Closing the loop on crowd-sourced science
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In the age of smartphones, tablets, and personal computers, information communication technologies
have changed the way the world thinks, works, and functions. Digital technologies have influenced how
people communicate with one another and how knowledge is shared. The dissemination of scientific
knowledge has been revolutionized by the internet, enabling researchers to share their findings and data
directly with followers outside the scientific community. While online sharing has facilitated scientific
collaboration and aided in the distribution of scientific results, it has been far more challenging to bring
the outside community into the process of scientific discovery and hypothesis testing to take advantage of
crowdsourced insights. In PNAS, Andreasson et al. (1) present a platform for iterative hypothesis
generation and high-throughput characterization that enables large-scale, videogame-based
crowdsourcing of tens of thousands of RNA-based sensor designs. They find that bringing the wisdom of
an online community into the discovery process yields unanticipated RNA device architectures along with
sensors that operate near the thermodynamic optimum.

RNA is an ideal polymer for biomolecular design: it can code for genetic information, fold into intricate
structures known as aptamers to capture ligand molecules, catalyze chemical reactions, and it plays a role
in nearly every biological process in living cells. Moreover, the pairing relationships of the RNA bases,
where A binds to U and G binds to C, provide a means to direct how RNA molecules fold and how they
interact with other transcripts. RNA therefore provides a promising way to construct new regulatory
elements based on its diversity of functions and our growing understanding of sequence-function
relationships. Indeed, a diverse assortment of engineered RNA-based switches have been described from
riboswitches that bind to different metabolites and proteins to regulate gene expression (2—4) to
riboregulators that can sense pathogen RNAs (5) and perform biomolecular computations (6).

While RNA switches hold great promise in many applications, their design remains challenging due to
sequence-specific interactions, the difficulties in predicting the energies of 3D conformations, and non-
canonical base pairs that have not been extensively characterized. The fundamental rules that determine
RNA switch performance remain poorly understood. Without rules to explain relationships between RNA
sequence, structure, and behavior, rapid generation of RNA elements for biological control systems
remains a challenge. Sequence design using software packages like NUPACK (7) and ViennaRNA (8)
allow for the generation of thousands of potential sensors, but many RNA designs do not perform well
when tested experimentally (9), making their performance difficult to predict, and thus, slowing
development.

In PNAS, Andreasson et al. (1) extend the iterative process of RNA design, synthesis, and testing,
describing a pipeline for “citizen scientists” to make, validate, and modify hypotheses at scale, thereby
accelerating design advances for RNA switches. Thousands of sensor designs are crowdsourced through



Eterna (10), a massive open laboratory and discovery game, enabling the authors to overcome the
limitations of existing computational RNA software design packages by leveraging both human insight
and experimental testing (Fig. 1). The first community design challenge focused on implementing an
RNA switch to detect the cellular metabolite flavin mononucleotide (FMN). Eterna players were tasked
with engineering the RNA switch to form the MS2 aptamer RNA structure after binding of FMN. The
MS?2 aptamer can in turn capture a fluorescent protein ligand, enabling visualization under a microscope.
Using repurposed Illumina sequencing chips, the player-contrived RNA switches were evaluated at high
throughput, providing quantitative RNA characterization data. High-performing player-designed switches
from the Eterna community were compared to Ribologic (11), an automated algorithm for designing RNA
molecules that are predicted to change their secondary structure in response to interactions with

other molecules. Computer-generated designs via Ribologic were found to exhibit lower activation ratios
than the final Eterna player designs after iterative refinement.

The generality of the crowdsourced design approach was tested by developing RNA sensors for small
molecules with different aptamer reporters. In particular, Andreasson et al. (1) demonstrate RNA switches
with malachite green and Spinach aptamer reporters (12, 13), which bind dye molecules to generate
fluorescent signals. They show that when the total number of tested designs is reduced, the Eterna
community players generate responsive switches even in cases when the Ribologic algorithm fails. The
authors go on to demonstrate that the optimal switch design, regardless of the type of riboswitch, requires
testing not only multiple switch designs, but also multiple switch architectures. For successful FMN-MS2
switches, the position of the FMN aptamer and MS2 hairpin were sequestered, and other nucleotides were
embedded into stems. However, they demonstrate that across both the FMN-MS2 switches and the
fluorescent aptamer switches, more diverse motif orderings and toggling of mechanisms results in optimal
performance. If the position, motif ordering, and structure-toggling of RNA switch mechanisms strongly
impact switch performance, the question arises as to how motif ordering might impact the design of
riboswitches and riboregulators and whether other, more optimal architectures, have yet to be discovered.

Overall, the massive number of designs synthesized and validated through the workflow in Andreasson et
al. (1) is a testament to the remarkable technologies for parallel synthesis of thousands of synthetic
nucleic acid templates (12, 13), which can be transcribed both in vitro and in vivo into RNA. When
coupled with screening technologies (14, 15), and deep-sequencing platforms with turn-around times in
less than a day, the gap between in silico design and experimental validation will become smaller.
Ultimately, the process will be limited only by the speed of DNA synthesis and the creativity in which we
can think of new RNA switch structures.

The explosion of RNA data in recent years, with hundreds of thousands of RNA switches synthesized,
validated, and released to the public, will allow for development of more quantitative and predictive
theories for RNA structure design and eventually de novo, forward-engineered RNA functional design
(16). The cycle of RNA design and testing can be short, especially compared to protein engineering. With
the application of more sophisticated algorithms and motif finding in RNA regulatory elements, machine
learning applications for RNA design will result in minimal experimental validation. Predicting the three-
dimensional structure that a protein will adopt has been an important research problem for 50 years, but
major advances have recently been achieved through artificial intelligence (AI) networks (17, 18). Only a
few deep learning Al approaches have been developed for the computational prediction of three-
dimensional RNA structures (19), but with the expansion and massively parallel high-throughput
characterization of these datasets, Al predictions for RNA devices like riboswitches are close at hand.

In the age of big data, and with the growth of citizen science applications, the emergence of projects that
are game-based and provide massive amounts of quantitative data make exploration of the complex
sequence space of riboswitches and riboregulators feasible. Over time, machine learning or Al and the



development of more effective RNA design algorithms may mean that some types of data analysis may
no longer require any human input. However, science-based games like the Foldit game (20), which rely
on diversity in spatial recognition and problem-solving, should continue to provide valuable insights. As
it currently stands, development of citizen science initiatives like Eterna, Foldit, or EyeWire (21), have
enabled thousands of interested people to become involved in authentic scientific research from anywhere
with internet connectivity.

Despite the ease with which games might be accessed and advancements in mobile technology, studies
have shown that typical participants in citizen science initiatives are well-educated males with an existing
interest in science or computing and are also likely to live in North America or Europe (23). Perhaps
greater efforts targeting marginalized and minoritized audiences, groups who may feel that these
opportunities aren’t meant for them, may result in both greater number of participants, and may bring new
perspectives and approaches to the data. While Andreasson et al. (1) make strides in “closing the loop” on
crowd-sourced science to enable iterative hypothesis generation and experimental testing, by actively
engaging and promoting Eterna to new, diverse audiences, the research might be more impactful if
provisions are made to encourage participants to analyze their own data and ask their own questions.
Opening research in an inclusive way may have wider societal benefits such as increasing transparency of
research, while simultaneously helping build science capital, thus bringing populations who would
otherwise be removed from the scientific process to the forefront of research discovery.

To cast the widest net, games built like Eterna must compete with the likes of Candy Crush, Pokemon
GO, and other popular video games. If we build it, they do not necessarily come. In communities where
there is low science capital, using online citizen science projects may help introduce scientific research to
arange of ages and abilities, but the “democratization” of experimental biological science is far from a
reality. The provisioning of a low-cost experimental validation workflow for hypotheses generated by the
broader community is a crucial step toward making scientific discovery more accessible.
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FIGURE CAPTIONS

Fig 1. Iterative cycle of community-based hypothesis testing. Videogame-based crowdsourcing of RNA
designs through Eterna is followed by synthesis of RNA libraries tested in massively parallel fashion on
an array. High-throughput functional characterization and data quantification is released back to the
Eterna community, allowing for iterative rounds of hypothesis generation, modification, and analysis by
citizen scientists.
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