling-deficient hnRNP A1 (32D-NLS-A1-HA/WT-A1-HA). Each point represents the mean and standard deviation
from three independent experiments. Cell death percentage was determined by trypan blue exclusion. (B) Methylcellulose colony formation, in the
absence or in the presence of different concentrations of WEHI-3B conditioned medium used as a source of IL-3, from 32Dcl3 and 32D-NLS-
A1-HA cells (103 cells/plate). Values are means and standard deviations for duplicate cultures from two independent experiments. (C) Clonogenic
efficiency in the absence of growth factors or in the presence of increasing concentrations of WEHI conditioned medium or recombinant human
G-CSF of murine mononuclear marrow cells (BMC) transduced with the empty LXSP or with the NLS-A1-HA retrovirus. After infection, cells
(105 cells/plate) were plated in semisolid medium in the presence of 1.25 �g of puromycin per ml. The results are representative of those from two
experiments performed in duplicate.
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parental cells when plated in methylcellulose in the presence of
increasing concentrations of IL-3 (Fig. 4B). Although wild-type
hnRNP A1-expressing cells were less prone then parental cells
to cytokine deprivation-induced apoptosis, they did not be-
come growth factor independent and were all dead after cul-
ture for 48 h in IL-3-deprived medium (not shown).

The importance of hnRNP A1 shuttling activity in normal
myelopoiesis was assessed by investigating the effect of NLS-
A1-HA expression on colony formation from primary murine
mononuclear marrow cells. For this purpose, 105 primary mu-
rine mononuclear marrow cells, infected either with the LXSP-
NLS-A1-HA or with the empty LXSP retrovirus, were plated
in methylcellulose in the presence of puromycin (1.25 �g/ml)
as a selectable marker and of increasing concentrations of
WEHI conditioned medium as a source of IL-3 or recombinant
human G-CSF. Compared to insert-less retrovirus-infected
primary murine mononuclear marrow cells, expression of NLS-
A1-HA induced 50 to 75% and 60 to 75% decreases in the
numbers of IL-3- and G-CSF-derived colonies, respectively
(Fig. 4C).

G-CSF-treated NLS-A1-HA-expressing 32Dcl3 cells showed
morphological features of massive apoptosis (cytoplasmic
shrinkage, nuclear condensation, and presence of apoptotic
bodies) at day 1.5 (Fig. 5A, third row) and were all dead after
3 days (Fig. 4A, right panel, and 5A). Cultures of wild-type
hnRNP A1-expressing cells revealed early signs of terminal
differentiation as indicated by the presence of numerous poly-
morphonuclear cells at days 1.5 and 3 (Fig. 5A, second row)
followed by death of the majority of cells at day 5 (not shown);
parental 32Dcl3 cells remained viable and differentiated into
neutrophils in 7 to 10 days (Fig. 5A, first row).

To determine whether the effects of NLS-A1-HA expression
on survival and differentiation of myeloid progenitor cells are
due to altered hnRNP A1 function, 32D-NLS-A1-HA cells
were transduced with the MIG-RI WT-A1-HA retrovirus (Fig.
5C, lane 3), sorted by the use of green fluorescent protein, and
cultured in the absence of IL-3 or in the presence of G-CSF to
monitor apoptosis susceptibility and ability to undergo granu-
locytic differentiation, respectively. In the absence of IL-3,
32D-NLS-A1-HA/WT-A1-HA cells were less prone than 32D-
NLS-A1-HA cells to apoptosis induced by growth factor de-
privation (Fig. 4A, left panel); in the presence of G-CSF, these
cells were much more viable than the counterpart expressing
NLS-A1-HA only (Fig. 4A, right panel) and underwent gran-
ulocytic differentiation (Fig. 5D, third row) with a kinetics
similar to that of parental 32Dcl3 cells. Thus, it appears that in
normal myeloid progenitors the hnRNP A1 shuttling-deficient
mutant impairs normal hnRNP A1 functions.

To investigate potential mechanisms underlying both in-
creased susceptibility to apoptosis and impaired differentiation
of the NLS-A1-HA-expressing 32Dcl3 cells, steady-state
mRNA and protein levels of the apoptosis suppressors Bcl-2
and Bcl-XL and of the regulator of granulocytic differentiation
C/EBP� were assessed in parental and A1-WT-HA- and NLS-
A1-HA-expressing 32Dcl3 cells. Compared to parental and
32D-WT-A1-HA cells, 32D-NLS-A1-HA cells showed reduced
levels of Bcl-XL and C/EBP� (Fig. 5B). Expression of the
C/EBP�-regulated G-CSFR was lower in 32D-NLS-A1-HA
than in parental or 32D-WT-A1-HA cells (Fig. 5B), whereas
levels of Bcl-2 or of the hnRNP A1-associated FUS protein

were not significantly affected by expression of the NLS-
A1-HA mutant hnRNP A1. Levels of c/EBP� and Bcl-XL (Fig.
5B) mRNAs were also reduced in 32D-NLS-A1-HA cells, in
correlation with levels of the corresponding proteins. Thus, the
altered response of 32D-NLS-A1-HA cells to IL-3 deprivation
or G-CSF treatment might rest in the downregulation of Bcl-
XL, C/EBP�, and G-CSFR expression, possibly reflecting de-
fective nucleocytoplasmic trafficking of hnRNP A1-associated
mRNAs. Ectopic expression of C/EBP� in 32D-NLS-A1-HA
cells (Fig. 5C) restored G-CSF-dependent differentiation of
32D-NLA-A1-HA cells (Fig. 5D, second row).

Growth factor-independent proliferation and tumorigenesis
of BCR/ABL-transformed cells is suppressed by the expression
of the shuttling-deficient hnRNP A1 mutant. In IL-3-contain-
ing medium, proliferation of 32D-BCR/ABL-NLS-A1-HA
cells was undistinguishable from that of 32D-BCR/ABL-WT-
A1-HA or 32D-BCR/ABL cells (not shown). As expected,
BCR/ABL- and BCR/ABL-WT-A1-HA-expressing 32Dcl3
cells were resistant to apoptosis induced by IL-3 deprivation.
To determine whether expression of the shuttling-deficient
hnRNP A1 mutant affects the phenotype of BCR/ABL-trans-
formed cells, we assessed the effect of NLS-A1-HA on the
colony-forming ability of BCR/ABL-expressing murine my-
eloid progenitor 32Dcl3 cells and primary CD34� CML-AP
(CML-APCD34�) cells. Thus, parental and NLS-A1-HA-ex-
pressing 32Dcl3 cells were infected with the pSR�MSVtkneo-
p210BCR/ABL and pSR�MSVtkneo retrovirus and plated in
methylcellulose (104 cells/plate) in the presence of G418 (1
mg/ml). Similarly, CML-APCD34� cells were infected with the
LXSP-NLS-A1-HA or with the LXSP retrovirus and plated in
methylcellulose (5 � 104 cells/plate) in the presence of puro-
mycin (1.25 �g/ml) as selectable marker. 32D-BCR/ABL cells
formed a high number of colonies either in the absence or in
the presence of increasing concentrations of IL-3-containing
medium (Fig. 6A). By contrast, the colony-forming ability of
freshly established 32D-BCR/ABL-NLS-A1-HA cells was
markedly suppressed (�60 to 65% inhibition) at each concen-
tration of IL-3 in the semisolid culture (Fig. 6A). Likewise, the
clonogenic efficiency of CML-APCD34� cells was also dramat-
ically reduced by expression of the NLS-A1-HA (�85 to 95%
inhibition), and the effect was essentially independent of the
concentration of IL-3 or G-CSF in the semisolid medium (Fig.
6B). The reduced clonogenic efficiency of the NLS-A1-HA-
expressing 32D-BCR/ABL and CML-APCD34� cells was not
due to reduced levels of BCR/ABL (Fig. 6C and 1B) but
correlated with decreased expression of the antiapoptotic and
BCR/ABL downstream effector Bcl-XL (Fig. 6C and inset of
6B).

To determine whether the shuttling activity of hnRNP A1
has a role in BCR/ABL-induced tumorigenesis, SCID mice
(eight per group) were injected subcutaneously with 32Dcl3
cells expressing p210BCR/ABL alone or coexpressing p210BCR/
ABL and the NLS-A1-HA mutant. 32D-BCR/ABL and 32D-
BCR/ABL-NLS-A1-HA cells formed tumors in 5 to 6 and 12 to
14 days, respectively; at 20 days postinjection, tumors formed
from 32D-BCR/ABL cells expressing the nuclear shuttling-
deficient hnRNP A1 mutant showed an �80% decrease in
weight compared to those formed from 32D-BCR/ABL cells
(Fig. 6D).
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DISCUSSION

We recently showed that FUS degradation by the 26S pro-
teasome requires the formation of a multiprotein complex
containing ubiquitinated hnRNP A1, which undergoes protea-
some degradation in IL-3-deprived myeloid precursor cells

(46). Since FUS proteolysis is suppressed by expression of the
p210BCR/ABL oncoprotein (46), we asked whether hnRNP A1
levels are also regulated by BCR/ABL and whether interfer-
ence with its nucleocytoplasmic shuttling function has an effect
on the phenotypes of normal and BCR/ABL-transformed my-
eloid precursor cells. We show here that hnRNP A1 levels are

FIG. 5. Requirement of hnRNP A1 shuttling activity for granulocytic differentiation of 32Dcl3 cells. (A) Representative microphotographs of
May-Grunwald-Giemsa-stained cytospins of G-CSF-treated parental and 32Dcl3-derived cell lines. (B) Effect of WT-A1-HA and NLS-A1-HA
expression on protein levels (left panels) of Bcl-2, Bcl-XL, C/EBP�, G-CSFR, and FUS and on mRNA levels (right panel) of Bcl-XL and c/ebp�.
Bcl-XL cytoplasmic mRNA levels were detected by RT-PCR (see Materials and Methods); actin levels are shown as a control for equal loading.
c/ebp� cytoplasmic mRNA levels were detected by Northern blotting using the murine 3� untranslated region as a probe. rRNA levels are shown
as a control for equal loading. The results are representative of those from three different experiments. (C) Western blot show expression of
HA-tagged wild-type hnRNP A1 (lane 3) or C/EBP� (lane 2) in 32D-NLS-A1-HA cells. (D) G-CSF-stimulated granulocytic differentiation of
32D-NLS-A1-HA cells coexpressing WT-A1-HA or C/EBP�. Representative microphotographs of May-Grunwald-Giemsa-stained cytospins are shown.

2262 IERVOLINO ET AL. MOL. CELL. BIOL.



more abundant in growth factor-independent 32D-BCR/ABL
cells and in primary marrow cells from CML-BC patients than
in parental 32Dcl3 and CML-CP cells. Moreover, treatment
with the ABL tyrosine kinase inhibitor STI571 markedly re-
duced hnRNP A1 expression. Since enhanced hnRNP A1 ex-
pression correlates with high levels of BCR/ABL, which are
more abundant during transition to blast crisis (18, 19), it is
conceivable that upregulation of hnRNP A1 expression might
contribute to the more aggressive phenotype of CML-BC mar-
row cells. Of note is that in primary CML cells, hnRNP A1 and

BCR/ABL expression not only increased during disease pro-
gression but also were correlated with the percentage of blasts
and resistance to STI571 treatment (20).

Mechanistically, the BCR/ABL-induced upregulation of
hnRNP A1 expression reflects enhanced stability due to sup-
pression of proteasome-dependent degradation. This is not
unprecedented, since the deregulated kinase activity of BCR/
ABL is required for transducing signals which regulate protea-
some-dependent degradation of target proteins (13, 15, 46).

Preliminary evidence indicates that proteasome-mediated

FIG. 6. Requirement of hnRNP A1 shuttling activity for colony formation and tumorigenesis of BCR/ABL-transformed cells. (A) Methylcel-
lulose colony formation, in the absence or in the presence of different concentration of WEHI-3B conditioned medium used as a source of IL-3,
from 32D-BCR/ABL and 32D-BCR/ABL-NLS-A1-HA cells (104 cells/plate). Values are means and standard deviations for duplicate cultures from
two independent experiments. (B) Clonogenic efficiency in the absence of growth factors or in the presence of increasing concentrations of
recombinant human IL-3 or G-CSF of primary CML-APCD34� cells transduced with the empty LXSP or with the NLS-A1-HA retrovirus. After
infection, cells (5 � 104 cells/plate) were plated in semisolid medium in the presence of 1.25 �g of puromycin per ml. Inset, Western blots show
expression of NLS-A1-HA, Bcl-XL, and GRB2 in vector- and NLS-A1-HA-transduced CML-APCD34� cells. (C) Expression of Bcl-XL protein (first
panel) and mRNA (fourth panel) in 32Dcl3, 32D-NLS-A1-HA, 32D-BCR/ABL, and 32D-BCR/ABL-NLS-A1-HA cells. Levels of p210 BCR/ABL,
HSP90, and actin were monitored as controls. Bcl-XL cytoplasmic mRNA levels were detected by RT-PCR (see Materials and Methods).
(D) Subcutaneous tumors in SCID mice injected with 32D-BCR/ABL and 32D-NLS-A1-HA cells. The latency time (days) and tumor weight
(means and standard deviations) were calculated; P � 0.01. The results are representative of those from two independent experiments.
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degradation of hnRNP A1, like that of FUS (46), was en-
hanced by c-Jun overexpression (not shown). Moreover, phos-
phomimetic mutation of hnRNP A1 serine 199 suppressed the
degradation-promoting effect of c-Jun (not shown), suggesting
that phosphorylation of hnRNP A1 on Ser 199 might prevent
its proteasome-mediated degradation. The nucleocytoplasmic
shuttling and RNA binding activities of hnRNP A1 are acti-
vated by the phosphatidylinositol 3-kinase- and BCR/ABL-
regulated PKC
 (35, 41), which directly phosphorylates
hnRNP A1 on serine 199 (40). Thus, BCR/ABL induction of
PKC
-dependent phosphorylation of hnRNP A1 may simulta-
neously suppress hnRNP A1 degradation and promote hnRNP
A1-dependent nuclear export of mRNAs possibly required for
BCR/ABL leukemogenic activity. It should be also noted that
c-Jun is overexpressed in BCR/ABL-transformed cells and re-
quired for BCR/ABL-dependent leukemogenesis (51). Since
c-Jun overexpression does not promote degradation of the
S199D hnRNP A1 mutant (not shown), it seems likely that
BCR/ABL-dependent phosphorylation of hnRNP A1 at serine
199 counteracts the degradation-promoting effects that c-Jun
overexpression may have on hnRNP A1.

Despite extensive information on the function of hnRNP A1
in the control of pre-mRNA splicing (31), much less is known
about the biological significance of hnRNP A1-dependent reg-
ulation of mRNA nucleocytoplasmic trafficking. Since nuclear
export of hnRNP A1, and of the hnRNP A1-associated mRNA
molecules, depends on the integrity of its M9 domain and on
ongoing RNA polymerase II transcription (38, 55), we gener-
ated a nucleus-localized and shuttling-deficient hnRNP A1
mutant (NLS-A1-HA) harboring the G274A mutation in the
M9 domain (38) and assessed its effect in normal and BCR/
ABL-transformed 32Dcl3 myeloid precursor cells. In taking
such an approach, we reasoned that expression of NLS-A1-HA
would interfere with the nucleocytoplasmic shuttling activity of
wild-type hnRNP A1. In this regard, microinjection of the
G274A hnRNP A1 mutant into the nuclei of X. laevis oocytes
specifically suppressed the nuclear export of radioactively la-
beled intronless mRNAs, most probably by saturating factors
required for mRNA export (27). Likewise, mutational inacti-
vation of the yeast Np13p, a functional homologue of hnRNP
A1, also impaired the process of mRNA export (33). In our
studies, expression of NLS-A1-HA was associated with inhibi-
tion of cytoplasmic localization of hnRNP A1-associated FUS
(60), a protein that does not bear known nuclear import or
export signals (61, 62), and decreased cytoplasmic levels of
several mRNAs (not shown). Thus, it is likely that the NLS-
A1-HA inhibits hnRNP A1-regulated mRNA trafficking also
in hematopoietic cells.

In 32Dcl3 cells, expression of the NLS-A1-HA mutant mark-
edly enhanced the susceptibility to apoptosis induced by IL-3-
deprivation, reduced IL-3-dependent colony formation and
suppressed G-CSF-stimulated granulocytic differentiation by
promoting rapid cell death. Likewise, expression of NLS-
A1-HA reduced the ability of primary mouse marrow cells to
form IL-3- and G-CSF-derived colonies. Overexpression of
wild-type hnRNP A1 in NLS-A1-HA-expressing 32Dcl3 cells
decreased their susceptibility to apoptosis induced by IL-3
deprivation and restored G-CSF-stimulated granulocytic dif-
ferentiation, strongly suggesting that the deleterious effects of

NLS-A1-HA expression on myelopoiesis are indeed the con-
sequence of impaired hnRNP A1 function.

Expression of the NLS-A1-HA mutant in BCR/ABL-trans-
formed 32Dcl3 cells and primary CD34� cells from a CML-AP
patient reduced the methylcellulose colony-forming ability of
both and impaired the leukemia-inducing effects of BCR/ABL-
expressing 32Dcl3 cells, suggesting that enhanced hnRNP A1
shuttling activity favors BCR/ABL leukemogenesis. In a pre-
vious study (45) we showed that downregulation of the shut-
tling hnRNP FUS also correlated both in vitro and in vivo with
reduced BCR/ABL leukemogenic potential. Since hnRNP A1
overexpression promotes FUS degradation in 293T cells (46)
and might be required for FUS downmodulation during IL-3
starvation or G-CSF-induced differentiation of murine myeloid
progenitor cells, we investigated FUS levels in wild-type and
mutant hnRNP A1-expressing cells. In IL-3-cultured parental
cells (Fig. 5) and BCR/ABL-expressing 32Dcl3 cells (not
shown), FUS levels were apparently not affected by expression
of wild-type or NLS-A1-HA hnRNP A1. This suggests that
hnRNP A1 and FUS function independently in regulating sur-
vival and differentiation.

The effects of overexpressing the shuttling-deficient NLS-
A1-HA mutant in parental and in BCR/ABL-expressing
32Dcl3 cells were markedly different from those of overex-
pressing wild-type hnRNP A1, which had no effect on BCR/
ABL cells and accelerated differentiation of parental 32Dcl3
cells. Thus, the phenotype induced by ectopic expression of
NLS-A1-HA most likely reflects the dominant negative effect
of this mutant on hnRNP A1-mediated mRNA export and not
the saturation of factors required for either hnRNP A1-depen-
dent or -independent mRNA export. However, we cannot ex-
clude the possibility that expression of the NLS-A1-HA mutant
can interfere with the other nuclear functions of hnRNP A1.

In parental 32Dcl3 cells, expression of the NLS-A1-HA
hnRNP A1 mutant was associated with a decrease in the cy-
tosolic mRNA and protein levels of C/EBP�, the major regu-
lator of granulocytic differentiation (50, 59), and Bcl-XL (6), a
potent apoptosis suppressor in hematopoietic cells (1, 17, 25).
Downregulation of the survival factor Bcl-XL was also noted in
32D-BCR/ABL cells and in primary CML-AP cells expressing
the NLS-A1-HA hnRNP A1 mutant. Indeed, downregulation
of C/EBP� and BCL-XL expression may account for the al-
tered phenotype of NLS-A1-HA-expressing cells.

C/EBP� is required for granulocytic differentiation (59)
most likely because it activates the transcription of many dif-
ferentiation-related genes, including that encoding the G-CSFR
(56, 58). Indeed, G-CSFR levels were downmodulated in NLS-
A1-HA-expressing 32Dcl3 cells, suggesting that reduced levels
of G-CSF-dependent signals might cause impaired differenti-
ation and massive apoptosis of G-CSF-treated NLS-A1-HA-
expressing cells. Consistent with this hypothesis, expression of
C/EBP� in NLS-A1-HA-expressing 32Dcl3 cells restored G-
CSF-induced granulocytic differentiation.

Since hnRNP A1 binds intronless pre-mRNAs (27, 30) and
c/ebp� pre-mRNA does not contain introns (32), it is conceiv-
able that hnRNP A1 may negatively control the export of
c/ebp� mRNA. Alternatively, the effect of NLS-A1-HA on
c/ebp� mRNA expression may not be direct but rather may be
mediated by other factors influencing c/ebp� transcription,
mRNA stability, or mRNA export. For example, in exponen-
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tially growing 32Dcl3 cells, overexpression of degradation-re-
sistant S256D FUS, but not of degradation-prone S256A FUS,
leads to downregulation of C/EBP� (not shown). Suppression
of C/EBP� expression by the constitutively active S256D FUS
mutant might depend on the increased affinity of S256D FUS
for hnRNP A1 (unpublished observation); thus, formation of
this complex may inhibit hnRNP A1 activity, causing nuclear
retention of C/EBP� mRNA with a consequent decrease in the
levels of translatable cytoplasmic C/EBP� mRNA. Expression
of the NLS-A1-HA hnRNP A1 mutant markedly downregu-
lates Bcl-XL expression in parental and BCR/ABL-expressing
cells and in primary cells from a CML-AP patient. Consistent
with the importance of Bcl-XL for the survival of growth fac-
tor-dependent normal and BCR/ABL-transformed hemato-
poietic cells (1, 6, 17, 25), the increased propensity to apoptosis
and the diminished leukemogenic potential of NLS-A1-HA-
expressing normal and BCR/ABL-transformed cells, respec-
tively, might depend on the downregulation of the antiapop-
totic Bcl-XL. Suppression of Bcl-XL mRNA expression by the
mutant hnRNP A1 might be the direct consequence of reduced
Bcl-XL mRNA export or may depend on altered expression or
function of factors, e.g., STAT-5 (25), that regulate its tran-
scription.

In conclusion, we have provided evidence for a novel func-
tion of hnRNP A1 as a regulator of normal hematopoiesis and
BCR/ABL leukemogenesis. The role of hnRNP A1 in hema-
topoiesis is probably dependent on the effects on nucleocyto-
plasmic trafficking of mRNA molecules that encode factors
(e.g., Bcl-XL and C/EBP�) essential for survival and differen-
tiation and are abnormally regulated upon BCR/ABL-depen-
dent transformation of myeloid progenitors.
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