
 

A new control switch could make RNA
therapies easier to program

March 16 2023, by Anne Trafton
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Autocatalytic DART VADAR sensors are a practical implementation of ADAR-
mediated RNA-responsive translational control. a Schematic presenting an
overview of a basic ADAR-mediated RNA-responsive translational switch.
These sensors are activated by the specific hybridization of target transcripts,
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followed by the enzymatic deamination of the mismatched A in the central stop
codon. b Illustrated are three different ways to design such circuits; these, as well
as pros (in green) and cons (in orange) inherent in these designs, are summarized
in panels i, ii, and iii. (i) These sensors can be designed such that there is no
exogenous supplementation of ADAR. In such systems, the low levels of
endogenous ADAR carry out editing of a subset of sensor molecules. (ii) Other
implementations rely on constitutive overexpression of exogenous ADAR, which
efficiently mediates editing of sensor molecules while sacrificing ease-of-
delivery and increasing the unnecessary consumption of cellular resources. (iii)
A potential solution that builds on these approaches is based on conditional
expression of exogenous ADAR. Here, endogenous ADAR mediates editing in a
subset of sensor molecules, prompting the translation of the circuit payload,
including ADAR itself. After this initial step, exogenously produced ADAR
increases the frequency of editing events and consequently yields higher
dynamic range. m7G: mRNA cap; 2A: self-cleaving 2A peptide; AAA: poly(A)
tail. c Exogenous supplementation of ADAR improves sensor performance.
Numbers following the CCAs indicate the nucleotide position of the central
target triplet, using the start codon as position +1. The value of each bar
corresponds to the output fold-change (FC), which is the ratio of the geometric
mean of mNeonGreen expression in the presence and absence of trigger. Error
bars represent 95% confidence intervals for the fold-change values, determined
from at least 2000 cells. d Fluorescence microscopy of mNeonGreen illustrates
CCA60 sensor performance against iRFP720 in HEK293FT cells, 48 hr after
transfection (Scale bar: 300 µm). e Sequencing data confirms increased A-to-I
editing of the CCA60 sensor in the presence of trigger and exogenous ADAR
p150. Error bars correspond to the standard deviation for n = 3 biological
replicates. The sequence logo demonstrates ADAR-mediated editing is specific
to the central A in the UAG stop codon. f DART VADAR relies on an initial
editing step by endogenous ADAR, which is then amplified by exogenous
ADAR. Credit: Nature Communications (2023). DOI:
10.1038/s41467-023-36851-z

Using an RNA sensor, MIT engineers have designed a new way to
trigger cells to turn on a synthetic gene. Their approach could make it
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possible to create targeted therapies for cancer and other diseases, by
ensuring that synthetic genes are activated only in specific cells.

The researchers demonstrated that their sensor could accurately identify 
cells expressing a mutated version of the p53 gene, which drives cancer
development, and turn on a gene encoding a fluorescent protein only
within those cells. In future work, they plan to develop sensors that
would trigger production of cell-killing proteins in cancer cells, while
sparing healthy cells.

"There's growing interest in reducing off-target effects for therapeutics,"
says James Collins, the Termeer Professor of Medical Engineering and
Science in MIT's Institute for Medical Engineering and Science (IMES)
and Department of Biological Engineering. "With this system, we could
target very specific disease cells and tissues, which opens up the
possibility of identifying cancer cells and then delivering highly potent
therapeutics."

This approach could also be used to develop treatments for other
diseases, including viral or bacterial infections, the researchers say.

Collins is the senior author of the new study, which appears in Nature
Communications. The lead authors of the paper are MIT postdocs
Raphaël Gayet Ph.D. '22 and Katherine Ilia Ph.D. '23, senior postdoc
Shiva Razavi, and former postdoc Nathaniel Tippens.

An RNA control switch

Many experimental therapies involving DNA or RNA delivery—such as
gene therapy, CRISPR-based therapies, and RNA interference—are
currently under development. An important aspect of such therapies is
making sure they are turned on only in the target cells, using a
programmable control switch.
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In 2021, Collins' lab developed a control switch for RNA therapies
known as eToehold. This system is based on RNA molecules called
internal ribosome entry sites (IRES), which can be designed to respond
to a particular messenger RNA (mRNA) sequence within a cell.
However, these systems are difficult to design because their function
depends not only on the sequence of the IRES molecule, but also its
three-dimensional structure.

For the new study, the researchers wanted to create a system that would
be easier to program. Instead of IRESes, they decided to use a synthetic
strand of RNA, also called an RNA construct, as the targeting molecule.
This would allow them to reprogram the construct to target different
mRNA molecules, by simply changing the RNA sequence of the
construct.

"With this new system, we have a very straightforward, programmable
way of creating control elements that will respond only in the presence
of those target sequences," Collins says.

To achieve that, the researchers harnessed an enzyme that naturally
exists in most animal cells, known as adenosine deaminase acting on
RNA (ADAR). This enzyme performs base editing of RNA molecules,
converting mismatched adenosine bases to inosine. This helps cells to
fend off invading viruses, among other functions.

ADAR can detect and repair mismatches in double-stranded RNA, so
the researchers designed their sensor RNA construct so that contains a
sequence complementary to their target mRNA but with one mismatch.
This draws the attention of ADAR that naturally exists in the cell, which
repairs the mismatch.

When ADAR converts adenosine to inosine in the RNA sensor, that edit
removes a stop codon in the sequence. After this stop codon is removed,
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the cell begins reading the RNA construct, which the researchers
designed to contain two protein-coding genes. The first is for a reporter
molecule—in this case, a fluorescent protein that allows the researchers
to see that the synthetic gene was activated. In future versions, this could
be replaced by a gene encoding a therapeutic agent.

The other synthetic gene encodes a stripped-down version of the ADAR
enzyme. As more ADAR is produced, the enzyme finds and activates
more copies of the synthetic RNA construct. This creates a positive
feedback loop that enhances the expression of the fluorescent reporter
gene.

Other researchers have shown that ADAR can be used for this kind of
RNA targeting, but most of those studies were limited to cells that
naturally produce larger amounts of the enzyme, such as neurons.

"We only require a very small amount of ADAR to initially trigger the
network. And then through a positive feedback design, that small trigger
gets the cells to express high levels of a compact form of that enzyme
that's built into the construct," Collins says. "This broadens the potential
application uses for the system in that now it's not restricted to cells that
have large background levels of ADAR."

High precision

In tests in human cells, the researchers explored whether this sensor,
which they named DART VADAR (detection and amplification of RNA
triggers via ADAR), could distinguish between very similar mRNA
sequences. To do that, they inserted the sensor construct into human cells
that had either the normal version of the p53 gene or a mutated version,
which differs by only a single base pair and is known to drive cancer
development.
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"We show that you can get very high resolution and very high precision
for these sensors," Gayet says. "With a carefully designed sensor, you
can get a different level of activation depending on whether or not the
cells produce some RNA that includes a mutation."

In another set of experiments in mouse cells, the researchers showed that
the sensor construct could distinguish between closely related cell types
that differentiate into either bone or muscle cells.

Because the researchers used a trimmed down version of the ADAR
enzyme, which is only about 1,600 base pairs, the entire construct can
easily fit in an AAV vector—a type of modified, harmless virus that is
often used in the clinic to deliver genetic material in humans.

The researchers now plan to try testing their system in animal models of
cancer, to see if they can deliver synthetic constructs that would
selectively kill tumor cells by producing lethal compounds only within
those cells.

  More information: Raphaël V. Gayet et al, Autocatalytic base editing
for RNA-responsive translational control, Nature Communications
(2023). DOI: 10.1038/s41467-023-36851-z

This story is republished courtesy of MIT News
(web.mit.edu/newsoffice/), a popular site that covers news about MIT
research, innovation and teaching.
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