Regulation of Gene Expression:
Possible Role of Repetitive Sequences

Eric H. Davidson and Roy J. Britten

The idea that the coordinate regula-
tory system of animal genomes is en-
coded in networks of repetitive sequence
relationships is now a decade old (/). We
(2-5) and others [see (6)] have developed
the concept that genes could be regulat-
ed by specific interactions occurring at
repetitive sequences in the DNA ge-
nome. The premises have been (i) that
the differentiated properties of animal

continuously synthesized RNA copies of
the structural gene regions of the gen-
ome, and that regulatory interactions oc-
cur between these ‘‘copies’” and com-
plementary repetitive sequence tran-
scripts by the formation of RNA-RNA
duplexes. The pattern of gene expression
would be established by the transcription
of regulatory DNA regions into control
RNA’s.

Summary. Large contrasts are observed between the messenger RNA populations
of different tissues and of embryos at different stages of development. Nevertheless,
coding sequences for genes not expressed in a cell appear to be present in its nuclear
RNA. Though many nuclear RNA transcripts of single copy DNA sequences are held
in common between tissues, an additional set, probably consisting of non-message
sequences, is not shared. Nuclear RNA also contains transcripts of repetitive DNA
sequences. Certain repeat families are represented at high levels in the nuclear RNA
of particular tissues and much lower levels in others. It is surprising that both com-
plements of most repeat sequences are present in nuclear RNA. These observations
lead to a model for regulation of gene expression in which the formation of repetitive
RNA-RNA duplexes controls the production of messenger RNA.

cells derive from diverse and specific
cytoplasmic messenger RNA (mRNA)
sequence sets and (ii) that the cell-spe-
cific populations of mRNA’s result from
cell-specific patterns of structural gene
transcription. The first of these premises
is now convincingly supported by sever-
al direct measurements. However, cur-
rent data suggest that the extent of varia-
tion in the transcription of structural
genes may be more limited in animal cells
than originally assumed. In this article
we consider a model gene regulation sys-
tem for animal cells that is based on con-
trol events occurring posttranscriptional-
ly as well as transcriptionally. We pro-
pose that nuclear RNA (nRNA) includes
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Regardless of the level of regulatory
interactions, the coordinate control of
sets of functionally related structural
genes during development and dif-
ferentiation seems logically to require
the participation of some form of repeti-
tive sequence (/). There is no direct evi-
dence that the relevant repetitive se-
quences have sufficient sequence homol-
ogy to be identified under the usual rena-
turation conditions. Nonetheless, the
observed properties of those classes of
repetitive sequence monitored in renatu-
ration and hybridization experiments are
thus far consistent with their proposed
role. Repeat sequences are generally in-
terspersed with single copy DNA (7), in-
cluding structural genes (§). They are
represented in nRNA in a strikingly tis-
sue-specific manner (9). New primary se-
quence data (/0) summarized below pro-
vide additional information that may be
relevant to the role proposed.
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Messenger RNA Single Copy

Sequence Sets and Prevalence Classes

In considering the structure of the
mRNA populations found in differen-
tiated animal cells, it is useful to define
three possibly arbitrary classes of mes-
sage: complex class mRNA’s (/1) are
those appearing at levels of one to sever-
al copies per cell; moderately prevalent
mRNA’s are represented by up to a few
hundred copies per cell; and super-
prevalent mRNA’s are represented by
more than 10* copies per cell. In Table 1,
representative measurements that in-
clude a broad range of organisms and cell
types have been collected. Animal cells
usually display a range of mRNA con-
centrations, from a few copies per cell to
a few hundred copies per cell, as shown
clearly in Table 1. The complex class
mRNA populations have sufficient se-
quence diversity to code for = 10* dif-
ferent proteins. About one-tenth as many
diverse structural genes are apparently
represented in the moderately prevalent
class. A minimum estimate of the num-
ber of diverse moderately prevalent
mRNA sequences can also be obtained
by counting the number of proteins ob-
served in two-dimensional gel analyses
[for example, see (/2)]. These gels re-
solve at least 500 different newly synthe-
sized proteins, and thus agree approxi-
mately with complementary DNA
(cDNA) hybridization estimates of the
complexity of the moderately prevalent
mRNA sequence class.

Superprevalent mRNA’s occur in cer-
tain highly differentiated cell types and
have been the subject of intensive inves-
tigation. In extreme cases, a major frac-
tion of all the mRNA in the cell may con-
sist of one or a few message species.
Since an animal cell contains more than
10> mRN A molecules, the number of su-
perprevalent mRNA’s per cell is often a
factor of 100 or more greater than that of
typical moderately prevalent mRNA's.
Examples are the oviduct of the laying
hen, which contains 1 x 10°to 1.5 x 107
ovalbumin mRNA’s per cell (/13), and
mouse or chick reticulocytes, which con-
tain about 4 X 10* and 1.5 x 10° mole-
cules of globin mRNA per cell, respec-
tively (/4). Message sequences arising
from the prominent puffs of dipteran
polytene chromosomes such as the Bal-
biani ring 11 puff in Chironomus salivary
glands (/5) are also to be included in this
class. Superprevalent mRNA’s are clear-
ly specific to particular states of dif-
ferentiation, and their nuclear rates of
synthesis are known to change strikingly
during terminal differentiation processes

SCIENCE, VOL. 204, 8 JUNE 1979



(3, 15, 16). However, as Table 1 in-
dicates, superprevalent mRNA’s are not
always evident, and sometimes account
for only a small portion of the mRNA
mass. Although obviously of crucial im-
portance for certain cell types, super-
prevalent mRNA’s represent a minute
fraction of all the diverse structural
genes required by the organism. Cells
containing superprevalent mRNA’s also
utilize many diverse mRNA’s belonging
to the other prevalence classes (Table 1).

When the complex class polysomal
mRNA’s of diverse tissues have been
compared, they appear to be sharply reg-
ulated. In the sea urchin less than 20 per-
cent of the embryo complex class mRNA
sequence set is ubiquitous (/7). The
mRNA sequence sets of various oocyte,
embryo, and adult tissues differ by an
amount of single copy sequence equiva-
lent to thousands of diverse structural
genes (I7, 18). The mRNA sequences
scored as ‘‘absent’’ from given poly-
somal mRNA preparations could be
present at less than 0.05 copy rather than
the usual one to several copies per cell.
Two detailed examples of regulation of
individual complex class structural genes
are available from recent studies on
cloned sequences coding for maternal
mRNA’s of sea urchin eggs (/9). These
clones are represented at the usual levels
for complex class messages in early em-
bryo polysomes, but their transcripts
then essentially disappear from the cyto-
plasm. One of these particular messages
is also found in the mRNA of adult in-
testine cells. Several studies with mam-
malian and avian materials also show
regulatory changes in the complex class
mRNA sequence sets of differentiated
cell types. Reaction of a complex class
cDNA tracer with mouse liver and kid-
ney mRNA shows a 10 to 20 percent dif-
ference (20), and similar distinctions, al-
so equivalent to several thousand gene-
sized sequences, were reported for avian
liver and oviduct single copy mRNA se-
quence sets (27). Similarly, total cDNA
against mouse brain mRNA cross reacts
with L. cell mRNA to only 45 percent
(22), and with kidney mRNA to only 75
percent (see below). A significant frac-
tion of the non-cross-reacting species in
these cases apparently belongs to the
complex mRNA class.

The presence of specific sets of com-
plex class mRNA’s in different tissues or
stages of development indicates, but
does not prove, that translation of these
messages is related to the state of cell
differentiation. Examples of liver-specif-

ic enzymes that are coded by complex
class mRNA’s have also been pointed
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out (23). Although the issue is by no
means closed, we take the view that reg-
ulation of the thousands of complex class
structural genes is a fundamental molec-
ular event underlying animal cell func-
tion and differentiation.

Comparison of proteins synthesized
during mammalian and sea urchin em-
bryogenesis by means of two-dimension-
al gels shows that moderately prevalent
class messages are also regulated, at

least at a quantitative level (/2). That is,
certain protein species appear while oth-
ers disappear during development. ‘‘Dis-
appearance’’ could mean decrease in
mRNA sequence concentration to the
level of complex class messages, and
‘‘appearance,’’ the reverse. Indeed, sev-
eral clear examples of such large mRNA
sequence concentration changes can be
found in cDNA hybridization studies
@1, 24).

Table 1. Prevalence classes in animal cell nRNA populations: Representative measurements by
the cDNA method. Data from undifferentiated long-term cell lines have been excluded. The
complexity measurements have been rounded off to one significant figure in most cases, and the
percentages of mRNA mass values to the nearest 5 percent. The mRNA mass in each preva-
lence class is calculated with the assumption that the cDNA fraction equals the mRNA fraction.
Single copy complexity (SCC) is measured in kilobase pairs of nucleotides, according to the
various authors’ reduction of their polyadenylated [poly(A)] RNA excess hybridization Kinetics
with cDNA transcribed from poly(A) mRNA, except where noted. It is important to realize that
the tissues contain many cell types, and the numbers of copies of each transcript per cell are
merely averages over all the cell types. Abbreviation: N.O., not observed.

Message class

: Moderately Superprevalent
a 5, Olnslp:gxies prevalent (10* to 10°
Tissue or cell type p (15 to 300 copies copies per

per cell-sequence)

per cell-sequence) cell-sequence)

SCC Mass SCC Mass SCC Mass
(kb) (%) (kb) (%) (kb) (%)
Mouse kidney (29) 2 x 10* 45 0.1 x 108 45 7 10
Mouse liver (20, 22, 58) 1 x10* 40 1 x 10? 35 10 25
Mouse brain (59) 1.1 x 10° 47 1.5 x 10? 37 20 14
Mouse Friend cell (60) 0.5 x 10¢ 15 1 x10? 75 2 10
Chick liver 21) 2 x 10¢ 45 1 x10? 40 2% 15
Chick oviduct Q1) 3 x 10 35 NA+t NAT 2% 50
Chick myofibril (67) 3.2 x 10%§ 50 0.3 x 10? 30 12 20
Sea urchin gastrula 1.7 x 10%§ 209 2 x 10 80 N.O.
(11, 62)
Xenopus tadpole (34) 3 x 10¢ 40 1 x 108 60 N.O.

*Probably albumin mRNA. ‘tAuthors report a small (15 percent) additional nRNA component consisting
of sequences present about 4000 times per cell. The complexity reported for this component is 15
kb. $Ovalbumin mRNA. §These measurements were obtained by the single copy DNA saturation
method. fEstimates in the cited reference are 10 percent for the complex class, but new data (32) on
kinetic effects of high salt concentrations in RNA reactions with excess RNA indicate a more appropriate
estimate is 20 percent. llAuthors report two closely spaced moderately prevalent mRNA classes, con-
sisting of sequences present 110 and 630 times per cell. Data for these classes have been pooled.

Table 2. Intertissue comparisons of structural gene sequence sets in mRNA and nRNA of the
sea urchin and mouse.

Reaction Normalized Normalized
Reference tracer with parent reaction with reaction
complementary to mRNA* other mRNA with nRNA
mRNA % mRNA % nRNA %
Sea urchin
Blastula mRNA Blastula 100 Intestine 12 Intestine 97
(single copy DNA) Coelomocyte <13 Coelomocyte 101
Mouse
Brain mRNA Brain 100 Kidney 78 Kidney 102
(total cDNA)
Brain mRNA Brain 100 Kidney 56 Kidney 100

(cDNA repre-
senting rare
messages)

*Data for heterologous reactions have been normalized to the reaction of the reference tracer with its parent
mRNA. The reference sea urchin tracer reacted with the parent mRNA 78 percent. Data from Wold e al.
(31). The second mouse brain cDNA tracer was also a complex class message tracer. It was prepared as
follows: cDNA was transcribed from brain polysomal poly(A) RNA, and reacted with the parent RNA to
RNA Cyt 20. The nonreacted fraction (38 percent of the total cDNA) was harvested and used for the experi-
ments shown. Its reactability with brain mRNA was 90 percent. Data from Hahn (32).
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This article is concerned with the
means by which the cytoplasmic pres-
ence of complex and moderately preva-
lent class mRNA’s may be regulated,
both qualitatively and quantitatively.
There are so few different structural
genes giving rise to superprevalent mes-
sages (relative to the number of such
genes giving rise to moderately prevalent

and complex class messages) that it is

easy to conceive of special, direct trig-
gers controlling the transcriptional initia-
tion rate for each such gene. These trig-
gers might include specific hormone re-
sponse systems, for example. However,
as we have argued earlier (/-5), regula-
tion of thousands of genes in each cell
type probably requires a more diverse
control system involving sequence-spe-
cific interactions.

Nuclear RNA Sequence Sets

Only a small fraction of the single copy
sequence represented in the nRNA of
any given cell type or tissue is also repre-
sented in its mRNA. In sea urchin em-
bryos (depending on stage) 10 to 20 per-
cent of the nRNA sequence complexity
consists of embryo mRNA sequence (//,
25, 26); in rat liver, the equivalent value
is about 11 percent (27, 28); in mouse
brain, about 18 percent (29); and in
Drosophila cultured cells, about 4 to 6
percent (30). A striking result recently
obtained for both sea urchin (3/) and
mouse (32) systems is that polysomal
mRNA sequence sets of given cell types
that are mainly absent from the mRNA
of other cell types nonetheless appear to
be ubiquitously represented in their
nRNA (Table 2). Similarly, the cloned
sea urchin maternal mRNA sequences
mentioned above remain present in late
embryo nRNA, at the same levels as oth-
er single copy sequence transcripts, even
though these messages are found in poly-
somes only in early embryos (/9). It has
been reported that globin mRNA se-
quences are present at low levels in
RNA’s from nonerythropoietic tissues
(33, 34), and that ovalbumin mRNA se-
quences are represented in spleen and
liver RNA’s (21, 35), although contra-
dictory results have also appeared
(36). The implication of the above data is
that each differentiated cell nucleus in-
cludes not only all of the genes ever uti-
lized in the organism but also transcripts
of all or most of these genes.

We now consider the composition of
nRNA single copy sequence sets as a
whole. Even if structural gene tran-
scripts (meaning those sequences that
appear as message) are indeed ubiqui-
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tous so that each nRNA includes a full
set, these probably account for only a
minor fraction of the total nRNA se-
quence complexity. In the sea urchin,
the best estimate of this fraction is about
25 percent 37). The nRNA’s of different
cell types do not contain identical se-
quence sets. Comparison of a sea urchin
adult nRNA and embryo nRNA reveals a
core of shared single copy sequence,
which includes about 80 percent of the
total nRNA sequence complexity (37).
We would expect that the shared se-
quence core would include single copy
intervening sequences in structural gene
transcripts. However, 20 percent of the
nRNA in the adult intestine is not repre-
sented in the embryo nRNA. Other sea
urchin nRNA sequence sets differ even
less (25, 37). Mammalian nRNA’s from
diverse tissues also display a large
shared single copy sequence set. This
amounts to about 40 percent of the total
nRNA complexity if brain nRNA is ex-
cluded from the comparison, and about
20 percent if it is included 27, 29, 38).
Thus, a somewhat greater fraction of the
nRNA appears to be specifically tran-
scribed in each cell type in mammals
than in sea urchins. The relatively abun-
dant, single copy transcripts of mouse
brain nRNA do not appear to contain
structural gene sequences (32). In sum-
mary, the results now available provide
the surprising conclusion that single
copy structural gene sequences may be
ubiquitously represented in nRNA’s
while at least some nonstructural gene
sequences are specifically transcribed.
Most heterogeneous sea urchin em-
bryo nRNA’s turn over with a half-life of
about 20 minutes (39), and at gastrula
stage, the majority of the rapidly turning
over nRNA consists of single copy se-
quence transcripts present about once
per nucleus (26). The steady-state con-
centration of complex class transcripts
of structural gene sequences in sea ur-
chin nRNA is the same as that of tran-
scripts of total single copy sequences
(31), whether or not any of these tran-
scripts are being exported to the cyto-
plasm. The rate of synthesis of average
nRNA single copy sequences (for ex-
ample, average structural gene tran-
scripts) can now be compared to the rate
of appearance of mRNA’s in the cyto-
plasmic polysomes. In sea urchin em-
bryos, the turnover rate constants for the
complex class and moderately prevalent
class mRNA'’s are about the same (half-
life, ¢,,,, ~ 5 hours) «0). Therefore as
pointed out earlier 0), the difference in
their prevalence is proportional simply
to the rates at which the mRNA'’s appear
in the cytoplasm. The rate at which mod-

erately prevalent class mRNA’s appear
is within a factor of 2 of the rate at which
typical single copy nRNA transcripts are
synthesized, while the rate at which
complex class mRNA’s appear in the
cytoplasm is much lower than the typical
nRNA synthesis rate per sequence.
Therefore, a near-uniform rate of nRNA
structural gene transcription could exist
in sea urchin embryos, with the steady-
state concentrations of moderately prev-
alent and complex class mRNA’s de-
pending simply on the fractions of the
nuclear precursor that are processed and
exported.

It is apparently unnecessary to pos-
tulate changes in the initiation rate of
structural gene transcription to explain
the differences in the prevalence of sea
urchin embryo mRNA. These con-
clusions can also be drawn for mouse L
cells. The rate of appearance of moder-
ately prevalent and rare L cell messages,
on the basis of data in (¢/), is the same or
less than the estimated rate at which any
average nRNA single copy sequence
transcript is synthesized. For this calcu-
lation, the approximate rate of synthesis
for each such transcript is estimated
from the rate of synthesis for total heter-
ogeneous nRNA #2) and the nRNA
complexity, assumed from other mouse
cell measurements (27). Uninduced
mouse Friend cells supply a related ex-
ample (43). Here a cDNA that includes
complements to mRNA’s whose preva-
lence differs by more than 30-fold in the
cytoplasm nevertheless reacts with es-
sentially single-component kinetics with
nRNA. That is, all the structural gene
transcripts in the nRNA are at approxi-
mately the same steady-state concentra-
tions. This result implies that they are
transcribed at the same rate, provided
that there are no substantial differences
in nuclear half-life. Similar observations
have been made in other cDNA studies
32, 44).

Is There Transcription Level Regulation

of Structural Gene Expression?

The above review indicates that the
only clear evidence for cell-specific vari-
ation in the transcription of structural
genes pertains to the superprevalent
mRNA class. Current data for this small
but prominent class of structural genes
show that large increases in transcription
initiation rates occur during dit-
ferentiation. It is not known whether
these genes are regulated up from a com-
pletely “‘off’’ state or from a low-level
“‘on”’ state.

The evidence for transcription-level
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regulation of the majority of structural
genes in animal cells is inconclusive.
Even if we assume from the limited
available data that complex and moder-
ately prevalent class structural gene se-
quences are ubiquitously represented in
all nRNA'’s, this does not require that
these genes are regulated only at post-
transcriptional levels. Ubiquitous nRNA
gene sequence transcripts could have
some other intranuclear function. They
could be structurally distinct from true
mRNA precursors, which indeed might
be transcriptionally regulated 3/). How-
ever, the simplest interpretation of the
current data—that which provides the
raison d’étre of the present model—is
that the nRNA molecules bearing struc-
tural gene sequences are all potential
mRNA precursors. We suggest, in ac-
cordance with the above conclusions,
that single copy structural genes giving
rise to complex and moderately preva-
lent class mRNA’s are transcribed con-
tinuously, at more or less similar rates.
We shall term this average rate the ‘‘bas-
ic’” rate of nRNA synthesis per se-
quence, which is characteristic of each
cell type or organism. The direct implica-
tion would be that both the quantitative
and qualitative structure of cytoplasmic
mRNA populations are controlled post-
transcriptionally. The control process
would function by determining the frac-
tion, from 0 to 100 percent, of the poten-
tial mRNA precursors from each gene
that survive, are processed, and are
transported to the cytoplasm. This view
separates the control mechanisms for
genes coding for  superprevalent
mRNA’s from the control mechanisms
for all other structural genes, according
to whether the transcription rate ever
significantly exceeds the basic rate.
Electron microscopy of transcription
complexes in the nucleus shows, in ac-
cordance with hybridization data, that
intensely transcribed regions are very
rare; most transcription units contain on-
ly a single transcript, or none, at any one
moment 45). A striking exception is the
lampbrush chromosomes of amphibian
oocytes, where the basic rate appears to
be maximally elevated since most or all
of the transcription units are tightly
packed with nascent transcripts and the
overall rate of nRNA synthesis is about
100 times that of a typical somatic cell
nucleus (39).

Repetitive Sequence Transcripts in nRNA

Although we have thus far considered
only the single copy sequence transcripts
of nRNA, most rapidly turning over
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nRNA molecules contain repetitive se-
quence elements as well. The nRNA’s of
sea urchin embryos “6), HeLa cells 7,
47a), and rat ascites cells (¢8) display an
interspersed  sequence  organization
much like that of the genomic DNA (5).
Studies with cloned repetitive sequences
from the sea urchin genome (9) have re-
vealed that the concentration of particu-
lar repeat sequence transcripts in nRNA
may vary by factors of at least 100 ac-
cording to cell type. Thus, in gastrula
nRNA certain repetitive sequence fami-
lies are represented by high-concentra-
tion nRNA transcripts, while other re-
peat families are represented only at low
levels. In adult intestine nRNA different
repetitive sequence families are highly
represented. Furthermore, both com-
plementary sequences of each repeat
family are present in the nRNA. These
findings led to the specific hypothesis
that intranuclear duplexes formed be-
tween complementary repeat transcripts
in the nRNA could play a sequence-spe-
cific role in regulation of gene expression
(9). The key point in this proposal, which
we develop below, is that the duplexes
which form in a given cell type will de-
pend on the intranuclear sequence con-
centration of specific nRNA repeat tran-

Fig. 1. Elements of the regula- A
tion model. Sequence organi-

" zation of DNA regions and

nRNA transcripts referred to
in model are indicated (see
text). Lower case letters de- B
note short repetitive se-
quences, and all other regions
are single copy. (A) A region
of the genome including a
CTU (constitutive transcrip- C
tion unit) transcribed in all cell
types and including a structur-
al gene, intervening sequences
if any, and flanking segments.
*“I”’ denotes transcription ini-
tiation site. (B) An nRNA
transcript or CT (constitutive
transcript) from the region
shown in (A). (C) Integrating
regulatory transcription units
(IRTU) of three possible forms
distinguished by the arrange-
ment of their interspersed re-
petitive sequences. The regu- E
lation of gene expression is
supposed to be based on the
control of transcription of
these regions. ‘‘SS’’ denotes
the nucleoprotein ‘‘sensor’’
which controls the transcrip-
tion of IRTU’s in response to
external signals. (D) IRT’s (in-
tegrating  regulatory  tran-
scripts) synthesized from the
regions shown in (C). (E)

scripts [see our earlier theoretical dis-
cussion (5)].

Several investigators have suggested
that double-stranded regions of nRNA
could play some functional role in the
processing of mRNA precursors {7a,
49). A clear example from studies of pro-
karyotes is the formation of a site cut by
ribonuclease III in the precursor of
Escherichia coli 165 ribosomal RNA
(rRNA) from sequences separated by
1700 nucleotides in the transcript @7a,
49). However, most proposals have in-
voked intrastrand, duplex structures. In-
termolecular nRNA duplexes have re-
ceived relatively little attention. Bonci-
nelli (50) suggested that intermolecular
nRNA duplexes separating structural
gene regions could be excised by endo-
nuclease action followed by ligation of
the flanking structural gene regions to
produce mature messages. Federoff et
al. (51) made observations that are di-
rectly relevant to these proposals. They
visualized HeLa cell intermolecular
nRNA duplexes in the electron micro-
scope and showed that such duplexes are
formed from repetitive sequence tran-
scripts. However, they were careful to
point out that intermolecular nRNA
duplexes might exist only in vitro in puri-

CTU (structural gene region)

a Gene b

RO isnsnsssnanssannsnssnusnsnad

Constitutively transcribed to yield CT:

a' mRNA precursor b’
———— T ————_

sequence

Three possible examples of IRTU
b a

N mRNA pvecursor—/

Three forms of intermolecular nRNA duplex resulting from sequence-dependent base pairing
bgtween IRT and CT repeat elements. The three IRT sequence organizations shown in (D) are
utilized in these examples. Formation of these duplexes is proposed to be required for further

processing of mRNA.
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fied nRNA preparations. It is not known
whether such structures form in the mi-
lieu of the animal cell nucleus. In the fol-
lowing discussion we assume they do.

Elements of the Regulatory Model

We realize that there are alternative
explanations for the problems raised in
the preceding review. One coherent in-
terpretation, that is, a model regulatory
system consistent with current knowl-
edge, is developed in this section. Al-
though there is no direct support, our
premise is that the patterns of repeat se-
quence transcription in nRNA contain
the information for regulation of gene ex-
pression. In this model, almost all of the
structural genes are assumed to be lo-
cated in regions of the genome that are
transcribed continuously at the basic
rate characteristic of each cell type.
These regions of the genome are termed
the constitutive transcription  units
(CTU). We propose that transcription in-
to RNA of an individual CTU yields a
constitutive transcript (CT), as shown in
Fig. 1, which contains a structural gerie
coding region (including intervening se-
quences and leader sequences, if any)
and short interspersed control se-
quences. The CT may also include tran-
scripts of noncoding single copy DNA
regions other than intervening se-
quences. We propose that, since they are
present in all nRNA’s, the CT’s will con-
stitute most of the single copy sequence
set shared between the different nRNA’s
of a given organism. In sea urchins this
complexity is about 1.6 X 10® nucle-
otides (~ 80 percent of the total nRNA
complexity) and in rodents it is at least
2 x 10® nucleotides (~ 20 to 30 percent
of brain nRNA complexity). As was dis-
cussed above, genes that give rise to su-
perprevalent mRNA’s appear to possess
mechanisms for controlling transcrip-
tional initiation rates, and their tran-
scripts may not be constitutive like those
of complex and moderately prevalent
class messages. However, the process-
ing reactions undergone by precursors of
superprevalent mRNA'’s could be similar
to those undergone by the other message
classes.

We postulate that there are regions of
the genome that are transcribed in a cell-
specific fashion and do not contain struc-
tural gene coding regions. These regions
are termed integrating regulatory tran-
scription units (IRTU) (Fig. 1). The tran-
scription of IRTU’s yields RNA that
functions to control the expression of
structural genes. The IRTU’s are made
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up of interspersed repetitive and single
copy sequences or of clusters of repeti-
tive sequences. The RNA derived from
the IRTU is termed the integrating regu-
latory transcript (IRT). These regions
are described as ‘‘integrating’’ since a
set of different repetitive sequences pres-
ent in one IRTU may take part in con-
trolling the expression of many different
structural genes. The joint transcription
of each such set of repetitive sequences
from individual IRTU’s would be an im-
portant part of the coordination or in-
tegration of the regulatory system as a
whole (5). The IRTU’s have the same
logical function in the regulatory system
as the integrator genes of our earlier
model (/-5). Thus, the transcription of
IRTU’s is under the control of sensor

elements that respond to internal or ex-

ternal signal molecules (/). The IRT’s
should constitute the nRNA sequence
set that is cell-specific. A small fraction
of the IRTU’s might also be expressed
ubiquitously and thus their transcripts be
included in the shared nRNA sequence
core. We propose that the IRT and CT
populations taken together constitute the
total heterogeneous RNA of the nucleus,
except for superprevalent message pre-
cursors where these exist.

The control logic we originally postu-
lated (/) is retained in the present model.
The ‘‘gene battery,” that is, a set of
genes under control of a single family of
repetitive sequences, is also the unit of
regulation we propose here. By repeti-
tive sequence family, we mean a set of
sequences that can form duplexes of suf-
ficient length and precision (52) to carry
out the functions envisioned, or to be
recognized under the conditions of mea-
surement.

Regulation of Gene Expression

In this model, gene expression is regu-
lated by RNA-RNA duplexes formed be-
tween the repeated sequence regions of
the CT’s and complementary sequences
on appropriate IRT’s. We propose that
these duplexes result from intranuclear
reassociation (Fig. 1). The RNA-RNA
duplexes are required for the survival
and processing of the cell-specific sets of
mRNA’s and thus make possible the suc-
cessful transport of the messages to the
polysomes. The RNA duplexes may or
may not be removed in the chain of pro-
cessing events that they have initiated.

The sequence concentration in the nu-
cleus of particular repeat transcripts on
the IRT’s would determine the rate of
duplex formation with the com-

plementary sequences of the CT’s. Du-
plex formation would compete with deg-
radation of both IRT’s and CT’s. We as-
sume that degradation is initiated sto-
chastically at the rate indicated from the
kinetics of nRNA turnover. The se-
quence concentration of a given family
of repeats on IRT’s should depend prin-
cipally on the number of family members
in the transcribed IRTU’s. The frequen-
cy of initiation of transcription of certain
IRTU’s could also vary.

It is reasonable to assume that larger
repeat families would produce higher ab-
solute concentrations of repeat tran-
scripts when maximally utilized. We vi-
sualize that CT’s that are precursors for
moderately prevalent messages contain
repetitive sequences belonging to large
families. When extensively transcribed,
these families would produce a high se-
quence concentration of these repeats in
the nRNA, and most complementary re-
peats on CT’s should form duplexes rap-
idly. As a result, almost all of the struc-
tural gene transcripts carried on these
CT’s would be processed into mRNA. In
contrast, the repeat elements on CT’s
bearing complex class mRNA sequences
could belong to small repetitive se-
quence families. The maximum intra-
nuclear concentrations of repeat tran-
scripts that could be produced from
such families will be relatively low. Such
low concentrations of repeat transcripts
could also arise from submaximal utiliza-
tion of larger families. In either case,
most of this class of CT’s would be de-
graded before duplex formation occurs,
and thus only a small fraction of the po-
tential precursor population in these
CT’s would be processed and reach
polysomes. For either large or small re-
peat families, when very few members
are transcribed, the absolute sequence
concentration of IRT repeat transcripts
would be too low to promote sufficient
amounts of IRT-CT duplex formation.
The result would be that the structural
genes contiguous to these repeats would
not be measurably expressed. The re-
peats on the complete set of CT’s in each
nucleus are in this model unable to pro-
mote mRNA processing by themselves;
only IRT-CT interactions are produc-
tive. The implication is that IRT-CT
duplexes have particular properties.
These properties could depend on the
specific sequence pair (or pairs) involved
in the duplex (or duplexes), or on the
changes in ribonucleoprotein structure
induced by duplex formation.

The concentration of certain repetitive
sequence transcripts has been measured
in sea urchin nRNA (9), and the time

SCIENCE, VOL. 204



constant for turnover of sea urchin
nRNA is known (39). Therefore, if the
rate constant for intranuclear duplex for-
mation were known, we could directly
estimate the fraction of the transcripts
that would form duplexes before degra-
dation occurs. The rate at which intra-
nuclear reassociation of RNA molecules
might take place is unknown. The nucle-
us is obviously a complex structure and
both local RNA concentrations and re-
strictions to free diffusion of some mole-
cules may exist. It is easy to visualize
that nuclear proteins or the nature of the
nuclear milieu or structure could facili-
tate (or hinder) reassociation. Though
we are ignorant of the actual situation, it
is still perhaps useful to determine
whether the repeat sequence concentra-
tions we observe are consistent with a
diffusion-limited intranuclear RN A reas-
sociation process. Scheller et al. (9)
made calculations for sea urchin gas-
trulas assuming that the rate of reas-
sociation is the same as that observed
under standard conditions in vitro. For a
particular family of repetitive transcripts
(homologous to clone 2109B), there are
approximately 600 transcripts per nucle-
us, and half completion of duplex forma-
tion would, under this assumption, occur
in about 30 seconds compared to the 20-
minute half-period for degradation of
nRNA. The intranuclear reassociation
rate could be tenfold lower and the ma-
jority of the clone 2109B nRNA repeats
(including CTU repeats) would still be
included in duplex structures. Most of
the transcripts would be processed,
giving rise to moderately prevalent
mRNA’s. A number of other repetitive
sequence families were found to have 50
to 100 transcripts per nucleus at gastrula
stage (9). Although the system might not
behave in a linear manner, we assume
that it does, and calculate that only a
small percentage of the CT repeats com-
plementary to the 50 to 100 transcripts
would form duplexes before being de-
graded (53). This is the expectation for
the production of complex class mes-
sages. The calculation suggests that the
quantitative assumptions of the model
are reasonable, and that the required rate
constant for intranuclear duplex forma-
tion could be considerably lower than
that measured under standard conditions
in vitro.

System Characteristics

A major characteristic of this model is
that the primary control of gene ex-
pression depends on regulation of IRTU
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transcription at the genome level. The
signal molecules that initiate transcrip-
tion at some IRTU’s may arise in other
cells or in distant tissues, in the cyto-
plasm of the particular cell, or even with-
in the nucleus. There are many possible
feedback relationships. Some of these
imply complex levels of interactions be-
tween different tissues. Others would
function to ‘‘lock’’ a cell into its pathway
of differentiated function. The sensor
structures controlling IRTU function al-
so supply the mechanisms of com-
mitment, much as in the previous model
3). In current terms, sensor sequences
in the DN A would supply recognition in-
formation for the establishment of a nu-
cleoprotein sensor structure at a location
adjacent to an IRTU. The sensor struc-
ture itself is supposed to be a product of
developmentally controlled activity in
other parts of the genome at an earlier
time, and its presence determines the
ability of the cell at a subsequent time to
respond to particular signal molecules.
Commitment would thus be due to the
presence or absence of an appropriate

Table 3. A shared sequence observed in
cloned interspersed repetitive sequences from
the sea urchin genome. Interspersed repeti-
tive sequence elements were obtained by nu-
clease S1 digestion of partially reassociated
DNA and cloned in the plasmid vector
RSF2124 (63). DNA sequencing was carried
out on six cloned repeats (varying in length
from 144 to 500 nucleotides) according to
Maxam and Gilbert (64), and pairs of se-
quences were examined for homology by
computer (65). All clones except 2108 con-
tained a sequence sharing at least seven out of
eight nucleotides with the sea urchin common
sequence TTCAGGAT; 2108 contains a six
out of eight match with the sea urchin com-
mon sequence. The junctional consensus se-
quence is from Breathnach et al. (66) and is
for junctions between mRNA coding se-
quences and the 3’ end of intervening se-
quences. Differences between this sequence
and sea urchin repeat sequences are indi-
cated by asterisks. The table is taken from
Posakony et al. (10). Less precise homologies
have been observed with the sea urchin con-
sensus sequence as well. The sequence of
clone 2112 was obtained by W. Salser.

Sea urchin Sea urchin
repeat clone sequence
2112 TTCAGGAT
2090 TCCAGGAT
TTCAGAAT
E
2109 TTCAGTAT
*
2034 ATCAGGAT
E
2108 ATCAGGTT
*
2137 TTCAGGGT
Junctional consensus (TXCAGG)
sequence

set of sensor structures determined by
the previous history of the cell lineage.

The existence of sets of structural
genes which function together in various
overlapping patterns seems to be a nec-
essary part of any gene regulation sys-
tem. Most structural genes occur as
single copies in the genome, and their ex-
pression in specific cell types takes place
in conjunction with particular sets of oth-
er structural genes. The model has three
characteristics which supply a rich set of
possible combinations. The members of
a given repetitive sequence family can
occur adjacent to structural gene se-
quences in many CTU’s. Thus, the ap-
pearance of transcripts of homologous
repeat family members at sufficient con-
centration on IRT’s would establish the
expression of this whole set of genes,
that is, a gene battery. Any individual
CTU could have more than one repeated
sequence linked to the structural gene re-
gion. In this way, any gene (perhaps
most) could be a member of several bat-
teries. An implication is that the struc-
ture of the mRNA precursors formed
from given CT’s could differ, depending
on which repeat element (or elements)
were involved in duplex formation. In
addition, an IRTU may contain many
different repeated sequences which con-
trol many different batteries. Multiple
IRTU’s containing members of the same
repeat family (or families) could be acti-
vated in response to a common external
signal. Different sensors could respond
to the same signal molecule. This combi-
nation of features is suggested by the
complex patterns of gene activity. Evo-
lutionary flexibility is also implied (2).

In this discussion, we have not con-
sidered control of the high rates at
which genes coding for superprevalent
mRNA’s are transcribed. The initiation
apparatus for such genes may be equiva-
lent to that of the IRTU sensor struc-
tures in that genes coding for super-
prevalent messages may respond posi-
tively to external effectors such as
hormone-receptor complexes. As was
reviewed above, in the induced state the
transcription rate for such structural
genes may be a factor of 100 above the
“‘basic’’ rate at which we visualize the
CT’s being transcribed. Certain IRTU’s
may be transcribed at equally high rates,
leading to the production of a prevalent
class of single copy IRT’s. Thus we imag-
ine that the occasional densely packed
transcription units visualized in the elec-
tron microscope in typical animal cells
could consist either of IRTU’s or of struc-
tural genes coding for superprevalent
messages.
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Possible Mechanisms of Processing
Control by RNA-RNA Duplexes

According to this proposal, the RNA
duplexes would protect the CT’s from
the action of a degradative nuclease or
serve as a site for a specific processing
endonuclease. That is, there might be
particular nuclease-sensitive sequences
within the repeated sequence regions.
The existence of one such site is implied
by recent studies of the primary se-
quence of several cloned repeats from
the sea urchin genome (Table 3) (/0).
Here, we see that a short sequence oc-
curring commonly in sea urchin repeats
is similar to the consensus sequence that
occurs in single copy regions at junctions
between intervening and coding ele-
ments. This short sequence is probably
recognized by an RNA endonuclease in
mammalian and avian systems. Its oc-
currence in sea urchin repeated DNA
suggests some function that may be simi-
lar.

There are alternative ways in which
the action of an endonuclease could con-
trol CT degradation. In Fig. 1E, we show
several possible relationships between
RNA-RNA duplexes and the potential
mRNA sequence in the CT. Example 1
(Fig. 1E) shows a ring structure where a
single IRT repeat sequence would form a
“‘bridge’” between homologous repeat
sequences at the end of the gene region.
This structure would protect the gene se-
quence from degradation and, when cut,
would provide the termini of the pre-
cursor for capping and polyadenylation.
Subsequent processing steps could then
occur. Example 2 (Fig. 1E) shows a vari-
ant in which two spaced members of the
same repeat family carry out a compara-
ble role. We note that if the repeat ele-
ments ‘‘c’’ were in the reverse orienta-
tion, both the IRT and the CT would be
capable of forming foldback-loop struc-
tures. These have been observed in
nRNA (51). Another possible variant of
the structures in either example 1 or 2 is
the presence of closely spaced tandem or
clustered IRT repeats. Logically, it
would be sufficient to have a single du-
plex region at only one end of the gene
transcript, as shown in example 3 of Fig.
1E.

When the intranuclear concentration
of a family of IRT repeats is quite low,
the concentration of complementary CT
repeats could still be observable. Thus,
CT repeats may account for the lowest
repeat transcript levels observed in
nRNA (9). As was noted above, we sup-
pose that if CT-CT duplexes form, their
structure in some way is inadequate for
further processing. Alternatively, such
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duplexes might not form because of in-
trastrand CT structures, which could be
competed out or displaced by sufficient
concentrations of complementary IRT’s.

The idea that RNA-RNA duplexes de-
termine intermolecular regulatory inter-
actions suggest that they could be in-
volved also in other stages of intra-
molecular processing, such as removal
of intervening sequences. The homolo-
gous sequence elements could be located
in distant regions of the same transcript
or in other RNA molecules. We visualize
here a structure much like that of Fig.
1E, example 1, except that the loop
would now contain the intervening se-
quence rather than the mRNA precursor
as in the figure. A structure similar to
this but formed from different parts of
the same SV40 transcript has been con-
sidered independently by Berg (54). An
intramolecular rather than intermolecular
strand-pair association, of course, re-
quires no sequence homologies out-
side the gene itself. However, if in-
tervening sequence processing were me-
diated by intermolecular strand-pair as-
sociations, the possible regulatory role
of these interactions should be consid-
ered in view of the arguments presented
in this article. Although many inter-
vening sequences appear to be single
copy, the elements participating in the
putative RNA-RNA duplex formation
could have escaped identification as re-
peats because of short length or very low
frequency of occurrence.

Consistency with Current Knowledge

and Predictions

Here we note some current observa-
tions that are consistent with this model,
and provide several specific predictions
that offer a direct opportunity for ex-
perimental falsification. A brief list of
facts unified by this model follows.

1) DNA sequence organization dis-
plays an interspersed arrangement of re-
petitive and single copy sequences in
most organisms.

2) Some families of genomic repeats
are large while others are small (the fam-
ily size may be important in producing
the appropriate concentration of IRT re-
peat transcripts).

3) nRNA molecules turn over rapidly.

4) The nRNA displays a large core of
shared single copy sequence transcript
and displays a high complexity in all tis-
sues studied.

5) Significant differences in nRNA
single copy sequence sets nevertheless
exist in different cell types.

6) nRNA molecules characteristically

contain repetitive sequence transcripts.

7) The sequence concentration of spe-
cific families of nRNA repeat transcripts
varies as a function of cell type.

8) Most repeat families are represent-
ed at some level in the nRNA.

9) Both complements of each repeat
sequence are present in the nRNA.

10) More transcripts of complex class
structural genes are produced in the nu-
cleus than are exported to the cyto-
plasm.

11) Complete sets of structural gene
transcripts present in given cell types are
present in the nRNA’s of other cell types
not expressing these genes at the poly-
some level.

This model shares with our earlier
model (/-5) the prediction that the set of
repetitive sequences adjacent to struc-
tural genes expressed in a given cell type
will be a subset of all of the families of
repeated sequences. Attempts to test
this prediction (55) have not given con-
clusive results because of technical diffi-
culties, although they suggest that it may
be correct. A closely related prediction
is that the sequence organization adja-
cent to structural genes will reflect the
concept of batteries of coordinately ex-
pressed genes. In other words, repetitive
sequences adjacent to sets of function-
ally related structural genes will often
belong to the same family. In the case of
the alpha and beta globin genes of the
mouse, a 150- to 200-nucleotide se-
quence homology has been observed (56)
on the flanking 3’ segment about 1.5 kilo-
bases from each gene. The model sug-
gests that such homology could occur on
either the 5', the 3’, or both ends of func-
tionally related genes.

Another prediction is that a very large
fraction of the members of certain fami-
lies will be transcribed where a high
steady-state concentration of those IRT
repeat sequences is needed. Larger re-
peat sequence families are likely to be
associated with genes which, in some
cell types, are expressed as moderately
prevalent mRNA’s.

The model suggests that most of the
genome is included in IRTU’s. Thus, the
sequence organization of the genome
will largely reflect the functional organi-
zation of the IRTU’s and their evolution-
ary history. Much of the single copy se-
quence of the genome may be found as
elements separating repeat transcripts in
the IRTU’s. Previously we argued that
much of the nRNA single copy sequence
has the character of spacer sequence (5).

If the *‘bridging’’ idea of example 1 of
Fig. 1E is correct, then in many places in
the genome particular pairs of repetitive
sequences will be near each other. Often
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a pair such as (a, b) would be separated
on the two ends of the gene region in
CTU’s (Fig. 1B) but occur together else-
where in IRTU’s (Fig. 1, C and D).

The model predicts that intranuclear
RNA duplexes will occur; that the sets of
repeated sequences represented in these
duplexes at given concentrations will be
cell- or tissue-specific. It also predicts
that the repetitive sequences adjacent to
the structural genes coding for moder-
ately prevalent mRNA of a given cell
type will be those that are represented at
high concentrations in the nRNA of that
cell type. In contrast, for complex class
mRNA’s, the repetitive sequences adja-
cent to the structural genes will be repre-
sented in the nRNA at a low concentra-
tion.

A specific distribution of repetitive se-
quence transcripts, including both com-
plements of each transcript, is represent-
ed in cytoplasm of the mature sea urchin
egg (57), as in somatic nuclei. Some of
the egg cytoplasm repeat sequence tran-
scripts could be sequestered in the nuclei
of early embryo cells, a suggestion simi-
lar to one we made originally ¢). The
specific distribution of repetitive se-
quence transcripts in the maternal RNA
could thus institute the appropriate regu-
latory program in the embryo nuclei.
This could account for the great similar-
ity between early embryo and oocyte
structural gene sequence sets (/7, 18). In
addition, the egg cytoplasm repeat tran-
scripts could be localized during early
cleavage, thus giving rise to early dif-
ferential patterns of gene expression.
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