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Pioneering work in the field of genome engineering, 
particularly by developing new methods to record 

genome expressions in living cells



Introduction 
 
What are the main differences between a photograph and a video? Photographs record a single point 
in time and videos continuously record a sequence of events. While the content and interpretation 
of a photograph is heavily reliant on a single moment in time, a video is not. The tools that scientists 
have to understand the molecular and cellular world around them are most like film cameras – 
producing single snapshots to describe dynamic processes. Towards the goal of continuously 
recording molecular events within cells, my laboratory recently developed ‘transcriptional 
recording’, an approach that employs CRISPR spacer acquisition from RNA to capture and convert 
intracellular RNAs into DNA, permanently storing transcriptional information in the DNA of living 
cells. The newly acquired sequences serve as transcriptional records, which are retrievable via deep 
sequencing and can be leverage to reconstruct cellular histories. This technology provides an entirely 
new mode of interrogating dynamic biological and physiological processes and opens up numerous 
avenues for future work. 
 
 
The question: How do we preserve dynamic and transient biological information throughout time? 
 
A fundamental challenge in biology is to understand how cells function and integrate complex 
molecular information to perform different behaviors. This challenge has motivated the creation of 
numerous technologies facilitating detailed intracellular observations at the level of DNA, RNA, 
protein, and metabolites[1]. In particular, RNA sequencing (RNA-seq) facilitates transcriptome 
quantification within multiple or single cells, revealing the molecular signatures of cell behaviors, 
states, and types with unprecedented detail[2, 3]. Despite the power of these approaches, they 
require destructive methods and therefore observations are limited to a few snapshots in time or 
select asynchronous cellular processes. One provocative solution to this is to introduce DNA writing 
and molecular recording devices within cells that enable the encoding, storage, and retrieval of 
molecular information[4-6]. 
  
The microbial adaptive immune system CRISPR–Cas embodies the ideal DNA writing and molecular 
recording system. CRISPR loci are comprised of CRISPR-associated (cas) genes and CRISPR arrays, 
which store molecular memories of prior infections in the form of short nucleic acid segments 
(spacers) acquired from foreign genetic elements separated by direct repeats (DRs)[7, 8]. In vitro and 
in vivo experiments using the E. coli Type I-E CRISPR–Cas system, support a mechanism where Cas1 
and Cas2 are the only Cas proteins required for spacer acquisition[9-12]. In this system, the Cas1–
Cas2 CRISPR genome integration complex binds to double-stranded DNA substrates (protospacers) 
and initiates spacer acquisition into CRISPR arrays[13]. It was thought that protospacers could only 
be double stranded DNA until the observation was made that some natural Cas1 proteins are directly 
fused to reverse transcriptase (RT) domains (RT-Cas1)[14-17], which raised the intriguing possibility 
of a concerted mechanism for CRISPR spacer acquisition directly from RNA.  
 
 
Our solution: Transcriptional recording by CRISPR spacer acquisition from RNA 
 
Recently my laboratory identified one RT-Cas1-containing CRISPR–Cas systems from F. 
saccharivorans capable of acquiring RNA-derived spacers heterologously in E. coli. Leveraging the F. 
saccharivorans CRISPR genome integration complex (FsRT-Cas1–Cas2) we developed Record–seq, a 



method utilizing CRISPR acquisition from RNA for transcriptional recording of molecular events 
within living cells (Figure 1) [18]. This technology allows cells to be their own biographers, constantly 
taking note of how their gene expression changes throughout time, which like a fossil record can be 
used to reconstruct an environmental history. 
 
 

 
Figure 1 – Transcriptional recording by CRISPR spacer acquisition from RNA. (a) Expression of RT–Cas1–
Cas2 leads to the acquisition of intracellular RNAs, providing a molecular memory of transcriptional events 
stored within DNA. b, Comparison of RNA-seq and Record–seq. RNA-seq captures the transcriptome of a 
population of cells at a single point in time, providing a transient snapshot of cellular events. By contrast, 
Record–seq permanently stores information about prior transcriptional events in a CRISPR array, providing 
a molecular record that can be used to reconstruct transcriptional events that occurred over time. [Adapted 
from Schmidt et al., Nature, 2018 [18]] 

 
 
Over the past several years we have worked extensively to establish a suite of molecular and 
computational methods for efficiently retrieving and analyzing transcriptional records (Figure 2). The 
first set of challenges we had to overcome were based on CRISPR spacer acquisition being a naturally 
inefficient process and established sequencing-based methods were insufficient. Thus, we developed 
SENECA (selective amplification of expanded CRISPR arrays), a method that relies on a minimal 
CRISPR array consisting of a leader sequence and a single full-length DR immediately followed by a 
Type IIS restriction endonuclease site, which together enable Illumina adapter ligation and selective 
amplification of expanded, but not unexpanded (i.e., parental), CRISPR arrays. SENCA marks an 
improvement of several thousand-fold in detection of spacer acquisition compared to previous 
techniques. To analyze transcriptional records with Record–seq, we took advantage of common deep 
sequencing packages developed for RNA sequencing and also develop our own custom scripts and 
workflows, which allows us to quantify the (cumulative) gene expression of a population of cells and 
perform standard as well as dynamic gene expression analyses. Using Record–seq, we showed that 
defined stimuli, such as an invading RNA virus or the expression of inducible transgenes, as well as 
complex stimuli, such as oxidative or acid stress responses, result in interpretable, dose-dependent, 
and transcriptome-scale records of molecular events stored within the DNA of a population of cells.  
 
 



 
Figure 2 – Record–seq workflow. Transcriptional recording components (RT-Cas1, Cas2, and a CRISPR array 
composed of a leader and a direct repeat (DR)) are transformed into E. coli and RT-Cas1-Cas2 expression is 
induced to initiate transcriptional recording. Newly acquired spacers derived from RNA (i.e., transcriptional 
records) are retrieved using selective amplification of expanded CRISPR arrays (SENECA), purified on an 
agarose gel, and deep sequencing using the Illumina platform. Transcriptional records are aligned to 
genomic sequences using bowtie2 and quantified using featureCounts resulting in a (cumulative) gene 
expression matrix, which can be analyzed using standard software packages developed for RNA sequencing. 
[Adapted from Schmidt et al., Nature, 2018 [18]] 

 
 
The future: Living diagnostics and therapeutics 
 
All surfaces of the human body are lined with bacteria that participate in a range of normal biological 
as well as pathological processes[19]. To tolerate fluxes in their environment, bacteria have evolved 
an arsenal of natural sensors and circuits to adapt and survive. Recent efforts in synthetic biology are 
taking advantage of these properties and additionally engineering bacteria with gene circuits towards 
the goal of creating living diagnostics and therapeutics[20]. Engineered bacteria are already showing 
diagnostic success, including recent efforts directed at diagnosing inflammatory bowel disease, 
autoimmune diabetes, obesity, as well as others. However, current engineered cells rely entirely on 
single biosensors for the classification of pathological states, which while valuable for providing a 
focused assessment on a single biomarker, fail to provide a sufficiently complex picture for resolving 
interrelated pathological or normal biological states[20]. For example, multiple sophisticated 
synthetic gene circuits have been built to sense and report on gut inflammation, which is a major 
component of several gut and non-gut disorders, but inflammation can be masked by the 
consumption of cannabis and dietary supplements or mimicked by the consumption of common 
nonsteroidal anti-inflammatory drugs (e.g., aspirin and ibuprofen)[21, 22]. Therefore, knowledge of 
the inflammatory state of the gut alone is insufficient for distinguishing between even the most trivial 
diagnostic situations. In sum, while incredible progress in this area is being made, new tools capable 
of capturing more comprehensive information about cellular environments are desperately needed. 
In my laboratory, our goal is to overcome these challenges by developing diagnostic sentinel cells 
with the capacity to continuously and comprehensively monitor critical biological and pathological 
facets of mammalian biology via transient passage through the gastrointestinal tract. 
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