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SUMMARY

Genetic alterations causing constitutive tyrosine ki-
nase activation are observed in a broad spectrum of
cancers. Thus far, these mutant kinases have been lo-
calized to the plasma membrane or cytoplasm, where
they engage proliferation and survival pathways. We
report that the NUP214-ABL1 fusion is unique among
these because of its requisite localization to the
nuclear pore complex for its transforming potential.
We show that NUP214-ABL1 displays attenuated
transforming capacity as compared to BCR-ABL1
and that NUP214-ABL1 preferentially transforms T
cells, which is in agreement with its unique occur-
rence in T cell acute lymphoblastic leukemia. Further-
more, NUP214-ABL1 differs from BCR-ABL1 in sub-
cellular localization, initiation of kinase activity, and
signaling and lacks phosphorylation on its activation
loop. In addition to delineating an unusual mecha-
nism for kinase activation, this study provides new in-
sights into the spectrum of chromosomal transloca-
tions involving nucleoporins by indicating that the
nuclear pore context itself may play a central role in
transformation.

INTRODUCTION

The BCR-ABL1 oncogene encodes a constitutively active tyro-

sine kinase that is a common cause of chronic myeloid leukemia

(CML) and is also implicated in the pathogenesis of 25% of adult

B cell acute lymphoblastic leukemias (B-ALL). In vitro and in vivo

studies have shown that BCR contributes two important

domains to the fusion protein that are required for enzymatic

activation and leukemogenic properties. First, the N-terminal

coiled-coil domain of BCR induces tetramerization of BCR-

ABL1 and constitutive ABL1 kinase activity (McWhirter et al.,
134 Molecular Cell 31, 134–142, July 11, 2008 ª2008 Elsevier Inc.
1993). Deletion or mutation of the BCR coiled-coil domain results

in dramatic reduction of BCR-ABL1 autophosphorylation

(McWhirter et al., 1993; McWhirter and Wang, 1991). Second,

a GRB2-binding site in BCR (Tyr177) is required for maximal

BCR-ABL1 autophosphorylation and signal transduction

through the RAS and the GAB2/PI3K/AKT signaling pathways

(Pendergast et al., 1993; Puil et al., 1994; Goga et al., 1995; Sat-

tler et al., 2002; He et al., 2002). The importance of the coiled-coil

region and Tyr177 of BCR for the leukemogenic properties of

BCR-ABL1 has been most clearly illustrated by using mouse

bone marrow transplant (BMT) models. Mice reconstituted with

bone marrow cells expressing wild-type BCR-ABL1 develop

short latency CML-like myeloproliferative disease (MPD) (Pear

et al., 1998; Zhang and Ren, 1998; Daley et al., 1990). In contrast,

a BCR-ABL1 variant lacking the N-terminal coiled-coil domain

fails to induce MPD in mice but rather causes long latency malig-

nant T cell disease (Zhang et al., 2001; He et al., 2002). Similarly,

a BCR-ABL1 Tyr177Phe mutant lacking GRB2 interaction does

not induce MPD but also induces either long latency T-ALL or

B-ALL (Million and Van Etten, 2000; He et al., 2002), or long

latency mixed T lymphoma and CML-like disease (Zhang et al.,

2001). These data suggest that the oligomerization of BCR-

ABL1, as well as its activation of GAB2/PI3K/AKT pathways

through interaction with GRB2, are required for the full onco-

genic potential of BCR-ABL1 to transform myeloid cells in vivo.

We recently identified a fusion between the nucleoporin 214

(NUP214) and ABL1 genes that is present in�6% of T-ALL cases

(Graux et al., 2004; Burmeister et al., 2006). NUP214 is a 214 kDa

FG repeat-containing protein localized at the cytoplasmic side of

the nuclear pore complex (NPC) (Pante et al., 1994). NUP214

plays a role in mRNA export and in CRM1-mediated export of

the 60S preribosomal subunit and possibly other protein cargos

(van Deursen et al., 1996; Bernad et al., 2006; Hutten and

Kehlenbach, 2006). The two central NUP214 coiled-coil domains

interact with NUP88 and target NUP214 to the NPC (Fornerod

et al., 1996, 1997). NUP214 is also part of the NUP88 subcom-

plex, consisting of NUP214, NUP62, and NUP88, and via

NUP88 it interacts with RANBP2 (or NUP358) (Stochaj et al.,
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Figure 1. Transforming Potential of NUP214-ABL1

(A) Survival analysis of mice transplanted with BCR-ABL1- or NUP214-ABL1-expressing bone marrow cells. Mice transplanted with empty vector transduced

cells were used as control.

(B) Survival analysis of mice that received 106 spleen cells from NUP214-ABL1 primary transplant recipients that developed MPD or T-ALL.

(C) Transformation of Ba/F3 cells to IL3-independent proliferation by BCR-ABL1 or NUP214-ABL1. Start of proliferation of NUP214-ABL1-expressing cells was

reproducibly delayed compared to BCR-ABL1-expressing cells. Data are represented as mean ± SD. BCR-ABL1 and NUP214-ABL1 phosphorylation and

expression levels are shown on the western blots.

(D and E) Analysis of phosphorylation of BCR-ABL1 and NUP214-ABL1 on Tyr412 and Tyr245 of ABL1 using phospho-specific antibodies. Experiments were

performed in Ba/F3 cells (D) and in BCR-ABL1-expressing (K562) and NUP214-ABL1-expressing (ALL-SIL) human cell lines (E).

(F) Comparison of general tyrosine phosphorylation and STAT5, AKT, and ERK1/2 phosphorylation in whole-cell lysates of K562 and ALL-SIL cells.

(G) Analysis of the interaction of NUP214-ABL1 with GRB2. GRB2 was immunoprecipitated from K562 and ALL-SIL cell lysates, and the presence of BCR-ABL1

or NUP214-ABL1 in the precipitates was tested by western blot analysis with an anti-ABL1 antibody.

(H) Western blot analysis of phosphorylation and expression levels of GAB2, an adaptor protein that becomes phosphorylated after recruitment to active

BCR-ABL1-bound GRB2.
Molecular Cell 31, 134–142, July 11, 2008 ª2008 Elsevier Inc. 135
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2006; Bernad et al., 2004; Bastos et al., 1997; Matsuoka et al.,

1999).

In previous work, we showed that NUP214-ABL1 is a constitu-

tivelyactive tyrosinekinase (Graux etal., 2004),but the mechanism

of activation and leukemogenic properties of NUP214-ABL1 re-

mained unknown. We hypothesized that, like the BCR-ABL1 and

ETV6-ABL1 fusions, ABL1 kinase activation would be mediated

by homo-oligomerization of the NUP214 coiled-coil motifs and

that NUP214-ABL1 would be localized to the actin cytoskeleton

by virtue of actin-interaction domains in the C terminus of ABL1

(Van Etten et al., 1989). However, we unexpectedly observed

that the coiled-coil motifs are not sufficient for transformation

and that the NPC localization of NUP214-ABL1 and interaction

with other nuclear pore proteins are required for full NUP214-

ABL1 transforming potential. Thus, in addition to the unique gene-

sis of the NUP214-ABL1 fusion gene through episomal amplifica-

tion, the NUP214-ABL1 fusion differs from the related ABL1

fusions, and from other constitutively activated tyrosine kinases

implicated in carcinogenesis, by virtue of requisite localization

to the nuclear pore and interaction with other nuclear pore

proteins.

RESULTS AND DISCUSSION

To determine whether NUP214-ABL1 has intrinsic properties

accounting for its unique occurrence in T-ALL, we compared

NUP214-ABL1 and BCR-ABL1 in a mouse BMT model. As re-

ported previously, Balb/c mice receiving BCR-ABL1-transduced

bone marrow cells developed short latency (20 days) MPD (Pear

et al., 1998; Zhang and Ren, 1998) (Figure 1A). In contrast, mice

transplanted with NUP214-ABL1-transduced bone marrow de-

veloped leukemia 70–200 days posttransplant, with the majority

of mice presenting a T cell disease characterized by thymus en-

largement (Figure 1A). All constructs used in this study are shown

in Figure S1, available online. Histopathologic analysis and

immunophenotyping of NUP214-ABL1-transplanted mice pre-

senting with enlarged thymi demonstrated extensive lymphoid

infiltration in bone marrow, spleen, liver, lung, kidney, and thy-

mus, of CD4+/CD8+ cells consistent with a T-ALL phenotype

(Figure S2). In some animals, we observed a concurrent or pre-

dominant MPD characterized by the presence of Gr-1+/Mac-1+

cells (�80%) in spleen and bone marrow (Figure S2). Taken

together, these findings indicate that expression of NUP214-

ABL1 induces T-ALL with many of the phenotypic characteristics

of the human disease and that NUP214-ABL1 contributes only to

a lesser extent to development of myeloid leukemia. Injection of

sublethally irradiated secondary recipient mice with spleen cells

from diseased animals showed that NUP214-ABL1-induced

T-ALL was transplantable and induced T-ALL after a median

latency of 14.5 days in the secondary recipients. The MPD

phenotype was not transplantable (Figure 1B).

NUP214-ABL1 and BCR-ABL1 were biochemically compared

by expressing the proteins in interleukin-3 (IL3)-dependent

Ba/F3 cells. While both fusions initiated IL3-independent Ba/F3

cell proliferation, transformation by NUP214-ABL1 was repro-

ducibly delayed as compared to BCR-ABL1 (Figure 1C). Western

blot analysis confirmed autophosphorylation of BCR-ABL1 and

NUP214-ABL1 on ABL1 tyr245, but NUP214-ABL1 clearly
136 Molecular Cell 31, 134–142, July 11, 2008 ª2008 Elsevier Inc.
lacked autophosphorylation of tyr412 in the ABL1 activation

loop (Figure 1D). These findings were confirmed in the human

leukemia cell lines K562 and ALL-SIL, expressing BCR-ABL1

and NUP214-ABL1, respectively (Figure 1E). AKT phosphoryla-

tion was very weak in ALL-SIL cells compared to K562 cells,

whereas STAT5 and ERK1/2 phosphorylation was comparable

(Figure 1F).

BCR-ABL1 critically depends on GRB2 binding and on coiled-

coil mediated oligomerization for full transforming potential (Pen-

dergast et al., 1993; Million and Van Etten, 2000; McWhirter et al.,

1993; Zhang et al., 2001). In agreement with lower NUP214-

ABL1 transforming potential, we did not detect interaction be-

tween NUP214-ABL1 and GRB2 and detected only weak phos-

phorylation of the GRB2 downstream signaling molecules GAB2

and AKT in NUP214-ABL1 expressing ALL-SIL cells (Figures 1F–

1H). The coiled-coil motifs of NUP214 mediate interactions with

NUP88 but have not been described to mediate homotypic

NUP214 oligomerization (Fornerod et al., 1996, 1997). In agree-

ment with this, we could find evidence neither for coiled-coil-

mediated oligomerization nor for coiled-coil mediated kinase

activation in the context of NUP214-ABL1. Also, none of the

other N-terminal or C-terminal parts of NUP214 were sufficient

to activate the ABL1 kinase, suggesting that NUP214-ABL1 is

not oligomerizing on its own (data not shown).

The central coiled-coil regions of NUP214 localize the protein

to the cytoplasmic side of the NPC (Fornerod et al., 1996). By im-

munofluorescence and confocal imaging in three human T-ALL

cell lines expressing NUP214-ABL1, we clearly detected

NUP214-ABL1 protein at the nuclear envelope and in the cyto-

plasm. In Jurkat, a NUP214-ABL1-negative T-ALL cell line,

only cytoplasmic ABL1 staining was observed (Figure 2A). In ad-

dition, NUP214-ABL1 bound NUP62 and NUP88, two known

NUP214 interaction partners (Fornerod et al., 1997; Stochaj

et al., 2006) (Figure 2B). In Ba/F3 cells, also interaction of

NUP214-ABL1 with Ranbp2 (also known as Nup358) could be

detected, and Ranbp2 phosphorylation was observed (Fig-

ure 2C). Disappearance of this phosphorylation after treatment

with the ABL1 kinase inhibitor imatinib indicated that this phos-

phorylation depends on NUP214-ABL1 kinase activity (data

not shown).

These observations demonstrate that NUP214-ABL1 is pres-

ent and active at the NPC, which suggested to us that incorpo-

ration of NUP214-ABL1 into the NPC could be critical for

NUP214-ABL1 kinase activation. Each NPC contains eight

NUP214 molecules arranged in a 22 nm diameter cytoplasmic

ring displaying centrosymmetry around an axis perpendicular

to the nuclear envelope (Reichelt et al., 1990; Cronshaw et al.,

2002; Maul, 1971; Walther et al., 2002) (Figure 2D). We show

that NUP214-ABL1 also localizes to the NPC and that

NUP214-ABL1, like NUP214, interacts with NUP62, NUP88,

and RANBP2. As a consequence, NUP214-ABL1 could compete

with NUP214 for NPC localization, and up to eight different

NUP214-ABL1 molecules could potentially be present in a 22 nm

diameter ring configuration that would allow phosphorylation

and activation of adjacent NUP214-ABL1 proteins (Figure 2D).

In this model, NUP214-ABL1 would oligomerize as a conse-

quence of incorporation into a complex comprised of multiple

NUP214-ABL1 proteins.
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Figure 2. NUP214-ABL1 Is Localized at the Nuclear Envelope

(A) Coimmunolocalization studies were performed on NUP214-ABL1-expressing BE-13, PEER, and ALL-SIL cells. Jurkat cells do not express NUP214-ABL1 and

were used as a control.

(B) Anti-ABL1 antibody immunoprecipitation (IP) of BCR-ABL1 and NUP214-ABL1 from K562 and ALL-SIL cell lysates. Whole-cell lysates (WCL) and IP samples

were analyzed on western blot with anti-ABL1 antibody. Coprecipitation of NUP62 and NUP88 was detected with NUP214-ABL1, but not with BCR-ABL1.

(C) RANBP2 was immunoprecipitated from Ba/F3 cells expressing NUP214-ABL1, the NPC-localized NUP214-N+coils-ABL1 deletion variant, or empty vector.

Anti-ABL1 antibody detected NUP214-ABL1 and NUP214-N+coils-ABL1 as coprecipitated proteins. Detections with anti-phosphotyrosine and anti-RanBP2 an-

tibodies demonstrate phosphorylation of RanBP2 in Ba/F3 cells expressing NUP214-ABL1 and to a lesser extent also in cells expressing NUP214-N+coils-ABL1.

(D) Schematic model for NUP214-ABL1 activation at the NPC. In a normal cell (left), eight NUP214 molecules are arranged in a 22 nm diameter ring displaying

centrosymmetry around an axis perpendicular to the nuclear envelope. Each NUP214 molecule interacts with NUP62, with four NUP88 molecules, and indirectly

with RANBP2. For simplicity, only two NUP88 interactions and the NUP62 interactions are depicted. The right part of the figure illustrates the model we propose

for NUP214-ABL1 activation. Our data suggest that NUP214-ABL1 also localizes to the NPC. As a consequence, neighboring NUP214-ABL1 molecules are in

close proximity, and crossphosphorylation and kinase activation can occur.
Molecular Cell 31, 134–142, July 11, 2008 ª2008 Elsevier Inc. 137
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To verify this model, we investigated the importance of local-

ization of NUP214-ABL1 to the NPC for its tyrosine kinase activ-

ity and transforming potential. We expressed MYC-tagged

NUP214 containing the NPC targeting coiled-coil domains

(NUP214-C+coils, Figure S1) to competitively interfere with

localization of NUP214-ABL1 to the NPC (Figure 3A and

Figure S3). Quantification of ABL1 immunofluorescence signals

showed that coexpression of NUP214-C+coils indeed reduced

localization of NUP214-ABL1 to the nuclear envelope but with-

out affecting total NUP214-ABL1 levels (Figure 3B). We consis-

tently observed that coexpression of NUP214-C+coils with

NUP214-ABL1 attenuated transformation of Ba/F3 cells by

NUP214-ABL1 (Figure 3C), and there was enrichment for cells

with clear nuclear envelope localization of NUP214-ABL1 during

selection in the absence of IL3 (Figure 3A and Figure S3). This ef-

fect was not observed when coexpressing empty vector, nor did

expression of NUP214-C+coils attenuate BCR-ABL1-mediated

transformation (Figures 3A and 3C and Figure S3). Furthermore,

autophosphorylation of NUP214-ABL1 was reduced in the

cells coexpressing NUP214-C+coils as compared to cells not

expressing this protein (Figure 3D).

In a variant experiment, we transduced NUP214-ABL1-

expressing Ba/F3 cells with bicistronic retroviral constructs

containing NUP214-N-MYC-ires-GFP, NUP214-coils-MYC-

ires-GFP, NUP214-N+coils-MYC-ires-GFP, NUP214-C+coils-

MYC-ires-GFP, or GFP only (Figure S1). When these cells were

cultured in the presence of IL3, the amount of GFP+ cells re-

mained stable over time (Figure 3E). However, during selection

in the absence of IL3, cells transduced with nuclear envelope-

localized competition constructs containing the coiled-coil do-

mains of NUP214 showed marked reduction in GFP+ cells over

time, suggesting proliferation disadvantage for the NUP214-

ABL1 cells coexpressing these constructs (Figure 3E). This

effect was not observed when coexpressing the NUP214 con-

structs with BCR-ABL1 (Figure S4). In addition, Stat5 phosphor-

ylation was reduced in the GFP+ Ba/F3 cells for the cells coex-

pressing the nuclear envelope-localized NUP214-coils,
NUP214-N+coils, and NUP214-C+coils variants with NUP214-

ABL1 (Figure 3F).

In ALL-SIL, a cell line depending on NUP214-ABL1 signaling for

its survival (Graux et al., 2004), siRNA knockdown of NUP88 or

RANBP2 expression caused significant reduction of cell viability.

This was similar to the effect of knockdown of NUP214-ABL1 ex-

pression with ABL1 siRNA. These reductions in cell viability were

not observed in NUP214-ABL1-negative T-ALL cell lines (RPMI-

8402, Jurkat, and KE-37), confirming that the effects in the ALL-

SIL cell line were not due to aspecific cellular toxicity (Figures

4A and 4B). Furthermore, siRNA knockdown of Ranbp2 resulted

in reduced NUP214-ABL1 autophosphorylation (Figure 4C).

Many oncogenic tyrosine kinase fusion proteins have been

identified and characterized, including BCR-ABL1, ETV6-ABL1,

ETV6-PDGFRb, ETV6-JAK2, ZNF198-FGFR1, and NPM-ALK,

among others (De Keersmaecker and Cools, 2006; Krause and

Van Etten, 2005). All share a number of features including initia-

tion of tyrosine kinase activity by oligomerization motifs in the

respective fusion partners, cytoplasmic subcellular localization,

and overlapping patterns of activation of downstream effectors.

A remarkable exception is the FIP1L1-PDGFRa fusion, for which

it was shown that disruption of the inhibitory juxtamembrane re-

gion of PDGFRa is sufficient for kinase activation of FIP1L1-

PDGFRa (Stover et al., 2006). Here we describe yet another

mechanism of activation for tyrosine kinase fusion proteins, in

which the fusion partner directs the fusion protein to a specific

protein complex that allows crossactivation of the kinase

domains (Figure 2D). It remains to be determined whether NPC

localization, apart from mediating NUP214-ABL1 activation,

also facilitates NUP214-ABL1-mediated transformation by

bringing NUP214-ABL1 in close proximity of critical substrates.

We describe significant differences in transforming capacity

between NUP214-ABL1 and BCR-ABL1. These differences

may explain, at least in part, the specific association of these on-

cogenic ABL1 fusions with, respectively, T-ALL and CML/B-ALL

(Graux et al., 2004; Burmeister et al., 2006). While the transform-

ing potential of BCR-ABL1 is dependent on oligomerization and
Figure 3. NUP214-ABL1 Requires Nuclear Envelope Localization for Kinase Activation and Oncogenic Transformation

(A) Immunofluorescent stainings of Ba/F3 cells expressing NUP214-ABL1 with or without coexpression of the NPC localized NUP214-C+coils protein. Prior to IL3

withdrawal, a significant proportion of cells displayed strong cytoplasmic ABL1 staining, due to coexpression of the NUP214-C+coils competition construct.

During selection in the absence of IL3, cells with high cytoplasmic ABL1 staining were lost, while there was enrichment for cells with nuclear envelope localization

of NUP214-ABL1. pMSCV indicates the empty vector control.

(B) Quantification of the cellular distribution of ABL1 (NUP214-ABL1) signals for the conditions NUP214-ABL1 plus pMSCV (+IL3) and NUP214-ABL1 plus

NUP214-N+coils (+IL3) of (A). The intensity of ABL1 and NUP214 signals was quantified on single-cell level over a line path from the nuclear envelope to the

cytoplasm. The graphs represent mean values ± SEM for 20 cells. There was no significant difference in total ABL1 signal (nuclear envelope + cytoplasm) between

the two investigated conditions (inset). These quantification plots suggest relocalization of NUP214-ABL1 from the nuclear envelope to the cytoplasm when

coexpressing the NUP214-N+coils construct.

(C) Proliferation curve of Ba/F3 cells expressing indicated combinations of constructs after IL3 withdrawal. Coexpression of NUP214-C+coils-MYC, a NUP214

deletion variant localized at the nuclear envelope, caused delayed initiation of proliferation in NUP214-ABL1-expressing cells. This delay was, however, not

observed in BCR-ABL1-expressing cells. Data are represented as mean ± SD.

(D) Western blot analysis of the Ba/F3 cells of (C) on the day of IL3 withdrawal. Expression of NUP214-C+coils-MYC was detected with anti-MYC antibody.

Phosphorylation of NUP214-ABL1 was reduced when NUP214-C+coils-MYC was coexpressed.

(E) Ba/F3 cells expressing NUP214-ABL1 were transduced with empty GFP vector, NUP214-N-MYC-ires-GFP, NUP214-coils-MYC-ires-GFP, NUP214-N+coils-

MYC-ires-GFP, or NUP214-C+coils-MYC-ires-GFP. After transduction, half of the cells were cultured in the presence of IL3 (pink curves) and the other half in the

absence of IL3 (blue curves). During selection in the absence of IL3, cells transduced with coiled-coil-containing (and NPC localized) NUP214 constructs showed

a marked reduction in GFP+ cells over time. This effect was not observed with the coiled-coil lacking non-NPC localized NUP214-N-MYC variant or with empty

vector.

(F) Phosphoflow comparison of STAT5 phosphorylation in GFP+ and GFP� cell populations of Ba/F3 cells coexpressing NUP214-ABL1 and NUP214-N-MYC-

ires-GFP, NUP214-coils-MYC-ires-GFP, NUP214-N+coils-MYC-ires-GFP, or NUP214-C+coils-MYC-ires-GFP. Data are represented as mean ± SD.
Molecular Cell 31, 134–142, July 11, 2008 ª2008 Elsevier Inc. 139
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Figure 4. NUP214-ABL1 Requires Other Nucleoporins for Oncogenic Transformation and Kinase Activity
(A) Expression of NUP88, RANBP2, and ABL1 was knocked down by electroporation of siRNAs in ALL-SIL, RPMI-8402, KE-37, and Jurkat cells. The bars indicate

the mean ± SD of absolute cell viability. The asterisk indicates a statistically significant difference compared to the cells that were treated with nonworking siRNA

(one-way ANOVA, all p values % 0.001).

(B) Western blot analysis showing efficient reduction of NUP88, RANBP2, and ABL1 protein levels after siRNA electroporation. ‘‘�’’ indicates nonworking siRNA.

ERK2 was used as loading control.

(C) Western blot analysis of RanBP2 and NUP214-ABL1 expression (anti-RANBP2 and anti-ABL1 detection) and NUP214-ABL1 autophosphorylation (anti-phospho-

ABL1detection)onwhole-cell lysatesofNUP214-ABL1-expressingBa/F3cells (+IL3) treatedwith indicatedsiRNAs.Theexperiment shown in this panelwasperformed

in NUP214-ABL1-transformed Ba/F3 cells supplemented with IL3 to avoid inaccurate interpretation of results due to induction of cell death in the ALL-SIL cell line.
GRB2 recruitment (Pendergast et al., 1993; Million and Van Et-

ten, 2000; McWhirter et al., 1993; Zhang et al., 2001), our data

show that NUP214-ABL1 is a relatively weak oncoprotein, rely-

ing on incorporation into the NPC and interactions with other

nuclear pore proteins for its kinase activation and oncogenicity.

Our data also explain why the NUP214-ABL1 gene is always am-

plified in T-ALL, as the NUP214-ABL1 protein has to compete

with endogenous NUP214 for nuclear pore localization. In con-

sonance with this, the expression level of the NUP214-ABL1

protein was much higher than that of endogenous NUP214 in

mice that developed T-ALL (data not shown).

Several other oncogenic fusion genes involving NUP214 and

other nucleoporins have been identified (von Lindern et al.,

1992a, 1992b; La Starza et al., 2004; Slape and Aplan, 2004).

The observation that nucleoporins contribute to malignancy in

the context of highly divergent partner proteins suggests that

aberrant function of the nuclear pore itself may play a key role

in transformation. Our observations provide direct support for

that hypothesis and raise interesting questions about how

deregulated function of the NPC contributes to carcinogenesis.
140 Molecular Cell 31, 134–142, July 11, 2008 ª2008 Elsevier Inc.
It may thus be of value to carefully evaluate nuclear pore function

and trafficking in pathogenesis of hematopoietic malignancy.

EXPERIMENTAL PROCEDURES

Constructs

BCR-ABL1 (Daley et al., 1990), NUP214-ABL1, and NUP214 constructs were

generated by PCR and cloned in pMSCV-puro, pMSCV-neo, or pMSCV-GFP.

Cell Culture and Retroviral Transduction

Hek293T and Ba/F3 cells were cultured, transfected, and transduced as

described previously (Schwaller et al., 1998). Transduced Ba/F3 cells were

selected with puromycin (2.5 mg/mL) or neomycin (600 mg/mL medium). For

proliferation assays, Ba/F3 cells were seeded at 105 cells/mL medium, and

viable cells were counted on indicated days on a Vi-cell XR cell viability ana-

lyzer (Beckman Coulter, Fullerton, CA). Human cell lines were cultured in

RPMI-1640 medium supplemented with 20% FCS.

Murine BMT Assay

BMT assays were carried out as described previously using Balb/c mice (Kelly

et al., 2002). Equivalent viral titers were used for each retroviral construct, and

equal transduction efficiencies for various constructs in primary cells were
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confirmed by flow cytometric analysis. For secondary transplant assays, 106

spleen cells from primary recipients were injected into sublethally irradiated

(450 cGy) recipient mice.

Western Blotting and Immunoprecipitation

Total cell lysates were analyzed by standard procedures using the following

antibodies: anti-ABL (24-11), anti-ERK2 (D-2), anti-RANBP2 (N-20), anti-

MYC (A-14), anti-GRB2 (H-70), anti-AKT1 (B-1), anti-STAT5a (L-20), anti-

GAB2 (H-200) (Santa Cruz, Santa Cruz, CA), anti-phospho-ABL1 (Tyr245),

anti-phospho-ABL1 (Tyr412), anti-phospho-ERK1/2 (Thr202/Tyr204), anti-

phospho-STAT5 (Tyr694), anti-phospho-AKT (Ser473), anti-phospho-GAB2

(Tyr452) (Cell Signaling, Beverly, MA), anti-NUP88, anti-NUP62 (BD Biosci-

ences, San Jose, CA), anti-phospho-tyrosine (4G10; Upstate Biotechnology,

Lake Placid, NY), and anti-mouse/anti-rabbit peroxidase-labeled antibodies

(AP Biotech, Uppsala, Sweden).

For immunoprecipitation, cell lysates were incubated with protein G Sephar-

ose beads and the following antibodies: anti-RANBP2 (N-20), anti-ABL

(24-11), or anti-GRB2 (H-70) (Santa Cruz).

Immunofluorescence

Indirect immunofluorescence was performed as described previously (Bernad

et al., 2004). Prior to fixation, T-ALL cell lines cells were spun at 1200 rpm

for 5 min. For experiments with Ba/F3 cells, cells were attached onto poly-

L-lysine-coated coverslips by cytospin followed by immediate permeabiliza-

tion in 0.5% Triton for 1 min on ice and fixation. We used the following anti-

bodies: anti-ABL1 (K-12) (Santa Cruz), anti-NUP214 9977 (Fornerod et al.,

1995), anti-NUP214 C-pep (Bernad et al., 2004), anti-ABL1 8E9, anti-NUP62,

anti-NUP88 (BD Biosciences), anti-mouse-Alexa 488, anti-rabbit-Texas Red,

anti-mouse-Texas Red, and anti-rabbit-Alexa 488 (BD Biosciences). Images

were acquired on a Leica SP2 AOBS confocal station and analyzed with ImageJ

software. All images were acquired with the same microscope settings.

Phosphoflow

Cells were fixed in 1.5% formaldehyde (10 min) and permeabilized in 100%

methanol (15 min). After washing in PBS-0.5% BSA, cells were stained for

30 min with PE-coupled anti-phospho-Stat5 (Y694) (BD Biosciences) followed

by PBS washing and resuspension in PBS containing 1 mM EDTA. Data were

acquired on a FACSCanto flow cytometer (Becton Dickinson) and analyzed

with FACSDiva software (Becton Dickinson).

siRNA Knockdown

Stealth siRNAs were purchased from Invitrogen (Carlsbad, CA). Cells were

electroporated in triplicate with 200 nM siRNA. Cell viability was determined

on a Vi-cell XR cell viability analyzer (Beckman Coulter) 2 days (Jurkat,

NUP214-ABL1 Ba/F3 cells +IL3), 3 days (KE-37, RMPI-8402), or 4 days

(ALL-SIL) after electroporation, depending on the moment of maximal knock-

down in these cell lines.

siRNA Sequences

siRNA sequences included the following: human NUP88, UAUAUGUUCACCC

UCCUCUUUCAGG; human RANBP2, AAACGAAACAAUUUCGCGCGGUUG

C; human ABL1, GGAAUGGUGUGAAGCCCAAACCAAA; Mouse Ranbp2, AU

CACAUGCAGUCCACACCCACACU; and nonworking, ACGAAGAACAGAAG

CACAAAGGCGG.

Flow Cytometric Analysis of Murine Cell Suspensions

Single-cell suspensions were washed in PBS + 2% FCS, blocked with Fc-

block (BD PharMingen, San Diego, CA) for 10 min on ice, and stained with

monoclonal antibodies in PBS + 2% FCS for 30 min on ice. Antibodies used

included allophycocyanin (APC)-conjugated Gr-1, Mac-1, and CD4; and phy-

coerythrin (PE)-conjugated Mac-1, CD117 (c-Kit), and CD8 (BD PharMingen).

After washing, cells were resuspended in PBS + 2% FCS containing 0.5 mg/mL

7-amino-actinomycin D (7-AAD; BD PharMingen). Flow cytometry was per-

formed on a FACSCalibur (BD Biosciences, San Jose, CA), and data were an-

alyzed by using CellQuest software (BD Biosciences). Results are presented

as dot plots of GFP+ viable cells selected on the basis of scatter and 7-AAD

staining.
Histopathology

Hematoxylin and eosin-stained histological sections of murine tissues were

prepared by standard procedures. Histological images were obtained on a Ni-

kon Eclipse E400 microscope (Nikon, Tokyo, Japan) equipped with a SPOT RT

color digital camera model 2.1.1 (Diagnostic Instruments, Sterling Heights, MI)

and a 103/22 ocular lens.

SUPPLEMENTAL DATA

The Supplemental Data include four figures and can be found with this article

online at http://www.molecule.org/cgi/content/full/31/1/134/DC1/.
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