“effective” Stokes radius can be calculated or
determined empirically (24). A dextran poly-
mer of 10,000 daltons would have an effec-
tive Stokes radius of 2.4 nm, whereas the
radius of an 18,000-dalton dextran polymer
would be approximately 3.1 nm. On this
basis, the molecular size exclusion limit
(Stokes radius) of a plasmodesma in control
tobacco plants would be approximately 0.73
nm, whereas that of plasmodesmata in
plants that express the 30-kD MP would be
greater than 2.4 nm but less than 3.1 nm.
Since Gibbs (12) has suggested that the
molecular dimensions of TMV RNA may be
approximately 10 nm, additional informa-
tion is needed before we can account for the
role of the MP in mediating systemic spread
of TMV.
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The Gene for Enhancer Binding Proteins E12/E47
Lies at the t(1;19) Breakpoint in Acute Leukemias

JuriA D. MELLENTIN, CORNELIS MURRE, TIMOTHY A. DONLON,
PaTrICcK S. McCaw, STEPHEN D. SMITH, ANDREW ]. CARROLL,
MaRrcy E. McDONALD, DAVID BALTIMORE, MICHAEL L. CLEARY*

The gene (E2A) that codes for proteins with the properties of immunoglobulin
enhancer binding factors E12/E47 was mapped to chromosome region 19p13.2—
p13.3, a site associated with nonrandom translocations in acute lymphoblastic leuke-
mias. The majority of t(1;19)(q23;pl3)—carrying leukemias and cell lines studied
contained rearrangements of E2A as determined by DNA blot analyses. The rearrange-
ments altered the E2A transcriptional unit, resulting in the synthesis of a transcript
larger than the normal-sized E2A mRNAs in one of the cell lines with this transloca-
tion. These observations indicate that the gene for a transcription factor is located at
the breakpoint of a consistently recurring chromosomal translocation in many acute
leukemias and suggest a direct role for alteration of such factors in the pathogenesis of

some malignancies.

HROMOSOMAL  TRANSLOCATIONS

are implicated as important events in

the pathogenesis of tumors of the
hematopoietic lineage. The majority of
acute lymphoblastic leukemias (ALLs) carry
such karyotypic abnormalities, although
more than 15 different consistently recur-
ring rearrangements have been described
(1). One of the most frequently reported
cytogenetic changes in ALL is the
t(1;19)(q23;p13.3) chromosomal translo-
cation, first reported in 1984 and subse-
quently observed in up to 6% of pediatric
acute leukemias and in approximately 30%
of leukemias with a pre-B cell phenotype
(2). The association of this translocation
with a particular leukemia phenotype has
prompted investigations into the identity of
genes that may map to the breakpoint loci
on chromosomes 1 and 19 (3). Despite
suggestive chromosomal localizations, nei-
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ther the insulin receptor gene at 19p13.2—
pl3.3 nor the proto-oncogene c-ski at
1q22-24 has been shown to map to the
breakpoint in the t(1;19) translocation. We
now report that the gene for a transcription
factor that appears to regulate immunoglob-
ulin kappa light chain gene expression is
located at the breakpoint on chromosome
19 and, furthermore, we demonstrate that
this gene is structurally altered by most
t(1;19) chromosomal translocations.
Various trans-acting factors and sequence
motifs required for tissue-specific expression
of the immunoglobulin genes have been
described (4). One class of such sequences is
the “E-box motif,” found in both the heavy
chain and kappa light chain enhancers (5-7);
trans-acting factors that interact with the E-
box sites both in vivo and in vitro have been
identified (5, 6). In the enhancer region of
the kappa light chain gene, E-box elements
are required for optimal transcription and
have been shown to bind distinct proteins in
vitro (6, 7). Two ¢cDNAs (E12/E47) that
encode proteins that bind to the kappa E-
box site KE2 have been isolated by an oligo-
nucleotide screening procedure (8) and have
been found to be derived from one gene,
which has been called E2A (9). The cDNAs
code for nearly identical proteins, which
contain a region that appears to represent a
helix-loop-helix DNA binding motif and a
dimerization domain. This region is similar
to regions in several proteins that participate
in the control of differentiation and prolif-
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eration in various cellular lineages (8, 10,
11). Because several members of this group,
the Myc proteins and Lyl-1, are associated
with genetic rearrangements and abnormali-
ties of growth control in various neoplasms
(11, 12), our studies were undertaken to
ascertain the potential role of E2A in similar
processes.

To determine the chromosomal localiza-
tion of E2A, we carried out in situ hybrid-
ization to human chromosomes (13) with a
3H-labeled subclone (pE47M) containing a
847-bp insert fragment that codes for 283

COOH-terminal amino acids of the E2A-
encoded protein E47, including the helix-
loop-helix DNA binding motif and dimer-
ization domain (8). Of 34 grains observed
on chromosome 19, 25 (or 74%) were
located on bands 19p13.2-p13.3, with a
peak on the distal subband 19p13.3 (Fig.
1A). In addition, out of 206 chromosomal
grains observed in 100 metaphase cells, 25
(or 12.1%) were found over 19pl3.2—
p13.3, and no other sites were labeled above
background.

The chromosomal assignment of the gene
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Fig. 1. Localization of E2A. (A) Histogram
showing the distribution of silver grains over the
human chromosome complement. Twenty-three
percent of the metaphases contained label over at
least one chromosome 19 at bands p13.2-p13.3.
Conditions and methods used for in situ chromo-
somal hybridizations were as described (13). (B)
Hybridization of pE47M probe to DNA from
human-rodent hybrid cell lines. Cell lines were
derived as described (74). The human chromo-
some 19 (CH 19) content of each cell line is
indicated by brackets below the autoradiogram (C
stands for centromere). Eco RI—digested DNA
(10 pg) was applied to all lanes, and DNA blots
were hybridized with pE47M as described (22).
The pE47M-homologous band in the autoradio-
gram that localizes to chromosome 19 is denoted
by an arrow, and its presence (+) or absence (—)
is indicated below each lane. An additional cross-
hybridizing band not present on chromosome 19
and observed only in lane 1 is denoted by a dash.
Faint bands at approximately 16 and 18 kb repre-
sent cross-hybridizing hamster and mouse bands,
respectively. Right-hand bracket indicates small-
est region of chromosome 19 containing detect-
able pE47M-hybridizing DNA. Lane 1, total
human DNA; lanes 2 to 5, somatic cell hybrids
CF100-1, G35F3, G24A9, and CF104-22, re-
spectively (14).

380

17

18 19 20 21 22 X
B
CH19
i ]pwm
13.2
13.2
134
c
c
131
q 132 el et
132 132
133
1Y Rl =

detected by pE47M was confirmed by DNA
blot analysis of rodent-human somatic cell
hybrids carrying fragments of human chro-
mosome 19 with well-characterized break-
points (14) (Fig. 1B). Analysis of Eco RI-
digested DNA showed two bands of 23 and
11 kb homologous to pE47M in human
genomic DNA (Fig. 1B, lane 1). The 23-kb
band was present in somatic cell hybrids
containing DNA from human chromosome
19q13.2-19pter (Fig. 1B, lanes 2 and 3).
This band was not observed in DNA from
hybrid cells carrying human chromosome
19p13.2-19qter and 19q (Fig. 1B, lanes 4
and 5). These results are consistent with the
in situ hybridization data, which localized
pE47M-homologous sequences to 19p13.2—

13.3.

P The 11-kb Eco RI band observed in total
human DNA (Fig. 1B, lane 1) does not map
to chromosome 19 because it was not seen
in the somatic cell hybrids (Fig. 1B, lanes 2
to 5). Thus the presence of an additional
pE47M-homologous human sequence that
maps to a site other than chromosome 19 is
indicated. This secondary site may not have
been observed in the chromosomal in situ
hybridization experiments because of a
higher stringency of hybridization (13). Ad-
ditional studies indicate that the 23-kb Eco
RI band contains E2A and that the 11-kb
Eco RI band contains a cross-hybridizing
pseudogene (9, 15). E2A appears to be
highly conserved in rodents because pE47M
cross-hybridized with a single band of ap-
proximately 16 or 18 kb present in the
somatic cell hybrid DNAs (Fig. 1B, lanes 2
to 5) but not in human DNA.

To determine whether E2A mapped to
the breakpoint on chromosome 19 in
t(1;19)(q23;p13) chromosomal transloca-
tions, we performed blot analysis on DNA
obtained from nine leukemia specimens and
two cell lines that carry t(1;19) cytogenetic
abnormalities (16-18). Using pE47M as a
probe, we observed DNA rearrangements in
all but one of these DNAs after digestion
with either Eco RI, Bam HI, or Hind III
(Fig. 2 and Table 1). Although germline
DNA was not available from the individuals
from which the leukemia specimens came,
our inability to detect non-germline bands
in an equal number of acute leukemia DNAs
lacking cytogenetic alterations of chromo-
some 19 (19) strongly suggests that the
observed rearrangements were not inherited
polymorphisms, but rather resulted from
translocation breakpoints within or near
E2A in each of the leukemias.

In most cases, only a single non-germline
pE47M-homologous fragment was ob-
served; however, DNA prepared from the
leukemic cells of patient 3 and the cell line
SUP-B27 had two rearranged fragments.
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Fig. 2. Hybridization analy-
sis of various cell line and
leukemia DNAs. The DNAs
were subjected to DNA blot
analysis with the E2A
cDNA subclone pE47M as a
hybridization probe. DNAs
from specimens 7 to 9 and
cell line 697 were analyzed
after Bam HI digestion; all
other DNAs were digested
with Eco RI. Dashes indi-

cate germline bands of 15 and 8.8 kb for Bam HI and 23 and 11 kb for Eco RI. Fragments observed in
non-germline positions represent rearrangements of pE47M-homologous DNA. Designations above
the lanes refer to patients and cell lines (16-18) as shown in Table 1.

These two cases were the only ones that
carried balanced t(1;19) translocations (Ta-
ble 1). All other analyzed samples carried the
more common form of t(1;19), whereby the
derivative chromosome 1 had been lost by
the leukemia cells and only the derivative
chromosome 19 was retained (1, 2). Thus,
there was complete correlation between the
DNA blot data and the karyotype data,
indicating that both products of the translo-
cation were detected as rearranged DNA
fragments for the two cases in which they
were present. The fact that pE47M hybrid-
ized to both derivative chromosome 1 and
19 translocation products in cases with a
balanced t(1;19) indicates that the break-
point occurred within the portion of E2A
detected by this probe, thereby resulting in a
structural interruption of the gene. Further-
more, because pE47M consisted of a cDNA
fragment coding for 283 COOH-terminal
amino acids and no untranslated portions of
the E47 mRNA (8), the data indicate that
the predicted protein must also be structur-
ally altered following some, if not all,
t(1;19) translocations.

To further investigate this possibility, we
examined the transcriptional activity and
products of E2A in several different cell
lines. Blot analysis of RNAs hybridized with
pE47M showed two major E2A transcripts
of 2.9 and 4.4 kb in all lymphoid cell lines
examined (Fig. 3). However, in the
t(1;19)—carrying cell line SUP-B27, an ad-
ditional RNA of approximately 8.3 kb was
also observed. The presence of an abnormal-
sized RNA in SUP-B27 is consistent with

alteration of E2A by this translocation (20).

Our data demonstrating t(1;19) break-
points within E2A and an associated novel
RNA transcript imply that an alteration of
the E2A-encoded proteins (E12/E47) may
be pathogenically important in leukemias
carrying a t(1;19). Although these proteins
appear to be expressed in a wide variety of
tissues (21), t(1;19) may alter some of their
properties to result in aberrant transcrip-
tional control of a specific set of prolifera-
tion-associated genes. Cytogenetic studies
of t(1;19)—carrying leukemias indicate that
the critical genetic rearrangement is the
translocation of material from chromosome
1 to chromosome 19 because the t(1;19) is
most frequently unbalanced, with loss of the
19~ chromosome. In cells with only a
der(19) chromosome, DNA blot analyses
with a subfragment of pE47M coding for
the DNA binding domain showed that this
portion of the gene is not present on the
single rearranged bands observed in Fig. 2
(19). Thus, the 19p* chromosome may no
longer retain the exons encoding the DNA
binding domains of the E2A-encoded pro-
teins, suggesting that the role of these pro-
teins in the pathogenesis of the t(1;19) may
be independent of their sequence-specific

kb
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Fig. 3. RNA blot analysis of E2A mRNA in
various lymphoid cell lines. Polyadenylated
mRNAs were size-fractionated in a formalde-
hyde-agarose gel, transferred to a nylon mem-
brane, and hybridized with the pE47M cDNA
probe (22). An 8.3-kb mRNA present in cell line
SUP-B27 is indicated with an arrow. Lane 1,
t(1;19)—carrying cell line SUP-B27; lanes 2 to 4,
B cell lineage lymphoma lines FL18, SU-DUL-5,
and SU-DHL-4, respectively; lanes 5 and 6, T cell
lineage ALL lines SUP-T7 and SUP-T8, respec-
tively. Derivation and characterization of cell lines
have been described (17, 18, 23). Size standards
consisted of a ladder of phage A-homologous
marker RNAs (Bethesda Research Laboratories).

DNA binding properties and is related more
to other properties of E2A or its products.
Our results establish the identity of the
gene localized to the t(1;19) breakpoint site
on chromosome 19. The fact that 1 out of
11 cases could not be shown to have a DNA
rearrangement most likely indicates that not
all t(1;19) breakpoints occur within the
portion of E2A detected by pE47M, which
contains only a portion of the complete
cDNA (8, 21). Alternatively, there may be
another gene at 19p13.3 that is important in
a subset of these leukemias, although this
seems less likely because of the characteristi-
cally uniform morphologic and phenotypic
features of t(1;19)—carrying cells. In addi-

Table 1. Partial karyotypes and DNA blot results on various cell lines and acute leukemia specimens.
DNA samples 1 to 9 were prepared from leukemia cells obtained from children with ALL whose
karyotypic evaluation showed a balanced or unbalanced t(1;19) chromosomal translocation. Cell lines
697 and SUP-B27 were established from t(1;19)—carrying ALLs that phenotypically typed as pre-B
cells (16, 17). Abbreviations: G, germline; ND, not determined; 1R, one rearranged band; and 2R, two

rearranged bands.

the DNA blot data indicating that the E2A Patient . DNA blot analysis
transcriptional unit is disrupted by the trans- ~ or cell Partial karyotype -
location. The fact that this 8.3-kb RNA was line Eco RI Bam HI Hind III
significantly larger than the normal-sized 1 —19, +der(19) t(1;19)(q23;p13) G G G
E2A mRNAs observed in other lymphoid g —(1191,9*)'(dg§191) ;(1;19)(‘]23;[)13) ;g ﬁg Eg

i i t(1;19)(q23;p13)
c"il‘ lgncg A that e e o the 4 -19, +der(19) t(1;19)(q23;p13) 1R IR IR
t(1;19) breakpoint to produce a fusion tran- 5 ~19, +der(19) t(1;19)(q23:p13) IR IR IR
script. Additional studies in which ribonu- 6 —19, +der(19) t(1;19)(q23;p13) IR IR IR
clease (RNase) protection assay was used 7 - —19, +der(19) t(1;19)(q23;p13) G IR IR
showed that two other t(1;19)—carrying cell g - {g, Igﬂgg; tg’igggqgg?g; g i% IGR
X L0 ;- -19, er t(1; q<3;p
lines have E2A mRNA‘ abnormalities ldcqtl 697 19, +der(19) £(1119)(q23:p13) G IR G
f:al to those observed {n SUP-B27, pl’OVld- SUP-B27 t(l;l9)(q23;pl3) 2R 1R 2R
ing further confirmation for a structural
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tion, our data imply a direct role of the gene
for a transcription factor in human cancer-
associated genetic rearrangements. Al-
though it is suspected that Myc may also
function as a transcription factor, direct
demonstration of this has not been present-
ed. Finally, given our data suggesting that a
potential fusion transcript may be formed as
a result of t(1;19), it should be possible to
design DNA probe—based methodologies to
detect this abnormality in leukemia DNAs.
Knowledge of the genes affected by the
t(1;19) should also help establish whether
submicroscopic lesions of E2A or a gene on
chromosome 1 are associated with various
leukemias that lack the t(1;19) chromo-
somal translocation.

Note added in proof. Recent review of the
karyotype for leukemia cells from patient 1
showed that although this leukemia carries a
chromosome 19 abnormality, it is not a
t(1;19) or its unbalanced variant (24).
Therefore, ten out of ten t(1;19) break-
points in this study were detected by using
the pE47M probe, suggesting that all
t(1;19) breakpoints occur near or within
E2A.
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A Role for a 70-Kilodaton Heat Shock Protein in
Lysosomal Degradation of Intracellular Proteins

Hur-LinG CHIANG,* STANLEY R. TERLECKY, CHARLES P. PLANT,

J. FRED Dicgt

A 73-kilodalton (kD) intracellular protein was found to bind to peptide regions that
target intracellular proteins for lysosomal degradation in response to serum withdraw-
al. This protein cross-reacted with a monoclonal antibody raised to a member of the
70-kD heat shock protein (hsp70) family, and sequences of two internal peptides of the
73-kD protein confirm that it is a member of this family. In response to serum
withdrawal, the intracellular concentration of the 73-kD protein increased severalfold.
In the presence of adenosine 5'-triphosphate (ATP) and MgCl,, the 73-kD protein
enhanced protein degradation in two different cell-free assays for lysosomal proteolysis.

TUDIES OF THE DEGRADATION OF

proteins microinjected into cultured

cells have shown that ribonuclease A
(RNase A) is degraded within lysosomes
and that lysosomal degradation of RNase A
is increased when cells are deprived of serum
growth factors. The increased degradation
during serum withdrawal results from an
increased rate of protein transfer to lyso-
somes (1, 2).

Amino acid residues 7 to 11 (KFERQ)
(3) of RNase A constitute the essential
region for the enhanced degradation (4),
and similar, but not identical, peptide se-
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quences exist in fibroblast proteins that are
preferentially degraded when cells are de-
prived of serum (5). A detailed description
of the probable peptide motif has been
presented (6).

To determine whether cytosolic proteins
participate in the lysosomal proteolysis of
microinjected RNase A seen in response to
serum withdrawal, we looked for proteins
that could specifically recognize KFERQ.
We found a 73-kD protein in the cytosol of
serum-deprived fibroblasts that bound to
RNase S-peptide (residues 1 to 20 of RNase
A) linked to Sepharose (but not to underiva-
tized Sepharose) and could be eluted with
the peptide KFERQ (Fig. 1), RNase S-
peptide, or RNase A, but not by several
unrelated peptides or proteins (7). We refer
to this protein as the 73-kD peptide recogni-
tion protein (prp73). A smaller protein (30
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