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A precision medicine strategy for ALS

Insights from cryptic exon processing may pave the way for targeted treatments for neurodegenerative disorders.
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The engineered system TDP-REG harnesses TDP-43's
function as a gene regulator.
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ALS, amyotrophic lateral sclerosis; RAVERL, ribonucleoprotein
PTB-binding 1; TDP-43, TAR DNA-binding protein 43; TDP-REG,
TDP-43-regulated.

simultaneously. They did so by using a fusion
protein between TDP-43 and the splicing
repressor domain of the ribonucleoprotein
PTB-binding 1 (RAVERI1) protein. This work
builds on previous studies that used similar
approaches (6, 14) but extends this strategy
to only be active in those neurons that need
it (i.e., ones with loss of TDP-43 function),
avoiding potential deleterious effects of too
much TDP-43 in healthy neurons.

Wilkins et al. present an elegant strategy
to deliver therapies to correct ALS patholo-
gies in those neurons that need them and
not the ones that do not. ALS is a devastat-
ingly aggressive and fast progressing disease,
so a concern is that once diagnosis is made,
it might be too late for therapies to be effec-
tive. However, because of the safety features
built into TDP-REG, Wilkins et al. envision
patients at risk for disease (perhaps because
of a genetic susceptibility factor) receiving
one of these therapies at a presymptomatic
stage, where it lays dormant until activated
by incipient TDP-43 dysfunction. TDP-REG’s
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modular design strategy is also likely to
support future modifications to target new
disease-relevant pathologies, cell types, and
cell states as they are discovered. This work
brings us one step closer to precision medi-
cine therapies for neurodegenerative diseases
such as ALS.
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Tricking
phages with a
reverse move

An antiviral gene is absent
in DNA but expressed

by rolling circle reverse
transcription

By llya Osterman and Rotem Sorek

he textbook definition of a protein-

coding gene requires it to be linearly

encoded along the DNA axis so that

the beginning of the gene is always

upstream of the gene’s end. On pages

40 and 41 of this issue, Tang et al. (1)
and Wilkinson et al. (2), respectively, chal-
lenge this paradigm and reveal peculiar
antiphage proteins in bacteria that are not
directly encoded in the bacterial DNA. To
produce these proteins, DNA is first tran-
scribed into a noncoding RNA (ncRNA),
which is converted back to DNA by a rolling
circle reverse transcription reaction. The re-
sulting DNA is subsequently transcribed into
an mRNA that encodes the protein. The pro-
tein assists bacteria to overcome infection by
viruses (phage).

Reverse transcriptases (RTs), enzymes that
synthesize DNA using an RNA template, are
widely distributed across all domains of life.
These enzymes have roles in multiple pro-
cesses, including in the life cycle of retrovi-
ruses and mobile genetic elements as well as
in telomere biology. In bacteria, RTs are es-
pecially important for antiphage defense and
are used by diverse genetic systems whose
role is to protect bacteria against phage in-
fections. For example, some CRISPR-Cas
systems use reverse transcription to ac-
quire new immune cassettes of nucleic acids
(“spacers”) against RNA phages (3). RTs are
also used in antiphage genetic systems called
retrons, which consist of three genes encod-
ing an RT, an ncRNA, and an “effector” toxin.
Through the process of reverse transcrip-
tion, retrons produce a chimeric nucleic acid
chain in which DNA and RNA are covalently
linked. The role of this chimeric DNA-RNA
molecule is yet unclear, but it was shown to
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exert antiphage activity by controlling effec-
tor protein toxicity (4). More than a dozen
other bacterial defense systems encode RTs,
but the role of reverse transcription in most
of these systems is unknown (5).

Tang et al. and Wilkinson et al. indepen-
dently decided to focus on an RT-containing
defense system in the bacterium Klebsiella
pneumoniae called defense-associated RT 2
(DRT2). Both studies found that this system
provides robust defense against phages and
that during infection, bacteria that encode
DRT?2 cease to grow and do not allow phage
replication. The DRT2 system encodes
merely an RT and an ncRNA, seemingly
without any other protein domains or fac-
tors involved, and both studies examined
how such a minimal system can both rec-
ognize infection and cause growth arrest.
What they found was that DRT2 actually
encodes another protein, but its production
requires a complex and unexpected chain of
molecular events.

Tang et al. and Wilkinson et al. observed
that the RT uses a specific piece of about
120 bases in the associated ncRNA as a
template to generate complementary DNA
(cDNA). The RT does not stop at one pass of
reverse transcription but jumps back to the
starting point of the 120-base sequence and
continues in a so-called “rolling circle” re-
action to generate a long cDNA containing
multiple repeats of the reverse-transcribed
template (see the figure). Most commonly,
the generated cDNA contained five concat-
enated repeats of the template, but some
cDNAs contained more than a hundred
such repeats.

What could be the role of the cDNA?
Both studies noted that the cDNA contains
sequence motifs that are almost identi-
cal to the consensus sequence of bacterial
sigma-70 promoters. These promoters com-
prise two sequence motifs, the —35 and the
-10 motifs, which are thus called because
they are found 35 and ~10 bases upstream
of the transcription start site, respectively.
The template repeat in the DRT2 ncRNA
sequence contains both motifs but in a per-
muted manner such that the single repeat
does not form a valid promoter; but when
concatenated on the cDNA, the -35 motif
at the end of one repeat is placed in the cor-
rect orientation and distance from the -10
motif at the beginning of the next repeat,
forming a strong promoter that activates a
high rate of transcription.

Both studies further determined that
this promoter drives the transcription of
an mRNA, which, in turn, encodes a pro-
tein. The mRNA transcribed from the
concatenated ¢cDNA does not contain any
stop codon, and because the protein could
potentially be very long (depending on the
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number of repeats in the cDNA), Tang et
al. and Wilkinson et al. both named it Neo
[nearly endless ORF (open reading frame)].

How does this system block bacterial in-
fection by phages? The research teams found
that DRT2 produces a single-stranded con-
catenated cDNA but that the synthesis of
a second strand is only initiated when the
cell is infected by a phage. Once a double-
stranded cDNA is formed, the promoter
drives transcription, followed by transla-
tion of the mRNA into Neo. This toxic pro-
tein rapidly arrests bacterial growth, thus
preventing the phage from replicating and
exploiting the cell’s resources.

The information flow necessary to en-

Hidden gene

Abacterial defense-associated reverse transcriptase 2
(DRT2) system to fight phage infection uses rolling
circle reverse transcription and a noncanonical path to
express a toxic protein.
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code Neo is remarkably unusual. What
is the benefit of such an unconventional
protein-encoding mechanism? Tang et al.
and Wilkinson et al. offer two possible ex-
planations. The expression of toxic genes is
difficult to control, and the transcriptional
leakage of such genes incurs a fitness cost.
This is thought to be the reason why de-
fense systems that encode toxins tend to
be frequently lost in short evolutionary
timescales (6). The problem of autoimmu-
nity by transcriptional leakage is solved in
the DRT2 system, because the single re-
peat does not contain a promoter and is
itself not toxic. Another explanation is that
lytic phages tend to degrade the genome of
their host early upon infection, in part to
shut down the cell’s ability to respond to
infection through transcription and trans-
lation of immune proteins. The DRT2 sys-
tem ingeniously overcomes this challenge
by relying on an ncRNA that has already
been transcribed prior to infection, allow-
ing for the conversion of this ncRNA back
into DNA once the DNA degradation activ-
ity of the phage has ceased.

It is unclear how DRT2 senses the pres-
ence of the phage, and what molecular
mechanism activates the synthesis of the
second cDNA strand. Although Wilkinson
et al. showed that the second-strand syn-
thesis initiates from a short DNA primer
covalently linked to the end of the ncRNA,
it is unknown how this primer is gener-
ated. Perhaps the most intriguing question
is the mechanism of growth arrest by Neo,
as it does not resemble any known protein,
and the mechanism by which it ceases bac-
terial growth remains a puzzle.

RTs from bacterial defense systems, and
specifically RTs from retrons, have been
adopted for genome editing applications
because of their ability to generate cDNA
of choice (7). The ability of DRT2 to gener-
ate double-stranded DNA by rolling circle
reverse transcription could contribute
to biotechnological applications, exploit-
ing its ability to amplify and concatenate
a template sequence. In this context, it is
noteworthy that there are still dozens of RTs
encoded by bacterial defense systems whose
mechanisms are unclear.
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