Biogenesis of mRNA: Genetic
Regulation in Mammalian Cells

In mammalian cells, unlike bacteria, messenger RNA

arises from modified nuclear RNA after transcription.

James E. Darnell, Warren R. Jelinek, George R. Molloy

The experimental description of the
mechanics as well as the regulation of
bacterial protein synthesis appears to
have entered a final stage. Virtually
every step involved in the assembly of
amino acids into protein—chain initia-
tion, elongation, termination—can be
performed in the test tube with compo-
nents purified from bacterial cells (1).
The steps in bacterial messenger RNA
(mRNA) biogenesis are almost as well
understood. The functional RNA po-
lymerase and several regulatory pro-
teins have been isolated and shown to
participate in the control of synthesis
of specific mRNA, both under condi-
tions where only RNA is produced and
in coupled systems where all the steps
occur between the initiation of mRNA
production and completion of func-
tional enzyme protein (I). These awe-
some biochemical achievements with
bacterial preparations probably would
not have been possible, certainly not
at this time, if a decade of successful
bacterial genetics had not provided evi-
dence concerning the mode of regula-
tion that exists—namely, control of
transcription of mRNA by regulatory
proteins.

Presented with the challenge of un-
derstanding protein synthesis in mam-
malian cells in detail comparable to the
present understanding in bacteria, the
cell biologist might, after a first ap-
praisal, despair. The genetic methods
for isolating and characterizing mutants
which might affect the availability of
mRNA do not exist for mammalian
cells and, if developed, will certainly
present greater practical difficulties in
their characterization and experimental
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use compared to bacteria. Even in
yeasts, perhaps the most easily manipu-
lated genetic system among eukaryotic
cells, regulatory mutants known to af-
fect the availability of mRNA have not
yet been reported.

The purpose of this article is to claim
reason for optimism in the attempts to
understand regulation of gene expres-
sion in cultured eukaryotic cells
through biochemical studies in spite of
the lack of genetic details. An apparent
first order understanding of gene ex-
pression in cultured eukaryotic cells
seems possible through biochemical
studies with cultured cells without the
necessity for regulatory mutants.

As will be discussed, such studies
have already contributed to our knowl-
edge about mRNA biogenesis. When
experiments concerning mRNA pro-
duction can be coupled with experi-
ments concerning the changing rate of
specific protein synthesis in cells which
respond to a known extracellular in-
fluence (such as hormones) at least
some elementary information about
modes of regulation should result.

The Biogenesis of mRNA in
Mammalian Cells

It now appears that mRNA in mam-
malian cells (2-4), like the predomi-
nant types of RNA in these cells [that
is, ribosomal RNA (rRNA) and trans-
fer RNA (tRNA)], is derived by post-
transcriptional modification of larger
RNA precursor molecules (5). The
mRNA precursors are part of a class
of high-molecular-weight nuclear RNA
molecules (between 5000 and 50,000
nucleotides long) whose base composi-
tion resembles that of DNA [(U sub-
stituted for T (6)] (7-10). Most of

the labeled RNA that can be isolated
from cells after brief exposures to
radioactive RNA precursors is con-
tained in this high-molecular-weight
nuclear RNA, yet this material does
not accumulate in large amounts, that
is, it “turns over” rapidly. We have
used a descriptive term for this class
of RNA, heterogeneous nuclear RNA,
abbreviated HnRNA, rather than call it
mRNA precursor because, as will be
described, only a small portion of it
becomes mRNA.

The question was raised some time
ago whether mRNA might be derived
from HnRNA (7, 1I) in a manner
similar to that in which TRNA and
tRNA are derived from precursor
molecules (5, 7, 12, 13). Two proper-
ties of rRNA and precursor IRNA were
crucial to the proof of their relation to
each other. (i) The 18S and 285 rRNA
constitutes most of the cellular RNA
and both rRNA and the 458 precursor
rRNA are individual molecular species,
so that it was relatively easy to isolate
these RNA molecules in pure form
(7, 10, 13, 14). (ii) It was found that
rRNA and its precursor, in addition to
being similar in base composition (7,
10, 14), share chemical markers, for
example, methyl groups (72, 15), which
have been utilized to prove detailed
sequence similarities (2, 12, 14).

Even if HnRNA were a precursor
to mRNA, both classes of RNA would
be expected to be composed of many
chemically different molecules, increas-
ing the difficulty of testing the potential
precursor-product  relationship. How-
ever, two recent findings concerning
sequence similarities between HnRNA
and mRNA have provided evidence
that mRNA is derived from HnRNA.

First, it was shown that cells trans-
formed by the small DNA tumor virus
SV40 contain the virus DNA as part
of the cell genome (16). In such trans-
formed cells, HnRNA molecules con-
siderably larger than virus-specific poly-
somal mRNA were found to contain
regions complementary to virus DNA
(2). Whereas the HnRNA molecules
containing virus-specific sequences were
heterogeneous in size and contained
host cell sequences (/7), the virus-
specific mRNA was discrete in size and
lacked host cell sequences (17). Evi-
dence has also been obtained in cells
Iytically infected with DNA viruses
that nuclear virus-specific sequences
exist which are much larger than cyto-
plasmic sequences (2). Thus, it appears
that a processing step occurs which
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cleaves the HnRNA to yield discrete
mRNA fragments containing only a
portion of an HnRNA molecule.

The second sequence that has been
shown to be shared by HnRNA and
mRNA was discovered many years ago
(18-21), but was not recognized to be
part of HnRNA and mRNA molecules
until recently. This sequence is about
200 nucleotides long -and is unusual
because it contains only adenylic acid
residues (see below); this polyadenylic
acid region is termed poly(A). That
such a special sequence is present in
both HnRNA and mRNA (but not in
other cellular RNA molecules—for ex-
ample, TRNA or tRNA) fortifies the
idea that mRNA is derived from
HnRNA.

Presence of Poly(A) in Both
HnRNA and mRNA

Kates (22) refocused attention on
poly(A) when he found that vaccinia
mRNA contained at its 3’OH end a
relatively uniform, ribonuclease re-
sistant segment that consisted largely
of adenylic acid residues. This finding
recalled earlier reports (I18-21) of
ribonuclease resistant adenylate-rich
fragments in thymus and liver cells.
More recent work has established that
both HnRNA and mRNA contain a
fairly discrete poly(A) segment as part
of the polynucleotide chain (that is,
not dissociable by treatment of the
RNA molecules with dimethylsulfox-
ide) (23-26). When cells are briefly
exposed to labeled adenosine, the
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labeled poly(A) obtained from HnRNA
and mRNA is the same size as deter-
mined by migration during gel electro-
phoresis (27) (Fig. 1).

3’'0OH Location of Poly(A)

Evidence from several types of ex-
periments indicate that the poly(A) of
both mRNA and HnRNA molecules
exists only at the 3’OH end of these
molecules. Poly(A) obtained after
ribonuclease digestion from either
mRNA or HnRNA contains 1 adeno-
sine residue per 200 adenylic acid resi-
dues, indicating that poly(A) is 200
nucleotides long and is located at the
3’'OH terminus (28). Digestion of
mRNA and HnRNA with an exonu-
clease that requires a free 3’OH quickly
removes the poly(A) from both types
of molecules, giving further support to
a 3’0OH localization (29, 30). These
findings agree with recent demonstra-
tions that a considerable fraction of the
3’OH adenosine termini of poly(A)
becomes labeled when whole HnRNA
and mRNA molecules containing
poly(A) are oxidized with periodate
and are reduced with [*H]borohydride
31).

Further, recent experiments with
poly(A) derived by T1 or pancreatic
ribonuclease (or both) give conclusive
evidence for the location of the
poly(A) at the 3’ terminus of both
HnRNA and mRNA as well as infor-
mation about the composition of the
nucleotides adjacent to poly(A) from
the two sources (32). T1 ribonuclease
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Fig. 1. Poly(A) from HnRNA and mRNA of HeLa cells. The left and center portions
show the isolation by sucrose gradient sedimentation of labeled HnRNA from the
nucleus and mRNA from the polyribosomes of Hela cells. The majority species of
RNA, 45§ and 32§ ribosomal precursor RNA in the nucleus, and 285 and 18S rRNA
in the cytoplasm serve as absorbancy markers in the course of fractionation
(9, 12). The right portion of the graph demonstrates that ribonuclease digests of
HnRNA or mRNA labeled with adenosine for very brief times (20 minutes or less)
contain poly(A) that migrates identicaily during gel electrophoresis [- @-, nuclear
poly(A); -O-, cytoplasmic poly(A); see 271
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cleaves RNA on the 3’ side of guanylic
acid (that is, 5/---GpXp---3’) (6) and
pancreatic ribonuclease on the 3’ side
of pyrimidines (5---PypXp---3’). Tl
ribonuclease derived poly(A) segments
contained no guanylic acid; pancreatic
ribonuclease derived poly(A) segments
contained no pyrimidines, indicating
that poly(A) consists entirely of ade-
nylic acid and that poly(A) is present
only at the 3’ terminus of mRNA and
HnRNA. Poly(A) segments derived by
TI ribonuclease showed that the struc-
ture of the 3’ end of poly(A)-terminated
molecules (both HnRNA and mRNA)
was G(CyU) Ay This finding is con-
sistent with the idea that mRNA is
derived from HnRNA. The pyrimidine
nucleotides adjacent to poly(A) may
be a defined sequence or a limited set
of sequences in both HnRNA and
mRNA molecules, a question that can
be answered by sequence analysis of
the 5’ end of Tl derived poly(A).

How Is Poly(A) Synthesized?

Poly(A) was discovered during the
study of an enzyme isolated from
thymus nuclei that specifically incorpo-
rates adenylic acid into a polyribonu-
cleotide primer without a DNA tem-
plate (18). This is in contrast to DNA
directed RNA polymerases (bacterial
or mammalian), which require a DNA
template and which can initiate RNA
chains with a 5’ terminal nucleotide
and propagate them toward the 3'OH
terminus (5). Thus, if poly(A) is
localized at the 3’OH terminus of
HnRNA and mRNA molecules, it
might be synthesized by a non-DNA
dependent enzyme (such as the Ed-
monds-Abrams enzyme) (I8). Three
findings suggest that such a posttran-
scriptional addition of poly(A) is likely.
(i) In cultured cells, actinomycin D,
which prevents DNA-dependent RNA
synthesis by more than 80 to 90 per-
cent within 1 to 2 minutes after its
addition to a cell culture, has almost
no effect on poly(A) synthesis during
the ensuing 1 to 2 minutes (Fig. 2)
(3, 4). Thus, it seems that the normal
movement (some 5 to 10,000 nucleo-
tides in 1 to 2 minutes) (5) of the
RNA polymerase along the DNA tem-
plate is not required for continued
poly(A) synthesis. (ii) The DNA of
adenovirus type 2, from which large,
nuclear, virus-specific RNA sequences
are transcribed during virus replication,
contains no region to which poly(A)
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will hybridize; that is, it contains no
long stretches of poly dT (33). Never-
theless, virus-specific nuclear RNA, as
well as the smaller virus-specific mRNA
molecules in the polyribosomes, contain
poly(A) of the same size as the cellular
poly(A). (iii) Deoxypyrimidine nu-
cleotide stretches can be isolated from
DNA because they are resistant to acid
hydrolysis (34). The DNA of CELO
virus, an avian adenovirus (35), as
well as HeLa cell DNA (36) do not
contain pyrimidine-rich regions large
enough to be transcribed into the 200
nucleotide segments of poly(A). It
appears, therefore, that poly(A) is
probably added to HnRNA molecules
by a DNA-independent process after
transcription.

Because of the rapid rate of RNA
chain synthesis, it is difficult to dis-
tinguish experimentally the stepwise
addition of individual nucleotides from
the union of two polynucleotides.
Nevertheless, because after very short
label times poly(A) is found entirely
associated with HnRNA, and not as a
separate entity, it is suggested that
poly(A) is synthesized by the stepwise
addition of single adenylate residues to
preexisting HnRNA molecules (4).

Poly(A) Is Added in the Nucleus

and Has a Nuclear Role

When HeLa cells are labeled with
[*H]adenosine for 1.5 minutes or less al-
most all (more than 95 percent) of the
poly(A) is in the nucleus as part of
HnRNA molecules (4). This result im-
plies that the nucleus is by far the most
active, if not the only, site of synthesis
of the 200-nucleotide poly(A) segment.
After 20 minutes of labeling there are
equal amounts of labeled poly(A) in
the nucleus and cytoplasm. In each
succeeding 20-minute interval, the
radioactivity in cytoplasmic poly(A)
increases by an amount equal to the
total labeled nuclear poly(A), while
the nuclear poly(A) increased only
about 25 percent. This leads to a four-
fold greater amount of labeled cyto-
plasmic poly(A) compared to that in
the nucleus by 120 to 160 minutes of
labeling. The greater accumulation of
labeled poly(A) in the cytoplasm was
obtained both with growing cells and
with cells in which ribosomal RNA
synthesis had been stopped by a low
dose of actinomycin D. In contrast, the
total radioactivity in HnRNA remains
much greater than that in mRNA for

28 SEPTEMBER 1973

many hours, a circumstance that origi-
nally led to the conclusion that most
of the HnRNA turned over (10, 37),
(see Fig. 1). Therefore, during the
processing of mRNA from HnRNA,
the conservation of poly(A) in mRNA
is far greater than the conservation of
the HnRNA molecule. These results
are consistent with the transfer of most
of the poly(A) to the cytoplasm, but
the possibility of some poly(A) turn-
over in the nucleus cannot be excluded.

The exploration of the physiological
role of poly(A) in the nuclear biosyn-
thesis and transport to the cytoplasm
of mRNA has been facilitated by use
of the drug cordycepin, which is 3’de-
oxyadenosine (3’dA). Penman, Ros-
bash, and Penman (38) found that in
Hela cells, 3’dA, which acts to termi-
nate RNA chains prematurely (39)
stopped the synthesis of some RNA
molecules but not of others. For exam-
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Fig. 2. Effect of actinomycin on total
HnRNA synthesis compared to poly(A)
synthesis. (A) Growing cells, and cells
previously treated with a high dose of
actinomycin D (7.5 wpg/ml) for 1 or 2
minutes, were exposed to [*Hladenosine
for 1.5 minutes, and labeled nuclear RNA
was separated on a sucrose gradient. The
direction of sedimentation is from right
to left. The effect on total incorporation
(-O-) is shown in the top graph (top
curve, no actinomycin; middle curve,
1-minute treatment with actinomycin; bot-
tom curve, 2-minute treatment with
actinomycin). (B) Molecules of various
sizes (fractions 1 to 5, 6 to 9, and 10 to
13) were collected from each of the threc
RNA preparations. The poly(A) content
of each size class from all three prepara-
tions was then determined. Solid bar, con-
trol; hatched bar, 1-minute treatment with
actinomycin; open bar, 2-minute treat-
ment with actinomycin. [The details of
such experiments are described in (3, 4).]

ple, in cells treated with 3’dA, rRNA
synthesis was quickly and completely
halted, but incorporation of labeled
precursor into HnRNA was not af-
fected; mRNA, however, failed to ap-
pear in cytoplasmic polyribosomes. An
explanation for these results and a sug-
gestion of the importance of poly(A)
in mRNA biogenesis came from find-
ing that the synthesis of the 200-nucleo-
tide poly(A) segment of HnRNA was
stopped by the drug (3, 4, 28). In
agreement with earlier results, labeled
mRNA appearance was reduced in the
presence of 3’dA by about 80 percent
(Fig. 3A) and virtually none of the
200-nucleotide poly(A) segment be-
came labeled in mRNA (40).

An additional experiment indicated
that 3’dA affected mRNA biogenesis
at a step after transcription. If cells
were briefly labeled with [BH]uridine
and then treated with actinomycin to
stop further transcription, a measurable
amount of previously synthesized RNA
(presumably HnRNA) subsequently
appeared in the polyribosomes. The
cytoplasmic appearance of this “pre-
formed mRNA” was blocked by the
simultaneous addition of actinomycin
and 3’dA (Fig. 3B) (40). Thus the
posttranscriptional addition of poly(A)
must be allowed to proceed or some
step in the derivation of mRNA from
HnRNA does not occur. These results
suggest a nuclear role for poly(A)
either in the proper cleavage of
HnRNA or the transport of mRNA
(or both) to the cytoplasm.

The fact that viruses which replicate
in the cytoplasm also contain poly(A)
does not necessarily conflict with the
prediction of a nuclear role of poly(A).
The mRNA molecules of such viruses
may encounter a similar problem to
that of cell mRNA in getting from the
site of manufacture to the site of trans-
lation. For example, the replication of
poliovirus RNA (which contains a 3’
terminal segment of poly(A) about 90
nucleotides long) (41) occurs on
smooth membranes, whereas virus pro-
tein synthesis occurs on “rough” mem-
branes, that is, those membranes bear-
ing ribosomes (42).

While the precise role or roles of the
poly(A) remains unknown, it is possi-
ble that it has both a nuclear and a
cytoplasmic function. For example, re-
cent experiments have shown that after
arrival in the cytoplasm, the poly(A)
segment gradually becomes shorter
(27, 28). It has also been suggested
that poly(A) may have specific pro-
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teins bound to it while in the poly-
ribosomes (43). Obviously further
work with isolated components of pro-
tein synthesizing systems is needed to
learn what, if any, cytoplasmic func-
tions may be served by poly(A).

It might be asked whether the path-
way of mRNA formation involving
poly(A) synthesis is an abnormal aber-
ration of cultured mammalian cells.
This is certainly not the case. Edmonds
and Abrams originally demonstrated
the existence of adenylate-rich frag-
ments in thymus nuclei (I8), Hadji-
vasilou and Brawerman demonstrated
its existence in rat liver (19), and Lim
and Canellakis (23) reported such
fragments in reticulocytes. Messenger
RNA’s responsible for the synthesis of
hemoglobin (44), immunoglobulins (45),
and ovalbumin (46) have been iso-
lated from cells not grown in culture
and shown to contain poly(A). These
findings as well as the fact that 75 to
90 percent of the mRNA from poly-
ribosomes of cultured cells contain
poly(A) (24, 25, 47, 48) indicate that
a major pathway of mRNA biogenesis
in mammalian cells involves the addi-
tion of poly(A). Recently, invertebrates
(49) and slime molds (50) have been
shown to possess poly(A) both in nu-
clear and mRNA fractions; thus, all
eukaryotic cells may employ a mecha-
nism of mRNA biosynthesis that in-
volves the addition of poly(A) to nu-
clear molecules.

One interesting exception to the find-
ing that most all mRNA from eukary-
otic cells may contain poly(A) is the
group of mRNA’s which direct histone
synthesis (47, 48). These small mRNA
molecules, which are formed only dur-
ing the DNA synthesis phase of the
cell cycle, exit more rapidly from the
nucleus as compared to the majority
of mRNA’s and appear to lack
poly(A) (47, 51). Whether histone
mRNA is derived from a larger pre-
cursor molecule is not known. The lack
of poly(A) in histone mRNA suggests
that at least two mechanisms for the
manufacture of mRNA exist, a non-
poly(A) and a poly(A) pathway, with
the latter being much more common.

Uncertainties about the
HnRNA-mRNA Relationship

Many important points about the
proposed HnRNA-mRNA conversion
are uncertain and deserve mention here.
Some time ago, kinetic analysis indi-
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cated that the majority of the nucleo-
tides incorporated into HnRNA never
reached the cytoplasm, and thus a large
part of each HnRNA or all of some
HnRNA molecules must turn over in
the nucleus (7, 8, 10, 37). Every
HnRNA molecule as isolated from cell
nuclei does not contain a poly(A) se-
quence (4, 48), but it remains unknown
which of the following explanations
accounts for this finding. (i) Some or
most HnRNA’s are not precursors to
mRNA and, therefore, “turn over”
without ever containing poly(A); (ii)
some HnRNA molecules are nascent—
that is, not yet complete to the 3’'OH
end—but might eventually contain
poly(A); and (iii) some HnRNA mole-
cules are cleavage products from the
5’ portion of larger molecules and don’t
ever contain poly(A). If explanations
(ii) or (iii), or both, are correct, every
HnRNA might be transcribed for the
purpose of yielding one mRNA. While
it is possible to conclude that the 3'OH
end of HnRNA molecules is the loca-
tion at which poly(A) is added and
from which mRNA is then derived, it
is not certain that transcription actually
ceases at the point where poly(A) is
added. It is possible that an internal
cleavage in the HnRNA exposes a
poly(A) addition site. Some of these un-
certainties will be discussed later in the
section on possible models of regulation.

Regulation of Gene Expression in

Mammalian Cells

The preceding sections have sum-
marized some of the details of mRNA
manufacture in eukaryotic cells. From
the number of steps involved between
initiation of transcription and subse-
quent participation of mRNA in protein
synthesis, it seems clear that many
sites for the control of protein synthesis
may exist. Unfortunately even almost
complete knowledge of the steps in
mRNA synthesis and transport will not
guarantee understanding of the control
of protein synthesis. Before going fur-
ther into the discussion of regulation
of gene expression, it is necessary to
recognize two major levels at which
control is possible: (i) the provision
of mRNA to the protein synthesizing
apparatus, and (ii) the extent of use
of the mRNA molecules for protein
synthesis.

Events within the cell which allow
the accumulation of mRNA molecules
will be called regulation: control of the

production of mRNA during RNA
polymerase action will be called tran-
scriptional regulation; control of the
number of mRNA molecules made
available after the completion of tran-
scription but before translation will be
called posttranscriptional  regulation,
Changes in the output of protein di-
rected by a given amount of mRNA
will be called translational modulation.

An early and lucid description of
these possible levels of control was pro-
vided by Scherrer and Marcaud (52)
who used the term “cascade regulation”
to embrace all these possibilities. They
argued that, because mammalian cells
and their genomes were so much more
complex than bacteria, control at all
levels should be expected.

Because of the inability to measure
a specific mRNA, most attempts to
gain information about fluctuating
levels of mRNA in mammalian cells
have been indirect. Various workers
have studied enzyme activities that
fluctuate after a cell is stimulated with
a specific molecule, or have studied dif-
ferentiating cells for the appearance of
specific differentiated protein products.
Studies of this sort have uncovered sub-
stantial evidence of translational modu-
lation, but have not yet clarified the
details of transcriptional or posttran-
scriptional regulation of mRNA for-
mation.

One of the best cells for the study
of protein synthesis regulation is a
derivative of a liver hepatoma in which
an increased synthesis of tyrosine amino-
transferase (TAT) occurs after the cells
are treated with corticosteroids (53).
From work on this system, several con-
clusions can be made about control of
enzyme synthesis which may be gen-
erally applicable to protein synthesis
in mammalian cells.

1) Induction (increased rate of de
novo enzyme synthesis) is accomplished
by the accumulation of additional
mRNA molecules that direct the in-
creased synthesis of enzyme protein
(53). Induction of ovalbumin synthesis
by estrogen treatment and hemoglobin
synthesis by erythropoietin also show
evidence of increased mRNA molecules
as the basis for increased specific pro-
tein synthesis (46, 54, 55).

2) The interruption of enzyme syn-
thesis on cytoplasmic polyribosomes
(deinduction) requires a positive action
involving further synthetic events, or
at least additional RNA synthesis and
perhaps additional protein synthesis
(53). Simply stopping the synthesis
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of RNA does not result in a prompt
cessation of protein synthesis as is the
case in bacteria, undoubtedly because
the half-life of mRNA in mammalian
cells is longer than in bacteria (/1, 56).
These findings recall earlier experi-
ments showing that the normal inter-
ruption of virus-specific synthesis of
thymidine kinase in cells infected with
vaccinia-virus required the independent
synthesis of additional RNA and prob-
ably protein molecules (57).

3) Induction and deinduction of on-
going TAT synthesis are possible only
during a portion (from midway in the
G1 phase through the S phase) of the
cell division cycle (58).

The complexities of the control of
TAT synthesis, involving both a mech-
anism of mRNA accumulation and a
mechanism for interruption of mRNA
function, suggest caution in the inter-
pretation of results in differentiating
cells. It has been reported recently that
erythroid precursor cells, which can
be stimulated to enter hemoglobin pro-
duction, contain no detectable hemo-
globin mRNA before stimulation,
while hemoglobin mRNA could bz
detected after stimulation (54). These
results might indicate a control of
transcription, but other means of con-
trol may also be involved, as suggested
by analogy with TAT induction. For
example, the unstimulated erythroid
precursor cell might transcribe an
HnRNA precursor to hemoglobin
mRNA at only a brief period during
the cell cycle. Such a precursor might
escape detection since, without the
stimulating agent, the precursor might
be destroyed and not processed into
hemoglobin mRNA. Thus mRNA
would not accumulate, and regulation
would have involved both a transcrip-
tional and a posttranscriptional event.

Models for mRNA Formation and

Regulation in Mammalian Cells

The two areas of experimentation
discussed so far—that is, the pathway
of mRNA biogenesis and changing rate
of synthesis of particular proteins in
the cytoplasm have not yet been con-
nected by experimental results. Never-
theless, since it is now possible to
describe with some confidence the
physical form of the transcription prod-
uct from which mRNA arises and to
measure some specific mRNA mole-
cules (46, 54, 59), it is appropriate to
reconsider the points at which regula-
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tion of formation of a specific mRNA
might occur. Furthermore, in view of
recent advances we can specify neces-
sary, realizable experiments in order to
choose between the possible modes of
regulation. We should point out that
the models we describe below are con-
cerned with production of mRNA
molecules and not with events involved
in the modulation of protein synthesis.

In Fig. 4 we show two models in
which mRNA production is regulated
by transcription only and two models
where mRNA production is regulated
by both transcriptional and posttran-
scriptional events. In all of these
models we assume that controlled initia-
tion of transcription is necessary if
proper chain synthesis is to proceed.
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Fig. 3. Effect of 3’-deoxyadenosine on
mRNA synthesis. (A) Cells in which
rRNA formation was suppressed (Fig. 1)
were labeled for 25 minutes with
["H]uridine either after no further treat-
ment (control, - @-) or after a 10-minute
exposure to 3’-deoxyadenosine (-O-).
Messenger RNA from polyribosomes (see
Fig. 1) was assayed by sucrose gradient
sedimentation as radioactive polyribosomal
RNA released by ethylenediaminetetra-
acetate (EDTA) into material sedimenting
from 205 to 60S. The profile of absorbancy
at 260 nm comes from ribosomal subunits
released from polyribosomes. (B) Grow-
ing HeLa cells were labeled for 5 minutes
with [*H]uridine, -and one-third of the
culture was removed onto frozen medium.
Actinomycin D (7.5 ug/ml) was added to
the remaining two-thirds, which was then
equally divided; one portion received in
addition to the actinomycin, 3’-deoxy-
adenosine (100 wg/ml). After 25 minutes
at 370°C, the drug-treated samples were
rapidly chilled. The polyribosomes from
each sample were isolated and their con-
tent of labeled mRNA was assayed by
EDTA release as in (A). --, 5-minute
labeling; -O-, 5-minute labeling followed
by treatment with actinomycin for 25
minutes; -@-, S5-minute labeling plus
treatment for 25 minutes with actinomycin
plus 3’-deoxyadenosine [for details of ex-
periments see (3, 40)].

Although it is theoretically possible that
chain initiation is not controlled,  this
possibility seems a priori so unlikely
that regulated initiation of transcrip-
tion is included in all models. In those
eukaryotic cells where transcription of
HnRNA at particular chromosomal
loci can be studied (the specific puffing
patterns on insect chromosomes), tran-
scription occurs only at certain times
in the life cycle of the organism (60).
Thus is seems reasonable to assume
that regulation of the initiation of tran-
scription plays a role in determining
the portions of DNA to be transcribed.

Models in Fig. 4, A and B, depict
two situations where transcriptional reg-
ulation of HnRNA synthesis is auto-
matically followed by mRNA biogene-
sis involving poly(A) addition at the
completed 3’ end of the HnRNA, Two
cases are outlined. First, where only
one mRNA per HnRNA exists, termi-
nation of RNA synthesis would be
automatic when the RNA polymerase
“reached the end” (designated t for
termination). Biogenesis of mRNA
would also follow automatically
through poly(A) addition and cleav-
age (at site c¢). Each mRNA region
or structural gene region is thus
bounded by a cleavage and termination
site.

The second possibility is that several
mRNA regions per HnRNA might ex-
ist either scattered through the HnRNA
or as a polycistronic region at the 3’
end (Fig. 4B). In such cases, both a
proper termination signal would be
needed at the 3’ end of any mRNA
region and a regulated ability (a “read-
through” signal) would be needed so
that the RNA polymerase would only
stop after the proper mRNA region
had been synthesized. Again the 3’ ter-
minal mRNA region would automati-
cally be processed into a usable mRNA
molecule. It is also conceivable that,
if more than one mRNA existed in an
HnRNA molecule, the processing of
the 3’ terminal mRNA might expose a
second mRNA which would then be
processed.

In these models the regulation of the
initiation of transcription would not
necessarily be governed in a manner
identical to that in bacteria. For exam-
ple, it is known that genes which code
for enzymes on the same biosynthetic
pathway form one operon in bacteria,
but are scattered throughout the ge-
nome in eukaryotes. This correlates
with the finding of polycistronic bac-
terial mRNA’s from entire operons,
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while individual mRNA’s are probably
the rule in eukaryotic cells (5, 61).
Also the induction of bacterial enzymes
is possible throughout the cell cycle al-
though this may not be true in eukary-
otes. These and other potential differ-
ences in eukaryotic cells have pro-
voked considerable speculation about
the details of transcriptional regulation
in eukaryotic cells (62).

Our present purpose, however, is not
to concentrate on possible differences
between prokaryotes and eukaryotes in
the details of transcription, but to call
attention to the fact that the point of
regulation of mRNA production could
be the same, that is, transcription. This
is true even though the mechanical
steps in the manufacture of mRNA in
a mammalian cell are different from
those in a bacterium.

The second class of models describ-
ing how cells generate mRNA involve
posttranscriptional regulatory steps as
well as regulated transcription. In these
models (Fig. 4, C and D) the correct
processing of any particular HnRNA
molecules containing a potential mRNA

Transcriptional regulation

would require a successful encounter
with a posttranscriptional regulator.
HnRNA molecules might contain only
one possible mRNA (structural gene),
in which case regulation could be ac-
complished by either destroying or not
destroying a completed HnRNA (Fig.
4C). If an HnRNA contained more
than one “structural gene” region, the
regulation might involve an initial
cleavage at the proper internal site
(for example, at the site labeled “t”)
followed by poly(A) addition and
cleavage at a second site “c.”

In considering how posttranscrip-
tional regulation of mRNA production
might occur, one could suggest as pos-
sible regulatory events poly(A) addi-
tion, HnRNA cleavage, or transport of
mRNA to the cytoplasm. Past that
point, the fate of the mRNA falls into
the category of translational modula-
tion.

If posttranscriptional regulation does,
in fact, occur, an important point
needs specific emphasis. Posttranscrip-
tional regulation necessarily implies
transcriptional overproduction of po-

Transcriptional and posttranscriptional regulation
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Fig. 4. Four models of regulation of mRNA formation in eukaryotic cells. The symbols
are: i, initiation of transcription; c, cleavage points at 5" end of mRNA; t, for termina-
tion at 3’ end of DNA-encoded region of mRNA; ¢, fi, ¢s f, and so on indicate
multiple sites on same molecule. The four steps in mRNA biosynthesis from HnRNA
are: ) DNA dependent transcription by RNA polymerase; ® posttranscriptional addi-
tion of poly(A); @ enzymatic cleavage at 5’ end of mRNA; @ turnover of unused
region(s) of HnRNA. (A) Transcriptional regulation at initiation site only..(B) Tran-
scriptional regulation at initiation site and termination site (1, is passed by in favon: of
t.). (C) Posttranscriptional regulation where one-half of the HnRNA molecules yield
an mRNA and one-half are destroyed. (D) Posttranscriptional regulation where specific
cleavage at t: reveals the 3’-terminus of mRNA, for processing and the mRNA. region

is discarded.
1220

tential mRNA. If potential mRNA’s in
excess of what eventually serve in the
cytoplasm are not transcribed, then
posttranscriptional regulation cannot
occur. A corollary to this point is that
even if excess transcription occurs but
there is always a fixed probability of a
potential mRNA getting to and func-
tioning in the cytoplasm, then again
posttranscriptional events might take
place but posttranscriptional regulation
in the sense we are using the term
would not occur. In connection with
this emphasis on the necessity for ex-
cess transcription, one proposed cate-
gory of translation modulation requires
special comment. In oogenesis it has
been proposed that mRNA storage oc-
curs in the egg cytoplasm, and only
after fertilization is the mRNA utilized
(63). It is true that such a series of
events might seem to qualify as regula-
tion of the availability of mRNA even
though overproduction had not oc-
curred but, in fact, if the egg becomes
fertilized, the fate of the mRNA is to
be used. Such a situation may simply
be viewed as an exaggerated case of
transcriptional modulation.

How would any of these models
function in a situation where increased
mRNA production occurred, for ex-
ample, in TAT-mRNA induction? If the
synthesis of TAT-mRNA were regu-
lated entirely by transcription, the as-
sumption would be that, during late
G1 and the S phases, TAT-HnRNA
would be normally formed at a low
rate in uninduced cells, followed by the
automatic processing of the HnRNA to
yield the uninduced amount of TAT-
mRNA and enzymes. Induction by
steroid hormone would effect the pro-
posed cytoplasmic stabilization of
TAT-mRNA (53) and the promotion
of an increased transcription rate. (This
could involve either a small number of
polymerases moving faster or more
polymerase  molecules  synthesizing
TAT-HnRNA.) Implicit in this scheme
is the synthesis of TAT-HnRNA only
during periods of the cell cycle when
TAT-mRNA molecules can be accumu-
lated to increased levels.

If, alternatively, the manufacture of
additional TAT-mRNA  molecules
involved posttranscriptional regulation,
then the major regulating event would
be the preservation of more TAT-
mRNA from the TAT-HnRNA during
the time in the cell cycle when TAT-
HnRNA production normally occurs.
It is also possible that TAT-HnRNA
might be synthesized at all times but
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might only be in a form where pro-
cessing could occur during late G1 and
S phase. Increased processing of TAT-
HnRNA into TAT-mRNA during the
GI-S phase would again be the regula-
tory device responsible for induction.

Proposed Experiments and

Conclusion

The models described raise experi-
mental questions in two areas where
possible answers may be at hand. The
first has to do with the structure of the
HnRNA. Do HnRNA molecules con-
tain only one mRNA region and is the
potential mRNA sequence always at
the 3’ end? If so, then models involving
correct RNA polymerase read through
or correct internal cleavage (models in
Fig. 4, B and D) become unlikely. More
difficult but perhaps also answerable
is whether, even though all mRNA se-
quences may be at the 3’ end of
HnRNA, an HnRNA can contain sev-
eral potential different mRNA’s at the
3’ end. These questions are being or
can be studied in two systems where
specific mRNA and HnRNA can be
recognized and isolated: (i) cells trans-
formed by DNA viruses (17), and (ii)
cells producing large amounts of two
or more proteins the genes for which
are linked [for example, beta and delta
chains of human hemoglobin (64)].

The second area of experimentation
which could help one choose among
the models of Fig. 4 involves systems
like TAT induction or stimulated
erythropoiesis.  Several experimental
questions could be clearly phrased if
the mRNA and the HnRNA for the
protein in question could be accurately
measured. (i) Is the RNA for an in-
ducible mRNA synthesized during a
phase in the cell cycle when induction
is not possible (for example, hepa-
toma cells during the G2 or early Gl
phase of the cell cycle)? (ii) When the
number of mRNA molecules of a given
type is being increased is there a larger
amount of corresponding HnRNA?

Answers to these questions should go
a long way toward ascertaining whether
or not posttranscriptional regulation is
just an often suggested possibility or a
reality in eukaryotic cells. What seems
clear at the moment is that the bio-
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chemical mechanisms of mRNA forma-
tion in eukaryotes differs radically from
bacteria. It would surprise a great many
people if the types of regulation didn’t
differ also. The challenge, however, is
not to settle for this latter possibility as
likely but to prove or disprove it.

References and Notes

1. P. Lengyel and D. Soll, Bacteriol. Rev. 33,
264 (1969); J. Lucas-Lenard and F. Lipman,
Annu. Rev. Biochem. 40, 409 (1971); M.,
Nomura, Science 179, 864 (1972); Cold Spring
Harbor Symp. Quant. Biol. 35, 47-497 (1970).

2. U. Lindberg and J. E. Darnell, Proc. Nat.
Acad. Sci. U.S.4. 65, 1089 (1970).

3. J. E. Darnell, L. Philipson, R. Wall, M.
Adesnik, Science 174, 507 (1971).

4. W. Jelinek, M. Adesnik, M. Salditt, D.
Sheiness, R. Wall, G. Molloy, L. Philipson,
J. E. Darnell, J. Mol. Biol., in press.

5. Papers in Cold Spring Harbor Symp. Quant.
Biol. 35, 505-737 (1970); J. E. Darnell,
Bacteriol. Rev. 32, 262 (1968); D. Bernhardt
and J. E. Darnell, J. Mol. Biol. 42, 43 (1969);
R. H. Burdon and A. E. Clason, ibid. 39, 113
(1969).

6. Abbreviations used: C, cytidylate; A, adenyl-
ate; G, guanylate; U, uridylate; T, thymidyl-
ate; Py, pyrimidine; and, X, nucleotide.

7. K. Scherrer, H. Latham, J. E. Darnell, Proc.
Nat. Acad. Sci. U.S.A. 49, 240 (1963); K.
Scherrer and L. Marcaud, Bull. Soc. Chim.
Biol. 47, 1967 (1965).

8. G. P. Georgiev, O. P. Samarina, M. I.
Lerman, M. N. Smirnov, A. N. Severitzov,
Nature 200, 192 (1963).

9. J. F. Houssais and G. Attardi, Proc. Nat.
Acad. Sci. U.S.A. 56, 616 (1966).

10. R. Sociro, H. C. Birnboim, J. E. Darnell, J.
Mol. Biol. 19, 362 (1966); R. Sociro, M. H.
Vaughan, J. R. Warner, J. E, Darnell, J. Cell
Biol. 39, 112 (1968).

11. S. Penman, K. Scherrer,
Darnell, Proc. Nat.
654 (1963).

12. B. E. H. Maden, Progr. Biophys. Mol. Biol.
22, 129 (1971); M. Salim, B. E. H. Maden,
R. Williamson, Fed. Eur. Biochem. Soc. Lett.
12, 109 (1970).

13. S. Penman, J. Mol. Biol. 17, 177 (1966).

14. P. Jeanteur, F, Amaldi, G. Attardi, J. Mol.
Biol. 33, 757 (1968).

15. H. Greenberg and S. Penman, ibid. 21, 527
(1966); E. F. Zimmerman and R. W. Holler,
ibid. 23, 149 (1967).

16. J. Sambrook, H. Westphal, P. R. Srinivasan,
R. Dulbecco, Proc. Nat. Acad. Sci. U.S.A.
60, 1288 (1968).

17. R. Wall, J. E. Darnell, Nature New Biol.
232, 73 (1971); R. Wall, J. Weber, Z. Gage,
J. E. Darnell, J. Virol., in press; S. Tonegawa,
G. Walter, A. Bernardini, R. Dulbecco, Cold
Spring Harbor Symp. Quant. Biol. 35, 823
(1970).

18. M. Edmonds and R. Abrams, J. Biol. Chem.
235, 1142 (1960); ibid. 238, 1186 (1963).

19. A. Hadjivassiliou and G. Brawerman, J.
Mol. Biol. 20, 1 (1966).

20. M. Edmonds and M. G. Caramela, J. Biol.
Chem. 244, 1314 (1969).

21. N. Canellakis, E. S. Canellakis, L. Lim,
Biochim. Biophys. Acta 209, 128 (1970).

22, J. Kates and J. Beeson, J. Mol. Biol. 50, 19
(1970); J. Kates, Cold Spring Harbor Symp.
Quant. Biol. 35, 743 (1970).

23. L. Lim and E. S. Canellakis, Nature 227, 710
(1970).

24, M. P. Edmonds, M. H. Vaughan, H.
Nakazato, Proc. Nat. Acad. Sci. U.S.A. 68,
1136 (1971); H. Nakazato and M. Edmonds,
J. Biol. Chem. 247, 3365 (1972).

25. Y. Lee, J. Mendecki, G. Brawerman, Proc.
Nat. Acad. Sci, U.S.A. 68, 1331 (1971).

26. J. E. Darnell, R. Wall, R. J. Tushinski,
ibid. 68, 1321 (1971).

Y. Becker, J. E.
Acad. Sci. U.S.A. 49,

27.

28.

29.

30.

31

32.

33.

34,
35.
36.

37.
38.

39.

40.
41.
42,
43.

44,

45.
46.
47.
48.

49.
50.

51
52.
53.

54.

55.
56.

57.
58.

59.

60.

61.

62.

63.
64.

65.

D. Sheiness and J. E. Darnell, Nature New
Biol. 241, 265 (1973).

J.  Mendecki, Y. Lee,
Biochemistry 11, 792 (1972).
G. R. Molloy, M. Sporn, D. E. Kelley, R. P.
Perry, ibid., p. 3256.

R. Sheldon, J. Kates, D. Kelley, R, P. Perry,
ibid., p. 3829.

H. Nakazato, D. Kopp,
Biol. Chem., in press.

G. R. Molloy and J. E. Darnell, Biochemistry,
in press,

L. Philipson, R. Wall, G. Glickman, J. E.
Darnell, Proc. Nat. Acad. Sci. U.S.A. 68,
2806 (1971).

K. Burton and G. B. Peterson, Biochem.
Biophys. Acta 26, 667 (1957).

A. J. D. Bellett, H. B. Younghusband, S. B.
Primrose, Virology 50, 35 (1972).
H. C. Birnboim, Proc. Nat.
U.S.A., in press.

H. Harris, Biochem. J. 84, 60 (1962).

S. Penman, M. Rosbach, M. Penman, Proc.
Nat. Acad. Sci. U.S.A. 67, 1878 (1970).
H. T. Shiqeura and G. E. Boxer, Biochem.
Biophys. Res. Commun. 17, 758 (1964); H.
Klenow and S. Frederiksen, Biochim. Biophys.
Acta 87, 495 (1964).

M. Adesnik, M, Salditt, W. Thomas, J. E.
Darnell, J. Mol. Biol. 71, 21 (1972).

Y. Yogo and E. Wimmer, Proc. Nat. Acad.
Sci. U.S.A. 69, 1877 (1972).

L. A. Caliguiri and I. Tamm, Virology 42,
112 (1970).

S. Kwan and G. Brawerman, Proc. Nat.
Acad. Sci. U.S.A. 69, 3247 (1972); G. Blobel,
ibid. 70, 924 (1973).

R. Pemberton and C. Baglioni, J. Mol. Biol.
65, 531 (1972); G. Brawerman, J. Mendecki,
S. Y. Lee, Biochemistry 11, 637 (1972).
D. Swan, H. Aviv, P. Leder, Proc. Nat.
Acad. Sci. U.S.A. 69, 1967 (1972).

A. R. Means, J. P. Comstock, G. C. Rosen-
field, B. W. O’Malley, ibid., p. 1146.

M. Adesnik and J. E. Darnell, J. Mol. Biol.
67, 397 (1972).

J. R. Greenberg and R. P. Perry, ibid. 72,
Bank, P. A. Marks, ibid., p. 3575.

S. Penman, in preparation.

R. A. Firtel, A. Jacobson, H. F. Lodish,
Nature New Biol. 239, 225 (1972).

G. Schochetman and R. P. Perry, J. Mol.
Biol. 63, 591 (1972).

R. Scherrer and L. Marcaud, J. Cell Physiol.
72 (suppl. 1), 181 (1968).

G. M. Tompkins, T. Gelehrter, D. Granner,
D. W. Martin, H. Samuels, E. B. Thompson,
Science 166, 1474 (1969).

J. Ross, Y. Ikawa, P. Leder, Proc. Nat. Acad.
Sci. U.S.A. 69, 3260 (1972); M. Terada,
L. Cantor, S. Metafora, R. A. Rifkind, A.
Bank, P. A. Marks, ibid., p. 3575.

G. M. Tompkins, Harvey Lect., in press.
R. B. Singer and S. Penman, J. Mol. Biol.,
in press; J. Greenberg, Nature 240, 102 (1972);
W. Murphy and G. Attardi, Proc. Nat. Acad.
Sci. U.S.A. 70, 115 (1973).

B. R. McAuslan, Virology 21, 383 (1963).

G. Brawerman,

M. Edmonds, J.

Acad. Sci.

D. W. Martin, Jr.,, G. M. Tompkins, D.
Graner, Proc. Nat. Acad. Sci. U.S.A. 62,
248 (1969).

R. Palacios, D. Sullivan, N. M. Summers,
M. L. Kiely, R. T. Schimke, J. Biol. Chem.
248, 540 (1973).

C. Pelling, Cold Spring Harbor Symp. Quant.
Biol. 35, 521 (1970); B. Daneholt, J.-E. Ed-
strom, E. Egyhazi, B. Lambert, V. Ringborg,
ibid., p. 513,

E. L. Kuff and N. E. Roberts, J. Mol. Biol.
26, 211 (1967).

R. J. Britten and E. H. Davidson, Science
165, 349 (1969).

P. R. Gross, Annu. Rev. Biochem. 37, 631
(1968).

C. Baglioni, Proc. Nat. Acad. Sci. U.S.A.
48, 1880 (1962); S. H. Boyer, D. L. Ruck-
nagel, D. J. Weatherall, E. J. Watson-
Williams, Amer. J. Hum. Genet. 15, 438
(1963).

We thank G. M. Tompkins for suggestions
about this manuscript.

1221



