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ABSTRACT E2A helix-oop-helix proteins are involved in
the control of various developmental pathways. We show here
by in situ hybridization that E2A transcripts are present in
most embryonic and adult tissues. However, no E2A expression
is detectable in heart and nonproliferative regions of the brain
and spinal cord. Highest levels of E2A expression are found in
the ependyma cell layer surrounding the cerebral ventricles in
the embryonic rat brain. In addition, in the embryo, E2A
ranscripts were found in secretory cells of the pancreas, the
bronchial tubes of the lung, glomeruli of the kidney, and the
linig of the stomach. Interestingly, high levels of E2A tran-
scripts are selectively found in the germinal center of the
lymphatic nodules in the adult rat spleen. Thus, E2A, like its
Drosophila homolog daughterless, is expressed in most tissues.
The most notable feature of the E2A expression pattern is its
high levels of expression in some areas of rapid cell prolifera-
tion and differentiation and in certain epithelial cell types.

Recently, a new class of DNA-binding proteins has been
identified that have in common a region of structural simi-
larity, designated the helix-loop-helix (HLH) domain (1).
The HLH motif is a dimerization domain (1). Adjacent to the
HLH domain is a basic region shown to mediate DNA
binding (2). HLH proteins bind to a common DNA sequence
element, the E-box elements (3, 4). One class of HLH
proteins binds to a common DNA sequence, the E2-box
(GCAGNTG in which N is any nucleoside) (5). HLH mem-
bers of proteins binding to the E2 box are E12 (1, 6), E47 (1,
6, 7), E2-2 (7), HEB (8), daughterless (9, 10), MyoD (11, 12),
myogenin (13), myf-5 (14), and members ofthe achaete-scute
family (15). The family ofHLH proteins binding to the E2-2
box can be further divided into different subclasses (2, 5):
class I HLH molecules, including E12, E47, E2-2, HEB, and
daughterless, all ofwhich bind to DNA either as homodimers
or heterodimers or both (5); and class II HLH molecules,
including MyoD, myogenin, myf-5, achaete scute T3 (AS-C
T3), AS-C T5, AS-CT4, and AS-C T8, all of which only bind
to DNA as heterodimers (2, 5).
E12 and E47 are encoded by one gene, the E2A gene, and

arise through differential splicing ofexons encoding theDNA
binding domain (1, 16). They are most closely related to
Drosophila protein daughterless, sharing 80% identity in the
region surrounding the HLH domain (1); daughterless is
involved in at least two developmental pathways: sex deter-
mination and neurogenesis (9). E2A gene products are sim-
ilarly involved in the control of a number of mammalian
developmental pathways. They are present in B cells and in
muscle- and pancreatic-specific complexes (17-20). In B
cells, they form homodimers that bind to E2 box elements
present in both the immunoglobulin heavy and light chain
gene enhancers (17). In muscle they form heterodimers with
MyoD and myogenin and activate muscle-specific genes (11,

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

18). In addition, they are involved in pancreatic-specific gene
expression (19-21). Thus, the E2A gene products are present
in a number of tissue-specific complexes that regulate tissue-
specific enhancers.
Like daughterless, E2A mRNA has been found in all

tissues examined, and its presence in E2 box-binding com-
plexes suggests a ubiquitous expression pattern (1, 7, 20).
However, a comprehensive analysis of the distribution of
E2A transcripts has not been undertaken. We now report that
the E2A gene is expressed in most tissues in the developing
embryo except in the heart. High levels of expression are
particularly evident in the ependyma cell layer surrounding
the cerebral ventricles. In addition, relatively high levels of
E2A expression can be found in secretory cells ofthe salivary
gland and the pancreas, the lining of the stomach, bronchial
tubes ofthe lung, and glomeruli ofthe kidney. The high levels
of E2A expression in certain regions of the embryo under-
going rapid cell division suggests an important role for E2A
in proliferation and differentiation.

MATERIALS AND METHODS
Animals and Tissue Preparation. Pregnant female and nor-

mal male (250 g) Sprague-Dawley rats were purchased from
Simonsen Laboratories (Gilroy, CA) and kept under standard
housing, feeding, and lighting conditions (23°C, 12 hr light/12
hr dark cycle with lights on at 0600). On the appropriate day
ofpregnancy, rats were anesthetized with an i.m. injection of
an equal-volume mixture ofketamine hydrochloride at 90 mg
per kg ofbody weight and xylazine at 10 mg/kg and perfused
transcardially with 100 ml of saline followed by 700 ml of
ice-cold 4% paraformaldehyde in borate buffer (38.14 g of
sodium tetraborate per liter, pH 9.5). Embryos were removed
and postfixed for 1-6 months at 4°C in 10%o neutral buffered
formalin (Richard-Allan Medical, Richard, MI). Various tis-
sues, removed from the adult male rats, were postfixed for 2
weeks. Sucrose (10%) was added 24 hr prior to freezing the
tissue in a 1:1 (wt/vol) mixture of Aquamount (Lerner
Laboratories, Pittsburgh) and OCT (Miles) embedding me-
dium. Frozen sections were cut on a cryostat at 25-,um
thickness, mounted on polylysine-coated slides, and stored in
a desiccator overnight at room temperature. Tissue was then
stored in slide boxes with desiccant at -20°C until used for
in situ hybridization analysis. Three embryos for each day
from 12 through 20 days postcoitum (p.c.) and tissues from
two adult male rats were prepared and analyzed. Sex of the
embryos was determined after tissue preparation and stain-
ing. Males and females were present and analyzed at all time
points.

Generation of RNA Probes for in Situ Hybridization. An
antisense 35S-labeled RNA probe specific for the rat E2A
immunoglobulin enhancer-binding proteins was generated by
transcription from the 17 promoter of linearized pBluescript
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FIG. 1. Autoradiographic images of E2A mRNA expression in
14-, 16-, and 18-day p.c. midsagittal rat embryo sections. In the
14-day p.c. embryo, a weak ubiquitous mRNA signal is found
throughout the embryo but is lacking in the heart (ht). The strongest
signal is found in the proliferative ependyma cell layer lining the
cerebral ventricles (ep). In the 16-day p.c. embryo, the intense E2A
mRNA signal is still present in the ependyma cell layer and is also
prominent in the vibrissae (vb), stomach (sm), salivary gland (sg),
lung (Qu), kidney (k), and pancreas (pc). A less intense ubiquitous
signal is observed in other areas and is absent in the heart and in the
nonproliferative areas of the brain and spinal cord. In the 18-day
p.c. embryo, additionally strong signals are found in the pituitary
(pit), thymus (th), intestine (in), muscle (m), and bone (b). (Bars =
1 Pm.)
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SK subclones, each to a specific activity of 108-109 cpm/mg.
Maximal labeling of the probe was achieved by using an
excess of uridine 5'-[a-(35S)thio]triphosphate (z1200 Ci/
,mol; 1 Ci = 37 GBq). The RNA probe complementary to
E2A mRNA comprised 600 nucleotides including the HLH
domain (1). A sense 35S-labeled RNA probe generated by
transcription from the T3 promoter was used for control
hybridization.
In Situ Hybridization. E2A mRNA was detected by using

a modification of the protocol of Simmons et al. (22).
Mounted sections were incubated at room temperature for 30
min in the 4% paraformaldehyde/borate buffer fixative,
rinsed in a 0.05 M potassium phosphate buffered saline, and
then incubated for 15-30 min in proteinase K (5 or 10 ,ug/ml)
at 37°C. After digestion, sections were rinsed in 0.1 M
triethanolamine, then incubated for 10 min at room temper-
ature with acetic anhydride in 0.1 M triethanolamine, and
dehydrated by using ethanol in ascending concentrations.
Vacuum-dried sections were hybridized for 16 hr at 60°C to
labeled RNA probes. After RNase A (20 ,g/ml) treatment to
reduce nonspecific binding, desalted sections were washed in
15 mM NaCl/1.5 mM sodium citrate with 1 mM dithiothreitol
at 60°C for 30 min. Dehydrated sections were exposed to
Hyperfilm-j3max (Amersham) for 4 days. After film expo-
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FIG. 2. E2A mRNA expres-
sion in 16-day p.c. rat embryo
sections. Photomicrographs of
photoemulsion-dipped sections
show the morphology (bright-
field; lower panels of brain and
lung) and mRNA signal (white
grains in dark-field; upper panels
ofbrain and lung). Message can be
seen over the ependyma cell layer
lining the cerebral ventricles ofthe
brain (ep) (Upper) and over the
bronchial tubes of the lung (bt)
(Lower). Adjacent sections show
the lack of signal in these tissues
when using a labeled sense-strand
RNA control probe. Dark areas
surrounding the bronchial tubes in
the bright-field photomicrographs
are H&E staining, not hybridiza-
tion signal. (Bar = 100 ,um.)
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sure, mounted sections on slides were defatted, and the slides
were dipped in nuclear track emulsion (NTB-2, Kodak) and
exposed for 21-28 days. After development (Kodak D19) and
fixation (Kodak Ektaflo), slides were stained with hematox-
ylin and eosin-Y (H&E), and coverslips were mounted with
DPX mountant (Gallard Schlesinger). Adult brain sections
were stained with bisbenzimide (Sigma), which provides a
fluorescent blue ribosomal counterstain. Black and white
photographs of the autoradiographic image on (3max x-ray
film were taken with Ilford XP2 35-mm film. The emulsion-
coated sections were photographed using Kodak Gold Ko-
dacolor 35-mm film and printed on Fuji paper.

RESULTS
In Situ Hybridization ofE2A mRNA in the Rat Embryo. We

examined in situ hybridization of E2A mRNA at three
different embryonic ages: 14, 16, and 18 days p.c. At 12 days
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p.c., a positive mRlNA signal for rat E2A was found through-
out the embryo but was distinctly lacking in the heart. This
pattern of expression was also observed in the 14-day p.c.
embryo, with the strongest signal found in the proliferative
zone lining the cerebral ventricles (Fig. 1). At 16 days p.c. the
intense E2A mRNA signal was still present in the cells lining
the ventricles and was also prominent in bronchial tubes of
the lung (Figs. 1 and 2), the vibrissae, lining of the stomach,
secretory buds of the salivary gland, glomeruli of the kidney,
and the secretory acini ofthe pancreas (Fig. 1). A less intense
signal was observed in other areas and was absent or below
the level of detection in the heart and in the nonproliferative
areas of the brain and spinal cord. The pattern of expression
of E2A mRNA in the 18-day p.c. embryo was again remark-
ably similar to the 16-day p.c. embryo with additionally
strong signals found in the pituitary, thymus, lining of the
intestine, muscle, and bone (Fig. 1). No notable differences
in the hybridization pattern were found between males and
females at any time point examined.

SENSE

FIG. 3. E2A mRNA expression in adult rat tissue sections. Photomicrographs of photoemulsion-dipped sections show the morphology
(bright-field; lower panels of testis and spleen) and mRNA signal (white grains in dark-field; upper panels of testis and spleen). Message can
be seen in the testis over cells near the basement membrane of the seminiferous tubules (S) (Upper) and in the spleen over the germinal center
of the lymphatic nodules (germ) (Lower). Adjacent sections show the lack of signal in these tissues when using a labeled sense-strand RNA
control probe. (Bar = 100 ,um.)
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FIG. 4. E2A mRNA expression in the adult rat brain. Combination dark-field/fluorescence photomicrographs of photoemulsion-dipped
sections show the morphology (blue fluorescent staining) and mRNA signal (white grains) of the ependyma cell layer lining the walls of the
ventricles (ep), in the magnocellular neurons ofthe hypothalamic paraventricular nucleus (PVH), in the granule cell (gc) and pyramidal cell (py)
layers of the hippocampus, and in the Purkinje (Pur) and granule cell (gc) layers of the cerebellum. Adjacent sections show the lack of signal
in these areas using a labeled sense-strand RNA control probe. (Bars = 100 pm.)

In Situ Hybridization of E2A mRNA In Adult Rat Tissues.
The expression of E2A mRNA was examined in the brain,
kidney, lung, liver, intestine, adrenal gland, pituitary, spleen,
and testis of the adult male rat. Using in situ hybridization
analysis, we detected mRNA signals in each of these tissues
except for the liver. In the kidney, adrenal, thymus, and lung,
the expression appeared ubiquitous throughout the tissue. In
the pituitary, the ubiquitous E2A mRNA signal was confined
to the anterior and intermediate lobes. In the testis, the
mRNA signal was apparent only over cells near the basement
membrane of the seminiferous tubules, while in the spleen, a
weak signal was observed throughout the tissue but was
strongest in the germinal center of the lymphatic nodules
(Fig. 3). In the brain, E2A antisense signal intensity was
strongest in the ependyma cell layer lining the walls of the
ventricles (Fig. 4). In the forebrain, a positive signal was
observed in the piriform cortex, the olfactory tubercle, and
the islands of Calleja. Signal was apparent over the magno-
cellular neurons of the hypothalamic paraventricular and

supraoptic nuclei, in the granule cell and pyramidal cell layers
of the hippocampus, and in the Purkinje and granule cell
layers of the cerebellum (Fig. 4). Background levels of
hybridization were determined by using a sense E2A RNA
probe in all experiments.

DlSCUSSION
While Northern blot analysis of E2A transcripts indicated
that E2A mRNA is present in all cell lines examined, the
assay could not determine whether E2A is indeed ubiqui-
tously expressed during development or whether there would
be differences in levels of E2A expression in different rat
tissues (1, 20). This study, therefore, uses high-stringency in
situ hybridization of radiolabeled riboprobes to examine the
distribution ofE2A mRNA in the developing rat embryo from
12 to 18 days p.c. and in tissues of the adult male rat.
An intense signal was found surrounding the cerebral

ventricles in the embryonic rat brain, which is an area ofrapid
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cell proliferation from which all cells that are necessary to
form the brain originate (23). Eventually, these cells stop
dividing and differentiate into ependymal cells with epithelial
characteristics bordering the ventricles. In the adult rat brain,
the E2A mRNA signal was restricted to this cell layer as well
as to the Purkinje and granule-cell layers of the cerebellum,
the piriform cortex, olfactoray tubercle, islands of Calleja,
the granule-cell and pyramidal-cell layers of the hippocam-
pus, and areas of magnocellular hypothalamic paraventricu-
lar and supraoptic nuclei. While the presence ofmRNA signal
may be due to the higher concentration of cells in some of
these areas, the complete lack of signal in the control
sense-strand treated sections argues against this. It is not yet
clear whether E2A expression in the adult brain is in the
neurons, which are postmitotic, or in the neuroglia, which are
not completely static cells.

It is interesting to note that in most tissues of the 16-day
p.c. embryo, abundant E2A message was confined to cells
with epithelial characteristics. This includes the vibrissae,
secretory cells of the salivary gland and pancreas, bronchial
tubes of the lung, glomeruli ofthe kidney, and the lining ofthe
stomach. By 18 days p.c. strong signals were also observed
in the epithelial lining of the intestine and in the pituitary and
thymus, which secrete hormones directly into the blood. In
these endocrine tissues, the mRNA signals did not appear to
be localized to any particular cell type. Strong signals were
also found in muscle and the hematopoietic marrow of the
bone at 18 days of development, when secondary fibers of
muscle are increasing rapidly and hematopoietic marrow is
formed.
By using in situ hybridization histochemistry, mRNA

signals were localized to particular adult rat cell types and
were found to be ubiquitous throughout the kidney, adrenal,
thymus, lung, and anterior and intermediate pituitary. Signal
was lacking from the adult liver, where the level of expression
may be below the level of detection of this assay. In the testis,
spleen, and brain as described, however, the mRNA signal
was confined to particular cell types. The localization of
signal in the testis near the basement membrane of the
seminiferous tubules suggests that the spermatogonia may be
selectively expressing E2A mRNA. These germ cells lie in
the basal compartment of the seminiferous epithelium and
undergo a series of mitotic divisions, with the final division
producing the more apically located spermatocytes. In the
spleen, the strongest E2A mRNA signal was found in the
germinal center of the lymphatic nodules. The germinal
center contains large lymphocytes that, like the spermatogo-
nia, are frequently undergoing mitosis. E2A products have
been shown to bind to immunoglobulin enhancer elements
and activate both the immunoglobulin heavy and light chain
gene enhancers (1, 6, 24).
E2A gene products activate transcription synergistically

with muscle regulators like MyoD and myogenin (11, 17, 18).
In addition, E2A-like proteins have been shown to form a
complex with MyoD and myogenin (11, 17, 18). It is surpris-
ing, however, that E2A levels in muscle are relatively low.
Even more striking is the complete absence of E2A tran-
scripts in the heart. This raises the possibility that E2A-like
proteins-for example, E2-2 and HEB-play a role in myo-
genesis and heart development, and their expression patterns
during embryonic development should be determined.
The Drosophila homolog of E2A, daughterless, is ubiqui-

tously expressed and is involved in the formation of the
peripheral and central nervous system and in sex determi-
nation (16, 17). A striking characteristic of E2A proteins is
that they are similarly involved in the control of a number of
mammalian developmental pathways. They bind and activate
the immunoglobulin enhancers in B cells (1, 17, 25), activate

a number of muscle-specific enhancers in myocytes (26) and
they are involved in pancreatic-specific gene expression (6,
20). We have recently detected neuronal-specific E2 box-
binding proteins that include E2A gene products (C.M.,
unpublished results). Likely, E2A is involved in other path-
ways as well. We now demonstrate that E2A transcripts are
present in most tissues, usually with high levels of expression
in cells that are rapidly proliferating and differentiating. The
high levels of E2A expression in the proliferative cells lining
the cerebral ventricles suggest an important function in
mammalian neurogenesis. The role of E2A in mammalian
development should be assessed by using mutant mice in
which the E2A gene is disrupted by homologous recombina-
tion.
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