
Research News- 

Is RNA Copied into DNA by Mammalian Cells? 
The discovery of genes with features characteristic of messenger RNA's 

increases the odds that the answer to this question is yes 

The backward flow of genetic informa- 
tion, from RNA to DNA, was estab- 
lished some 12 years ago as a part of the 
life cycle of certain viruses. But there 
was little evidence for the copying of 
mammalian genes from RNA-at least 
until recently. Now a small group of 
unusual genes-so far, about six-has 
been found to have features that can be 
most readily explained by postulating 
that they are DNA copies of messenger 
RNA's, which have become inserted in 
the genome. "They tell us that informa- 
tion may return to the genome through 
an RNA intermediate," says Philip 
Leder. Moreover, because the unusual 
genes may be located at sites far re- 
moved from those of their more ordinary 
counterparts, they provide still another 
example of the remarkable mobility of 
the genes of higher organisms. 

An early clue that something unex- 
pected might be happening in the mam- 
malian genome came from studies of 
members of the a-globin gene family. In 
1980, when Leder, with Yutaka Nishioka 
and Aya Leder, his colleagues at the 
National Institute of Child Health and 
Human Development (NICHD), deter- 
mined the nucleotide sequence of one a- 
globin gene, they were startled to discov- 
er that it contained no intervening se- 
quences. "It is ironic," says Leder, who 
is in the throes of moving his laborato- 
ry from NICHD to Harvard Medical 
School, "we were surprised when we 
discovered that this gene had no inter- 
vening sequences. It had lost them pre- 
cisely and exactly in accordance with the 
rules of RNA splicing. If we had discov- 
ered this gene in 1977, it wouldn't have 
been a surprise." 

In 1977, researchers were just begin- 
ning to clone and study in detail the 
genes of higher organisms. What they 
found came as a bolt out of the blue. 
These genes, unlike those of the sim- 
pler bacterial cells, are interrupted by 
stretches of DNA, called intervening se- 
quences or introns, which do not code 
for protein structure. Introns rapidly be- 
came accepted as standard features of 
mammalian genes. 

During the transcription of a gene, all 
of it, including the introns, is copied into 
messenger RNA. The message is then 
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processed, which means, among other 
things, that the noncoding segments are 
spliced out. The a-globin gene that had 
so neatly lost its intervening sequences 
looked more like a messenger RNA than 
the 1980 picture of a gene. 

The messenger-like structure of the 
gene was not its only surprising aspect, 
however. "This globin gene bears an 
obvious relation to a functional gene, but 
has some features of RNA and in addi- 
tion has been conveyed to a new loca- 
tion," Leder explains. It is located on 
chromosome 11, not on chromosome 15 
with the active members of the a-globin 
gene family. The intronless gene itself is 
an inactive "pseudogene," which has 
undergone mutational changes that pre- 
vent it from directing the synthesis of a 
functional protein product. 

Events of the past few months indicate 
that intronless genes may be a common 
feature of the mammalian genome. Sev- 
eral more have turned up; in all cases the 
intervening sequences have been re- 
moved exactly as they would be in the 

hand end of the gene as it is usually 
written). These poly(A) (polyadenylate) 
tails, as they are called, are not found 
attached to normal functional genes, but 
they are added to the messengers tran- 
scribed from the genes. This then is 
another indication that the structure of 
the unusual genes reflects the processing 
observed in messenger RNA's. 

Consequently, Leder has coined the 
name "processed gene" for them. 
Sharp, who is perhaps less cautious, 
suggests calling them "retrogenes." He 
is referring to the retroviruses, which 
have RNA as their genetic material and 
encode an enzyme called reverse tran- 
scriptase that can copy viral RNA into 
DNA. The copies may then integrate 
into the DNA of infected cells. 

The intronless a-globin gene may have 
originated by a different route than the 
other processed genes. These latter, with 
their poly(A) tails, appear to be DNA 
copies of messenger RNA's. In addition, 
most of them, perhaps all, are flanked by 
direct repeats of cellular DNA, consist- 

Events of the past few months indicate that 
intronless genes may be a common feature of 
the mammalian genome. 

appropriate messenger RNA's. They are 
a diverse group, including two immuno- 
globulin genes that were identified by the 
Leder group, three genes for human tu- 
bulin that have been analyzed by Nicho- 
las Cowan and his colleagues at Prince- 
ton University, a gene for rat tubulin that 
was sequenced in Phillip Sharp's labora- 
tory at the Massachusetts Institute of 
Technology (MIT), and two genes, one 
complete and one partial, for the enzyme 
dihydrofolate reductase (DHFR) that are 
being investigated by Arthur Nienhius 
and his colleagues at the National Heart, 
Lung, and Blood Institute. 

These genes have an additional note- 
worthy feature, which was not seen in 
the a-globin gene. Each has a short seg- 
ment, consisting entirely or almost en- 
tirely of adenine nucleotides, attached 
near its 3' end (the termination or right- 

ing of from 10 to 20 nucleotides. Such 
direct repeats are considered to be a 
hallmark of DNA insertion. Although the 
locations of most of the processed genes 
are unknown, the general supposition is 
that they have moved away from their 
parent genes. They do not appear to 
have been carried by retroviruses. 

Direct repeats are found at the ends of 
inserted viral DNA's, but those ob- 
served around the processed genes ex- 
actly border the gene ends. There is no 
sign of viral DNA. For example, Nien- 
hius says of a processed DHFR gene, 
"we don't know yet if a retrovirus is 
involved, but it is probably not. It looks 
more like a free piece of DNA being 
inserted, as in gene transfer." 

So far direct repeats have not been 
found around the intronless a-globin 
gene, although Leder says their presence 
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ed to produce the $- 
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both bordered by direct repeats and the 
Alu sequences also have an A-rich re- 
gion near their 3' ends. "If this parallel 
structure between Alu sequences and 
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processed genes is correct, then what we 
are finding may be remnants of a process 
that is really quite plentiful. . . . It gives 
a startling view of the plasticity of the 
mammalian genome. " He speculates 
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that germ cells might have a reverse 
transcriptase that performs all this copy- 
ing of DNA from RNA. The enzyme 

messenger RNA is then copied into DNA,  which integrates back into the genome at the site of a 
staggered nick. The vertical lines mark the direct repeats genemted during repair o f the  DNA.  

might be the evolutionary progenitor of 
the viral enzyme, he says. 

The existence of processed genes may 
also reflect unusual patterns of gene ac- cannot yet be ruled out. Nevertheless, it 

currently appears that this gene may 
have lost its introns and been inserted 

This would not need to happen very 
often for processed genes to accumulate 
in the mammalian genome, provided the 
RNA is being copied into DNA in germ 

tivity in germ cells, such as the expres- 
sion of genes turned on only in a particu- 
lar kind of cell in the more differentiated into a new location in the genome as a 

result of its being picked up by a retro- 
virus, in accordance with a suggestion 
made by David Baltimore and his col- 
leagues at MIT. 

Retroviruses have the ability to pick 
up cellular genes. The Baltimore group 

cells. As Leder notes, "The events must 
occur in germ cells to survive in the 
species. " 

organism. Hemoglobin is only made in 
immature red cells, for example, and 
immunoglobulin chains are made in B 

Nevertheless, the existence of pro- 
cessed structural genes may be an indi- 
cation of a very active copying of RNA 
into DNA in germ cells, according to 
Sharp. He and his colleagues have com- 
pared the sequence of their processed 

lymphocytes, but if the processed genes 
were formed by the copying of RNA 
transcripts in germ cells, then at least the 

noted that cellular sequences acquired in 
this way lose their introns as a conse- 
quence of the virus passing through an 
RNA stage during its life cycle. 

The Leders, with Kira Lueders and 
Edward Kuff of the National Cancer 
Institute acquired evidence in support of 

first step of gene expression must have 
been carried out there. "This may reflect 
the possibility" Leder muses, "that 

tubulin gene with that of its active coun- 
terpart. Sharp says, "Inserted in the 
middle of the processed gene is a rat Alu 
sequence, which is bracketed there by 
direct repeats of 15 base pairs of tubulin 
DNA." In this case, there appear to 
have been two insertions, one of the 

many genes are expressed or even tested 
in primitive anlage or stem cells." 

Whether processed genes, or other 
pseudogenes for that matter, have any 

the idea that the intronless a-globin gene 
could have been carried back to the 
genome as part of the DNA copy of 
retroviral RNA. They found the gene to 
be located between segments of retro- 
viral DNA. The orientation of the seg- 

role in evolution is an open question. If 
they have escaped from the chromo- 
somal sites occupied by their actively 

processed gene into the genome and one 
of the Alu sequence into the processed 
gene. 

The human haploid genome contains 
about 300,000 copies of Alu sequences, 
each of which is about 300 nucleotides 

expressed counterparts and are not ex- 
pressed themselves, they ought to be 
free to undergo mutational changes with- 

ments was the opposite of that expected 
if they had picked up and transported the 
gene, however. Currently there is no 

out depriving the cells of a needed prod- 
uct. In this way they could serve as the 
raw material for the evolution of new 

way of explaining exactly how the inte- long. All in all, they constitute about 3 genes. Leder asks, "Might the interferon 
gration might have occurred. 

At the moment, there appear to be at 
least two ways in which genes might lose 

percent of the total human genome. 
Their function is unknown, but because 

genes have evolved from a processed 
gene?" Interferon genes are among the 

most of them are bracketed by direct few mammalian genes that do not have 
their introns and move about the ge- 
nome. Additional ways may also turn up. 
If there is one lesson molecular biolo- 

repeats, they are thought to be mobile. 
Sherman Weissman of the Yale Univer- 
sity School of Medicine has proposed 
that the movements of Alu sequences 
involve RNA transcripts as intermedi- 
ates. The Alu sequences are transcribed 
into RNA, which is then copied into 
DNA, and the copies reintegrated into 
the genome, he suggests. Alan Weiner 
and his colleagues at Yale University 
and the Howard Hughes Medical Insti- 
tute of the University of Utah have made 

introns. 
Still, as long as processed genes do not 

have a deleterious effect, such as i m ~ o s -  
ing an excessive energy burden on cells, 
they can be maintained in the genome 

gists have learned lately, it is that the 
genes of higher organisms are remark- 
ably mobile. Genes may move without 
the aid of an RNA intermediate, inciden- 
tally. Pseudogenes, with their introns 
intact, have also been found scattered 

even though they have no function. "If it 
is a neutral piece of DNA," Nienhius 
points out, "it does not have to justify its 
existence. "-JEAN L. MARX 

about the genome. These apparently are 
not DNA copies of messenger RNA's. 

How RNA is copied, if not during the 
Additional R 

1 .  G.  F. Hollis, P. A. Hiet~ 
life cycle of a retrovirus is unclear. In- 
vestigators have searched for years for a 
mammalian version of reverse transcrip- 

a similar suggestion for Alu sequences 
and for a family of repeated DNA se- 
quences thought to participate in the 

tase without apparent success. A reverse 
transcriptase may not be an absolute 
requirement for copying RNA, however. 

splicing of introns from messenger 
RNA's. 

These suggestions are highly contro- 
Polymerases, enzymes that normally du- 
plicate DNA, may also be able to copy 
RNA under the appropriate conditions. 

versial, but Sharp notes that there are 
similarities in the structures of Alu se- 
quences and processed genes. They are Science, in press 
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