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Although the identification and characterization of translocations
have rapidly increased, little is known about the mechanisms of how
translocations occur in vivo. We used anaplastic large cell ymphoma
(ALCL) with and without the characteristic t(2;5)(p23;q35) transloca-
tion to study the mechanisms of formation of translocations and of
ALCL transformation. We report deregulation of several genes lo-
cated near the ALCL translocation breakpoint, regardless of whether
the tumor contains the t(2;5). The affected genes include the onco-
genic transcription factor Fra2 (located on 2p23), the HLH protein Id2
(2p25), and the oncogenic tyrosine kinase CSF1-receptor (5q933.1).
Their up-regulation promotes cell survival and repression of T cell-
specific gene expression programs that are characteristic for ALCL.
The deregulated genes are in spatial proximity within the nuclear
space of t(2;5)-negative ALCL cells, facilitating their translocation
on induction of double-strand breaks. These data suggest that
deregulation of breakpoint-proximal genes occurs before the for-
mation of translocations, and that aberrant transcriptional activity
of genomic regions is linked to their propensity to undergo
chromosomal translocations. Also, our data demonstrate that de-
regulation of breakpoint-proximal genes has a key role in ALCL.

cancer genetics | signal transduction | nuclear architecture |
lymphomatoid papulosis

B alanced chromosomal translocations are a hallmark of cancer
cells, and are thought to be important, if not causal, for
hematopoietic and mesenchymal tumorigenesis (1). At the molec-
ular level, translocations generally result in either altered expression
of genes located directly at a breakpoint, or in fusion of genes
located at the 2 breakpoints (1). In most cases, the affected genes
are transcription factors or tyrosine kinases, and the translocation
generally leads to their inactivation or constitutive activation. This
defect often causes inhibition of differentiation or uncontrolled
proliferation. Nevertheless, translocations are, at least in some
cases, not sufficient to fully transform cells, because chromosomal
disease-associated translocations are present in healthy individuals
(2), and transgenic mice expressing known tumor fusion proteins do
not spontaneously develop tumors in most cases (1, 2).

The translocation t(2;5)(p23;q35) is characteristic for anaplastic
large cell lymphoma (ALCL), a subgroup of peripheral T cell
lymphomas (TCL) (3, 4). By fusion of the 5’ oligomerization
domain of the nucleophosmin (NPM1) gene (located on 5q35) with
the 3’ anaplastic lymphoma kinase (ALK) tyrosine kinase domain
(2p23), this translocation results in a NPM-ALK fusion protein with
constitutive activation of the ALK kinase (3). Several questions
regarding the pathogenesis of ALCL are unresolved. First, in ~40%
of systemic ALCL, the translocation t(2;5) is not present (4),
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suggesting yet unknown alternative mechanisms of transformation.
Second, the expression of NPM-ALK per se might not be sufficient
for malignant transformation to ALCL, because NPM-ALK ex-
pression leads to non-ALCL malignancies in animal models (3).
Third, morphological similarities and molecular defects are found
in both ALCL types, independent of the translocation t(2;5) (4-6).
Last, systemic ALCL may arise from primary cutaneous CD30*
lymphoproliferative disorders such as lymphomatoid papulosis
(LyP) in up to 20% of cases (7). The mechanism of this progression
is not understood.

Although the identification and characterization of transloca-
tions have rapidly increased, little is known about how transloca-
tions occur in vivo (1, 8). Obviously, double-strand breaks (DSBs)
of involved chromosomes have to occur, and broken ends have to
meet each other in the nucleus. Two hypotheses have been pro-
posed to explain how translocations arise: the “contact-first” model
postulates that chromosome fibers have to colocalize at the time of
DNA damage (9), whereas the “breakage-first” model states that
broken chromosome ends can move in the nuclear space to find
their translocation partner (10). Although formal evidence is
currently lacking, recent data favor the contact-first model as the
underlying mechanism required for formation of translocations in
mammalian cells (8, 9, 11-13).

Here, we set out to study the mechanism of translocation
formation and of ALCL transformation by the analysis of ALCL
either carrying or lacking the characteristic t(2;5). We describe a
number of deregulated genes surrounding the breakpoint regions
on chromosomes 5 and 2 in both ALCL cells with and without the
characteristic translocation. Also, we show that the breakpoint
regions in t(2;5)-negative ALCL cells are in spatial proximity within the
nuclear space, and that this proximity predisposes for induction of
t(25).

Results

Deregulation of Breakpoint-Proximal Genes Regardless of t(2;5). We first
probed the expression levels of genes near the ALCL breakpoint on
chromosomes 5 and 2, and in the surrounding regions. We focused
on genes with known or assumed oncogenic functions and a
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Fig.1. Up-regulation of breakpoint proximal genesin ALCL regardless of t(2;5).
(A) Localization of the analyzed genes FRA2 (located on 2p23), ID2 (2p25), and
CSF1R (5933.1). In the case of t(2;5), the fusion of NPM (5g35) and ALK (2p23)
results in the NPM-ALK fusion gene. Colored bars indicate positions of probes
used for FISH in Fig. 4 A and C. (B) Analysis of FRA2, ID2, and CSFTR mRNA
expression in various cell lines by Northern blot analysis (NB). Expression of
GAPDH was analyzed as a control. (C) Immunohistochemistry of Fra2 and 1d2 in
ALCL carrying (Left) or lacking (Right) t(2;5). Cells with positive signals are stained
in red. Large neoplastic cells show a strong nuclear staining for Fra2 and 1d2,
whereas no (Fra2) or only weak (Id2) signals are detectable in the small nonneo-
plastic cells. (Original magnification, 80x.)

presumed role in ALCL pathogenesis: the helix-loop-helix (HLH)
factor inhibitor of differentiation 2 (D2; located on 2p25), which
inhibits cellular differentiation, promotes cellular growth, and
mediates reprogramming of Hodgkin lymphoma cells (14, 15), the
oncogenic AP-1 transcription factor FRA2 (2p23; also called FOS-
like antigen 2, FOSL2) (16), and the oncogenic tyrosine kinase
CSF-1 receptor (CSFIR; 5q33.1) (17, 18) (Fig. 1LA4). The analysis of
a panel of T cell-derived ALCL cell lines, including 4 cell lines
carrying t(2;5) and 4 lacking t(2;5) revealed aberrantly high levels
of Fra2, Id2 and CSF1R mRNA and protein expression (Fig. 1B and
Fig. S1A4). Remarkably, we found up-regulation of these genes even
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in the absence of t(2;5). In contrast, all non-ALCL T cell-derived
control cell lines lacked expression of these genes. The analysis of
the various cell lines for expression of NPM, ALK, and NPM-ALK
by Western blot and RT-PCR analyses showed the expected results,
i.e., expression of NPM-ALK is restricted to t(2;5)-positive ALCL
cell lines (Fig. S1B).

Elevated levels of these proteins were confirmed in tissue sec-
tions from t(2;5)-positive and t(2;5)-negative ALCL patient sam-
ples (Fig. 1C and Table S1). We detected high expression of Fra2
and, in accordance with previously published data (19), of Id2 in all
10 t(2;5)-positive ALCL cases, and in 9/15 (Fra2) and 15/15 (Id2)
t(2;5)-negative ALCL tumor samples. In contrast, Fra2 was not
detected, and Id2 was expressed at a much lower level in only a
subset of lymphoid cells in normal lymphoid tissue, including
nonmalignant lymphoid cells present in all ALCL samples and in
samples from activated human palatine tonsil, thymus, and spleen
(Fig. S1C and Table S1). Also, expression of Fra2 was neither
detectable in the tumor cells of 8 peripheral TCL cases containing
large numbers of atypical CD30* cells nor in 46 cases of diffuse
large B cell lymphoma of the most common morphologic variants.
The T lineage-inappropriate expression of the macrophage-specific
CSFIR in ALCL cells even exceeded the expression level found on
CD33-positive cells isolated from healthy donors. Given the un-
usual high and aberrant expression of these genes in ALCL, we
assayed for alterations in copy number for FRA2 and ID2 by FISH
(Fig. S1D). We found additional copy numbers of FRA2 in 75%
(6/8) of t(2;5)-positive, and 50% (4/8) of t(2;5)-negative ALCL
patient cases; and of ID2 in 71.4% (5/7) of t(2;5)-positive, and 50%
(3/6) of t(2;5)-negative cases, respectively. Together, these obser-
vations suggest that breakpoint-proximal genes have a fundamental
role in ALCL biology in a translocation-independent fashion.

Characterization and Consequences of the Constitutively Activated AP-1
Complex. To determine the functional consequences of elevated
Fra2 expression in ALCL, we first analyzed AP-1 DNA binding
activity, which revealed a unique activity restricted to all of the
ALCL cell lines (Fig. 24). Electrophoretic mobility shift assay
performed with a broad panel of antibodies recognizing Jun (c-Jun,
JunB, and JunD), Fos (c-Fos, Fral, and Fra2), or ATF (ATF-2 and
ATF-3) members revealed a striking similarity of the AP-1-complex
in all ALCL cells with reactivity for JunB and Fra2, regardless of
t(2;5) (Fig. S1E). The main interaction partner of Fra2 was the
AP-1 family member JunB, as shown by co-immunoprecipitation
(Fig. 2B; the IP with the isotype control antibody did not show any
specific coIP). The JUNB gene locus is amplified and JunB is
overexpressed in ALCL, and the AP-1 activity protects these cells
from apoptosis (20, 21). Our data suggest that these functions are
at least in part mediated by its interaction partner Fra2. To further
investigate whether Fra2-JunB complexes protect lymphoid cells
from apoptosis, we investigated their function after forced expres-
sion in IL-3 dependent Ba/F3 cells, which serve as a model for
growth factor independence induced by the gene of interest. We
generated stably transfected Ba/F3 cell clones with empty plasmid
(Mock), or expressing Fra2 (FLAG-tagged; Fra2) or a Fra2-JunB
single-chain construct (Fra2-JunB; Fra2 and JunB joined by a
flexible polypeptide tether) (Fig. 2C and Fig. S1F). We measured
the response of several Mock-transfected clones (clones 1, 2, and 3),
3 Fra2-expressing (clones 5, 13, and 35), and 2 Fra2-JunB-
expressing clones (clones 30 and 61) to IL-3 withdrawal. As
expected, Mock clones survived IL-3 withdrawal for no longer than
6-7 days. In contrast, all Fra2 or Fra2-JunB clones survived IL-3
withdrawal for >10 days (Fig. 2C). Together, these data demon-
strate a recurrent alteration of Fra2 in a human malignancy and
argue for the Fra2-JunB AP-1 complex as an important factor for
transformation of t(2;5)-positive and t(2;5)-negative ALCL cells.

The Id2-Mediated Loss of T Cell Phenotype in ALCL. Next, we examined
the consequences of the aberrant Id2 expression in ALCL. Id
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Fig.2. Characterization of the constitutively active AP-1 complex in ALCL cells.
(A) EMSA of transcription factor AP-1in nuclear extracts of various cell lines. n.s.,
nonspecific band, not the free probe. (B) ColP of Fra2 and JunB. IP of Fra2 was
performed in whole-cell extracts. Coprecipitated proteins were detected by
Western blot analysis using antibodies specific for Fra1, JunB, c-Jun, and JunD. (C)
Fra2 or Fra2-JunB protect Ba/F3 cells from IL-3 withdrawal. Representative stably
transfected cell clones expressing FLAG-tagged Fra2 (clones 5, 13, 35, and 86) or
aFra2-JunBssingle-chain construct (clones 30,47, 51, and 61), and respective Mock
clones (clones 1, 2, 3, and 4) were analyzed by EMSA for AP-1 DNA binding activity
(Upper), and for Fra2 and Fra2-JunB protein expression by Western Blot analysis
using a Fra2-specific antibody; B-actin was analyzed as a control. (Lower) Repre-
sentative Ba/F3 clones with different Fra2 or Fra2-JunB expression levels were starved
from IL-3. Viable cells were counted at the days indicated. Error bars indicate SDs.

proteins contain a HLH dimerization motif, but lack the basic
region required for DNA binding (15). The interaction of Id
proteins with basic (b)HLH proteins, including E2A and HEB,
prevents binding to DNA and, thus, inhibits transcription (14, 15).
Because E2A and HEB are known to regulate expression of many
T cell-associated genes (22), we investigated their expression and
DNA binding activity (Fig. 34 and Fig. S24). Although HEB
(encoded by the gene TCFI12) and E2A (encoded by the gene
TCF3) were expressed in ALCL cells (Fig. S2A4), they lacked E-box
DNA-binding activity almost completely (Fig. 34), again regardless
of the presence of t(2;5). In contrast, in all non-ALCL T cell-derived
cells E-proteins bound to DNA, which mainly consisted of E2A-
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Fig.3. The Id2-mediated loss of T cell phenotype in ALCL. (A) Nuclear extracts
of the various cell lines were analyzed by EMSA for E-box DNA binding activity.
Positions of specific complexes (E2A-HEB) are indicated. n.s., nonspecific band,
not the free probe. (B) ColP of Id2-E2A and Id2-HEB complexes. Lysates of K299,
DEL, and JB6 cells were immunoprecipitated with antibody to 1d2 or the respec-
tive control (C). Coprecipitated E2A and HEB proteins were detected by WB. Far
right (=), whole-cell extracts of KE-37 and K299 cells. (C) RT-PCR analysis of
Molt-14 cells transfected with vector only (Mock) or Id2 expression plasmid along
with pEGFP-N3. Input cDNA was diluted 1:1, 1:5, and 1:10 as indicated by trian-
gles. T cell-associated genes were assessed by RT-PCR in enriched GFP* cells.
GAPDH was analyzed as a control. (D) Messenger RNA expression of T cell-
associated genes by RT-PCR in various cell lines. T cell-derived cell lines (T) served
as positive, B cell-derived Reh cells as a negative control. Genes LCK and FYN are
expressed in B and T cells. GAPDH was analyzed as a control.

HEB heterodimers (Fig. 34 and Fig. S2B). These data indicated a
functional inhibition of bHLH proteins in ALCL. To detect an
interaction of the bHLH proteins E2A or HEB with 1d2, which
might mediate such an inhibition, we performed colPs (Fig. 3B).
1d2 interacted with E2A, and colP was also observed with HEB.
These results suggest that E-box DNA-binding in ALCL is primarily
inhibited by an interaction with the aberrantly expressed Id2
protein. To directly address the consequences of Id2 overexpression
for the expression of T cell-associated genes, we transfected T
cell-derived Molt-14 cells with 1d2 (Fig. 3C and Fig. S2C). Consis-
tent with our prediction, we observed an Id2-mediated decrease of
expression of several T cell-associated genes [CD3E, TRBC! (en-
coding T cell receptor beta constant region 1), FYN, TCF7 (en-
coding TCF-1), and GATA3) (Fig. 3C). In line with these data,
ALCL cells not only show a loss of TCR expression (23), but also
of TCR-associated signaling molecules (LCK and FYN) and T
cell-associated transcription factors [TCF1 (encoded by the gene
TCF7, T-bet (encoded by the gene TBX21), and GATA3] (Fig. 3D,
Fig. S2D, and Table S1). Together, these data suggest that aberrant
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1d2 expression mediates the loss of T cell differentiation in ALCL
regardless of t(2;5).

Spatial Proximity of 5q and 2p in t(2;5)-Negative ALCL. Our analyses
indicated that deregulation of the above described genes was
restricted to ALCL and was independent of t(2;5). We hypothesized
that the aberrant activation of these genes in t(2;5)-negative cells
might be related to the formation of t(2;5). In particular, we
speculated that chromatin structure is altered at these sites before
the formation of translocations, and that these changes lead to
aberrant expression of genes in the flanking regions and possibly
predispose these sites to translocations. To test this hypothesis, we
measured the proximity of the various gene loci on chromosomes
5 and 2 using 2-color FISH (Fig. 44, positions of the probes are
shown in Fig. 14). Gene copy numbers of the various gene loci for
all t(2;5)-negative ALCL and control cell lines investigated are
shown in Table S2. The t(2;5)-positive ALCL cell lines K299 and
JB6 served as positive controls. As expected because of the recip-
rocal t(2;5), NPMI-ALK (5q35-2p23), CSFIR-FRA2 (5q33.1-
2p23), and CSFIR-ID2 (5q33.1-2p25) were in close spatial prox-
imity (defined as <400 nm apart) in 78-100% of the K299 or JB6
nuclei (Fig. 44). In contrast, we detected little spatial proximity for
these gene pairs in the non-ALCL cell lines Jurkat and KE-37
(<10% of the nuclei showed proximity), in which these genes are
not expressed. Intriguingly, in all ALCL cell lines lacking t(2;5),
these gene pairs were in spatial proximity in a significant fraction
of cells (10.6-22.5%; DL-40 cells were not included in this analysis
due to the increased copy numbers of all of the various genes to 4—6
copies in this cell line). These values are in line with proximity
frequencies observed between other translocation partners and
nonrandomly paired genes (12, 24). As a further control, NPM1
(5935) and ALK (2p23) were not found in proximity to ZO-I
(15q13), which is not a translocation partner. All genes were present
in 2 copies, except ALK, FRA2, and ID2, which were triploid in a
significant proportion of Mac-2A and FE-PD cells (Table S2).
However, the extra allele does not bias the colocalization results in
these cell lines, because ALK (3 copies) colocalizes with the control
gene ZO-1 (2 copies) in a highly similar fraction of the nuclei as
compared with the control cell lines Jurkat and KE-37, and the
frequency of colocalization between CSFIR and FRA?2 are the same
in t(2;5)-negative ALCL cell lines, which contain either 2 or 3 FRA2
alleles. Also, the frequency of colocalization detected for ZO-1 to
either NPM1 or ALK does not significantly differ from each other
in both Mac-2A and FE-PD. In all ALCL lines analyzed, but not in
the control T cell-derived lines KE-37 or Jurkat, ERBB2IP (5q12.2)
and ALK were also seen in spatial proximity (Fig. 44), indicating
that spatial proximity of 5q and 2p applied to larger genome
regions. We also observed increased proximity of CSFIR-FRA?2,
and CSFIR-ID2 in H9 cells, which might be due to the increased
copy numbers to 3—4 copies of these genes in this cell line (Table
S2), as highlighted by the fact that the control ZO-1-NPM] pair also
shows elevated proximity, and due to the elevated level of Fra2 (Fig.
1B). Additional translocations involving chromosomes 2 and 5 in
t(2;5)(p23;q35)-negative cell lines, which might influence the results
of the proximity analyses, were excluded by spectral karyotyping
(SKY).

Induction of t(2;5) in Cell Lines with Spatial Proximity of 5q and 2p.
Having demonstrated spatial proximity of the putative transloca-
tion partners in t(2;5)-negative ALCL cells, we hypothesized that
their proximity facilitates formation of t(2;5). To directly test this
hypothesis, we induced DSBs in t(2;5)-negative ALCL and non-
ALCL cell lines by ionizing radiation (IR), and performed 2-color
FISH for NPM1 and ALK to detect translocations t(2;5), and used
LSI ALK to visualize DNA breaks within the ALK locus (Fig. 4 B
and C). In control experiments, we established conditions for cell
survival, and verified DSB and repair efficiency (Fig. S2E). In the
control cell lines Jurkat and KE-37, in which 5q and 2p are not in
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control pair. (B) Induction of t(2;5) in cells with spatial proximity of 5q and 2p; 24 h
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hybridized with NPM1 and ALK with translocation t(2;5) is exemplified (Middle).
Inset, chromosome with NPM1-ALK fusion signal. (Bottom) Metaphase spread of
irradiated cells hybridized with the LSI ALK dual color, break-apart rearrange-
ment probe, which proves breakage of the ALK locus. Gray arrows, 2 native ALK
loci showing fused orange/green signals. White arrows, split red and green signal
indicating breakage of the ALK locus. (D) IHC of a LyP case for CD30, Id2, and Fra2.
IHC for CD30 (Top; included as a marker for LyP cells), Fra2 (Middle), and 1d2
(Bottom) of 1 representative LyP case is shown (cells with positive signals stain
red). Original magnification, 70X.

spatial proximity, no induction of t(2;5) was observed (Fig. 4B). In
contrast, translocations t(2;5) were present in metaphases of irra-
diated Mac-2A and H9 cells (Fig. 4 B and C), in both of which
regions of 5q and 2p are in spatial proximity (Fig. 44).

Aberrant Expression of Fra2 and Id2 in LyP. Given the fact that CD30*
cutaneous lymphoproliferative disorders (CD30-CLD), in particu-
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lar LyP, might progress to systemic ALCL (7), we predicted that
overexpression of genes identified in our work should be found in
a proportion of patients suffering from LyP. We analyzed 11 cases
of LyP by immunohistochemistry for the expression of Fra2 and Id2
(Fig. 4D and Table S1). In contrast to normal lymphoid cells (Fig.
S1C), in all LyP cases aberrant expression of Fra2 and Id2 was
detectable in the large atypical CD30* cells. Generally, in contrast
to systemic ALCL the expression level in LyP was lower, and the
percentage of positive cells for both proteins varied among the cases
(Table S1).

Discussion

Here, we have identified several novel hallmarks of ALCL and
spatial reorganization of the 2 chromosomes involved in the ALCL-
characteristic translocation t(2;5)(p23;q35). Remarkably, we found
that deregulation of several genes located in the putative breakpoint
regions and spatial reorganization are independent of t(2;5). These
data suggest that the formation of t(2;5) might not be the first step
leading to malignant transformation, and might not be required for
formation of systemic ALCL. This model fits well with the facts that
(i) in a significant fraction of ALCL cases, t(2;5) is not found (4),
(i) although being transforming, the NPM-ALK fusion protein is
not sufficient to induce ALCL-like tumors in animal models (4, 25),
and (i) a significant number of patients with t(2;5)-positive, CD30*
lymphoproliferations restricted to the skin without systemic dis-
semination has been reported (26, 27). We focused in our work on
the most common ALK rearrangement t(2;5)/NPMI-ALK, there-
fore the impact of chromosomal spatial reorganization on the
formation of the rare other ALK-involving rearrangements (3)
remains to be investigated.

The observed deregulation of several t(2;5) breakpoint-proximal
genes in ALCL provides insight into the disease mechanism. First,
we describe a unique overexpression of the AP-1 complex in nearly
all ALCL cases. AP-1 proteins have transforming capacity (16), and
they have been implicated in the pathogenesis of various hemato-
poietic malignancies (20, 28, 29). The up-regulation of JunB in
ALCL reported previously (20, 21) and confirmed in this study, and
in particular the deregulated Fra2 expression with an intriguing
specificity for ALCL, strongly argues for the AP-1 complex as a key
factor for transformation of t(2;5)-positive and t(2;5)-negative
ALCL cells. Second, we identified an Id2-mediated disruption of
the T cell-specific gene expression program in ALCL. Also, the
Id2-mediated loss of E2A activity might be linked to tumor
progression, because E2A acts as a tumor suppressor in the
lymphoid compartment (30, 31). Third, the tyrosine kinase receptor
for CSF1 (CSF1R) is expressed in ALCL cells at an unusual high
level. At such a high expression level, CSF1R autophosphorylation
might support malignant transformation and dedifferentiation (17,
18, 32). Together, these data strongly suggest that the up-regulation
of breakpoint-proximal genes is a key event in ALCL biology,
independent of the translocation t(2;5). This interpretation does
clearly not preclude that, if it arose, the translocation product
NPM-ALK provides a growth advantage for t(2;5)-positive ALCL
cells. Thus, such a growth advantage, together with the very limited
number of patient cases with serial biopsies during disease devel-
opment, might have so far prevented the identification of a ALCL
patient showing transformation from an t(2;5)-negative to an
t(2;5)-positive ALCL. The favorable clinical outcome of t(2;5)-
positive compared with t(2;5)-negative ALCL (4) might be due to
the immunogenicity of ALK, or susceptibility to, for example,
chemotherapy-induced DNA damage due to the strong activation
of an oncogene, NPM-ALK (33, 34). Our interpretation does not
argue against the (provisional) recognition of 2 distinct ALCL
entities in the new WHO classification of lymphoid tumors, because
this separation is mainly based on the presence or absence of ALK
rearrangements (35).

CD30-CLD and in particular LyP may be associated with sys-
temic ALCL (7). We revealed in LyP cases an aberrant expression
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of Fra2 and, in agreement with recent observations (19), Id2. These
data support the view of a pathogenetic link between these disease
entities. The fact that the level of aberrantly expressed Fra2, but also
Id2, in LyP was lower compared with systemic ALCL implies that
gene dosage might be involved in progression and invasiveness of
these diseases.

The analysis of the spatial location of the putative breakpoint
regions in interphase nuclei revealed that they are frequently in
close spatial proximity in t(2;5)-negative ALCL cells. This finding
is in line with the recent realization that interphase chromosomes
are nonrandomly positioned in the cell nucleus (36, 37). Also, recent
data demonstrated that, in mammalian cells, broken chromosome
ends are immobilized after DNA breakage (11). These data support
the contact-first model, which proposes that translocations prefer-
entially occur between neighboring chromosomes (9). Indeed,
translocation partners are preferentially in spatial proximity before
undergoing rearrangements, which has been shown for frequent
partners of translocations in human lymphomas and leukemias (8,
12, 13). We have extended these observations here by demonstrat-
ing that t(2;5) is induced in 2 cell lines in which 5q and 2p are in
spatial proximity, but not in cell lines in which these 2 chromosomes
are distal from each other. These data strongly support a role for
spatial proximity in the formation of chromosomal translocations.

The fact that deregulation of genes proximal to the breakpoint is
accompanied by spatial juxtaposition of the 2 regions suggests a
functional link. An intriguing possibility is that inappropriate ac-
tivity of ALCL-specific genes near the breakpoints leads to their
physical association in 3D space due to their association with shared
transcription sites within the cell nucleus. A paradigm for such
transcription-mediated clustering of active genes comes from yeast,
where tRNA genes cluster near the nucleolus, and actively tran-
scribed tRNA genes exhibit higher recombination frequencies
compared with inactive ones (38). In mammalian cells, transcription
leads to physical association of the known translocation partners
myc and IgH with each other (24, 37). This interpretation is in line
with the fact that transcription factor AP-1 is involved in the
regulation of several genes that are deregulated in ALCL, namely
Fra2 and JunB itself, Id2, and CSFIR (18, 20, 39). These obser-
vations open the possibility that, due to their aberrant activation,
these gene loci might be corecruited to a shared transcription
factory, thereby increasing the potential for a chromosomal trans-
location.

Together, our data provide insights into the development and
progression of ALCL and demonstrate a link between transcrip-
tional activity of genome regions and their propensity to undergo
chromosomal translocations.

Materials and Methods

Cell Lines and Culture Conditions. ALCL (K299, SU-DHL-1, DEL, JB6, all t(2;5)-
positive; Mac-1, Mac-2A, FE-PD, DL40, all t(2;5)-negative) and T cell leukemia
derived (Jurkat, Molt-4, KE-37, Molt-14, H9) cell lines were cultured as described
(20). Electroporation of Molt-14 cells with 40 ug of a pcDNA3-FLAG-Id2 expres-
sion plasmid (14) or the respective pcDNA3 control plasmid (Mock; Invitrogen)
was performed in OPTI-MEM | by using a Gene-Pulser Il (Bio-Rad) with 960 u.F and
0.26 kV. Transfection efficiency was determined by pEGFP-N3 (10 pug; Clontech
Laboratories) cotransfection and subsequent FACS analysis. Enrichment of trans-
fected cells was performed by FACS sorting of GFP positive cells 48-72 h after
transfection by using FACS Vantage and CELLQuest software (Becton Dickinson).
Ba/F3 cells were cultured in full medium (20) containing 1.5 ng/mL miIL-3 (Pepro-
Tech). Stably transfected Ba/F3 cell clones were generated by electroporation of
cells (960 uF, 0.18 kV) with 30 pg of a FLAG-Fra2 construct, a Fra2-JunB single-
chain construct (40), or pcDNA3 empty plasmid (Mock; Invitrogen) followed by
selection of cell clones with 1.2 mg/mL G418 (Gibco, Invitrogen). For IL-3 with-
drawal experiments, cells were counted at the indicated times in a Neubauer
chamber after Trypan-blue staining.

RNA Preparation, Northern Blot Analysis, and RT-PCR. Total RNA preparation and
Northern blot analysis were described previously (20). Membranes were hybrid-
ized with [a-32P]dCTP-labeled random prime-labeled DNA probes. Furthermore,
first strand cDNA-synthesis was performed by use of the first strand cDNA syn-
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thesis Kit (AMV; Roche), and mRNA expression was analyzed by RT-PCR (S/
Appendix).

EMSA and Western Blot Analysis. Whole-cell and nuclear extract preparation,
EMSA, and Western blot analysis were performed as described (14, 20). Antibod-
ies used for supershift and Western blot analyses are indicated in S/ Appendix.

ColP Assays. ColP of 1d2 and E2A or HEB was performed as described (14).
Antibodies used for Western blot analysis were E2A (E47/E12; clone G98-271) and
HEB (sc-357). For Fra2 colP, 1 X 107 cells were lysed in buffer containing 20 mM
Hepes, pH 7.9/350 mM NacCl/1 mM MgCl,/0.5 mM EDTA/0.1 mM EGTA/1% Non-
idet P-40/0.5 mM DTT and a protease inhibitor mixture (Roche). The supernatant
containing whole cell extracts was diluted 1:2.5 with buffer containing 20 mM
Tris*HCl, pH 7.5/1 mM EDTA. ColP was performed by using 1,000 ug of protein
extract with 2 pg of the Fra2 antibody (Q-20) or the respective isotype control.
Western blot analyses of Fra2 IPs were performed by use of the MiniProtean II
Multiscreen Apparatus (Bio-Rad).

FISH and Quantitative Measurements. For 3D interphase (i)FISH, growing cell
suspensions were incubated on poly-L-lysine-coated coverslips (BD Biosciences)
for 1 h at 37 °C. Coverslips were rinsed in 0.3 X PBS for 40-60 s, fixed for 10 min
in 4% paraformaldehyde/0.3 X PBS, and washed 3 times in 1 X PBS. Subsequent
(i)FISH steps were performed as previously described for 2D cultured cells (41)
using various BACs (S/ Appendix). After performing dual color (i)FISH and mount-
ing the coverslips in DAPI containing mounting media (Vectashield, Vector Lab-
oratories), nuclei were observed on a Nikon Eclipse EB00 microscope by using a
100X Apo 1.4NA oil objective (Nikon), and using a triple filter (Nikon) to allow
simultaneous visualization of FITC, TRITC, and DAPI for colocalization counts or
single filters (Nikon) for copy number analysis. The percentage of cells where at
least 1 pair of heterologous loci were in close spatial proximity, defined as <400
nm apart, were determined from 206 to 245 nuclei per gene pair, in each cell line
analyzed. Pairwise comparisons were performed by using Yates-correlated 2
analysis, and P < 0.05 was considered significant. The identical BAC clones for
NPM1 and ALK as well as LSI ALK (Abbott Molecular) were used for conventional
2-color FISH-analysis of metaphase spreads after premature chromosome con-
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densation. Image acquisition and analysis was performed by using an automated
Olympus epifluorescence microscope (BX61) equipped with band specific optical
filters (Chroma Technology Corporation) and dedicated FISH-software (Applied
Spectral Imaging). For delineation of genomic changes of the FRA2 and ID2 gene
loci, FISH analyses by using BAC clones RP11-731119, RP11-807A19, and RP11-
434B12 (German Resource Center) were performed as described (42). Tumor
signals were scored as low level gains if 3—-4, as amplifications if >4 copies were
detectable in >10% of cells.

IR of Cells, Comet Assay, Detection of Phospho-H2AX-Foci, and Analysis of Apo-
ptosis. Cells were irradiated with the doses indicated in the figures. Protocols
were optimized for each cell line to ensure comparable induction of H2AX-
phosphorylation (y-H2AX) and percentages of viable cells after IR. DNA damage
at the single cell level was analyzed 10 min after IR by using the Comet Assay
(4250-050-K; Trevigen). For the detection of phospho-histone H2AX foci, cyto-
spins of untreated cells, and cells 6 or 24 h after IR, were prepared and stained by
using a FITC-conjugated phospho-Histone H2AX (ser139) antibody (16-202A;
Upstate Biotechnology). In parallel, Western blot analysis for the detection of
phospho-H2AX (Ser-139) was performed. Analysis of apoptosis was performed as
described (6). All assays were performed in triplicate.

Immunohistology. The use of human material was approved by the ethics com-
mittee of the Charité, Medical University Berlin. Inmunohistological analyses
were performed as described (14) by using various antibodies (S/ Appendix).
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