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1.

INTRODUCTION:

We are developing cell-based models of COFTD/ALS, the most common inherited form of amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD), for chemical library screening to identify compounds that
have promise for therapeutic development. The premise of this project was that cell models should recapitulate
the two most basic disease processes, formation of repetitive RNA foci and production of repetitive poly-
dipeptides, and these processes must be rapidly detectable through microscopy of live cells to enable high
throughput cell-based screening. In this final report we discuss progress toward the original tasks, unexpected
technical challenges that arose, some minor adjustments that were made in year 2, and the results of those
experiments. During our no-cost extension phase, which was requested due to technical challenges, we made
further experimental adjustments to continue moving forward and those will also be discussed. The final outcome
can be summarized as 1) development of new and optimized methods for building cell models for COFTD/ALS,
2) ongoing cell-based model development for future studies, 3) development of a new biochemical screen for
small molecule discovery that is currently undergoing final screening, and 4) novel insight into cell-based model
tools that led to three publications.

KEYWORDS:

Amyotrophic lateral sclerosis, frontotemporal dementia, C9FTD/ALS, repeat expansion, RNA, RAN translation,
fluorescence, cell-based models, chemical library, high throughput screening

ACCOMPLISHMENTS:

We accomplished four important tasks which were either directly proposed as part of the original Statement
of Work and research plan or emerged as solutions to unexpected problems. These include:

1) Development of new and optimized methods for building cell models for COFTD/ALS
2) Ongoing cell-based model development for future studies

3) Development of a new biochemical screen for small molecule discovery

4) Novel insight into tools for cell-based model development

Major Goals of the Project Based on the Statement of Work (SOW).
Major Task 1: Establish neuronal cells that inducibly express fluorescent expRNA and poly-dipeptides.

Milestone Expected: Generate COFTD/ALS cell-based model that recapitulates molecular pathology and is
compatible with high throughput screening. (80% complete)

Subtask 1: Build custom expRNA expression vectors. (100% complete)

Subtask 2: Stably transform nH9 cells with TetR. (100% complete)

Subtask 3: Stably transform nH9-TR cells with custom vectors for expRNA expression. (80% complete)
Subtask 4: Validate cO9FTD/ALS molecular pathology of new cell-based models. (20% complete)

Major Task 2: High throughput screening of chemical libraries at Stanford HTBC.

Milestone Expected: ldentification of lead molecules for further validation and therapeutic development. (50%
complete)

Subtask 1: Cell culture establishment at HTBC. (0% complete)

Subtask 2: Assay development and high throughput screen workflow protocol. (100% complete)

Subtask 3: Primary high throughput screen and titrations of top 1000 compounds. (25% complete)

Subtask 4: Data analysis, lead compound ranking, and chemical and structural analysis of lead compounds. (0%
complete)

Major Task 3: Validate promising lead molecules using biochemical and cell-based assays.



Milestone Expected: Detailed characterization of several lead candidates and identification of top compounds
to move into preclinical testing. (0% complete)

Subtask 1: Independently test lead compound effects on expRNA and poly-dipeptide expression/aggregation.
(0% complete)
Subtask 2: Determine effect of lead compounds on other disease-associated molecular defects. (0% complete)

Accomplishments under these goals.

Major Task 1.

Our first major activity was the design and engineering of a custom inducible plasmid for expressing
fluorescently-labeled repeat expansion RNA and poly-dipeptides. The specific objective was to create a plasmid
with features to enhance the likelihood of developing successful cell-based models. These included i) ability to
easily introduce or remove fluorescent tags using traditional restriction enzymes, ii) in vitro transcription if
needed, iii) a designated site for cloning repeat expansions, and iv) inducible by doxycycline.

Significant results and key outcomes were the accomplishment of all the initial objectives of Subtask 1.
However, as described below, significant changes had to be made once these vectors were constructed. We
initially designed these vectors to inducibly express the Broccoli RNA aptamer fused to the repeat expansion
followed by LUMIO tags. These were designed to facilitate detection of nuclear foci and poly-dipeptide translation
inside of live cells, respectively, both of which are key markers of disease. We named this vector pINC-3G
(Figure 1).
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Figure 1. (A) Parent plasmid, pTRE-3G, is shown on left and the custom inducible plasmid we have engineered, pINC-
3G, is shown on the right. (B) Schematic layout of custom MCS used to make pINC-3G and key functional elements.

We designed our expression plasmid based upon a commercially available Tet-On 3G plasmid, called pTRE-
3G (Clontech). We modified this plasmid by removing its existing multiple cloning site (MCS) and inserting a
custom MCS that was chemically synthesized (Figure 1A). This new MCS contained a broader range of
compatible restriction endonuclease cleavage sites and a T7 RNA polymerase promoter and terminator
sequence for in vitro transcription, if needed later (Figure 1B). This MCS swapping experiment required site-
directed mutagenesis of an existing restriction site elsewhere on the plasmid. We have named the resulting
custom plasmid that we have generated pINC3G. To test pINC3G for its ability to support inducible gene
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expression, we cloned an EGFP protein into the MCS. Upon transient transfection of pINC3G-EGFP into HelLa
Tet-On 3G cells (which express the appropriate tetracycline receptor, or TR, protein), we observed strong
fluorescence in the presence of doxycycline (Figure 2A).

To prepare the plasmid for fluorescent labeling of RNA foci and poly-dipeptides, which are the hallmarks of
disease that will be used as readouts for chemical screening, we inserted a dimeric Broccoli RNA aptamer
sequence (Filonov et al., 2014) downstream of the future repeat cloning site (Figure 1B). The aptamer tag should
A HelaTetOn 3G cells expressing pINC3G-EGFP enable visualization of repeat expansion RNA foci in live cells. We

then inserted a 3x LUMIO tag downstream of the Broccoli tag (Figure
1B). The 3x LUMIO tag is in three different reading frames and should
produce a tagged poly-dipeptide no matter what reading frame is used
during translation of the repeat expansion RNA (Adams et al., 2002;
Irtegun et al., 2011). In order to test the Broccoli aptamer tag, we
cloned into pINC3G-dBroc-LUMIO a sequence encoding the non-

(-) doxycycline +) doxycycline coding RNAs U24 (snoRNA) or 7sK (snRNA). Upon transfection into
cells, however, we saw very poor green fluorescence of the RNA.
B DAPI nuclear stain F30-2xBroccoli Expecting that this result is due to improper folding of dimeric Broccoli,

we removed dimeric Broccoli from the plasmid and instead inserted
two Broccoli aptamers embedded in a stably-folding three-way
junction RNA called F30 (Filonov et al., 2015). We have expressed
F30-2xBroccoli in HeLa TetOn 3G cells and still observed low
fluorescence (Figure 2B). Upon closer inspection, we found that
brightness issues were due to very rapid photobleaching of the

Figure 2. (A) Successful testing of pINC-  broccoli RNA aptamer. This property has since been revealed in the
3G plasmid using EGFP expression. (B) literature by others (Autour et al., 2018), but was not known to us at
Successful expression of F30-2xBroccoli  the time. So, despite proper cloning and validation, the aptamer itself
PINC-3G plasmid. was intrinsically unstable for live cell imaging.

In an attempt to understand why the Broccoli RNA

aptamer was unstable and to improve its activity, we 05 ® Finax
investigated its properties. Since no other reasonable 4/ = Fo
aptamers were available at the time of project initiation, 23]

we felt compelled to try and understand and improve the gz,

Broccoli RNA aptamer. We performed a straightforward ;17

biochemical investigation of its structure and stability. We i o]

performed a systematic mutagenesis screen as well. We
uncovered key factors that controlled stability and

fluorescence and discovered mutations that made DFHBIAT bSpinach Braceol
Broccoli aptamer work better, which we named enhanced
Broccoli, or eBroccoli. This application-driven project was DAPI nuclear stain F30-2x-eBroccoli

published during the project period (Ageely et al., 2016)
and represents one of the products (Figure 3A). We have
incorporated these changes into our F30 scaffold and
show that the new F30-2x-eBroccoli aptamer provided
fluorescence (Figure 3B), but it was still not substantially
better than previous designs. Now that an additional
aptamer is available, the Mango RNA aptamer (Autour et
al., 2018; Dolgosheina et al., 2014), we will consider
testing this aptamer in the future for its fluorescence when

fused to repeat expansion RNA. Figure 3. (A) Table of content graphic from our
published investigation of fluorescent Broccoli RNA

aptamer structure and stability. (B) Successful
expression of F30-2x-eBroccoli pINC-3G plasmid.

Testing of protein tags requires non-canonical
translation of repeat expansions in all three frames.
Therefore, we began cloning COFTD/ALS repeat expansions into pINC3G. To do so, we turned to a method
known as recursive directional ligation, or RDL (Grabczyk and Usdin, 1999; Meyer and Chilkoti, 2002). In this
method, a small 5 repeat sequence flanked by type Il restriction enzyme sites is cloned into the plasmid. These
repeats were either the sense expansion (GGGGCC)s or the antisense expansion (CCCCGG)s. The type I
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restriction sites were chosen based on a previous publication (Mizielinska et al., 2014) and required extensive
site-directed mutagenesis of our pINC3G plasmid to remove redundant restriction sites. After cloning, the type Il
restriction enzymes are used to cut the plasmid and double the number of repeats with each round of RDL. Using
this technique, we have now generated pINC3G plasmids with 80 repeats for sense expansions (Figure 4A).
The minimum number needed to form foci and generate poly-dipeptide translation products is expected to be
between 30-50 repeats (Green et al., 2016; Jain and Vale, 2017).

After initial cloning and testing of the vectors, we observed some unexpected challenges. We realized that
our plasmids contained a canonical (standard) AUG start codon upstream of the repeat expansion cloning locus
(Figure 4B). This will not allow us to recapitulate repeat-associated non-AUG (RAN) translation, which produces
the disease poly-dipeptides, but instead will use standard translation mechanisms (Green et al., 2016). We also
discovered that LUMIO tags were not easily detectable in a manner that was suitable for live cell imaging. The
fluorescent dyes that must be added were relatively toxic to the cells, despite testing various conditions (data
not shown), and were also not bright enough. As noted above, the Broccoli RNA aptamer also was not bright
enough or reliable enough for tagging. Therefore, we have elected to omit the presence of a fluorescent RNA
aptamer and the LUMIO tag and replace these with a single mCherry fluorescent protein tag (Figure 4C). If RAN
translation occurs, this will result in poly-glycine-proline (poly-GP) dipeptide repeats being fused to the N-
terminus of mCherry. Our rationale is that a simpler and proven protein tagging system can initially be used for
screening. We plan to perform the screens using protein fluorescence of translated repetitive poly-dipeptides
then follow with FISH as a secondary assay (Figure 4D). We also converted the AUG codon to a CUG start
codon using site-directed mutagenesis (Figure 4B).
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Figure 4. Cloning of additional expansions and second-generation modifications to vector. (A) pINC3G repeat
expansion plasmids were treated with restriction enzymes to release a fragment containing the repeats. Separation of
repeat fragments on an agarose gel reveals a step wise increase in size, indicating successful cloning of repeat
expansions up to 80 repeats. (B) The pINC3G_NCS_Grep80_mCherry vector contains sequence derived directly from
that C9ORF72 first intron that replaces the canonical ATG start site with a non-canonical CTG start site to support RAN
translation. (C) The repeat construct fuses mCherry in-frame with a poly-GP dipeptide repeat sequence. (D) Example
FISH data detecting focal aggregates of expansion RNA in patient-derived fibroblasts.

normal

COFTD/ALS

One of the ongoing challenges that we have faced is the lack of mechanistic insight regarding how RAN
translation of repeat expansions actually works. Several publications have come out describing different
mechanisms (Green et al., 2017; Rodriguez and Todd, 2019). RAN translation can initiate from many non-
canonical start codons. Upon inspection of our pINC-3G expression vector, we found several NCS codons before
the repeat expansion and in front of the mCherry gene. In fear that our high throughput screening might simply
find inhibitors against normal translation and not RAN translation, we made a complete redesign, building from
the lessons learned previously and using our existing repeat expansions. These new vectors, which we call
pINC3G+, simply have a new MCS that contains a simple leader sequence, the start codon, the repeat cloning
site, and an mCherry gene (Figure 5). All NCS codons except the initiation codon upstream of the repeat
expansion have been removed. These plasmids produce mCherry fluorescence from an AUG and CUG start



codon but not a UAG codon (stop codon) (Figure 5). Now that we have an optimized system that we believe
can recapitulate RAN translation, we will use these to finish the cell models that we initially set out to generate.

Swappable
initiation codon Repeat Expansion Cloning Region
[ 1T 1
GTC GAC cat tet cgc tat cct tgt ACC TG GGC TCT TCC GGG GCC TIT ACG cGT GTG AGC AAG
Sal | Leader Kozak Initiation BspQl Eco01091 Miu | mCherry

ctc gta aaa
Promoter

Figure 5. Third generation MCS and insert for pINC3G+ repeat expansion and RAN translation reporter vector.

Based on the lessons learned from generating cell-based models for COFTD/ALS, we are unwilling to assume
that these custom models will be sufficient. To that extent, we are exploring the use of CRISPR-Cas9 technology
to embed fluorescent tags at endogenous genomic loci in patient-derived cells. To optimize this technology, we
have established CRISPR in the laboratory and performed optimizations with chemically modified guides RNAs.
This has led to two publications (Kartje et al., 2018; O'Reilly et al., 2019).

Our second major activity was to generate human neural stem cells that stably express a tetracycline receptor
(TetR, or TR) protein. The specific objective was to create cells that would support doxycycline-inducible
expression of the pINC3G plasmids we engineered. These cells are not commercially available and so must be
custom made.

Significant results and key outcomes were the establishment of neural stem cell culture and demonstration
of stable expression of the TR gene in these cells without significantly impact key gene expression markers of
the neural cell lineage, proliferation and multipotency. We obtained pCMV-Tet3G (Clontech) plasmid containing
the appropriate TR gene for Tet-ON 3G regulation. We obtained neural stem cells derived from human embryonic
H9 stem cells. We have named these cells nH9 cells. We transfected the pCMV-Tet3G plasmid into nH9 cells
and then performed antibiotic selection with neomycin. Surviving colonies were selected, expanded and tested
for their ability to i) express sufficient levels of the TR gene and ii) maintain gene expression markers indicative
of the parental cell lines. Upon isolation and gPCR we identified a few clonal populations that grow similarly to
the parental nH9 cells and expressed the TR gene at sufficient levels (Figure 6). These cells are now prepared
and ready for the next stage of cell model development.

TR expression nH9-NSC Tet-ON clones
nH9-TR
l DAPI stain

|

"lll i i M—L__;_L“ I uJ il i‘v

nH9 +
pPINC3G-EGFP

Figure 6. (A) Expression of the TR gene in nH9-TR clonal cell lines (left) and expression levels for genes that are markers
for neuronal cell state, multipotent stem cell state, and proliferation state. Clone 11 was the most promising (B)
Fluorescence microscopy demonstrating successful induction of expression from pINC-3G-EGFP in nH9-TR(11) cells.

Our third major activity was to generate nH9-TR cells (stably expressing the TR gene) that also contained
stably-transfected pINC3G plasmids. The specific objective is to avoid the need to repeatedly transfect cells with
the repeat expansion expressing plasmids, which is not feasible for high throughput chemical library screening.
These cells, therefore, would contain all the necessary disease-associated genetic information, but would not
present any of the disease-associated biomarkers, including foci and poly-dipeptides, until these are induced
with doxycycline.

Significant results and key outcomes are the successful testing of pINC3G-G40-mCherry and pINC3G-G80-
mCherry plasmid expression in nH9 cells by transient transfection (Figure 7). These experiments demonstrated
that our nH9-TR cells are compatible with our pINC3G plasmids and that the mCherry expression was dependent
on the addition of doxycycline. However, nH9 cells stably expressing our custom vectors have not been prepared
yet due to the delay of generating our newest generation vector, pINC3G+. We now plan to extract the entire
expression construct and insert into a lentivirus backbone for future stable cell line selections.
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Our fourth major activity of this task was to
DAPI mCherry Overlay validate the cell-based models prepared in Subtasks
1-3 of Aim 1. The specific objective for this activity is
to ensure that cell-based models are faithful
representations of cellular disease. Positive results
for other disease markers, including rRNA defects
or TDP-43 mislocalization to the cytoplasm, would
be desirable. However, these markers are not
required and will not prevent successful screening
with chemical libraries as long as fluorescent
disease biomarkers established in Subtasks 1-3 are
successful. Due to the delay in optimizing
expression vectors, this Subtask 4 remains largely

>

(+) doxy

pINC3G-40_mCherry

(-) doxy

> incomplete.
S
T Major Task 2.

The first major activity was to establish cell
culture at the Stanford High Throughput Bioscience
Center (HTBC) for screening. However, because
cell models were not generated in time, this subtask
was not completed. Because we knew that our cell
model generation was falling behind during our no-
cost extension phase, we decided to develop an
alternative screening method that did not rely on
cell-based models. That system is described below.

pINC3G-80_mCherry

(-) doxy

B
Our second major activity of Major Task 2 was
to perform a high-throughput screen at Stanford’s
= HTBC. We have successfully initiated a high
- throughput screen at the HTBC using an alternative
biochemical assay (Figure 8). The rationale behind

this screen is the discovery that dimerization
Figure 7. (A) Fluorescence microscopy demonstrating y

expression of 40 repeat and 80 repeat expression constructs betwefer: dtwo tR.NA gOI%Tﬁ,]rase d” S(Rt'\éﬁpn.)_
when induced with doxycycline. (B) Foci detected by FISH in associated proteins, - ouptahl -an upton, 1s
patient-derived fibroblasts (upper panels) and in cells essential for efficient transcription of the repeat

expressing 80-repeat expansions fused to mCherry. Agreen ~ €Xpansion RNA from the CO9ORF72 genomic locus

(fluorescein) probe was used in these experiments. (Kramer et al., 2016). Indeed, we stumbled upon this

literature and many more publications supporting

this mechanism when we performed a deep

literature survey of repeat expansion RNA biology. We later published this survey as an extensive review (Rohilla
and Gagnon, 2017).

To develop this screen, we prepared two synthetic genes. One was a fusion of Supt4h1 to the first half of a
B-lactamase protein and the other was a fusion of Supt5h to the second half of B-lactamase protein. If the
Supt4h1 and Supt5h proteins dimerize, then they will reconstitute full activity of the 3-lactamase protein. The [3-
lactamase activity can then be measured by colorimetric change of nitrocefin, a molecule that contains a 3-
lactam bond (Figure 9). The colorimetric change is easily detected as yellow to red color shift (Galarneau et al.,
2002). We have validated this assay in our laboratory and sent it to the Stanford HTBC.

The third major activity was to perform high throughput screening on the cell-based models we developed.
Instead, we have performed an initial round of high throughput screening using our alternative biochemical
assay. The Stanford HTBC as done this step and we are awaiting the results. We expect that this will identify a
few compounds of interest and establish the feasibility of expanding this screen for more compounds.

Major Task 3.



Our remaining major activities are to validate lead molecules and their effects on disease markers. The stated
goals for these activities have not been met yet and there are no other achievements to discuss for these tasks.
We expect to identify some lead molecules from our initial biochemical screen that will serve as initial steps in
future studies.

~ Suptd4h1 B
| N| BLF1 | BLF2 c
N]| Supt4h1 | inker] BLF1 c
linker
N| BLF2 C

Supt5h (NTD)

Figure 8. (A) Crystal structure of the Supt4h1-Supt5h protein dimer. (B) Gene fusions to B-lactamase enzyme halves.
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Figure 9. (A) Example of the colorimetric readout from nitrocefin in our biochemical assay screen. (B) The yellow to red
shift has about a 20% overlap in spectrum at 490 nm, the wavelength for absorbance reading. (C) Quantified absorbance
after dimerization of Supt4h1 with Supt5h fusions. Sufficient signal-to-noise is achieved.

Opportunities for training and professional development.

A variety of students and young professionals have participated in this project. They include two
undergraduate students (Mr. James Donohue and Mr. Anthony Henke), seven graduate students (Mr. Zachary
Kartje, Mr. Christopher Barkau, Mrs. Kushal Rohilla, Mrs. Ayomi Hewavidana, Ms. Katy Ovington, and Ms.
Ramadevi Chilamkurthy, Ms. Courtney Slavich), and a postdoctoral fellow (Dr. Maria Barton). Mr. Kartje and Mr.
Barkau developed new approaches with CRISPR to be applied toward developing future models of C9FTD/ALS.
Dr. Barton, Mr. Barkau, Mrs. Rohilla, Mr. Slavich, and Ms. Ovington developed cell models. Dr. Barton, Mrs.
Rohilla, Mrs Hewavidana, Ms. Chilamkurthy, and Ms. Ovington have constructed repeat expression vectors. The
undergraduates Mr. Donohue and Mr. Henke have participated in cloning repeat expansions.

Training of undergraduates by graduate students provided a fantastic opportunity for graduate students to
learn how to teach molecular biology techniques. The undergraduates learned important research skills that will
serve them well in their future careers. Mr. Donohue is now pursuing his M.S. at St. Louis University and Mr.
Henke is now pursuing a Ph.D. at the University of Texas at Dallas.

Ms. Kushal Rohilla attended an international conference, RNA Metabolism in Neurological Disorders, in San
Diego, California in 2016 and 2018 and was able to present our progress on this project. She also presented her
research at a local SIU School of Medicine symposium and won first place poster prize. Another one of the
graduate students, Mr. Zachary Kartje, attended a conference, The Oligonucleotide Therapeutics Society
Meeting, in Montreal, Canada in 2017 and was able to present our progress on this project. Zachary also won a
poster prize at this conference. Mr. Barkau and Dr. Barton both attended an international conference, the RNA
Society Meeting, in Berkeley, California, in 2018. They were able to present their progress on this project and
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related projects. Mr. Kartje presented his project at a local SIU School of Medicine Graduate Symposium and
won first place for his oral presentation.
Dissemination of results to communities of interest.

Results were disseminated by conference presentations, abstracts, and publications (see Appendix
material).

. IMPACT:

Impact on the development of the principal disciplines of the project.

Our progress on cell-based models was presented as a poster at the recent RNA Society Meeting in
Berkeley, California. Colleagues were interested in our custom expression vectors and cell-based models and
their eventual availability. When we publish our cell-based models and the subsequent chemical library screening
results, we believe we will make an important impact by shifting research practices. Currently there are no easy-
to-access or easy-to-use cell-based models that are representative of the disease. We believe our work will fill
this gap. There are also no informative studies using chemical libraries to identify lead compounds for
CIFTD/ALS, so we believe we will add a tremendous contribution to the principal discipline when this project is
complete by providing detailed insight into potential therapeutics.

We believe our innovative approach of inducible RAN translation coupled to fluorescent live cell imaging in
neurons will help transform the standard for basic research in the field. Our characterization of the many moving
parts involved in engineering successful cell-based models will provide a foundation for researchers in the
principal discipline to build upon. Our cell-based models will also make it significantly easier for researchers
outside of the field to enter in and make important contributions.

Impact on other disciplines.

We have published an aspect of this project regarding the function and optimization of the Broccoli RNA
aptamer and on optimization of CRISPR-Cas9 for efficient catalysis by the Cas9 enzyme. We intend to use our
experience in this area to build even better models of C9FTD/ALS in the future and to facilitate the use of patient-
derived cells to make models that are more amenable to drug screening and biochemistry.

Impact on technology transfer.

There is nothing to report for this section.

What was the impact on society beyond science and technology?

There is nothing to report for this section.

. CHANGES/PROBLEMS:

Changes in approach and reasons for change.

We did not propose any significant changes to our approach or SOW. To meet our objectives and timeline,
we made minor changes in the use of aptamers for fluorescence imaging and in downstream validation of
potential lead hits from screening. Changes in our approach have been necessitated by technical challenges,
primarily centered around generation of custom expression vectors and the custom cells to use for screening.
These have been described above in the Accomplishments section. We met these challenges with appropriate
modifications and put a plan in place to finish this project during our no-cost extension. However, ongoing and
unexpected challenges with establishment of faithful RAN translation expression vectors hampered our efforts
and forced a complete redesign of our expression system. Nevertheless, determined to perform the screening
that we promised, we developed a new biochemical assay for small molecule discovery, which we described
above in the Major Task 2 section.

Actual or anticipated problems or delays, and actions or plans to resolve them.
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We have encountered many unexpected problems during the course of this project that have resulted in
delays that were not anticipated. These include technical challenges that were enumerated and described in the
Accomplishments section above.

Changes that had a significant impact on expenditures.

The technical and personnel issues we encountered during year 1 (long delay in hiring lead postdoctoral
associated) had a significant impact on expenditures. They resulted in less funds being spent. This is due to the
delayed hiring of a postdoctoral fellow and a delay in sending cells to the HTBC for preliminary assay
development. The technical challenges in year 2 and the no-cost extension phase resulted in an inability to
produce the necessary cell-based models for screening. Nonetheless, we made wise use of the funds to develop
a biochemical assay in parallel in case cell models were not prepared in time. We are happy to report that the
biochemical assay was successful and underwent a round of initial screening at the HTBC. We are awaiting
results.

Significant changes in use or care of human subjects

There is nothing to report for this section. Human subjects are not applicable to this proposal.

Significant changes in use or care of vertebrate animals.

There is nothing to report for this section. Vertebrate animals are not applicable to this proposal.

Significant changes in use of biohazards and/or select agents

There is nothing to report for this section.

. PRODUCTS:

Journal publications (see full manuscripts attached).

Ageely, E.A., Kartje, Z.J., Rohilla, K., Barkau, C.L., and Gagnon, K.T. (2016) Quadruplex-flanking stem
structures modulate the stability and metal ion preferences of RNA mimics of GFP. ACS Chem. Biol.,
11:2398-2406. Support acknowledged.

Rohilla, K.J., and Gagnon, K.T. (2017) RNA Biology of Disease-Associated Microsatellite Repeat Expansions.
Acta Neuropathologica Communications. 5:63. Support Acknowledged.

Kartje, Z.J., Barkau, C.L., Rohilla, K.J., Ageely, E.A., and Gagnon, K.T. (2018) Chimeric Guides Probe and
Enhance Cas9 Biochemical Activity. Biochemistry. 57:3027-3031. Support Acknowledged.

O'Reilly, D., Kartje, Z.J., Ageely, E.A., Malek-Adamian, E., Habibian, M., Schofield, A., Barkau, C.L., Rohilla,
K.J., DeRossett, L.B., Weigle, A.T., Damha, M.J., and Gagnon, K.T. (2018) Extensive CRISPR RNA
Modification Reveals Chemical Compatibility and Structure-Activity Relationships for Cas9 Biochemical
Activity. Nucl. Acids Res., 47:546-558. Support Acknowledged.

Books or other non-periodical, one-time publications.

There is nothing to report for this section.

Other publications, conference papers, and presentations.

4th RNA Metabolism in Neurological Diseases Conference, November 10-11, 2016, San Diego, CA. Poster
presentation. "Cell-based models of repeat expansion disease for cellular and molecular biochemistry."

Invited Seminar, Department of Chemistry, St. Louis University, St. Louis, Missouri, February, 2017. Oral
presentation. "Broccoli and CRISPR and What's Cooking in the RNA Kitchen."

27th Annual Trainee Research Symposium, Southern lllinois University School of Medicine, Carbondale, IL, April
21, 2017. Poster presentation. "Cell-Based Models of Repeat Expansion Disease for Cellular and Molecular
Biochemistry."
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22nd Annual Meeting of the RNA Society, May 30 - June 4th, Prague, Czech Republic. Poster presentation.
"Structure-Function Studies of Broccoli RNA Aptamer for Better Fluorescence."13" Annual Meeting of the
Oligonucleotide Therapeutics Society, Bordeaux, France, IL, September 24 — September 27, 2017. Invited
Lecture. "A ‘Guided’ Tour of an Early Career in RNA and Nucleic Acid Therapeutics."

28" Annual Trainee Research Symposium, Southern lllinois University School of Medicine, Carbondale, IL, April
21, 2017. Poster presentation. "Nuclear turnover and export mechanisms for repeat expansion RNA in
COFTD/ALS."

28" Annual Trainee Research Symposium, Southern lllinois University School of Medicine, Carbondale, IL, April
21, 2017. Oral presentation. "Chimeric Guides in CRISPR-Cas9."

23 Annual Meeting of the RNA Society, May 29 - June 3, Berkeley, California. Poster presentation. "Cell-based
models of COFTD/ALS for discovery of small molecule inhibitors of repeat-associated non-AUG (RAN)
translation.”

23 Annual Meeting of the RNA Society, May 29 - June 3, Berkeley, California. Poster presentation. "Nuclear
Export Mechanisms of Tandem Repeat Expansion RNA in COFTD/ALS Neurological Disease."
Website(s) or other Internet site(s).

There is nothing to report for this section.

Technologies or techniques

There is nothing to report for this section.

Inventions, patent applications, and/or licenses

There is nothing to report for this section.

Other Products

There is nothing to report for this section.

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

Individuals that have worked on the project.

Name: Keith T. Gagnon
Project Role: Pl

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

Contribution to Project:

Funding Support:

Name:
Project Role:

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

Contribution to Project:

Funding Support:

N/A
1

Dr. Gagnon supervised and oversaw research progress,
experimental troubleshooting, and dissemination of findings.

Southern lllinois University School of Medicine, DoD ALSRP
(this award)

Kushal J. Rohilla
Graduate Student
N/A

14

Ms. Rohilla has performed design and cloning of inducible
repeat expansion expression plasmids.

Judith and Jean Pape Adams ALS Research Grant, DoD
ALSRP (this award)
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Name:
Project Role:

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

Contribution to Project:

Funding Support:

Name:
Project Role:

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:

Contribution to Project:

Funding Support:

Name:
Project Role:

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:
Contribution to Project:
Funding Support:

Name:
Project Role:

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:
Contribution to Project:
Funding Support:

Name:
Project Role:

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:
Contribution to Project:
Funding Support:

Name:
Project Role:

Researcher Identifier (e.g. ORCID ID):

Nearest person month worked:
Contribution to Project:
Funding Support:

Name:

Christopher L. Barkau
Graduate Student
N/A

8

Mr. Barkau has performed cloning of inducible repeat
expansion expression plasmids.

SIU Graduate Research Fellowship, DoD ALSRP (this
award)

Zachary J. Kartje
Graduate Student
N/A

19

Mr. Kartje has performed cloning of inducible repeat
expansion expression plasmids, stem cell culture, and
selection of nH9-TR stable cells. Also developed CRISPR
systems for cell-based model development.

SIU Teaching Assistantship, DoD ALSRP (this award)

Ayomia Hewavidana
Graduate Student
N/A

9

Mrs. Hewavidana performed cloning of expression plasmids,
cell culture, and FISH.

DoD ALSRP (this award)

Maria Barton
Postdoctoral Fellow
N/A

27

Dr. Barton has performed stem cell culture, cloning of repeat
expansion expression plasmids, and FISH.

DoD ALSRP (this award) Name:

Ramadevi Chilamkurthy
Graduate Student

N/A

8

Ms. Chilamkurthy has performed cloning for vector preparation for
this project.

SIU Teaching Assistantship, DoD ALSRP (this award)

Courtney Slavich
Graduate Student
N/A

3

Ms. Slavich assisted with FISH analysis of repeat RNA.
SIU Graduate Research Fellowship, DoD ALSRP (this
award)

Katy Ovington
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Project Role: Graduate Student

Researcher Identifier (e.g. ORCID ID): N/A

Nearest person month worked: 8

Contribution to Project: Ms. Ovington has performed cloning for vector preparation for
this project.

Funding Support: SIU Teaching Assistantship, DoD ALSRP (this award)

Changes in the active other support of the Pl since project start.

Previously funded grants that have completed:

Judith and Jean Pape Adams Foundation ALS Research Grant
Gagnon (PI) 0 CY person-months $60,000 02/01/17 - 01/31/18
Title: “COORF72 transcription and splicing as therapeutic targets for a genetic form of ALS”

SIU School of Medicine Discovery Science Grant
Gagnon (PI) 0 CY person-months $15,000 01/01/18 - 12/31/18
Title: “Discovering chromatin-associated long noncoding RNAs acting as mitotic bookmarks in human stem cells”

Other partnering organizations.

We have partnered with Stanford University's High Throughput Bioscience Center (HTBC) to provide high
throughput chemical library screening as a service. They will provide us this service as part of the proposed
research. The contact person at HTBC is the facility director Dr. David Solow-Cordero. The HTBC did not provide
any services in this year 1 reporting period. However, they will be providing their service in the next reporting
phase.

Organization Name: Stanford University High Throughput Bioscience Center

Organization Location: Stanford, California

Partners Contribution:

Financial Support: None.

In-kind Support: None.

Facilities: Provides high throughput robotics facility as a service for
the chemical library screening phase of this project.

Collaboration: The facility staff will help the project staff rank results and
interpret results to identify promising lead compounds.

Personnel Exchanges: One project staff from the Pl institution may travel to

the HTBC facility in reporting year 2 to help establish cell
culture and assay conditions.

. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS:
Nothing to report.

QUAD CHARTS:
Nothing to report.

. APPENDICES:

See Appendix | below for publication and meeting abstracts. See Appendix Il below for literature cited in the
final report. Finally, published manuscripts funded by this research are attached at the end.
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APPENDIXI.

Ageely, E.A., Kartje, Z.J., Rohilla, K., Barkau, C.L., and Gagnon, K.T. (2016) Quadruplex-flanking stem
structures modulate the stability and metal ion preferences of RNA mimics of GFP. ACS Chem. Biol.,
11:2398-2406. Support acknowledged.

Abstract:
The spinach family of RNA aptamers are RNA mimics of green fluorescent protein (GFP) that have previously
been designed to address the challenges of imaging RNA inside living cells. However, relatively low levels of
free intracellular magnesium limited the practical use of these aptamers. Recent cell-based selections identified
the broccoli RNA aptamer, which requires less magnesium for fluorescence, but the basis for magnesium
preference remained unclear. Here, we find that the broccoli RNA structure is very similar to that of baby spinach,
a truncated version of the spinach aptamer. Differences in stability and metal ion preferences between these two
aptamers, and among broccoli mutants, are primarily associated with the sequence and structure of predicted
quadruplex-flanking stem structures. Mutation of purine—purine pairs in broccoli at the terminal stem-quadruplex
transition caused reversion of broccoli to a higher magnesium dependence. Unique duplex-to-quadruplex
transitions in GFP-mimic RNAs likely explain their sensitivity to magnesium for stability and fluorescence. Thus,
optimizations designed to improve aptamers should take into consideration the role of metal ions in stabilizing
the transitions and interactions between independently folding RNA structural motifs.

4th RNA Metabolism in Neurological Diseases Conference, November 10-11, 2016, San Diego, CA. Poster
presentation. "Cell-based models of repeat expansion disease for cellular and molecular biochemistry."

Abstract:

Access to simple cell-based models of neurological repeat expansion disease is critical for investigating
biochemical mechanisms and for early therapeutic discovery. Most cell-based models for neurological disease,
in particular repeat expansion diseases, are hard to access, can be challenging to use, or else do not sufficiently
recapitulate disease at the cellular level. To help bridge this gap, we are engineering straightforward cell-based
models of cOFTD/ALS, the leading genetic cause of frontotemporal dementia (FTD) and amyotrophic lateral
sclerosis (ALS), designed to allow inducible expression of repeat expansions that can be tracked at the RNA
and protein level by fluorescent and affinity tags. This model system should be readily amenable to other repeat
expansion disorders. Our cell-based models incorporate the tetracycline receptor gene into commercially
available human neural stem cells. These neural stem cells can then be transiently or stably transfected with
vectors expressing repeat expansion sequences behind a tetracycline inducible promoter. We have built custom
inducible plasmids and are establishing reliable protocols for repeat expansion cloning and expression. Repeat
RNA and poly-dipeptides can be fused to modular tags, including small Broccoli RNA aptamers and tetra-
cysteine peptide tags for fluorescence or affinity tags for purification. Expression levels are then controlled by
doxycycline, which should allow studies like temporal expression and localization as well as step-by-step
characterization of disease mechanism at the cellular and biochemical level.

27" Annual Trainee Research Symposium, Southern lllinois University School of Medicine, Carbondale, IL, April
21, 2017. Poster presentation. "Cell-Based Models of Repeat Expansion Disease for Cellular and Molecular
Biochemistry."

Abstract:
Access to simple cell-based models of neurological repeat expansion disease is critical for investigating
biochemical mechanisms and for early therapeutic discovery. Most cell-based models for these diseases are
hard to access, can be challenging to use, or else do not sufficiently recapitulate disease at the cellular level. To
help bridge this gap, we are engineering straightforward cell-based models of c9FTD/ALS, designed to allow
inducible expression of repeat expansions that can be tracked at the RNA and protein level by fluorescent and
affinity tags. This model system should be readily amenable to other repeat expansion disorders. Our cell-based
model incorporates the tetracycline receptor gene into commercially available and relatively easy-to-use human
neural stem cells. These neural stem cells can then be transiently or stably transfected with vectors expressing
repeat expansion sequences behind a tetracycline inducible promoter. We have built custom inducible plasmids
and are establishing reliable protocols for repeat expansion cloning and expression. Repeat RNA and poly-
dipeptides can be fused to modular tags, including small Broccoli RNA aptamers and tetra-cysteine peptide tags
for fluorescence or affinity tags for purification. Expression levels are then controlled by doxycycline, which
should allow temporal studies of expression and localization as well as step-by-step characterization of disease
mechanism at the cellular and biochemical level.
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22" Annual Meeting of the RNA Society, May 30 - June 4th, Prague, Czech Republic. Poster presentation.

"Structure-Function Studies of Broccoli RNA Aptamer for Better Fluorescence."

Abstract:

The Spinach family of aptamers are RNA mimics of green fluorescent protein (GFP) that have previously
been designed to address the challenges of imaging RNA inside living cells. However, relatively low levels of
free intracellular magnesium limit the practical use of these aptamers. New cell-based selections identified the
Broccoli RNA aptamer, which required less magnesium for fluorescence. However, the structure of Broccoli and
the basis for lower magnesium dependence were unknown. Here we find that Broccoli RNA shares the same
core quadruplex structure as Spinach and is nearly identical to the structure of a truncated version, Baby
Spinach. Differences in stability and metal ion preferences between these two aptamers, and among Broccoli
mutants tested, are primarily associated with the sequence, structure and stability of predicted quadruplex-
flanking stem and stem-loop structures. Mutation of purine-purine pairs in Broccoli at the terminal stem-to-
quadruplex transition caused reversion of Broccoli to a higher magnesium dependence. Unique duplex-to-
quadruplex transitions in GFP-mimic RNAs likely explain their sensitivity to magnesium and certain other metal
ions. Thus, optimizations designed to improve aptamers should pay careful attention to the role of transitions
between distinct or independently folding RNA structural motifs. Systematic mutagenesis and comparative
structure-function analyses have allowed us to rationally design an enhanced Broccoli aptamer, called eBroccoli,
that exhibits better folding and higher stability than the original Broccoli aptamer.

Rohilla, K.J., and Gagnon, K.T. (2017) RNA Biology of Disease-Associated Microsatellite Repeat Expansions.
Acta Neuropathologica Communications. 5:63. Support Acknowledged.

Abstract:

Microsatellites, or simple tandem repeat sequences, occur naturally in the human genome and have important
roles in genome evolution and function. However, the expansion of microsatellites is associated with over two
dozen neurological diseases. A common denominator among the maijority of these disorders is the expression
of expanded tandem repeat-containing RNA, referred to as xtrRNA in this review, which can mediate molecular
disease pathology in multiple ways. This review focuses on the potential impact that simple tandem repeat
expansions can have on the biology and metabolism of RNA that contain them and underscores important gaps
in understanding. Merging the molecular biology of repeat expansion disorders with the current understanding
of RNA biology, including splicing, transcription, transport, turnover and translation, will help clarify mechanisms
of disease and improve therapeutic development.

Kartje, Z.J., Barkau, C.L., Rohilla, K.J., Ageely, E.A., and Gagnon, K.T. (2018) Chimeric Guides Probe and
Enhance Cas9 Biochemical Activity. 57:3027-3031. Support Acknowledged.

Abstract:

DNA substitutions in RNA can probe the importance of A-form structure, 2'-hydroxyl contacts, and conformational
constraints within RNA-guided enzymes. Using this approach, we found that Cas9 biochemical activity tolerated
significant substitution with DNA nucleotides in the clustered regularly interspaced short palindromic repeat RNA
(crRNA). Only minimal RNA content was needed in or near the seed region. Simultaneous substitution at all
positions with predicted crRNA—-Cas9 2'-hydroxyl contacts had no effect on enzyme activity. The trans-activating
crRNA (tracrRNA) also tolerated >50% substitution with DNA. DNA substitutions in the tracrRNA-pairing region
of crRNA consistently enhanced cleavage activity while maintaining or improving target specificity. Together,
results point to a prominent role for guide:target A-form-like helical structure and a possible regulatory role for
the crRNA-tracrRNA pairing motif. A model chimeric crRNA with high activity did not significantly alter RNP
assembly or target binding but did reduce Cas9 ribonucleoprotein stability, suggesting effects through
conformation or dynamics. Cas9 directed by chimeric RNA-DNA guides may represent a cost-effective synthetic
or molecular biology tool for robust and specific DNA cleavage.

13t Annual Meeting of the Oligonucleotide Therapeutics Society, Bordeaux, France, IL, September 24 —
September 27, 2017. Invited Lecture. "A ‘Guided’ Tour of an Early Career in RNA and Nucleic Acid
Therapeutics."

Abstract:

This talk will discuss some of the history and future of RNA-guided enzymes in research and therapeutics. It is

from the vantage point of a young investigator who has worked on RNA-guided enzymes throughout his career.

These opinions may offer different perspectives and spark new ideas for future nucleic acid therapeutics. From

RNAi to CRISPR-Cas9, and even RNase H-mediated ASOs, nucleic acid-guided enzymes have been an engine
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of inspiration and innovation. Nucleic acid-guided enzymes have translated into ground-breaking laboratory tools
and a new generation of therapeutics. The more we understand nucleic acid-guided enzymes, the more
innovations we can envision. Before RNAi was discovered, complexes of small nucleolar noncoding RNAs and
their associated proteins, known as snoRNPs, were the best-known examples of RNA-guided enzymes.
Investigations revealed important insight into the structure-function relationships between the RNA guide and
the enzyme and established biochemical principles for activity. Their manipulation for therapeutics, however, has
never been fully realized. Nonetheless, the knowledge that was gained and the tools developed facilitated the
subsequent characterization of RNAi. The utility of RNAi was quickly recognized because it was reminiscent of
ASOs, where only a small nucleic acid guide was needed. Chemical modification of the guide RNA has since
been the focus of tremendous therapeutic development. More recently, CRISPR-Cas systems have been
discovered and their potential to revolutionize gene therapy has become obvious. Knowledge and tools from
previous RNA-guided research contributed to rapid progress. However, these systems require introduction of a
large RNP. Thus, a logical question was whether such systems would fit into the world of nucleic acid
therapeutics? But a little creativity and some nucleic acid chemistry are suggesting ways in which nucleic acid
therapeutics and CRISPR can join together for new therapeutic approaches. With siRNAs destined for the clinic,
the excitement of CRISPR, and the ability to engineer new RNA-guided systems, nucleic acid-guided enzymes
are expected to continue shaping therapeutics for the foreseeable future.

28" Annual Trainee Research Symposium, Southern lllinois University School of Medicine, Carbondale, IL, April
21, 2017. Poster presentation. "Nuclear turnover and export mechanisms for repeat expansion RNA in
COFTD/ALS."

Abstract:

The expansion of microsatellites is associated with over two dozen neurological diseases. A common

denominator among the maijority of these disorders is the expression of expanded tandem repeat-containing

RNA, referred to as xtrRNA, which can mediate molecular disease pathology in multiple ways. To understand

disease mechanism, we are focusing on xtrRNA export in COFTD/ALS, a model repeat expansion disorder that

is the leading genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). In

COFTD/ALS, the repeat expansion occurs in the first intron of the COORF72 gene yet xtrRNA is somehow

exported and translated into toxic repetitive polypeptides. We hypothesize that xtrRNA escapes into the

cytoplasm by hitch-hiking with a fraction of intron-retained mRNA. Two main mRNA export pathways may be
utilized: nuclear RNA export factor 1 (NXF1)-mediated and chromosome region maintenance 1 (CRM1)-
mediated export. We are knocking-down nucleocytoplasmic transport factors in these pathways, including

ALY/REF, NXF1, TREX, CRM1 and UPF1, and monitoring xtrRNA nuclear focal aggregation (by fluorescence

in situ hybridization), translation (by Western blot and immunofluorescence) and cellular distribution (by gPCR

and North blot). Results and progress thus far will be presented. Identification of the pathway or specific proteins
responsible for CO9FTD/ALS xtrRNA export should shed light on natural RNA metabolism pathways, disease
mechanisms and potential strategies for therapeutic intervention.

28" Annual Trainee Research Symposium, Southern lllinois University School of Medicine, Carbondale, IL, April
21, 2017. Oral presentation. "Chimeric Guides Probe and Regulate CRISPR-Cas9 Activity."

Abstract:

DNA substitutions in RNA can probe the importance of A-form structure, 2'-hydroxyl contacts, and conformational
constraints within RNA-guided enzymes. Using this approach, we found that Cas9 endonuclease activity
tolerated substantial substitutions in the CRISPR RNA (crRNA). Only minimal RNA content was needed in or
near the seed region. The trans-activating crRNA (tracrRNA) also tolerated over 50% substitution with DNA.
Substitutions in the tracrRNA-pairing region of the crRNA consistently enhanced biochemical cleavage activity
while maintaining or improving target specificity. No specific 2'-hydroxyl contacts for crRNA were critical.
Substitutions also suggested induced fit mechanisms during RNP assembly. Together, results point to a
prominent role for guide:target A-form-like helical structure and a possible regulatory role for the crRNA-tracrRNA
pairing motif. A highly active chimeric crRNA did not significantly alter RNP assembly or target binding but did
reduce Cas9 ribonucleoprotein (RNP) stability, suggesting effects through conformation or dynamics.
Unexpectedly, gene editing with many of these chimeric crRNAs was inefficient, a phenomenon that did not
correlate with nuclease susceptibility or the stability of guide:target interaction. Partially restoring RNA into
chimeric crRNAs confirmed the presence of a putative crRNA regulatory element in the tracrRNA-pairing region
of crRNA that modulates enzyme activity. Chimeric crRNAs with significant DNA substitutions and robust gene
editing were identified. Cas9 directed by chimeric RNA-DNA guides may represent a cost-effective synthetic or
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molecular biology tool for robust and specific DNA cleavage. Further characterization of the putative regulatory
element should help unlock more predictable tuning of CRISPR-Cas9 activity and gene editing outcomes.

234 Annual Meeting of the RNA Society, May 29 - June 3, Berkeley, California. Poster presentation. "Cell-based
models of COFTD/ALS for discovery of small molecule inhibitors of repeat-associated non-AUG (RAN)
translation.”

Abstract:

Two dozen neurological repeat expansion disorders are known, many of which are caused by expression and

translation of repeat expansion RNA. To better understand molecular mechanisms and screen for molecules

with therapeutic potential, we are engineering relevant cell-based models focusing on a genetic form of
frontotemporal dementia and amyotrophic lateral sclerosis called COFTD/ALS. In COFTD/ALS, large GGGGCC
repeat expansions in the first intron of the C9ORF72 gene are transcribed into expanded tandem repeat-
containing RNAs which are somehow translated through a non-canonical mechanism known as repeat-
associated non-AUG (RAN) translation. Our cell-based models aim to express GGGGCC repeats of varying
sizes fused to mCherry to monitor expression. We are collaborating with Stanford High Throughput Bioscience

Center to screen chemical libraries and identify RAN translation inhibitors in these model cell lines, thus

identifying potential lead compounds for therapeutic development or RAN translation research.

23" Annual Meeting of the RNA Society, May 29 - June 3, Berkeley, California. Poster presentation. "Nuclear
Export Mechanisms of Tandem Repeat Expansion RNA in COFTD/ALS Neurological Disease."

Abstract:

The advent of high-throughput sequencing technologies has revealed that the human transcriptome comprises
mostly non-protein-coding RNAs. A large class of these transcripts, the long noncoding RNAs (IncRNAs) have
been implicated in a diverse array of cellular processes, but their many functions are only beginning to be
appreciated. How these molecules operate mechanistically is even less well-understood, but many are believed
to act in direct proximity to the chromatin. We are using a recently-developed technique called chromatin-
associated RNA sequencing (ChAR-seq) to map RNA-chromatin contacts globally. To understand mechanisms
of chromatin-associated IncRNA function, we are treating MCF-7 breast cancer cells with 173-estradiol and will
be presenting progress toward applying ChAR-seq to this well-characterized system. Our results will reveal how
the RNA composition and localization of the chromatin correlates with a disease-relevant remodeling of gene
expression.

O'Reilly, D., Kartje, Z.J., Ageely, E.A., Malek-Adamian, E., Habibian, M., Schofield, A., Barkau, C.L., Rohilla,
K.J., DeRossett, L.B., Weigle, A.T., Damha, M.J., and Gagnon, K.T. (2018) Extensive CRISPR RNA
Modification Reveals Chemical Compatibility and Structure-Activity Relationships for Cas9 Biochemical
Activity. Nucl. Acids Res., 47:546-558. Support Acknowledged.

Abstract:

CRISPR (clustered regularly interspaced short palindromic repeat) endonucleases are at the forefront of

biotechnology, synthetic biology and gene editing. Methods for controlling enzyme properties promise to improve

existing applications and enable new technologies. CRISPR enzymes rely on RNA cofactors to guide catalysis.

Therefore, chemical modification of the guide RNA can be used to characterize structure-activity relationships

within CRISPR ribonucleoprotein (RNP) enzymes and identify compatible chemistries for controlling activity.

Here, we introduce chemical modifications to the sugar-phosphate backbone of Streptococcus pyogenes Cas9

CRISPR RNA (crRNA) to probe chemical and structural requirements. Ribose sugars that promoted or

accommodated A-form helical architecture in and around the crRNA 'seed' region were tolerated best. A wider

range of modifications were acceptable outside of the seed, especially D-2'-deoxyribose, and we exploited this
property to facilitate exploration of greater chemical diversity within the seed. 2'-fluoro was the most compatible
modification whereas bulkier O-methyl sugar modifications were less tolerated. Activity trends could be
rationalized for selected crRNAs using RNP stability and DNA target binding experiments. Cas9 activity in vitro
tolerated most chemical modifications at predicted 2'-hydroxyl contact positions, whereas editing activity in cells
was much less tolerant. The biochemical principles of chemical modification identified here will guide CRISPR-
Cas9 engineering and enable new or improved applications.
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ABSTRACT: The spinach family of RNA aptamers are RNA
mimics of green fluorescent protein (GFP) that have previously
been designed to address the challenges of imaging RNA inside
living cells. However, relatively low levels of free intracellular
magnesium limited the practical use of these aptamers. Recent
cell-based selections identified the broccoli RNA aptamer, which
requires less magnesium for fluorescence, but the basis for
magnesium preference remained unclear. Here, we find that the
broccoli RNA structure is very similar to that of baby spinach, a
truncated version of the spinach aptamer. Differences in stability
and metal ion preferences between these two aptamers, and
among broccoli mutants, are primarily associated with the
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sequence and structure of predicted quadruplex-flanking stem structures. Mutation of purine—purine pairs in broccoli at the
terminal stem—quadruplex transition caused reversion of broccoli to a higher magnesium dependence. Unique duplex-to-
quadruplex transitions in GFP-mimic RNAs likely explain their sensitivity to magnesium for stability and fluorescence. Thus,
optimizations designed to improve aptamers should take into consideration the role of metal ions in stabilizing the transitions

and interactions between independently folding RNA structural motifs.

NAs known as aptamers can be systematically evolved and

selected to bind small molecules with high affinity and
specificity.”” Aptamers that bind fluorescent molecules can be
used for visualizing RNA in synthetic biology applications,
metabolite sensing, or monitoring dynamics inside living
cells.>® The unique three-dimensional structure of an aptamer
confers its specificity and affinity for ligands, while positive
counterions neutralize the negatively charged phosphate
backbone to facilitate folding and stability.”'® Specific metal
ions, such as magnesium and potassium, often bridge tertiary
structures via hydrogen bonding networks and site-specific
binding.m_12 Thus, understanding the structure, stability, and
metal ion interactions of aptamers promises to offer critical
insight into their activity and design.

Fluorescent RNA aptamers have faced a number of
challenges to their practical use as molecular tags for imaging
RNA inside of cells. Early generation aptamers suffered from
high background fluorescence and toxicity inside of cells, as well
as low quantum yields.'*'* More recently, RNA aptamers were
selected to bind and activate fluorescence of chemically
modified versions of HBI [(Z)-4-(4-hydroxybenzylidene)-1,2-
dimethyl-1H-imidazol-5(4H)-one], the fluorophore that is
generated within green fluorescent protein (GFP).15 From
these in vitro selections, the “spinach” RNA aptamer was
identified, which fluoresces green similar to GFP. Additional

W ACS Publications  © Xxxx American Chemical Society

versions of spinach, such as spinach2 (higher thermal stability)
and baby spinach (minimal size), have been subsequently
developed.”'® Diverse HBI fluorophore versions have also been
reported, such as DFHBI-1T [(Z)-4-(3,5-difluoro-4-hydrox-
ybenzylidene)-2-methyl-1-(2,2,2-trifluoroethyl)-1H-imidazol-
5(4H)-one)] (Figure 1A), which shifts the excitation and
emission spectrum to better match that of GFP.'” Despite low
cellular toxicity, reduced background fluorescence, and
relatively high quantum yields, a requirement for non-
physiological levels of magnesium has complicated the use of
spinach aptamers inside of cells.

To overcome magnesium requirements and low thermody-
namic stability, new selections were developed using cell-based
selection and directed evolution.'® These selections resulted in
“broccoli,” an RNA aptamer that binds DFHBI-1T, possesses
greater thermal stability in the presence of reduced magnesium,
and is only 49 nucleotides, approximately the size of baby
spinach. Our interest in using broccoli as a fluorescent tag for
imaging RNA in living cells prompted us to investigate its
structure and function. We reasoned that broccoli RNA
structure was similar to that of the spinach RNA aptamers
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Figure 1. Sequence and structural comparisons support a strong similarity between baby spinach and broccoli RNA aptamers. (A) Structure of
DFHBI-1T, the small molecule that is bound and fluorescently activated by baby spinach and broccoli aptamers. (B) Sequence alignment of broccoh
and baby spinach RNAs. The consensus sequence is shown, and secondary structure alignment predicted from the spinach aptamer structure'® (PDB
ID: 4TS2) is indicated below. (C,D) Lead cleavage mapping of baby spmach and broccoli RNA structures. The sequence is shown to the left and
labeled with structural alignment from the spinach aptamer structure'® as well as nucleotide numbering. Lead cleavage mapping is shown, and the
treatments for each lane are indicated above the gel. Bands on the gel that correspond to nucleotides in the sequence (shown to the left) are boxed.
An asterisk indicates the base where magnesium ion binding is implicated. GQ, G-quadruplex; T1, T1 RNase cleavage ladder; —OH, alkaline
hydrolysis ladder; NT, no treatment; Pb2+, addition of lead acetate. (E) Uridine U61 of spinach (blue), which corresponds to U32 of baby
spinach is hydrogen-bonded to a water molecule coordmated by a magnesium ion (green), which also stabilizes DFHBI-1T (yellow) binding. (F)
A fragment of the spinach RNA aptamer crystal structure'® is shown that corresponds to the shared consensus sequence with baby spinach.
Nucleotides that are identical between baby spinach and broccoli are shown in blue, whereas the few nucleotides that are different are shown in
orange. A9, the only base found within the consensus quadruplex that differs between baby spinach and broccolj, is indicated. DFHBI-1T is shown in
yellow. Potassium ions are shown as magenta spheres and coordinated magnesium ion as a green sphere.
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Figure 2. Metal-ion-dependent fluorescence and mutagenesis suggest the presence of a G-quadruplex and stem structures within broccoli RNA.
Fluorescence emission is plotted for baby spinach (A) and broccoli (B) RNA aptamers in buffered solution containing DFHBI-1T and the indicated
salts. (C) Example data for broccoli RNA using a transcription-based mutagenesis screen. T7 promoter DNA sequence is fused upstream of the
broccoli sequence and used for in vitro transcription reactions containing the DFHBI-1T fluorophore. Initial fluorescence (F;) and maximum
fluorescence (F,,,,) are taken to approximate the relative folding and fluorescence activity of broccoli RNA concurrently with RNA synthesis. (D)
Fluorescence results from systematic mutagenesis of broccoli RNA. Every nucleotide was individually substituted with one of three other nucleotides
and fluorescence activity measured. Normalized activity of control broccoli RNA fluorescence is indicated by a dashed light gray line. Only F,, is
plotted. Broccoli RNA sequence and nucleotide numbering are indicated below. Putative structures are indicated below and based upon the spinach
crystal structure'® and sequence alignment between broccoli and baby spinach. Mutant broccoli RNA reactions chosen for subsequent gel analysis
(inset) by denaturing gel electrophoresis are indicated by circled numbers. Error bars are standard deviation from three separate analyses.

and in particular that it contains a G-quadruplex, considering
that (1) it was selected using essentially the same fluorophore
molecule that spinach activates, (2) spinach contains a G-
quadruplex structure that binds DFHBI, (3) another
fluorescent RNA aptamer that binds an HBI derivative was
shown to have nuclear magnetic resonance chemical shifts
indicative of G-quadruplexes, (4) a dependence for potassium
ions was previously reported for spinach RNA fluorescence, and
(5) broccoli contains a disproportionately high guanine to
cytosine nucleotide ratio of 2:1.'%'®' In addition, simple
alignment of the broccoli sequence with baby spinach sequence
revealed high similarity (Figure 1B). Using the crystal structure
of spinach as a guide,' the nucleotides that form its quadruplex
core are nearly a perfect consensus between baby spinach and
broccoli, with only a single A to U conversion at one position.
Thus, we hypothesized that differences between broccoli and
baby spinach fluorescence, magnesium preference, and stability
likely arise from structural differences outside a quadruplex
core.

To experimentally probe the structure of baby spinach and
broccoli, we performed limited cleavage with lead acetate.”
Lead is a divalent metal ion that accelerates phosphodiester
bond cleavage. Cleavage correlates with regions of flexibility
and accessibility within an RNA structure.”*> Both baby
spinach and broccoli RNAs were refolded in the absence or
presence of DFHBI-1T and either cesium chloride or
potassium chloride. Potassium is known to stabilize G-

quadruplexes by specific binding while cesium does not. We
found no significant differences in the lead cleavage pattern of
baby spinach or broccoli across these conditions (Figure 1C,D).
However, overall lead cleavage patterns appeared quite similar
between baby spinach and broccoli. These results suggest that
large structural changes do not occur in the presence of
potassium or DFHBI-1T and that baby spinach and broccoli
possess similar structures.

Lead acetate is known to cause very strong phosphodiester
bond cleavage at divalent metal ion binding sites within RNA
structures,”' >’ thus acting as a specific probe for metal ion
coordination. In agreement with this phenomenon, we
observed excessive cleavage at the 3’ phosphodiester bond of
uridine 32 (U32) in baby spinach, which corresponds to the
same uridine in the spinach crystal structure that makes direct
polar contact with a magnesium-coordinated water molecule via
its 2’ hydroxyl (Figure 1E). This magnesium ion binds tightly
and also helps stabilize the binding of DFHBI through polar
contacts.'® U31 of broccoli, which corresponds to U32 in baby
spinach based on sequence alignment, also underwent very high
levels of cleavage, suggesting that the same magnesium-
dependent structure for binding DFHBI is also formed in the
broccoli aptamer. Lead-induced cleavage was lower for U31 of
broccoli, suggesting a less dynamic and more stable structure
for broccoli around this nucleotide. By identifying the
consensus sequence of spinach, baby spinach, and broccoli,
we extrapolated the majority of the baby spinach aptamer
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structure from the spinach crystal structure, except for part of
the internal stem loop which is not present in the spinach
crystal.'>'? Overlaying the consensus and variable nucleotides
of broccoli and baby spinach onto our extrapolated structure
revealed where the differences between baby spinach and
broccoli would likely lie within a structural context (Figure 1F).
The only nucleotide that differed within the quadruplex core
was A9 of baby spinach, corresponding to U8 of broccoli.
Interestingly, A9 is extruded out of the spinach quadruplex
core, is variable (replaced by a uridine in broccoli), and showed
relatively strong lead-induced cleavage for broccoli. The
accessibility to cleavage of U8 is in agreement with a predicted
position on the periphery of the quadruplex core. Aside from
A9/US8, all other variable nucleotides were in putative stem or
stem-loop structures outside of the quadruplex-forming
sequence. Together, these results indicate that broccoli and
baby spinach are likely to possess very similar structures,
including nearly identical quadruplex cores, and suggest that
functional differences arise from quadruplex-flanking stem
structures.

G-quadruplex structural stability is significantly enhanced in
the presence of alkali metal ions, specifically potassium.'> To
further support the presence of a quadruplex structure in
broccoli RNA and investigate the metal ion preferences of baby
spinach and broccoli, we measured fluorescence activation of
DFHBI-1T by each aptamer in the presence of 10 mM MgCl,
or 50 mM of an alkali metal salt series: potassium (K*),
rubidium (Rb*), sodium (Na*), cesium (Cs*), or lithium (Li")
chloride. As controls, we used magnesium chloride alone and
also tested the malachite green aptamer, which does not possess
a quadruplex structure,”* in the same salts and with its
respective malachite green dye. Baby spinach showed strong
fluorescence emission in the presence of K* ions but had a > 2-
fold reduction in peak fluorescence with Rb* ions (Figure 2A).
Virtually no fluorescence emission was observed in other salts.
Broccoli fluorescence emission was higher than that of baby
spinach in the presence of K" while Rb* also supported
fluorescence quite well (Figure 2B). Sodium ions were also able
to provide some degree of fluorescence emission, albeit at ~1/3
that of K" ions. Cesium, lithium, and magnesium alone
supported little or no fluorescence of broccoli. Malachite green
aptamer exhibited similar fluorescence emission spectra
irrespective of the metal jons tested (Figure SIA). We
performed titrations of KCl, NaCl, and LiCl and plotted the
peak emission wavelength (507 nm) against salt concentration
(Figure S1B,C). Baby spinach was found to respond to KCI
with a 50% maximum fluorescence emission at about 10 mM
(Figure S1B). However, no significant emission was detected in
LiCl or NaCl up to 100 mM. In contrast, broccoli was nearly 2-
fold more efficient in using K* ions with a KCl concentration of
approximately 6 mM being sufficient to provide 50% maximum
fluorescence emission (Figure S1C). Broccoli can also use
sodium ions, but the concentration required for 50% maximum
fluorescence was calculated to be over 200 mM.

G-quadruplexes uniquely coordinate potassium ions between
stacked planar layers of guanine bases, which are formed by a
combination of Watson—Crick and Hoogsteen base inter-
actions.”> Other ions of similar size and charge, such as
rubidium and sodium, can sometimes also support quadruplex
structure to a lesser extent.'” In contrast, canonical Watson—
Crick duplex structures usually have little preference for metal
ion, which primarily act to neutralize negative phosphate
backbone repulsions.g’26 Likewise, cesium and lithium ions can

sufficiently stabilize canonical nucleic acid helices by phosphate
neutralization but do not stabilize G-quadruplexes very
well.">*”7*° Therefore, our results with various metal ions
suggest that broccoli RNA possesses a G-quadruplex structure.
The ability to activate fluorescence with sodium, however,
demonstrates that broccoli’s quadruplex is distinct from that of
baby spinach. Because the predicted quadruplex-forming
sequence is virtually unchanged between these two aptamers,
flanking stem structures most likely influence alkali metal
preferences by altering the local stability around the
quadruplex.

To further correlate structure with function for the broccoli
RNA aptamer and map critical nucleotides, we designed a
systematic mutagenesis screen. DNA oligonucleotides contain-
ing a double-stranded T7 promoter sequence followed by
single-stranded broccoli aptamer sequence were synthesized.
This DNA template configuration is known to support efficient
in vitro transcription by bacteriophage T7 RNA polymerase.*’
Every nucleotide position in the broccoli sequence was then
systematically substituted with one of the three other
nucleotide residues, generating almost 150 site-specific broccoli
mutants. Rather than synthesize, purify, and test each broccoli
mutant individually, we directly detected broccoli mutant
fluorescence in real-time by including DFHBI-1T in tran-
scription reactions and reading fluorescence over time in a
quantitative PCR (qPCR) instrument.”’ This screening
approach provided time-resolved readout of broccoli RNA
mutant fluorescence as RNA molecules were synthesized
(Figure 2C). Fluorescence can be directly correlated to
broccoli RNA concentration by fitting relative fluorescence
units to a standard curve (Figure S2A). The initial fluorescence
from 4 to 8 min (F,) and the maximum fluorescence values
(Foax) observed over the course of the reaction were used to
analyze the effect of each mutant on broccoli fluorescence
activity. F; can be used as an approximate indicator of relative
RNA folding, with presumably the fastest folding aptamers
producing the greatest initial fluorescence. Once transcription
has completed, broccoli RNA molecules with the greatest
activation of fluorescence should provide the greatest F,
values, whereas those with substitutions at critical nucleotides
would show reduced fluorescence.

Using this mutagenesis strategy, we screened all broccoli
point mutants (Figure 2D). Aligning F,,,, values for all mutants
together revealed several key features of broccoli RNA
structure—function requirements. The initial discovery of
broccoli suggested formation of a terminal stem and an internal
stem loop structure but did not predict a quadruplex core nor
how it would fold.'"® Our mutagenesis also supports the
presence of the predicted stem structures. The first and last four
nucleotides of broccoli could not be substituted successfully
unless G:U wobble pairs were introduced (at positions 2, 4, 46,
and 47), which then seemed to support a moderate degree of
fluorescence. Positions 4 and 46 in particular responded well to
mutation to a uridine, which would introduce a G:U or A-U
pair, respectively, instead of an A:G purine—purine mismatch,
to presumably stabilize the predicted terminal stem. The
predicted internal stem also permitted moderate activity with
similar mutations that converted A-U pairs to G:U pairs (at
positions 16, 18, and 26), suggesting the presence of a
Watson—Crick duplex. Near the center of the internal stem is a
predicted loop with a consensus UUCG sequence shared
between baby spinach and broccoli. Interesti;l%y, UUCG is

known to be a stabilizing sequence for 100ps,3 > which likely
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Figure 3. Sequence and structural variations in predicted quadruplex-flanking stem structures of broccoli RNA affect fluorescence, stability and
magnesium-dependence. (A) Fluorescence activation of DFHBI-1T during in vitro transcription of broccoli mutants, referred to as Brocl through
Broc6. Normalized activity of control broccoli RNA fluorescence is indicated by a dashed gray line. Error is standard deviation. (B) Temperature-
dependent fluorescence, defined as the temperature at 50% fluorescence activity, for Broc mutants. bspinach is baby spinach. Error bars are standard
deviation. (C) Thermal denaturation of Broc mutants monitored by UV absorbance at 260 nm. Average melting temperature (T;,) values of the low
or high temperature melt transitions are indicated. (D) Fluorescence of baby spinach (bspinach), broccoli, and Broc mutants during titration of
MgCl,. Peak emission (507 nm) is plotted against MgCl, concentration. CSG/G46U is a mutant of broccoli with sequence changes at base positions
S and 46. Error bars are standard deviation. (E) Secondary structure illustrations of the terminal stem-to-quadruplex transitions of baby spinach,
broccoli, and the CSG/G46U mutant. (F) Thermal denaturation of broccoli in buffered solutions with the indicated salts as monitored by UV

absorbance at 260 nm.

explains its selection in the spinach aptamers.'”'®'® However,
this loop sequence was readily mutated while maintaining
fluorescence that was similar to or better than regular broccoli.
A recent systematic mutagenesis of spinach aptamer also found
that mutation of the UUCG loop led to modulation of
fluorescence and aptamer stability.”* These results further
support the formation of an internal stem loop.

Between the putative helical stem regions, numerous guanine
residues exist that cannot be substituted without abolishing
activity. These invariant guanine nucleotides suggest a direct
role in quadruplex formation since no clear base-pairing
interactions to cytosine or uridine nucleotides are apparent.
Interspersed between invariant guanines, especially at the 3’
end, are several other residues that can be readily exchanged for
other bases without suffering a severe loss of fluorescence.
These residues may represent nucleotides bulged out of the
quadruplex structure or otherwise involved in less critical
hydrogen bonding or base stacking. These include nucleotides
at positions 8, 32, 37, 39, 41, and 43. Based on the crystal
structure of spinach and consensus sequence comparisons, all
of these nucleotides except position 43 are extruded to the
periphery of the quadruplex core and would be predicted to be
less critical for quadruplex formation.'®'? Certain mutations at
some of these positions instead increased fluorescence activity,
possibly due to improved stability through stacking or
minimization of entropically costly solvent interactions.

Our mutagenesis screen also identified several mutants with
substantially higher F,,., values than the parent broccoli RNA.

Arbitrary selection of 10 RNA transcription reactions from our
mutagenesis screen followed by resolution on a denaturing
polyacrylamide gel (Figure 2D) revealed similar levels of total
RNA with no correlation to fluorescence activity, demonstrat-
ing that changes in fluorescence were not an artifact of different
transcription efficiencies. Most of the enhanced fluorescence
mutants were centered at the loop region of the putative stem
loop. To investigate the general importance of the putative
stem loop, we shortened the stem, deleted the loop, or deleted
the entire stem loop (Figure S2B). All stem loop deletions
significantly impaired or abolished fluorescence activity. Thus,
broccoli fluorescence is very sensitive to changes in this stem
loop region, in agreement with our site-specific mutations as
well as previous mutagenesis by Filonov and co-workers."®
These results indicate that the putative internal stem loop
indeed plays an important role in mediating fluorophore
activation.

On the basis of our initial mutagenesis, we generated a
variety of combination mutants to further interrogate broccoli
RNA structure and fluorescence. In our second round of
mutagenesis, we combined several mutants, mostly in pairs
(Figure S2C). Mutant names are simply listed as the position
and the new nucleotide substituted at that position. Several
mutations which seemed to enhance fluorescence were found
to be incompatible with one another. These included
combinatorial mutants containing 4U with 5G, 4U with 46U,
and 43A with 46U, which presumably perturbed terminal stem
formation or the transition from a duplex to quadruplex
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structure when combined. Most combination mutants were
designed to test compatibility of fluorescence-enhancing
activity and revealed activity similar to or better than that of
regular broccoli. The highest fluorescing mutants were again
centered around the loop of the predicted internal stem loop. A
third round of combinatorial mutagenesis identified several
mutants with consistently higher fluorescence activity than
regular broccoli (Figure S2D).

We selected four mutants and designed two new mutants to
understand the basis of the apparent enhanced fluorescence.
These six RNAs were named Brocl, Broc2, Broc3, Broc4,
BrocS, and Broc6 (Figure S2E). The broccoli mutants exhibited
2—4-fold increases in F; or F_,, during in vitro transcription in
the presence of DFHBI-1T (Figure 3A). Thermal stability was
considered a key limiting factor in the performance of the
original spinach aptamer, which spurred mutagenesis to create
spinach2.” To determine if thermal stability played a role in the
enhanced fluorescence of our six selected broccoli mutants, we
purified these RNAs and monitored fluorescence as temper-
ature was increased. Taking the first derivative of the decrease
in fluorescence, we estimated fluorescence-based melting
temperature (T,,) values (Figure 3B). Baby spinach T,, was
44.5 °C, and broccoli T, was approximately 47 °C, whereas
Brocl—6 mutants ranged from S1 to 53 °C. Thus, all six Broc
mutants exhibited a 4—6 °C increase in fluorescence-based
thermal stability, which would be expected to improve
fluorescence activity.

To obtain a closer look at thermal stability and RNA folding,
we performed UV-monitored thermal denaturation studies with
all six purified mutants in comparison to baby spinach and
broccoli (Figure 3C). Three key points can be drawn from UV
melt analyses. First, biphasic melt curves were observed to
varying degrees for all aptamers. These results suggest at least a
two-state folding model consistent with baby spinach and
broccoli aptamers being composed of two relatively independ-
ent folding structures, which would include the predicted
quadruplex and helical stem structures. Second, these aptamers
displayed large variations in cooperative melting for the two
structural states, indicating differences in the folding of the
individual structures as well as the entire RNA. For example,
Broc2 seems to fold the lower T,, structure with a more
cooperative transition than the higher T, structure. In contrast,
Broc$ has the opposite profile where the higher T, structure
folds more cooperatively. Third, despite substantial changes in
overall cooperativity of folding, the high and low T, values
calculated for all RNAs were similar, with ranges of +3.1 °C at
the lower T,, (59.4 °C average) and +1.7 °C at the higher T,,
(83.0 °C average; Figure S3A). These results suggest that the
global structures of baby spinach, broccoli, and the Broc
mutants are similar, which support out initial lead cleavage data,
but that individually folding units with similar stabilities but
different folding interactions exist. Melt profiles that are
relatively linear, such as for regular broccoli, suggest a well-
formed global structure with putative stem-to-quadruplex
structures that fold and melt together. These thermal
denaturation studies indicate that small but significant changes
in the folding and stability of Broc1—6 may be associated with
their apparent enhanced fluorescence.

To determine if metal ion preferences correlated with
broccoli mutant fluorescence, we collected emission spectra in
50 mM of three different alkali metal ions, sodium (NaCl),
rubidium (RbCl), or potassium (KCl). Fold change in
fluorescence at the peak emission (507 nm) was plotted for

each mutant in each salt condition (Figure S3B). Each mutant
seemed to have similar fold increases in fluorescence when in
the presence of potassium, and all were similar to or modestly
better than broccoli. Broc2 and Broc3 were consistently similar
to or better than broccoli for all metal ions tested.

Large enhancements in broccoli fluorescence from our
mutagenesis screen were puzzling because broccoli was
previously reported to be very efficient at fluorescence
activation.'® To rationalize our results, we considered that
conditions in our transcription-based mutagenesis screen may
be influencing fluorescence. Indeed, in vitro transcription
reactions contained 40 mM MgCl,, which would make it
difficult to distinguish aptamer mutants with a magnesium
dependence. A recent systematic mutagenesis to search for
optimized spinach aptamers for in vitro applications also found
enhanced aptamers in transcription reactions containing ~20
mM MgClL,.** However, the dependence of magnesium on
aptamer function was not addressed. We considered that our
mutagenesis screen results might help determine the basis for
magnesium dependence among certain spinach family
aptamers. We performed titrations of MgCl, with baby spinach,
broccoli, and our six select Broc mutants (Figure 3D). We
found a greater than 10-fold increase in fluorescence for baby
spinach in the presence of high magnesium, while broccoli
fluorescence increased less than 4-fold.

Among the Broc mutants, only Broc2 and Broc3 retained a
low magnesium requirement like broccoli. Mutants Brocl,
Broc4, Broc5, and Broc6 all exhibited a significant dependence
on magnesium, similar to or greater than baby spinach. Upon
inspection of the six Broc mutant sequences, we found that
only Broc2 and Broc3 did not have a C5G and G46U mutation.
When these two specific mutations were incorporated into
parent broccoli to make a C5G/G46U mutant, magnesium-
dependent fluorescence increased to over 10-fold mimicking
the magnesium-dependence of baby spinach. This particular
mutant had been screened during our combinatorial rounds of
mutagenesis, and it showed increased fluorescence over
broccoli (Figure S2C). In our initial screen, position CS of
broccoli could be converted to any base and still retained
activity (Figure 2D). The proposed terminal stem of baby
spinach and broccoli, based on the spinach crystal structure,
shows noncanonical purine—purine pairs that are immediately
adjacent to the quadruplex core (Figure 3E). These nucleotides
and their pairing appear to directly influence magnesium
binding or counterion effects and are likely to play a role in the
stability of the stem-to-quadruplex transition. ispinach, a
version of spinach recently optimized for in vitro applications,
also retained these purine—purine pairs.”> Thus, enhanced
fluorescence of many of our mutants, in particular Brocl, -4, -5,
and -6, could be relegated in part to a reliance on high
magnesium for fluorescence. Importantly, all of the mutations
for our six select Broc mutants were outside of the quadruplex
region except for the A37U mutation, which is predicted to be
extruded out of the quadruplex forming core based on our
sequence and structural comparisons with spinach and baby
spinach.

In support of magnesium-dependent stabilization of stem-to-
quadruplex transitions, we performed UV thermal denaturation
of broccoli in increasing magnesium or potassium concen-
trations. Ty, values for both folding transitions increased as
magnesium increased from 10 yM to 1 mM and the
cooperativity of each transition became less pronounced.
These results suggest that stem and quadruplex structures
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fold independently without substantial magnesium, but in the
presence of 1 mM magnesium their folding is more uniform,
acting more like a single structure. Melting of broccoli in a
constant 1 mM MgCl, but increasing KCl from 0.5 or S mM up
to 50 mM revealed a change in the folding cooperativity of the
more stable structure. In low KCl, the lower T, structure did
not change significantly, but a T,, value for the more stable
structure could not be determined due to the lack of a clear
transition. These results suggest that magnesium has a global
effect on broccoli, most likely altering local stability and folding
to improve transitions from stem to quadruplex structures. On
the basis of these KCl-dependent effects, the more stable
structure with a higher T, value may correspond to a
quadruplex while the less stable (lower T,,) structure may
correspond to predicted stem structures.

Broccoli aptamers with mutations in quadruplex-flanking
regions might translate to brighter or more stable fluorescence
inside of cells. We cloned broccoli and the six select Broc
mutants into bacterial expression vectors. Broccoli sequences
were flanked by a T7 promoter and a T7 terminator without a
scaffold sequence (ie, no tRNA scaffold) and transformed into
Rosetta (DE3) E. coli cells. After induction of broccoli RNA
expression, cells were incubated with DFHBI-1T and
fluorescence measured. Compared to broccoli, Broc3 had the
highest fluorescence by about 1.6 fold (Figure S3D).
Comparing broccoli and Broc3 binding affinity to DFHBI-1T
did not reveal any significant differences in the calculated Ky
values (Figure S3E). On the basis of the small increase in
potassium utilization, a T, increase of a few degrees, similar
magnesium dependence, and similar DFHBI-IT binding
affinity, the modest improvement of Broc3 fluorescence over
broccoli in E. coli seems reasonable. However, a direct
correlation between in vivo and in vitro fluorescence for the
tested Broc mutants was not clear, indicating that multiple
factors contribute to effective fluorescence inside of cells and
highlighting the need to optimize RNA scaffolds for in vivo
applications.*®

Effectively developing, optimizing, and using fluorescent
RNA aptamers requires understanding of the principles of RNA
structure that support successful fluorophore binding or
activation. Such studies are expected to eventually contribute
to the development of reliable, multicolored fluorescent RNA
tool kits for molecular and chemical biology applications. Our
results indicate that broccoli is a G-quadruplex-containing RNA
with a structure that is very similar to that of baby spinach and
spinach. Duplex stem structures that flank the central
quadruplex structure alter the stability, metal ion preferences
and fluorescence activity of baby spinach and broccoli. In
particular, the transitions from stem to quadruplex are
proposed to play a significant role in magnesium dependence
of these GFP-mimic RNAs and is an important target for
optimizing their stability and metal ion preferences. The role of
magnesium in stabilizing tertiary RNA structures around
transitions of independently folding units has been recognized
previously, such as for pseudoknots, three-helix junctions, and
tRNA folding.”’~*’ Magnesium appears to aid in formation of a
more uniform aptamer by improving the cooperativity of
folding between stem and quadruplex structures in broccoli.
Therefore, spinach derivatives likely exhibit diverse require-
ments for magnesium depending on their ability to achieve
sufficiently favorable stem-to-quadruplex transitions. A system-
atic mutagenesis of the first generation spinach aptamer
recently reported that purine—purine pairing at the terminal

stem-to-quadruplex transition had important effects on
thermodynamic stability and fluorescence activity.”* These are
the same purine—purine pairs that we have shown to modulate
magnesium dependence. Analyses of DNA duplex-to-quad-
ruplex transitions have also highlighted the importance of
noncanonical pairing to accommodate stable transitions."’
Thus, designing and optimizing better aptamers, such as
RNA mimics of GFP, should take into consideration the
interactions and transitions between independently folding
structural elements and the role of metal ions in stabilizing
them.

B METHODS

RNA Synthesis. RNA was synthesized by T7 in vitro transcription
starting with DNA templates purchased from Integrated DNA
Technologies (IDT). Single-stranded DNA templates were annealed
to a T7 promoter oligo (TAATACGACTCACTATA) to generate
double-stranded promoter regions, which support in vitro transcription
by T7 RNA polymerase.”® T7-DNA template and synthesized RNA
sequences for all mutants are listed in Table S1. In vitro transcription
was performed by standard protocols. Briefly, reactions contained
purified T7 RNA polymerase, 30 mM Tris (at pH 7.9), 12.5 mM
NaCl, 40 mM MgCl,, 2% PEGgy, 0.05% Triton-X 100, 2 mM
spermidine, and 2.5 yM T7-DNA template. Afterward, the DNA
template was degraded by the addition of 1 unit of DNase I for every
20 uL of reaction and incubated at 37 °C for 15 min. Reactions were
phenol-chloroform extracted and gel-purified from denaturing
polyacrylamide gels. Purified RNA was quantified by measuring
absorbance at 260 nm and calculated extinction coeficients using
nearest neighbor approximations and Beer’s Law.

RNA Structure Probing by Lead Acetate Cleavage. Lead
cleavage mapping was performed similar to published protocols.”® The
S’ phosphates of 100 pmol of in vitro transcribed baby spinach and
broccoli RNA were removed by treatment with alkaline phosphatase.
Dephosphorylated RNA was radiolabeled with [y-**P]-ATP and T4
polynucleotide kinase then gel-purified. A total of 60000 cpm of
radiolabeled RNA (~2 pmol) was refolded by heating to 95 °C and
cooling to 23 °C in 20 mM Tris (at pH 7.2), S mM MgCl,, 0.2%
DMSO, 1 mg mL™" tRNA, 50 mM CsCl or KCl, and with or without
20 uM DFHBI-IT (Lucerna Technologies). Freshly prepared lead
acetate was then added to a final of 2 mM, and the reaction was
incubated at 23 °C for 20 min before being precipitated by the
addition of 10 vols of 2% LiClO, in acetone. Alkaline hydrolysis
ladders were prepared by incubation of radiolabeled RNA at 90 °C for
8 min in 20 mM NaHCO; (pH 10), 1 mM EDTA, and 1 mg mL™"
tRNA then precipitated with 2% LiClO, in acetone. T1 RNase ladders
were prepared by incubation of radiolabeled RNA with 1 U of T1
RNase at 23 °C for 10 min in 25 mM phosphate buffer (pH 7.0), 150
mM NaCl, 1 mM MgCl,, 0.2 mM EDTA, and 1 mg mL~! tRNA then
precipitated with 2% LiClO, in acetone. Precipitated reactions were
washed with acetone, boiled in 90% formamide, 1X TBE, then
resolved on a 15% denaturing polyacrylamide sequencing gel. Gels
were dried and exposed to phosphorimager to visualize radioactive
RNA bands.

Fluorescence Spectra, Salt Titrations, and DFHBI-1T Binding
Affinity. Purified RNA was refolded by heating to 95 °C for 3 min
then slow cooling to RT at a rate of approximately 1 °C/min in the
following reaction: 20 mM cacodylate (pH 7.2), 1 mM MgCl,, 0.05%
DMSO, and 5 uM DFHBI-1T. RNA was included at 0.5 #M and XCl
(X =K, Rb, Na, Li, or Cs) at 50 mM. For salt titrations, small volumes
of 2 M salt solutions were added to 400 pL reactions and incubated at
RT for 3 min, then emission spectra were collected. Fluorescence
values were corrected for increased volume of each reaction over the
course of titration. Fold fluorescence change was calculated by dividing
the fluorescence value after each salt addition by the initial value before
the addition of the titrated salt. For determining the binding affinity of
broccoli and Broc3 RNA for DFHBI-1T, increasing concentrations of
each RNA were refolded in the above-noted reaction buffer except
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with 100 nM of DFHBI-1T. Excitation and emission spectra for these
assays were collected on a Horiba Fluorolog-3 spectrofluorometer.
Peak emission at 507 nm was plotted against salt concentration. All
experiments were performed in duplicate or triplicate and curves fit by
nonlinear regression in Prism (Graphpad).

Systematic Broccoli Aptamer Mutagenesis Monitored by
Fluorescence. To perform systematic mutagenesis of broccoli RNA,
we combined in vitro transcription with real time fluorescence readout
using a BioRad CFX96 quantitative PCR machine. This approach was
inspired by a similar technique described by Jaschke and co-workers."
Single-stranded broccoli mutant T7-DNA templates were purchased
from IDT in 96-well plates normalized to 2 nmol of DNA. These
single DNA strands represented the antisense sequence. To each well,
40 puL of resuspension buffer was added (S mM Tris, pH 7.0, 0.1 mM
EDTA) and 40 uL of T7 promoter oligo (sense sequence) at S0 M in
water, for a final of 25 yM template. To ensure efficient annealing of
the T7 promoter oligo, plates were sealed and incubated at 80 °C for
10 min, then slow cooled to RT, spun down, and gently vortexed. For
transcription reactions, 1 uL of each template was spotted into new
96-well plates followed by the addition of 9 uL of ice-cold
transcription reaction mix on ice. The standard transcription reaction
described above was used; however KCl was added to a final of 3 mM
and DFHBI-1T to 60 uM. Reactions also contained 12.5 mM NaCl
from the T7 RNA polymerase storage buffer. To initiate reactions,
plates were placed into a BioRad CFX96 block set at 4 °C. The block
was then cycled to 37 °C and held for 1 h. The plate was read using all
channels (which includes the FAM/SYBR filter) once at 4 °C then
every 1 min and 48 s (reading takes 12 s) at 37 °C such that
fluorescence reading was at 2 min intervals. Data were exported to
Excel for analysis. Maximum fluorescence values over a 1 h time course
were used for comparing mutants. Initial fluorescence, defined as the
change in fluorescence over the change in time from 4 to 8 min, was
also used for comparing mutant performance. Four or more separate
experiments were performed for each screen, and error was calculated
by standard deviation.

Fluorescence-Based Determination of RNA Melting Temper-
ature. To determine temperature dependence of fluorescence,
purified broccoli RNAs at 10 uM were refolded in 20 mM cacodylate
(pH 7.2), SO0 mM KCl, 1 mM MgCl,, and 20 yuM DFHBI-IT by
heating to 95 °C for 3 min then slow cooling to RT. Reactions were
placed in 96-well plates in a BioRad CFX96 and a typical qPCR melt
analysis was performed. Reactions were heated from 25 to 95 °C at 0.5
°C increments. Reactions were held at each temperature for 30 s
before plate reading. BioRad software on the CFX96 automatically
determined the derivative of the melt curve and autocalculated T,
values.

Thermal Denaturation of RNA Monitored by UV Absorb-
ance. RNA reactions were prepared as described for fluorescence-
based T,, determination, but only 1 #M RNA and 5 yM DFHBI-1T
were used. Degassed water was used to prepare samples. Data were
collected in a Cary 400 UV/vis spectrophotometer. Reactions were
heated to 95 °C then slow cooled at 1 °C/min. Samples were then
heated and cooled from 25 to 95 °C three times at a ramp rate of 1
°C/min, while UV absorbance was collected every 1 min. Melting
temperatures were determined using Van’t Hoff calculations on up
ramps only (dissociation curves) and error determined by standard
deviation.

Expression and Fluorescence Measurement of Broccoli RNA
in E. coli. Double-stranded DNA sequences encoding broccoli and
broccoli mutants were synthesized by IDT and cloned into a pIDT-
SMART vector (ampicillin resistant) containing a custom multiple
cloning site. The broccoli sequences were inserted 30 bases
downstream from a T7 promoter and 10 bases upstream of a T7
terminator. After sequencing to confirm cloning, plasmids were
transformed into Rosetta (DE3) cells and grown at 37 °C with
shaking. Cultures were measured by absorbance at 600 nm and
normalized to an Agy, of 0.5. IPTG was then added to a final of 0.5
mM and DFHBI-1T to a final of 10 #M, and shaking continued at 37
°C for 4 h. Cells were harvested, spun down, and resuspended in 400
uL of PBS and their absorbance at 600 nm checked again and adjusted

to match, then DFHBI-1T was added to 10 #M and incubated on ice
for 30 min. A total of 100 yuL of each sample was spotted into four
wells of a black 96-well fluorescence plate. Reactions were then read in
a Promega GloMax plate reader three times using a green fluorescence
filter set. Raw fluorescence was normalized and plotted. Error was
calculated as standard deviation from three independent experiments.
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Abstract

disease and improve therapeutic development.

Microsatellites, or simple tandem repeat sequences, occur naturally in the human genome and have important
roles in genome evolution and function. However, the expansion of microsatellites is associated with over two
dozen neurological diseases. A common denominator among the majority of these disorders is the expression of
expanded tandem repeat-containing RNA, referred to as xtrRNA in this review, which can mediate molecular
disease pathology in multiple ways. This review focuses on the potential impact that simple tandem repeat
expansions can have on the biology and metabolism of RNA that contain them and underscores important gaps in
understanding. Merging the molecular biology of repeat expansion disorders with the current understanding of
RNA biology, including splicing, transcription, transport, turnover and translation, will help clarify mechanisms of

Keywords: Repeat expansion disease, Microsatellite, Tandem repeats, RNA, Splicing, Transcription, Transport, Export,
Turnover, Translation, Mechanism, Therapeutics, Myotonic dystrophy, DM1, DM2, Huntington's disease, HD,
C90RF72, CO9FTD/ALS, Amyotrophic lateral sclerosis, Spinocerebellar ataxia, SCA, Fragile X, SBMA, FXTAS

Introduction
In 1991 it was discovered that a microsatellite sequence
expansion is the cause of two distinct neurological disor-
ders, Fragile X syndrome (FXS) [303] and spinal bulbar
muscular atrophy (SBMA), or Kennedy's disease [167].
Since then, simple repeat sequence expansions have
been associated with over twenty more neurological dis-
orders [166, 300, 333] (Table 1). What has been learned
is that microsatellite expansions may cause disease in
multiple ways. For nearly all of these neurological disor-
ders, however, disease includes production of RNA that
contains the aberrant repeat expansion sequence. Ac-
cordingly, the leading disease mechanisms involve repeat
expansion RNA-mediated sequestration of critical RNA-
binding proteins and translation of repeat expansion
RNA into toxic repetitive polypeptides.

Tremendous progress has been made in understanding
the metabolism of expanded tandem repeat-containing
RNA (xtrRNA). Nonetheless, various gaps in our
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understanding of the underlying molecular biology and
pathology remain, which in turn limits identification of
promising therapeutic approaches. The goal of this re-
view is to help address these gaps by discussing the po-
tential impact of xtrRNA on cellular RNA metabolism.
We begin with an overview that covers microsatellite
origin, evolution, and expansion. We then follow
xtrRNA through its life cycle, beginning with transcrip-
tion and continuing through splicing, folding, protein in-
teractions, localization, turnover, and translation. We
rationalize the logic of current molecular disease models,
note where important mechanistic information is lack-
ing, and emphasize new pathways to consider for mech-
anistic insight. We use this discussion to also highlight
areas where therapeutic intervention may be useful.

Origin and expansion of microsatellites in human
disease

Simple tandem repeat sequences in the human genome
Microsatellite sequences comprise approximately 3% of
the human genome, about twice as much as protein cod-
ing sequence [1, 171]. Microsatellites, interchangeably
known as simple or short tandem repeats (STRs), are
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Table 1 Microsatellite repeat expansion disorders
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Disorder Repeating  Genomic Gene Normal  Pathogenic  Expanded repeats result in: Repeat discovery &

unit location name length  length Gene CURNA CURNA  xURNA references
silencing  transcription  proteins  foci

FXS/FRAXAT  CGG 5'UTR FMR1 6-55 200+ Yes* No No No [114, 161, 230, 303]

SBMA' CAG Coding AR 9-36 38-62 No Yes Yes* L.D. [167]

DM1 C1G 3UTR DMPK 5-37 50-10000 No Yes* Yes Yes* [193]

HD CAG Coding HTT 10-35 35+ No Yes Yes* LD. [192]

SCA1 CAG Coding ATXNT 6-35 49-88 No Yes Yes* L.D. [232]

FRAXE CCG 5'UTR AFF2 4-39 200-900 Yes* No No No [152]

DRPLA CAG Coding ATNT 6-35 49-88 No Yes Yes* L.D. [155]

SCA3 CAG Coding ATXN3 12-40 55-86 No Yes Yes* Yes [140]

SCA2 CAG Coding ATXN2 14-32 33-77 No Yes Yes* LD. [127, 253]

FRDA GAA Intron FXN 8-33 90+ Yes* Yes / No No No [30]

SCA6 CAG Coding CACNATA 418 21-30 No Yes Yes* LD. [337]

EPM1 CCCcaC Promoter (@Y} 2-3 30-80 Yes* Yes / No No No [170]
CCCGCG

SCA7 CAG Coding ATXN7 7-17 38-120 No Yes Yes* LD. [57]

OPMD GCG Coding PABPN1 6-10 12-17 No Yes Yes* No [23]

SCA8 G 3UTR ATXN8 16-34 74+ No Yes Yes* Yes* [156]

SCA12 CAG 5'UTR PPP2R2B  7-28 66-78 No Yes* No No [121]

SCA10 ATTCT Intron ATXNT0 10-20 500-4500 No Yes ? Yes* [205]

SCA17 CAG Coding TBP 25-42 47-63 No Yes Yes* LD. [224]

DM2 CC1G Intron CNBP 10-26 75-11000 No Yes ? Yes* [184]

FXTAS/FXPOI  CGG 5'UTR FMR1 6-55 55-200 No Yes Yes* Yes* [143, 287]

HDL2 CTG/CAG  3'UTR/antisense  JPH3 <50 50+ No Yes ? Yes* [120]

SCA31 TGGAA Intron TK2/BEAN 0 45+ No Yes Yes* Yes* [256]

SCA36 GGCCTG Intron Nop56 3-14 650+ No Yes ? Yes* [153]

COFTD/ALS GGGGCC  Intron C90RF72  2-25 25+ No Yes Yes* Yes* [59, 248]

FRA7A CGG Intron ZFN713 5-22 85+ No Yes* / No No No [209]

FRA2A CGG Intron AFF3 8-17 300+ No Yes* / No No No [210]

Disorders are listed in order of the year they were discovered, with the appropriate references relating to their discovery. This table highlights known RNA biology
for each disease with respect to xtrRNA transcription, translation, and formation of nuclear focal aggregates
Dagger symbol (t) indicates that athough the CAG repeat for SBMA was discovered first, the CGG repeat for FXS was published first. Asterisk (*) indicates the

most likely repeat-associated disease mechanism(s) for that disorder. L.D. length-dependent, SBMA Spinal-Bulbar Muscular Atrophy, EPM1 Progressive Myoclonus
Epilepsy 1 (Unverricht-Lundborg Disease), FXS/FRAXA Fragile X Syndrome, DM Myotonic Dystrophy, HD Huntington’s Disease, SCA Spinocerebellar Ataxia, FRAXE
Fragile X E Syndrome, DRPLA Dentatorubral-Pallidoluysian Atrophy, FRDA Friedreich Ataxia, OPMD Oculopharyngeal Muscular Dystrophy, FXTAS Fragile X-Associated

Tremor/Ataxia Syndrome, FXPOI Fragile X-Associated Primary Ovarian Insufficiency, HDL2 Huntington’s Disease-Like 2, C9FTD/ALS C9ORF72-Associated Frontotemporal
Dementia and Amyotrophic Lateral Sclerosis, FRA7A CGG Expansion at Fragile Site 7A, FRA2A CGG Expansion at Fragile Site 2A

usually defined as simple sequence motifs of one to six
nucleotides that are contiguously repeated at least a few
times [24, 69]. Microsatellites occur throughout the gen-
ome, but are predominantly found in noncoding pro-
moters, introns, 5' and 3' untranslated regions (UTRs),
and intergenic regions [236, 257, 291]. Intergenic micro-
satellites seem to fit neutral evolution models, although
not perfectly [69], and are among the most variable gen-
omic sequences [32]. Therefore, they serve as the basis
for forensic DNA analyses and as markers for population
genetics studies [24, 61, 65, 236].

The origin and evolution of microsatellites is incom-
pletely understood. They may have derived from simple
and repetitive sequence motifs found in mobile genetic
elements, such as non-LTR (long terminal repeat) retro-
transposons like Al and L1 [6, 51, 95]. Transposable el-
ements have colonized the human genome extensively
and their remains have undergone mutation and replica-
tion, providing the starting material for simple tandem
repeats [69]. The dense repetitive sequence of centro-
meres and telomeres is proposed to originate from in-
corporation of mobile genetic elements during early
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eukaryotic evolution [87, 304]. Small sequence duplica-
tions of these simple sequences can further produce
microsatellites with multiple repeats. The STRs that are
expanded in Friedreich ataxia (FRDA) and myotonic
dystrophy type 2 (DM2), for example, have been traced
to an Alu element origin [41, 163]. In contrast, de novo
genesis by events like random mutation, replication slip-
page, and duplication of unique sequence may also ac-
count for the birth of microsatellite sequences [28, 69].
STRs have been shown to have positive roles in evolu-
tion, such as bacterial resistance to antibiotics and circa-
dian clock adaptation to the environment in Neurospora
crassa and Drosophila melanogaster [83, 133, 211, 258,
279, 307]. The placement of microsatellite sequences in
and near regulatory and coding regions of the genome
also implicate them in control of gene expression and
genetic interactions [133, 331].

Expansion of simple tandem repeats

There are several distinct mechanisms that can contrib-
ute to the expansion of naturally occurring microsatel-
lites. In this section we provide a brief overview of these
mechanisms. Many excellent reviews on this topic are
cited in this section and recommended for further read-
ing (see [84, 130, 149, 206, 212, 260, 297, 331, 333]).

A major source of microsatellite expansion in dividing
cells is DNA replication, although mitotic recombination
is also recognized as a contributing factor [84, 149, 212,
242]. During replication, repetitive sequences can cause
problems at the replication fork and result in fork rever-
sals or template switching, which can insert extra re-
peats [76, 144, 149, 212]. At the strand level, polymerase
slipping can cause expansions in the leading or lagging
strand [84, 137, 144, 149]. Repeats may also induce im-
perfect Okazaki fragment ligation and add repeats in the
lagging strand [81, 93, 278]. The pathway followed for
expansion of a repeat has been proposed to be a balan-
cing act between several factors [84, 149, 212]. These in-
clude relative repeat length, the stability and types of
non-canonical structures the repeat sequence can form,
and nearby flanking sequences. After repeat sequences
are added to one or both strands, the daughter strands
reanneal. Misalignment and slippage will occur and extra
sequences will bulge out to form non-canonical (non-B-
form) structures like hairpins or quadruplexes [237, 331].
If these structures persist to the next round of replication,
or if they undergo flawed repair, they can result in per-
manent expansions [130, 149, 212, 260, 297]. During
DNA recombination, which repairs single-end or double-
strand breaks, unequal crossing over or template switch-
ing can cause misalignments and introduction of add-
itional repeats [208, 242, 306].

Repeat expansion events are intimately tied to the re-
pair of non-canonical DNA structures and DNA
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damage. Multiple DNA damage control pathways have
been implicated, including mechanisms that replace
DNA bases, like base excision repair (BER) or nucleotide
excision repair (NER), especially as sources for repeat
expansion in non-dividing cells [206]. However, mis-
match repair (MMR) has been argued to be a primary
driver of repeat expansion [75, 106, 130, 260, 271].
MMR expands repeats through recognition and process-
ing of unusual DNA structures, such as small bulges and
hairpins [260], via the enzyme MutSp (MSH2-MSH3
complex) [130, 260, 334]. The processing and damage
rectification steps are carried out by MutSp and associ-
ated proteins, including the MutLa (MLH1-PMS2 com-
plex) or MutLy (MLH1-MLH3 complex) endonucleases
that help remove DNA lesions [106, 130, 241]. Polymer-
ases like PolB are then recruited, which can insert extra
repeats due to flawed priming or templating [33, 190].

An important question is how repeats are able to ex-
pand out of control, sometimes into the hundreds or
thousands of perfect tandem copies, without accumulat-
ing significant interruptions? Microsatellites that are
evolutionarily neutral, typically in intergenic regions, be-
come highly mutable when they exceed thresholds above
just a few tandem repeats [68, 95, 320]. Therefore, the
likelihood of remaining as a perfect tandem repeat with-
out interruption is expected to decrease with tandem re-
peat length. This suggests that accumulation of large
expansions must either occur quickly, before mutations
can accumulate, or their disruption must be guarded
against [320]. Genic regions of the genome, where all cur-
rently known disease-associated repeat expansions occur
[31, 236] (Table 1), seem to enjoy special favor through
positive evolutionary selection processes that protect se-
quence fidelity [191, 236, 284]. However, it seems unlikely
that this would contribute significantly to large repeat
expansions. For example, non-repetitive codons would
presumably be preferred and selected over unstable repeat
codons.

Mechanisms have been proposed that could provide
large expansions in a single step, including template
switching replication models where repeats are already
sufficiently large enough [225, 266] and out-of-register
synthesis during homologous recombination-based re-
pair of double-strand breaks (DSBs) [212, 242, 249, 250,
283]. One intriguing mechanism for rapid and large re-
peat accumulation is break-induced replication (BIR)
[148, 176]. BIR is a homologous recombination pathway
that can rescue collapsed or broken replication forks
[195]. It is induced when a replisome collides with a
broken single-end DSB [189]. BIR is also believed to be
selective for structure-prone or GC-rich repeats that are
long enough to form stable structures [148]. In this
mechanism of expansion, stable structures would cause
fork reversals. Resolution of these four-way junction
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structures would result in a one-ended DSB. To restart
the fork, the one-ended DSB invades the sister chromatid
to form a D-loop, but likely does so out-of-register be-
cause of the repetitive sequence, thus leading to expan-
sion. While this BIR study was performed in yeast, the
results are expected to translate to human cells [176].

Incremental expansions, such as those caused by
MMR, are typically on the order of 1-3 repeats at a time
[260]. Could these events generate large uninterrupted
expansions? Rapid accumulation of expansions via MMR
or other DNA damage repair pathways might be facili-
tated by transcription across the repeat. It has been
shown that transcription is required for expansion of the
CGG repeat in a mouse model of FXS [2, 333]. Several
studies have shown that transcription at repeat expan-
sions is associated with repeat instability, possibly via
formation of DNA-RNA hybrids, or R-loops [180, 181,
183, 195, 223, 246, 333]. It is possible that these events
could allow DNA damage. One report has shown a
correlation between R-loop formation and replication
fork stalling, offering a familiar mechanism for repeat
expansion through DNA replication [86, 109]. Alterna-
tive mechanisms might involve oxidation of free DNA
strands, or simple misalignment upon strand reanneal-
ing, to signal DNA damage repair [180]. The latter
model suggests that GC-rich or structure-prone repeats
would be more susceptible to expansion during tran-
scription, which might explain why transcription levels
alone are not predictive of expansion [333]. Thus, cycles
of transcription and R-loop formation might accelerate
repeat expansion for structure-prone repeats via ongoing
DNA damage repair [180]. A cell-based model where
transcription levels or R-loop formation could be con-
trolled, repeat sequence and size altered, expansions
monitored, and DNA damage repair mechanisms sys-
tematically tested (perhaps building on HeLa cell models
recently described [187]) might allow more direct testing
of these ideas.

A common theme among sources of repeat instability
and expansion is DNA metabolism associated with
strand separation and reannealing at microsatellite se-
quences. These events can lead to formation of non-
canonical structures and recruitment of DNA damage
responses that ultimately and inadvertently add more re-
peats. Thus, mechanisms meant to maintain and protect
the genome can also lead to large tandem repeat expan-
sions and cause human disease [11, 130, 333].

Microsatellite repeat expansion disorders

Since it was first discovered that microsatellite expan-
sions can cause disease, at least two dozen microsatellite
repeat expansion disorders have been subsequently re-
ported (Table 1). The latest discoveries are autism
spectrum disorders caused by expansions in fragile 7A
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(FRA7A) and fragile 2A (FRA2A) fragile site loci [209, 210].
Comparing and contrasting these disorders can highlight
several trends. Almost half of the microsatellite expansion
disorders result from CAG trinucleotide expansions,
mostly occurring in coding exons. All STRs for known re-
peat expansion disorders are GC-rich except for the trinu-
cleotide GAA repeat of FRDA and the ATTCT and
TGGAA pentanucleotide repeats of spinocerebellar ataxia
10 (SCA10) and 31 (SCA31), respectively. In this review
we focus on large microsatellite repeat expansions that
are transcribed into RNA, a feature that is shared by
nearly all repeat expansion disorders (Table 1).

Microsatellite expansions cause disease through two
broad molecular mechanisms (Fig. 1): loss-of-function
for the associated gene or gain-of-function for the repeat
expansion sequence. In loss of function mechanisms,
gene expression can be silenced at the transcriptional
level, such as by epigenetic modification, resulting in the
complete loss of that gene's normal functions [70, 112].
Alternatively, the affected gene may lose function at the
protein level by the introduction of unusually long poly-
peptide tracts in the translated protein product (Fig. 1)
[168, 268]. In gain-of-function mechanisms the repetitive
polypeptide can take on new roles, such as protein ag-
gregation. Many of these mutant misfolded proteins can-
not be degraded efficiently and will accumulate in
cellular aggregates or inclusions [48, 168, 332]. Aggrega-
tion also tends to sequester proteins and critical cellular
components and is taxing on cellular proteostasis [48].
The xtrRNA can also acquire gain of function mecha-
nisms, primarily through interaction with nucleic acid-
binding proteins (Fig. 1). The repetitive xtrRNA forms
length-dependent focal aggregates in cell nuclei in
several diseases [35, 59, 196, 262, 311]. Loss-of-
function and gain-of-function mechanisms can result
in complicated molecular disease pathologies and some
disorders can simultaneously exhibit multiple mecha-
nisms (Table 1).

Transcription and splicing at simple tandem
repeat expansions

Transcribing repeat expansion sequences

Repeat expansion sequences are known to inhibit or im-
pede RNA Polymerase II (Pol II) initiation or elongation
either directly or via induction of a repressed chromatin
state [100]. Expansions like the GAA repeat in FRDA
[19, 94, 97, 162, 231], the CTG repeat in myotonic dys-
trophy type 1 (DM1) [25], the GGGGCC repeat in
C90RF72-associated  frontotemporal dementia and
amyotrophic lateral sclerosis (COFTD/ALS) [108], and the
CGG repeat in FXS (also known as FRAXA) [44, 285]
have all been implicated in reduced or silenced transcrip-
tion. For FXS [230, 298], Fragile XE (FRAXE) [18], FRDA
[97], FRA2A [210] and FRA7A [209], transcription
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appears to be blocked or significantly reduced by DNA
methylation of the repeat expansion or nearby CpG
islands. However, although transcription may be well
below basal levels, it is possible that xtrRNA can still con-
tribute to disease in some cases [44].

Slowed or stalled transcription across repeat expan-
sions may lead to R-loops, which further slow transcrip-
tion [123] and inadvertently contribute to deposition of
repressive chromatin marks and silence transcription
(Fig. 2) [44, 99, 316, 317]. R-loops play important roles
in biology, such as immunoglobulin class switching
[323], keeping CpG islands unmethylated [91, 254], and
defining transcription termination signals [254, 270]. R-
loop formation is common in transcription of C-rich
template sequences [324], which most disease-associated
repeat expansion genomic loci possess. The impact of R-
loop formation on disease at repeat expansions is still
unclear. Whether R-loop formation will trigger DNA
methylation, transcriptional silencing, or other events
may be dependent upon a number of factors specific to
the affected gene or locus.

Bidirectional transcription of repeat expansions

Bidirectional transcription has been reported to occur in
DM1, C9FTD/ALS, Huntington's disease (HD), spino-
cerebellar ataxia 8 (SCA8), and Huntington's disease-like

2 (HDL2), among other diseases [26, 40, 126, 312]. Slo-
wed transcription across a repeat may also be able to in-
duce antisense transcription of the non-template DNA
strand via R-loop formation [270]. For example, FRDA-
associated GAA repeat expansion sequences were shown
to initiate transcription and act as promoters in yeast
[330]. However, many genes exhibit bidirectional tran-
scription [293] and in microsatellite diseases bidirec-
tional transcription typically initiates outside of the
repeat (Fig. 2) [26, 113]. Bidirectional transcription across
repeats can also result in double R-loops that amplify re-
peat instability and accelerate methylation and transcrip-
tional silencing [181, 183, 223]. Antisense transcription
can often interfere with transcription of the coding gene
[145]. Most relevant to this review is the production of
two xtrRNAs from bidirectional transcription and the po-
tential to synthesize repetitive polypeptides from both
xtrRNA. For example, in COFTD/ALS both xtrRNAs form
nuclear foci [59, 90, 248, 340] that sequester RNA-binding
proteins [47, 175, 217] and are translated into repetitive
polypeptides [9, 216], highlighting the importance of bidir-
ectional transcription to molecular disease pathology.

The role of Supt4h in xtrRNA transcription
Transcribing microsatellite expansions into xtrRNA re-
quires processivity across repetitive sequence tracts that
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can have very high GC content. The 5,6-dichloro-1-/-D-
ribofuranosylbenzimidazole (DRB) sensitivity-inducing
factor (DSIF), composed of Supt4h and Supt5h proteins
(Spt4 and Spt5 in yeast), aids RNA Polymerase II (Pol II)
in transcription elongation and transcription rate
[305, 308]. The DSIF complex is important for tra-
versing sequences that elicit pausing of RNA Pol II [305]
and has been identified as a factor involved in the tran-
scription of RNA containing large simple repeat se-
quences. For example, transcription of repeat-containing
RNA from the huntingtin and CO9ORF72 genes signifi-
cantly decreases when Supt4h is deleted or knocked-
down [159, 186]. Supt5h is a conserved transcription fac-
tor with a homolog known as NusG in bacteria that is
important for elongation and processivity [185, 202].
Supt5h binds directly to the clamp coiled-coil domain of
RNA Pol II while Supt4h interacts through contact with
Supt5h [17, 119, 201]. Together, the DSIF complex inter-
acts with the DNA template outside of the transcription
bubble [17, 50, 151, 185]. Supt4h has a zinc-finger do-
main that may be important for modulating DNA inter-
actions of DSIF [308], and thereby improve processivity
by maintaining RNA Pol II template interaction during

periods of extended pausing [50, 151, 309]. Long repeti-
tive sequences prone to formation of secondary structure
in the transcription bubble, such as repeat-induced hair-
pin or R-loop structures, may represent prime sites for
pausing or backtracking [251, 260, 333].

DSIF is also used by RNA Pol I to presumably ensure
robust transcription of abundant and repetitive riboso-
mal RNA [122, 309]. It is worth noting that repeat ex-
pansions might occur in ribosomal RNA genes but they
have either not been characterized or have not been as-
sociated with disease [122]. In contrast, RNA Pol III,
which only transcribes relatively small noncoding RNA
genes, does not interact with the DSIF complex [309].
Thus, transcription is unlikely to be successful if large
microsatellite expansions occur in the small RNA genes
transcribed by RNA Pol III. These observations may
lend some rationale as to why all disease-associated re-
peat expansions to date are associated with Pol II-
transcribed genic regions [7, 31, 236].

Splicing of xtrRNA
Splicing involves several regulated steps, many accessory
factors and the spliceosome, a complex multi-component
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enzyme. There is currently a lack of mechanistic insight
regarding how the splicing apparatus reacts when encoun-
tering pre-mRNA containing large repetitive sequence
tracts [14]. Since introns can be excessively large while still
allowing productive and accurate splicing [263], the size of
the repeat expansion itself is not expected to significantly
impede splicing. However, transcription rates across
microsatellite expansions can be reduced, which can influ-
ence alternative splicing [58, 270], and stem loop struc-
tures in large pre-mRNA introns have been predicted to
affect splicing [263].

Examples of microsatellite repeat expansions modulat-
ing splicing include the GAA repeat expansion associ-
ated with FRDA. When placed near reporter gene exons
or in the first intron of a frataxin minigene system, the
GAA repeat caused complex splicing defects and accu-
mulation of aberrant splice products [15]. The mechan-
ism proposed involved binding of various splicing
factors to the GAA repeat-containing transcripts [15]. In
CI9FTD/ALS, the intronic GGGGCC repeat has been
implicated in splicing by favoring retention of the
intron-containing repeat, suggesting a mechanism by
which C9ORF72 xtrRNA can escape to the cytoplasm
for translation [227]. Expanded CAG repeats of HD are
also linked to production of short alternatively spliced
forms of the huntingtin mRNA that contain the CAG re-
peat expansion and add to the production of toxic poly-
glutamine protein [255].

Potential impact on splicing factors

If repeat expansion sequences can mimic the binding
motif of splicing regulators, they could recruit splicing
factors and affect splice site selection. In DMI1 the
MBNL family of splicing factors and CUG binding pro-
teins (CUGBPs) have an affinity for repetitive CUG and
CAG sequence. Although the splicing of DM1 protein
kinase (DMPK) mRNA does not appear to be affected
by the CUG repeat expansion that it contains, the spli-
cing pattern of an antisense transcript across the DMPK
repeat, which contains a CAG repeat, appears to be al-
tered by the expansion [105]. In HD the expanded CAG
repeats have been proposed to interact with the splicing
factor SRSF6, which is believed to contribute to altered
splicing to generate truncated repeat-containing hun-
tingtin mRNA [255].

Repeat expansion sequences in xtrRNA could also
alter splicing by recruiting factors that are not typically
involved in splicing. These factors might modulate splice
site selection or spliceosome activity by changing local
ribonucleoprotein (RNP) structure or access to splice
signals [67]. The repetitive structural nature of repeat
expansions could also sterically hinder access to splice
signals, depending on their proximity to splice enhancer
or silencer elements. Alternative splicing is a complicated
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interplay of modular protein and RNA interactions that
are difficult to predict at present and local sequence and
context will likely be important for understanding the im-
pact of expanded repeats on splicing [14].

Therapeutic approaches to control xtrRNA transcription
and splicing

Characterizing the effect of microsatellite expansions on
transcription and splicing will directly benefit thera-
peutic approaches for repeat expansion disorders. Proof-
of-principle methods to locally disrupt the interactions
of xtrRNA at repeat expansion loci, such as R-loops,
have been demonstrated for FXS and FRDA using small
molecules and nucleic acids [44, 177]. Disrupting the
interaction of Spt4 and Spt5, or modulating Spt4 func-
tion, could provide a therapeutic avenue for a number of
repeat expansion disorders by reducing xtrRNA expres-
sion. This has been demonstrated for CAG and
GGGGCC repeat expansions [159, 186] and might be
particularly valuable in disorders exhibiting bidirectional
transcription across the repeat expansion. For splicing-
based therapeutics, blocking inclusion of repeat
expansion-containing introns, such as with splice-
modulating antisense oligonucleotides or small RNAs,
could prove to be useful for disorders like FRDA and
CO9FTD/ALS.

With the emergence of gene editing technologies, the
direct removal of repeat expansions from the genome
may also be possible. Removal of genomic repeat expan-
sions could eliminate the possibility of xtrRNA expres-
sion or reverse repressive epigenetic states. Careful SNP
selection followed by targeting with CRISPR-Cas9 has
been shown to block promoter function and silence the
mutant expanded allele in HD [215] or completely delete
large portions of the mutant HD allele [265]. Targeting
CRISPR-Cas9 to sequences flanking the CTG repeat in
DM1 also caused large repeat deletions [299]. In model
cells of DM1, CRISPR-Cas9 was used to introduce a
poly-A signal upstream of the CTG expansion in the
DMPK gene to prevent CUG repeat transcription, which
led to a reversal of molecular disease [318]. While poten-
tial CRISPR-based therapeutics are exciting, precautions
must be taken to address potential pitfalls and challenges
like off-target effects, delivery, and cell-type specific
mechanisms of DNA damage repair [16, 54, 71, 85, 229,
238, 240, 322].

Structure, protein interactions, and localization of
xtrRNA

Structure of xtrRNAs and targeting with small molecules
During and after the synthesis and processing of
xtrRNA, the repetitive RNA will fold into repetitive and
unique structures and interact with proteins that have
an affinity for its sequence or structure. Watson-Crick
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pairing apparently dominates folding since all atomic
resolution investigations of disease-associated xtrRNA to
date, including CAG, CUG, CCG, CGG, CCUG,
AUUCU, and CCCCGQG, are imperfect A-form-like du-
plexes [39, 62, 147, 234, 341]. These structures possess
repeating units of Watson-Crick and mismatch paired
nucleotides [147, 341]. While some studies have identi-
fied G-quadruplexes or tetraplexes [45, 79, 194, 247],
other reports suggest that xtrRNA either do not form
quadruplexes or are transient and interconvert readily
with Watson-Crick paired conformations, especially as
the number of repeating units increase [62, 108, 281,
329, 341]. Some reports of tetraplex structure may be
the result of unusual interactions like dimerization be-
tween imperfect repeat duplex RNA, as was observed
for CGG repeat RNAs [103]. Convincing evidence for
the presence or biological significance of RNA G-
quadruplexes inside human cells is still lacking [20, 107,
164, 194], therefore direct roles for quadruplex RNA in
repeat expansion disease remain unclear.

Available structures of short repeat RNAs reveal A-
form-like conformations with unique mismatches that
may be targeted with artificial molecules to selectively
bind repeat expansion RNA structure. Small molecule
screening and structure-guided synthesis have experi-
mentally identified a variety of small molecules that can
bind xtrRNA, such as the CUG, CCUG, CGG, and
GGGGCC repeat RNAs associated with DM1, DM2,
EXS or FXTAS (Fragile X-associated tremor/ataxia syn-
drome), and COFTD/ALS, respectively [38, 39, 226, 281,
292, 314, 325]. These molecules have been shown to
stabilize repetitive structure or disrupt protein binding,
which can correct molecular disease markers like nu-
clear RNA foci and repetitive polypeptide translation, or
improve pathology in cells and animal models. Although
promising, their eventual therapeutic application will
need to demonstrate exquisite specificity for the RNA
target, minimal non-specific interactions, and pharmaco-
logic safety and efficacy [102, 252].

Protein interactions and localization of xtrRNA

Both sequence specific and structure specific interac-
tions likely underlie protein binding to xtrRNA. The re-
petitive nature of xtrRNA can result in multiple tandem
binding sites for proteins. In DMI1, the disease-
associated xtrRNA contains hundreds or thousands of
CUG repeats that bind and recruit possibly as many
copies of MBNL-1 protein and potentially other CUG-
binding proteins [173, 197, 235]. MBNL-1 recognizes CG
dinucleotides separated by 1-17 nucleotides [92], which
include motifs in pre-mRNA where MBNL-1 helps to
regulate splicing [245]. Examples include the pre-mRNA
of sarcoplasmic/endoplasmic reticulum Ca®*-ATPase 1
(SERCA1), which contains several YGCU(U/G)Y motifs
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downstream from exon 22. MBNL-1 usually interacts
with these motifs to cause inclusion of exon 22 but in
DM1 exon 22 is excluded during splicing [118, 34].
Blocking the interaction of proteins with DM1 xtrRNA
by using morpholino oligonucleotides rescued splicing
defects and molecular pathology [310]. Thus, a major
contributor to disease mechanism in DM1 is the se-
questration of splicing factors, particularly MBNL
proteins.

A number of diseases are characterized by binding of
specific proteins to xtrRNA or colocalization of proteins
with xtrRNA focal aggregates (Table 1) [327]. These
include proteins like MBNL-1 in DM1, DM2, HD,
spinocerebellar ataxia 3 (SCA3), SCA8 and HDL2
[197, 282, 327], hnRNP K in SCA10 and C9FTD/ALS
[46, 311], Pur-a, hnRNP F and SRSF2 in C9FTD/ALS
[47, 108, 319], and Sam68 and hnRNP A2/Bl1 in
EXTAS [262, 276]. As such, protein interactions with
xtrRNA play key roles in disease mechanism and are
expected to be important mediators of aberrant
xtrRNA localization and aggregation [214]. Foci con-
taining xtrRNA are believed to be the result of RNA-
binding protein sequestration that can functionally
deplete those proteins and partially protect the
xtrRNA from degradation [214, 327].

Sequence specific interactions may not entirely explain
xtrRNA localization or foci formation. While certain
proteins that prefer to bind G-rich sequence, like hnRNP
H/E, have been found to associate strongly with the
GGGGCC repeats of COFTD/ALS, other interacting pro-
teins do not appear to have strong GGGGCC sequence-
binding specificity, such as ALY/REF, SC-35, SF2, and
nucleolin [47, 108, 175]. Imperfect A-form-like duplexes,
or duplexes inter-converting with tetraplex conforma-
tions, may attract proteins that recognize the unique
structures of xtrRNA rather than the specific sequence.
Glycine-arginine-rich (GAR) proteins containing RGG/
RG motifs, for example, are believed to recognize the
structure of their nucleic acid partners rather than se-
quence [289]. The GAR domain-containing proteins
FUS (fused in sarcoma), FMRP, and hnRNP U all
recognize structured guanine-rich RNA sequences with
an apparent preference for transitions between canonical
duplexes and non-canonical structures like quadruplexes
[233]. One explanation for foci is that proteins bind spe-
cifically to repeat sequence or structural elements of
xtrRNA and then seed aggregation that recruits add-
itional secondary interacting factors. Thus, xtrRNA may
form foci by either merging with existing nuclear bodies
or else establishing their own novel versions of RNA
granules. While focal aggregation of xtrRNA can be det-
rimental to sequestered protein function, it may also
protect the cell by preventing nuclear escape and trans-
lation of repeat RNAs [150].
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xtrRNA localization and membrane-free cellular organelles
Whether there is a specific localization pattern of
xtrRNA inside cell nuclei is not entirely clear. Foci might
be expected to nucleate at the site of transcription.
DMPK mRNA usually localizes to SC-35 splicing
speckles after transcription. However, when containing
CUG repeat expansions, the DMPK mRNA has been
shown to localize peri-transcriptionally outside of SC-35
splicing speckles [274]. RNA containing CAG, CUG and
GGGGCC repeats were also shown to localize to SC-35
splicing speckles and nuclear speckles [132, 295].
However, in other studies the xtrRNAs, specifically CUG
and CGG RNAs, appeared to form foci stochastically
[243, 280]. Live cell imaging of Spinach2 aptamer-tagged
CGG repeat xtrRNA revealed rapid aggregation and for-
mation of very stable foci [280]. CGG xtrRNA foci were
additionally found to be mobile and dynamic and colo-
calized with Sam68 protein. They migrated around the
nucleus over time and could be seen to merge into lar-
ger foci or disaggregate into smaller foci. Live cell im-
aging of CUG repeat xtrRNA tagged with the MS2-GFP
system found similar effects for aggregation, foci forma-
tion and dynamics [243]. CUG repeat RNA foci forma-
tion depended on the presence of MBNL-1 protein. In
live-cell experimental approaches the xtrRNA is likely to
be over-expressed from an artificial genetic context and
may not represent the true dynamics or localization of
endogenous repeat expansions. Nonetheless, live and
fixed cell imaging have revealed that xtrRNA foci are dy-
namic, stable aggregates that likely depend on protein
interactions and may co-localize with known nuclear
bodies.

Nuclear bodies can be built around RNA and the mo-
lecular forces that govern nuclear body formation may
help explain xtrRNA foci formation and localization. For
example, nuclear paraspeckles depend on the long non-
coding RNA NEAT1 (nuclear paraspeckle assembly
transcript 1) [321]. Nuclear bodies are essentially
membrane-free organelles that are held together by tran-
sient or dynamic protein-protein and protein-RNA inter-
actions. These interactions collectively provide a type of
phase separation to organize and compartmentalize cel-
lular processes [336]. It was recently demonstrated that
CAG, CUG and GGGGCC repeat containing RNAs
form soluble aggregates with sol-gel phase separation
properties and behave similar to liquid-like droplets
[132]. These properties were dependent on the repeat
expansion length and base-pairing interactions. In con-
trast, CCCCGQG repeats did not form phase transitions,
suggesting that not all xtrRNA will possess these proper-
ties. Interestingly, guanine-rich nucleic acids are less
soluble than other nucleic acids and appear to be intrin-
sically aggregate-prone apart from protein, especially
when packing into quartets or higher-order quadruplex
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structures [21, 89, 179]. The disruption of membrane-
free organelles, which are abundant in the nucleus, is
linked to disease [198, 228, 272]. In fact, the disruption
of membrane-free organelle assembly and dynamics by
repetitive poly-glycine-arginine (poly-GR) and poly-
proline-arginine (poly-PR) translation products has
emerged as a leading molecular disease mechanism for
CI9FTD/ALS [165, 174, 182]. Association of certain
proteins with xtrRNA, dependent upon RNA sequence
and structure, may strongly influence the subsequent
localization of xtrRNA with membrane-free cellular
compartments.

Abundance and turnover of xtrRNA

Abundance of foci-forming xtrRNA

Understanding the biology of an RNA includes knowing
the effective concentration or abundance of that RNA
and its turnover and decay pathways. Three current
studies highlight the importance of characterizing cellu-
lar xtrRNA abundance. The cellular abundance of CUG
repeat-containing transcripts was recently measured
using transgenes and endogenous DMPK RNA in mouse
models of DM1 and human tissues from DM1 patients
[104]. Surprisingly, a large 1000-fold discrepancy for
transcript number was discovered across mouse models.
In human samples only a few dozen DMPK mRNA mol-
ecules were detected per cell, with only half of those ex-
pected to contain the repeat expansion. In a similar
study looking at the abundance and processing of an
antisense transcript across the DMPK repeat expansion,
only a handful of repeat containing antisense transcripts
were quantified per cell [105]. Quantification of the
repeat-containing intron of C9ORF72 in C9FTD/ALS
patient cells found only a few copies per cell, concluding
that each foci might be composed of as few as one
xtrRNA transcript [188]. Therefore, one or a few copies
of xtrRNA may be enough to generate focal aggregates.
Importantly, the stochastic nature of foci formation,
where many cells contain no foci but some contain sev-
eral, suggests that there may be a disproportionate con-
tribution to disease for xtrRNA at the individual cell
level [188]. These reports indicate that knowing the
number and type of xtrRNA species inside of cells will
be important for correct interpretation of data and for
understanding the role of xtrRNA in disease.

Nuclear xtrRNA retention and surveillance mechanisms

The nuclease enzymes primarily responsible for degrad-
ing nuclear RNA are the exosome complex (3'-5' exori-
bonuclease activity) and 5'-3' exoribonuclease 2 (XRN2)
[67]. These enzymes act as part of a nuclear RNA quality
control and surveillance pathway that monitors tran-
scription, splicing, and 3'-end formation of pre-mRNAs,
as well as their packaging into mRNP particles (Fig. 3)
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Fig. 3 Possible mechanisms of nuclear and cytoplasmic RNA surveillance, nuclear export, and translation of xtrRNA. RNA containing large repeat
expansion sequences may be subject to nuclear RNA surveillance mechanisms, including degradation by the nuclear exosome (1) or the XRN2
5'-3" exoribonuclease (1). Export of xtrRNA likely involves bulk mRNA transport via NXF1 (2b), but may also include alternative mechanisms like
CRM1-mediated export (2a) or possibly nuclear envelope budding (2¢). Cytoplasmic RNA surveillance mechanisms that may control xtrRNA levels
and translation include nonsense-mediated decay (NMD) (3a), no-go decay (NGD) (3b), or nonstop decay (NSD) (3c). Translation of xtrRNA is likely
to follow canonical cap-dependent translation (4), especially when repeat expansions are embedded in normal coding regions of an mRNA, but
may potentially involve internal ribosome entry site (IRES)-like mechanisms (4). RAN translation has been shown to be cap-dependent for some
repeat expansions, but complete mechanistic details remain to be determined

XRN1

[67, 146, 338]. Instead of degradation, these pathways
can also signal for retention of aberrant transcripts in
the nucleus, typically at the site of transcription [52,
220] but sometimes near nuclear pores [67]. Retention
at the site of transcription is coupled to nuclear exosome
activity, particularly the Rrp6p subunit [66, 220]. The
TPR protein, a mammalian ortholog of yeast Mlp1/2p, is
implicated in retention at nuclear pores for mRNAs with
retained introns that normally exit the nucleus through
the nuclear export factor 1 (NXF1) pathway [49]. Both
of these mechanisms may be relevant to xtrRNA, espe-
cially when repeat expansions are found in retained
introns [43, 110, 227].

Surveillance mechanisms are also related to transcrip-
tion or splicing of xtrRNA since these might be expected
to trigger degradation [67, 146]. However, the existence
of foci and nuclear export of xtrRNA argue that surveil-
lance mechanisms are incomplete or inefficient for
xtrRNA removal. At present it is unknown how many
molecules of any repeat expansion-containing RNA are
synthesized versus how many survive to form foci or exit
the nucleus for translation. It is likely that repeat
expansion-containing RNAs survive due to protection
by protein binding, such as hnRNP proteins [125, 327].
Alternatively, factors responsible for recruiting RNA to
the nuclear exosome, such as the TRAMP (Trf4/Air2/
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Mtrdp Polyadenylation) complex or NEXT (nuclear exo-
some targeting) complex, are unable to efficiently
recognize and bind the xtrRNA [146, 259]. Thus,
xtrRNA transcripts may escape degradation if they ap-
pear as "normal” mRNPs, having undergone proper RNA
processing like capping, splicing and polyadenylation
and are associated with appropriate post-processing
factors.

Turnover and decay of xtrRNA

An unanswered question remains as to whether foci
might contain partially degraded fragments of repeat
RNA in addition to larger intact transcripts. A case in
point is COFTD/ALS where the microsatellite expansion
occurs in an intron but nuclear RNA foci and cytoplas-
mic translation are both observed. When introns are
spliced out of pre-mRNA transcripts they are typically
destined for rapid degradation unless they contain a sta-
bly folding RNA element or recruit RNA binding pro-
teins [115]. Examples include small nucleolar RNAs and
microRNAs [56, 203]. It is possible that the structures
that repeat expansion RNAs form, as well as the proteins
that they bind, allow them to persist, accumulate, and
aggregate as foci [3]. At present the exact type and num-
ber of xtrRNA species that are trapped in foci versus
free and soluble for any disease is unknown. It is also
not known whether partially degraded xtrRNA frag-
ments are stable enough to accumulate. Furthermore,
there is no distinction between what are the major spe-
cies or which are nuclear versus cytoplasmic.

When mRNAs that contain microsatellite repeat ex-
pansions reach the cytoplasm they may encounter add-
itional quality control mechanisms designed to eliminate
aberrant mRNA and prevent its translation. These in-
clude nonsense-mediated decay (NMD), no-go decay
(NGD), and non-stop decay (NSD) (Fig. 3) [267]. NMD
recognizes premature stop codons through possibly mul-
tiple mechanisms. NMD can be triggered if exon-
junction complexes (EJCs), which are deposited near
splicing junctions, are encountered downstream of a
stop codon [172, 199]. Another mechanism of NMD
may involve the relative length of sequence 3' to the stop
codon [4, 172]. Repeat expansions could conceivably
alter the positioning of a stop codon or extend the 3'
UTR region and trigger NMD. When ribosome transla-
tion is significantly slowed or stalled then NGD can be
triggered. Stalling is thought to be initiated by unusually
stable RNA structures or protein-binding motifs and re-
sult in endonucleolytic cleavage [63]. Since repeat ex-
pansions are believed to fold into stable hairpins or
tetraplexes they could possibly trigger NGD. In the case
of NSD, the ribosome can become stuck on mRNA that
does not possess a stop codon. These complexes must
be resolved by cleavage and degradation of the mRNA
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[82, 302]. NSD could become activated if repeat expan-
sions alter the reading frame or cause loss of the stop
codon, such as via mis-splicing.

For xtrRNA embedded in mRNAs, either as exons or
introns, mRNA surveillance mechanisms should act to
reduce translation. Activation of these pathways will lead
to degradation by the cytoplasmic version of the exo-
some and XRN1, a 5'-3' exoribonuclease. Accessory fac-
tors that guide cleavage include the Ski complex
(composed of Ski2, Ski3, and Ski8 proteins) and the Ski7
protein [5, 267]. However, similar to nuclear RNA sur-
veillance mechanisms, the cytoplasmic pathways seem
unable to detect or completely remove xtrRNA and pre-
vent translation. Methods to enhance RNA surveillance
mechanisms might represent reasonable targets for
therapeutic intervention. For example ataluren (PTC124)
is a small molecule drug that increases NMD and might
sensitize mRNA surveillance to repeat expansions [73].

Some studies have uncovered potential RNA turnover
mechanisms associated with repeat expansions. In a re-
cent RNAi screen several RNA processing factors were
identified as suppressors of toxicity in C. elegans ex-
pressing a (CUG);,3 repeat expansion in a 3-UTR of
GFP [88]. These factors included RNases, helicases and
RNA binding proteins that, when knocked-down, caused
increased toxicity and enhanced nuclear foci formation.
A nuclear pore complex (NPC) protein, npp-4, was also
a suppressor in this screen. Interestingly, smg-2, a con-
served helicase and central component of the NMD
pathway, was a strong suppressor. Knock-down of NMD
resulted in a several-fold increase in GFP-(CUG);a3
RNA expression levels and increased GFP translation.
The substantial increase in 3-UTR GC-content was
identified as the likely trigger for NMD of the GFP-
(CUG)123 RNA [88]. Smg-2 was also identified as a sup-
pressor of poly-glutamine aggregation previously, likely
through NMD of aberrant repeat-containing HTT tran-
scripts [328]. These results provide one example of the
role of RNA turnover in controlling toxicity of xtrRNA
in repeat expansion disorders.

Nuclear export and translation of xtrRNA

Canonical mRNA export pathways

RNA export from the nucleus involves several distinct
pathways depending on the RNA and the various protein
factors that constitute the RNP particle [273]. For nu-
clear mRNA there are two main export pathways:
NXF1-mediated and chromosome region maintenance 1
(CRM1)-mediated, although NXF1 is the primary trans-
port system for bulk mRNAs (Fig. 3) [60]. Both mecha-
nisms rely on adapter proteins to specify the RNA cargo
for export. Many of the factors required for successful
export are deposited co-transcriptionally and post-
transcriptionally during mRNP assembly [22]. The C-
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terminal domain of RNA Pol II serves as a docking plat-
form for a wide variety of mRNA processing and mRNP
assembly proteins and plays critical roles in establishing
mRNP composition [139]. Correct processing of mRNA,
such as capping, splicing and 3'-end formation, deter-
mines the ability of these factors to bind mRNA and as-
semble export-competent mRNP particles [36, 60, 335].

The mRNA-associated adapter proteins and com-
plexes represent a complicated matrix of possible in-
teractions that dictate export efficiency [22, 60]. NXF1
can specifically bind the constitutive transport element
found in some mRNAs and viral RNAs, like that of
the Mason Pfizer monkey virus, to directly facilitate
export [101, 178]. However, for bulk cellular mRNA
transport NXF1 uses adapters like TREX (transcription
export complex) [60, 111]. Although the NXF1 protein
interacts loosely with RNA, TREX helps mediate spe-
cific binding through its subunit ALY/REF [124], a
protein previously reported to interact with COORF72
GGGGCC RNA repeats [47]. TREX associates with
mRNA during synthesis and processing via mRNA
capping and splicing events [138, 204] and appears to
be primarily recruited to the 5' ends of mRNAs in hu-
man cells via interaction between ALY/REF and the
cap binding complex component CBP80 [36]. In
addition to ALY/REF, TREX is composed of the THO
complex, CIP29, and UAP56, a component of the EJC
[37, 53, 157]. For repeat expansion disorders, NXF1
seems to be the most likely pathway since disease-
associated xtrRNA are transcribed from coding gene
loci and TREX is deposited onto mRNAs early during
transcription [204].

Nuclear export of xtrRNA

A recent study connected NXF1 transport of CO9FTD/
ALS intronic xtrRNA via interaction with the export
adapter SR-rich splicing factor 1 (SRSF1) [110]. SRSF1
appeared to interact and colocalize with C9ORF72
xtrRNA. Depletion of SRSF1 prevented neurodegenera-
tion in a fly model and suppressed cell death in patient-
derived motor neurons and astrocytes. Depleting SRSF1
or preventing interaction with NXF1 inhibited nuclear
export of repeat-containing C9ORF72 transcripts and
blocked RAN translation. Thus, SRSF1 might serve as a
therapeutic target in COFTD/ALS. This report highlights
the value of understanding RNA biology in the context
of repeat expansion disorders.

Most disease-associated xtrRNA is embedded in ex-
onic or untranslated regions (Table 1) and therefore
likely exits the nucleus via mRNA export pathways.
CRM1 exports proteins and their associated RNAs via
interaction with nuclear export signal sequences and
Ran-GTP (Fig. 3) [60, 74, 77]. CRM1 interacts directly
with the NPC at the nuclear periphery and commonly
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exports noncoding RNAs like splicecosomal RNA
(snRNA) [10, 74, 131]. There is no reported RNA bind-
ing affinity of CRM1 so selective export of mRNAs de-
pends on the RNA-binding properties of its cargo
proteins [60]. Export of xtrRNA by CRM1 might only
require that the repeat expansion sequence or structure
somehow recruit a CRM1 cargo protein.

Export of intronic xtrRNA would be expected to re-
quire aberrant splicing that resulted in its retention in
mRNA, as has been implicated for the intronic C9FTD/
ALS repeat expansion [227]. Alternative export pathways
exist but seem unlikely given their very specific nature.
For example, transfer RNA (tRNA) undergoes multiple
maturation phases that cumulatively result in two separ-
ate import and export steps [273]. These export path-
ways involve specific RNA-protein interactions, such as
EXP-t and EXP5 [8, 29], that are unlikely to mediate
xtrRNA export. For any export pathway through the
NPC, xtrRNA must somehow establish RNP complexes
that pass the requisite tests for licensing of export.

Nuclear exit of RNP granules, such as nuclear xtrRNA
foci, might also be possible through nuclear envelope
budding (Fig. 3). This mechanism involves TorsinA, nu-
clear lamina, and other uncharacterized factors. Nuclear
budding was discovered as part of the nuclear egress
mechanism of large nucleocapsid particles of Herpes vi-
ruses [55, 78, 200, 221, 277]. Nuclear envelope budding
has been found to be a natural process for nuclear re-
lease of large RNP complexes during development of
neuromuscular junctions in Drosophila melanogaster
[135, 277]. However, knock-out of TorsinA in HeLa cells
had little impact on Herpes virus production [294],
suggesting alternative factors or mechanisms in hu-
man cells. If xtrRNA is exported by nuclear envelope
budding it would have to mimic specific RNP granule
formation that elicits nuclear envelope budding, which
at present involves mechanisms that are largely
uncharacterized [78].

Translation of xtrRNA

If xtrRNA can successfully exit the nucleus it is a po-
tential candidate for translation. However, mRNAs
that contain expanded tandem repeats are possibly
the only practical source for translation of repeat ex-
pansion polypeptides since they contain the prerequis-
ite sequence elements and protein factors to mediate
canonical cap-dependent translation. These typically
include 5' cap structures, bound eukaryotic initiation
factors (elFs), a poly-A tail, and appropriate mRNP
complexes like the EJC [116, 301, 315]. Translation of
xtrRNA sequence embedded within the coding exon
of a gene, such as is found in SBMA, HD, DRPLA
(dentatorubral-pallidoluysian atrophy), OPMD (oculo-
pharyngeal muscular dystrophy) and several of the SCA
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disorders (Table 1), are translated by canonical mecha-
nisms. Most repeat expansions form stable secondary
structures that have been shown to reduce the amount of
overall translation by presumably inducing stalling,
frame-shifting or abortive translation [72, 222, 244, 313].
In contrast, the specific binding of MID1 protein to
huntingtin mRNA, which contains CAG repeat expan-
sions, has been reported to enhance translation and
lead to greater levels of aberrant protein [160]. This
mechanism has also been proposed to enhance transla-
tion of other CAG repeat expansion-containing genes
that cause disease [98]. Canonical translation of repeat
expansions that are found in-frame in coding se-
quences is expected to generate otherwise normal pro-
tein that simply contain long tracts of repetitive
polypeptide [296].

Repeat-associated non-AUG translation

The translation of noncoding xtrRNA irrespective of a
canonical start codon was recently discovered and
termed repeat-associated non-AUG (RAN) translation
[42, 96, 290, 339]. Repeat expansion diseases where this
mechanism has been observed now include SCAZ2,
SCAS8, SCA31, HD, FXTAS/FXPOI, and C9FTD/ALS
[9, 13, 27, 96, 129, 218, 261, 290, 339, 340]. RAN
translation of xtrRNA sequence can occur in many
contexts, including repeat expansions found in un-
translated regions, retained introns, and even those
embedded in coding exons [96]. The mechanisms of
RAN translation remain poorly understood and could
involve several scenarios, possibly even internal ribosome
entry site (IRES)-like mechanisms (Fig. 3) [96, 339]. For
the CGG repeats of FMRI1 that cause FXTAS a more
straightforward mechanism is emerging. In this case,
RAN translation is m’G cap-dependent where a pre-
initiation complex scans the RNA looking for a start
codon [96, 141]. When the CGG repeats are present and
stable structures are presumably encountered then stal-
ling occurs and significantly enhances the ability of the
ribosome to select a near-cognate start codon, or possibly
any codon, to initiate translation [141, 154, 158, 339]. A
similar mechanism is favored for the CAG and CUG re-
peats of sense and antisense transcripts in SCA8 [339].
This mechanism is proposed to allow translation initi-
ation upstream of a repeat expansion in multiple reading
frames [42, 96]. The sequence context, such as the leader
sequence during scanning, the types of potential near-
cognate start codons, and the repeat expansion sequence
and size all appear to modulate the degree of RAN trans-
lation [12, 141, 261, 339].

The mechanism of RAN translation may be related to
translation of upstream open reading frames (uORFs),
a widespread phenomena revealed through high-
throughput ribosomal footprint profiling [128]. RAN
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translation could even represent a specialized form of
uOREF translation that is triggered by stable xtrRNA
structures. Both mechanisms can initiate at near-
cognate start codons (although RAN translation may
use other codons or other mechanisms, like frame-
shifting) and are influenced by surrounding sequence
context that might impact RNA folding or protein in-
teractions [96, 117].

Recent investigations have demonstrated that certain
RAN translation products of COFTD/ALS disrupt the
function of membrane-free cellular organelles, such as
stress granules, Cajal bodies and the nucleolus [174,
182]. These polypeptides seem to block the formation or
critical interaction dynamics of membrane-free organ-
elles and RNA granules, which are important for neur-
onal cell signaling and health [269, 288]. Transport of
macromolecules through the nuclear pore complex
depends on interactions that resemble membrane-free
organelle structure [207, 219]. They are organized by dy-
namic protein interactions of low complexity domain
proteins, including phenylalanine-glycine (FG) repeats,
which may explain why certain COFTD/ALS RAN trans-
lation products are reported to disrupt nucleocytoplas-
mic transport [80, 136, 264, 326]. RAN translation
products can also aggregate and are implicated in the
disruption of a variety of other pathways [12, 42, 96,
142, 286, 339].

Several important questions remain concerning the
mechanisms of RAN translation. For example, how simi-
lar are the mechanisms of RAN translation across di-
verse repeat expansion and sequence contexts [42, 96]?
RAN translation maybe a spectrum of related mecha-
nisms based upon modulation of ribosomal scanning,
translation initiation, and translation elongation [301].
RAN translation can initiate just upstream from the re-
peat expansion, but how often can RAN translation initi-
ate within the repeat sequence itself [339]? In vitro and
cell-based model systems suggest that RAN translation
can proceed uninterrupted through an entire repeat ex-
pansion [141, 213, 339, 340]. Yet some expansions are
massive in size. Therefore, how often do repeat expan-
sions induce frame-shifting or possibly even early trans-
lation termination [313]? Also, what factors are unique
to RAN translation? Finding answers to these mechanis-
tic questions may be critical for developing future thera-
peutic molecules that can target and selectively block
xtrRNA translation.

Conclusion

RNA species that contain simple tandem repeat se-
quences occupy an underexplored world of RNA biol-
ogy. Recent studies have begun to revisit the
transcription and translation of repeat expansions. How-
ever, significant gaps remain for processes like cellular
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transport and turnover of xtrRNA. Placing repeat expan-
sion disease mechanism studies in the context of current
RNA biology will help reveal a better understanding of
how the cell deals with xtrRNA and identify mechanisms
unique to repeat expansions.

Investigations into the biology of xtrRNA promise to
unlock new approaches to therapeutics. Transcription
across repeat expansions has opportunities for thera-
peutic development, such as modulating the function of
Suptdh. Likewise, translation of repeat expansions, espe-
cially RAN translation, may become more targetable as
molecular mechanisms become better characterized and
specific factors identified. Selectively blocking both the
synthesis of xtrRNA or its translation are attractive
therapeutic approaches since they could extrapolate to
multiple repeat expansion disorders. Turnover of
xtrRNA should become increasingly important since
several potential therapeutic strategies employ targeted
and selective degradation of repeat expansion-containing
RNA, such as antisense oligonucleotides and small inter-
fering RNAs [64, 134, 169, 239, 275].
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ABSTRACT: DNA substitutions in RNA can probe the
importance of A-form structure, 2'-hydroxyl contacts, and
conformational constraints within RNA-guided enzymes.
Using this approach, we found that Cas9 biochemical
activity tolerated significant substitution with DNA
nucleotides in the clustered regularly interspaced short
palindromic repeat RNA (crRNA). Only minimal RNA
content was needed in or near the seed region.
Simultaneous substitution at all positions with predicted
crRNA—Cas9 2'-hydroxyl contacts had no effect on
enzyme activity. The trans-activating crRNA (tracrRNA)
also tolerated >50% substitution with DNA. DNA
substitutions in the tracrRNA-pairing region of crRNA
consistently enhanced cleavage activity while maintaining
or improving target specificity. Together, results point to a
prominent role for guide:target A-form-like helical
structure and a possible regulatory role for the crRNA—
tracrRNA pairing motif. A model chimeric crRNA with
high activity did not significantly alter RNP assembly or
target binding but did reduce Cas9 ribonucleoprotein
stability, suggesting effects through conformation or
dynamics. Cas9 directed by chimeric RNA—DNA guides
may represent a cost-effective synthetic or molecular
biology tool for robust and specific DNA cleavage.

NA-guided enzymes are evolutionarily ancient ribonu-

cleoproteins (RNPs) that act upon nucleic acid substrates
using associated RNA guides for specificity.”” Understanding
how an RNA guide and its associated protein cooperate is
important for characterizing enzyme mechanisms and engineer-
ing RNA-guided enzymes. One step toward understanding the
functional marriage between an RNA and protein is probing
with chemically modified residues.”™> DNA nucleotides, simply
lacking a 2'-hydroxyl group, are effective probes.® They are
affordable to synthesize and have well-characterized properties.
DNA typically forms a B-form double helix when paired to
another DNA strand but can readily undergo a transition to an
A-form helix depending on the local environment.” Chimeric
RNA—-DNA oligonucleotides prefer to form A-form-like helices
due to RNA dominance.” " This is attributed to the relative
flexibility of the 2'-deoxyribose sugar when incorporated into
nucleic acids, as opposed to more sterically constrained
ribonucleotides."" Inspiration for incorporating DNA nucleo-

-4 ACS Publications  © 2018 American Chemical Society
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tides also arises from naturally occurring DNA-guided enzymes
like Argonaute.'>"”

Clustered regularly interspaced short palindromic repeat
(CRISPR) RNAs (crRNAs) and the factors that associate with
them, Cas proteins, are recently discovered RNA-guided
proteins.”'* Enzymatic CRISPR—Cas complexes can recognize
and degrade foreign DNA in bacteria and Archaea.'* Enzymes
like Cas9 from Streptococcus pyogenes have been heavily co-
opted for genome editing and synthetic biology. They are
straightforward to program and can elicit sequence-specific
DNA cleavage.”™"” Their continued development will depend
on characterization of mechanism and their tolerance to
modifications and unnatural conditions.

We chose the CRISPR—Cas9 complex from S. pyogenes
(SpCas9) as a model system to investigate. Because SpCas9
evolved to use two separate guide RNAs,"*'® the crRNA and
trans-activating crRNA (tracrRNA), and to simplify chemical
synthesis of RNA—DNA chimeras, we chose to use the more
natural dual RNA-guided CRISPR—Cas9 complex (Figure 1A).
This is in contrast to the more commonly used artificial single-
guide RNA (sgRNA) that fuses a crRNA and tracrRNA
together.'® We assembled SpCas9 RNP complexes and assessed
in vitro DNA cleavage activity with purified components
(Figure S1A). Using two substrates (Figures S1B and S2), a
linearized EGFP plasmid and a 60 bp fluorescently labeled
DNA duplex (FAM duplex), we systematically tested DNA
substitution of the crRNA. The FAM duplex targets facilitated
later biochemical experiments and extended our general
conclusions. We found that cleavage activity trends were
quite similar for both types of target DNA substrate.

DNA nucleotides were initially incorporated at the 5" end of
the guide. Activity against a single sequence (E2 target site)
steadily decreased as the DNA composition expanded beyond
nine residues and into the seed region of the guide (Figure 1B
and Figure S1C). The seed sequence is the portion of the guide
region that nucleates target hybridization.'® These results
suggested a need for RNA in the seed sequence. To test this
hypothesis, we substituted eight contiguous seed residues with
DNA (crE2-I) and surprisingly observed robust activity. We
suspected that the guide may instead require a minimum
amount of RNA to maintain A-form-like helical structure upon
hybridization to target DNA. Upon complete substitution with
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Figure 1. Chimeric RNA—DNA crRNAs are tolerated and can
enhance the cleavage activity of SpCas9. (A) Sequence and secondary
structure of a dual-RNA guide for SpCas9. (B) DNA substitution
patterns for crRNA and subsequent in vitro cleavage activity for
SpCas9. The DNA (blue) and RNA (orange) composition is
schematically shown with the corresponding catalytic activity to the
right. Cleavage of the plasmid (purple) or short FAM duplex DNA
(green) is shown. Critical contacts between Cas9 and 2'-hydroxyls of
crRNA are denoted with red asterisks. Error bars represent the
standard error of the mean (SEM). (C) Cleavage of plasmid by
SpCas9 RNPs assembled with chimeric crRNAs targeting different
sequences. E2 cleavage data are taken from panel B for comparison.
crRNA naming follows the substitution scheme and convention in
panel B. Error bars are SEM.

DNA at the 3’ end that pairs with the tracrRNA, we observed
significantly enhanced cleavage activity (crE2-J) (Table S1).
Chimeras with complete DNA substitution in this region,
including crE2-L, crE2-O, and crE2-P, also exhibited enhanced
cleavage. Cleavage activity was, however, compromised when
too many DNA residues were substituted into the guide region,
in particular the seed region (i.e., crE2-M, crE2-N, and crE2-R).
Minimal RNA content was achieved with as few as six RNA
residues in the seed (crE2-U and crE2-V), although activity was
reduced. These results suggest that a minimum number of RNA
residues might be required in the guide, preferably in or near
the seed region, for catalysis. The six critical 2'-hydroxyl
contacts predicted between crRNA and Cas9,' three of which
are in the seed region, are lost to varying degrees in several of
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these chimeras. To directly test the role of specific 2'-hydroxyl
contacts, we generated an all-DNA crRNA with all six positions
converted to RNA (crE2-Y). This resulted in activity similar to
that of another crRNA with only six RNA residues, crE2-V. In
contrast, substituting an all-RNA crRNA with DNA at these
same six residues (crE2-Z), thereby eliminating all predicted
critical 2'-hydroxyls between crRNA and Cas9, did not
significantly alter cleavage activity (Table S1). These results
demonstrate that predicted 2'-hydroxyl contacts are dispensable
for biochemical activity'” and indicate that RNA content is
important for maintaining an A-form conformation of the
crRNA.

To test whether enhanced cleavage was independent of guide
region sequence, we targeted two additional sites of the EGFP
plasmid, E1 and E3 (Figure 1C and Figure S1D,E). The tested
crRNA substitution patterns gave similar results for most
targets. Although the El target was more efficiently cleaved
overall, configurations like cr-J and cr-P consistently conferred
high activity.

Other CRISPR—Cas systems may also tolerate DNA
substitution. To evaluate this possibility, we assembled dual
RNA-guided Staphylococcus aureus Cas9 (SaCas9) RNPs with
DNA-substituted crRNAs against the E2 target site. DNA
substitution patterns showed high activity for some config-
urations (crE2-1, crE2-], and crE2-P) (Figure S3A). However,
others that had previously induced efficient cleavage for SpCas9
provided little activity. These results suggest that chimeric
RNA—-DNA guides will generally be compatible with other
CRISPR—Cas systems, although substitution patterns tolerated
in the guide region may vary in an enzyme-specific manner.

We reasoned that higher activity might be the result of
nonspecific cleavage. To evaluate this possibility, we resolved
radiolabeled short duplex cleavage products on a denaturing
polyacrylamide sequencing gel (Figure 2A). We found that

[ — Perfect Match — Mismatch (mm) W orE2 @ crE2-J |
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SO B 11 o1
QT E H 208
K4 @
. < 06
| b BV goe
S 5
5 0. B 02
: £o
3 i
8 gO.S
© ©064
o Joos 5 554
8o g5
= 075 2 4 8 6 - 075 2 4 8 16
Hours Hours

Figure 2. Chimeric crRNA maintains Cas9 specificity. (A) Resolution
of radiolabeled SpCas9 cleavage products on a sequencing gel. Two
radiolabeled products that differ by a single nucleotide can be resolved.
(B) Cleavage activity using mismatched FAM duplex targets. SpCas9
RNPs were incubated with the targets indicated. Cleavage activity was
measured after the time specified. Mismatch target sequences are listed
in Table S2. Error bars are SEM.

SpCas9 guided by native crE2 and a model chimeric crE2-J
catalyzed cleavage of the same phosphodiester bonds, a major
and minor product as expected from previous reports.'”'®
Therefore, cleavage remained site-specific. We also tested a
FAM duplex target with an NTT instead of an NGG
protospacer adjacent motif (PAM) sequence. The PAM
sequence is an additional sequence requirement for each Cas
protein, with NGG being specific for SpCas9."****" Little or no
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cleavage was observed for crE2 or crE2-J with an NTT PAM
(Figure S3B).

To further address specificity, we synthesized three FAM
duplex targets containing nucleobase changes that would result
in mismatches with the crRNA. These substrates can test the
substrate specificity of Cas9 assembled with chimeric crRNA. A
single seed mismatch at position 16 (mml) should only
moderately impact activity, while two seed mismatches at
positions 16 and 12 (mm2) should abrogate cleavage. In
contrast, combining a mismatch outside of the seed (position
6) with a position 16 mismatch in the seed (mm2-5") should be
tolerated like a single mismatch in the seed.”” * Activity of
crE2 was compared to that of substituted crE2-J for all targets
(Figure 2B, Figure S3C,D, and Table S2). The level of cleavage
of the mm1 target by crE2 increased from ~40% to almost 70%
over time, while the level of cleavage by crE2-] stayed nearly
constant at ~50%. This represents a significant discrimination
against the mm1 target at all time points by crE2-] compared to
crE2 (Table S1). Cleavage of mm?2 and mm?2-5’ was similar for
both crE2 and crE2-J. These targets represent a small fraction
of possible mismatches. Nonetheless, these results together
demonstrate that chimeric crE2-J can maintain or improve Cas9
specificity.

Having established tolerance for DNA in the crRNA, we also
probed the tracrRNA with DNA substitution (Figure 3).
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Figure 3. DNA substitutions in tracrRNA are tolerated. Cleavage
activity of SpCas9 RNP assembled with crE2 and crE2-J and chimeric
tractRNA. Substitution illustrations are shown above the graph. Full
substitution patterns are listed in Table S1. Error bars are SEM.

Complete conversion of tracrRNA to DNA (tracrDNA)
supported little or no activity. Substitution of DNA in the
crRNA-pairing region of the tracrRNA (tracr-A) supported
approximately half of the usual cleavage activity for crE2 but
none for crE2-J. More selective replacement of RNA with DNA
in certain parts of the tracrRNA, such as stem structures (tracr-
B), improved crE2 activity to that of unsubstituted tracrRNA
but did not yield activity for crE2-J. Therefore, we used a crystal
structure of an SpCas9 ternary complex to guide additional
substitutions and potentially conserve critical Cas9 contacts or
RNA structure.'® We substituted 34 of 66 (~50%) RNA
nucleotides with DNA (tracr-C) and observed restored activity
for both crE2 and crE2-]J that was similar to that of an
unsubstituted tracrRNA. As an additional control, we
synthesized a tractrRNA containing DNA everywhere except
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for 16 bases in the crRNA-pairing region (tracr-D).
Surprisingly, this design (~75% DNA) supported approx-
imately two-thirds of the activity of a normal tracrRNA for
crE2. These results demonstrate that the entire 3’ portion of
tracrRNA that anchors Cas9 binding can be completely
substituted with DNA and still provide moderate enzyme
activity. Thus, binding of tracrRNA to Cas9 may involve an
induced fit of the tracrRNA. Combined with substitutions in
the crRNA that enhanced activity, these results indicate that
elements for regulating Cas9 activity may reside in the crRNA—
tracrRNA pairing motif.

To better understand enhanced activity with chimeric
ctRNAs, we performed time-course cleavage, RNP assembly,
target binding, and RNP stability assays. In time-course
experiments, we observed rapid cleavage of the linearized
plasmid by SpCas9 when guided by native crE2, confirming
previous reports of fast kinetics' ' (Figure 4A). Cleavage was
largely complete within 30 s. The crE2-J chimera likewise
showed rapid kinetics but a greater overall level of cleavage,
supporting our usual end-point assays. These data suggest that
crE2-J may force assembly of Cas9 into a conformation that is
more poised for cleavage. To determine whether DNA
substitutions affected RNP assembly or global conformation,
we performed electrophoretic mobility shift assays (EMSAs), or
gel shifts. A catalytically inactive “dead” SpCas9 (dCas9) was
titrated with radiolabeled tracrRNA—crRNA and resolved on a
native polyacrylamide gel (Figure 4B and Figure S4A—C).
Either crE2, crE2-], or crE2-K as a control was tested for RNP
assembly. The gel shift patterns and calculated apparent
binding affinities from replicate gels were nearly the same for
all three crRNAs irrespective of DNA content (Table S1).
Because crE2-K Cas9 RNPs are catalytically inactive, we instead
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Figure 4. Model chimeric crRNA maintains RNP assembly and target
engagement but reduces RNP stability. (A) SpCas9 RNP complexes
were assayed for plasmid cleavage over time. F.C.,, is the maximum
fraction cleaved. Error bars are SEM. (B) Quantification of binding of
dCas9 to radiolabeled tracrRNA and indicated crRNAs by an EMSA.
Error bars and the error of calculated apparent dissociation constants
(kg 4pp) are reported as SEM. (C) Quantification of preassembled
dCas9 RNP binding to radiolabeled duplex DNA as determined by
dot-blot filter binding. Error bars and the error of calculated apparent
dissociation constants (ky ) are reported as SEM. (D) Thermal
stability of SpCas9 alone or assembled into RNPs as determined by
ultraviolet (UV) melts (280 nm). UV melt profiles are the average of
two replicates, and the error is reported as SEM for calculated T,
values.
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tested their ability to engage a double-stranded DNA target. We
assembled RNP complexes with dCas9 and titrated them with
radiolabeled duplex DNA targets. RNP—target complexes were
separated by filter binding. No significant difference in binding
between crE2 and crE2-] was observed (Figure 4C and Table
S1). In contrast, target binding by crE2-K RNPs resulted in a
nearly complete loss of target binding. Finally, to assess RNP
stability, we assembled SpCas9 RNP complexes and monitored
their melting at 280 nm (Figure 4D). The SpCas9 protein alone
had a T,, of 43.8 °C. For assembled RNP, we observed a small
but significant decrease in the thermal stability with crE2-] and
crE2-K (T, of 50.4 °C each) versus crE2 (T,, of 52.1 °C)
(Table S1).

In this study, we used DNA substitutions to probe the
structure—function relationship between guide RNA and Cas9
protein. Our results emphasize a requirement for A-form-like
structure for target binding and cleavage rather than a
conservation of 2’-hydroxyl contacts between Cas9 and
crRNA, in contrast to a previous report.'” Substantial DNA
substitution could be tolerated, with as few as six to eight RNA
residues in or near the seed region, and removal of all 2'-
hydroxyls at predicted Cas9 contacts had no effect on activity.
A fully substituted, all-DNA guide was able to assemble stable
RNP complexes but unable to efficiently engage target DNA. It
is likely that a B-form DNA—DNA guide:target duplex cannot
fit into the Cas9 RNP. Structures of the CRISPR—Cas9
complex bound to target DNA show that the guide:target
duplex assumes an A-form-like architecture.'®*>** It is possible
that DNA—DNA hybridization thermodynamics could also
reduce the level of Cas9 RNP target binding and therefore
reduce activity. However, comparing the activity of other
crRNAs, like crE2-M and crE2-S, reveals that DNA placement
in the guide is the determining factor rather than the overall
DNA content. We also performed a thermal denaturation of
ctRNA crE2, crE2-J, and crE2-K when annealed to comple-
mentary target DNA and found very similar T,, values (Figure
S4D). Thus, our results argue for structural constraints when
accommodating an R-loop structure and fitting substrate DNA
into the Cas9 RNP.”’

DNA substitutions of tractRNA showed that the 3’ hairpins
and nexus could be completely replaced by DNA and still
support moderate cleavage. Cas9 may be able to remodel the
DNA and induce it to fit into the RuvC and PI domains.'®>>*°
Many induced fit interactions have been described for RNA—
protein complexes and usually involve conformational plasticity
of the RNA.”"~*’ The flexibility of DNA makes it a useful probe
for studying induced fit interactions. Previous studies have
noted that high-affinity interactions between Cas9 and
truncated ngNAs can still occur, although they do not support
catalysis.”*”

Substitution of DNA in the tracrRNA-pairing region of
crRNAs consistently enhanced Cas9 biochemical activity.
Cleavage activity was site-specific, even showing specificity
greater than that of a native crRNA for a single seed mismatch.
This same substitution pattern had no impact on RNP
assembly but did reduce RNP stability. Effects on enzyme
conformation or dynamics are possible explanations for these
observations. DNA nucleotides could destabilize inactive
conformations or allow more frequent sampling of catalytically
competent conformations.>**%*!

The duplex between crRNA and tracrRNA may be sensitive
to DNA substitutions as it forms a unique bulged motif due to
imperfect pairing.'® This motif is partially buried in the a-
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helical REC lobe of SpCas9.'®** It makes significant contacts
with two short coiled regions of the REC lobe (amino acids
103—126) and the NUC lobe (amino acids 1109—1135) that
lack strong a-helical or f structure. These two regions are
completely unresolved in the apo SpCas9 structure,’” indicating
that RNA binding may play a role in stabilizing them through
an induced fit of the protein.”” The paired crRNA—tracrRNA
motif might bridge Cas9 domain communication through these
two regions, suggesting a possible allosteric role in regulation.””
For example, large REC lobe movements during guide RNA
binding30 are necessary to maintain an open structure for
engaging and processing target DNA.*>*>3¢

Our results indicate a need for conserving A-form-like helical
structure in the crRNA of the CRISPR—Cas9 complex and
suggest a potential new regulatory role for the crRNA—
tractrRNA pairing motif. DNA-substituted crRNAs may find
utility in molecular or synthetic biology applications as
affordable alternatives to native RNA guides while maintaining
predictably robust and specific DNA cleavage. Our results also
contribute to the rational design of chemically modified
CRISPR systems.
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ABSTRACT

CRISPR (clustered regularly interspaced short palin-
dromic repeat) endonucleases are at the forefront of
biotechnology, synthetic biology and gene editing.
Methods for controlling enzyme properties promise
to improve existing applications and enable new
technologies. CRISPR enzymes rely on RNA cofac-
tors to guide catalysis. Therefore, chemical modifi-
cation of the guide RNA can be used to character-
ize structure-activity relationships within CRISPR ri-
bonucleoprotein (RNP) enzymes and identify com-
patible chemistries for controlling activity. Here,
we introduce chemical modifications to the sugar-
phosphate backbone of Streptococcus pyogenes
Cas9 CRISPR RNA (crBNA) to probe chemical and
structural requirements. Ribose sugars that pro-
moted or accommodated A-form helical architecture
in and around the crBRNA ‘seed’ region were tol-
erated best. A wider range of modifications were
acceptable outside of the seed, especially D-2'-
deoxyribose, and we exploited this property to facil-
itate exploration of greater chemical diversity within
the seed. 2’-fluoro was the most compatible mod-
ification whereas bulkier O-methyl sugar modifica-
tions were less tolerated. Activity trends could be
rationalized for selected crRNAs using RNP stability
and DNA target binding experiments. Cas9 activity
in vitro tolerated most chemical modifications at pre-
dicted 2’-hydroxyl contact positions, whereas edit-
ing activity in cells was much less tolerant. The bio-
chemical principles of chemical modification identi-

fied here will guide CRISPR-Cas9 engineering and
enable new or improved applications.

INTRODUCTION

CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats) is an adaptive immune defence system
that evolved to combat foreign invading nucleic acids in
bacteria and archaea (1-6). Their core enzymatic compo-
nent typically comprises a CRISPR-associated (Cas) en-
donuclease bound to CRISPR RNA (crRNA) cofactors
that guide sequence-specific binding and subsequent phos-
phodiester bond cleavage of double-stranded DNA (7,8).
A well-characterized and prototypical system is CRISPR-
Cas9 from Streptococcus pyogenes (8,9). The S. pyogenes cr-
RNA is complementary to target DNA at its 5’ guide and
base-pairs with a trans-activating crRNA (tracrRNA) via
its 3’ repeat sequence. The tracrRNA uses 3’ stem-loops to
bind Cas9 while the crRNA makes several direct Cas9 con-
tacts, including six predicted 2’-hydroxyl contacts (Figure
1A) (7,10,11). The S. pyogenes Cas9 can also use an artificial
single-guide RNA (sgRNA) where the crRNA and tracr-
RNA are artificially fused together (8,12,13).

CRISPR systems are being actively co-opted for biotech-
nology, therapeutics and synthetic biology (14,15) and fur-
ther development will depend on a more detailed under-
standing of mechanistic principles (7,16). Chemical mod-
ification of RNA is an effective method to probe mecha-
nism and RNA-protein relationships within ribonucleopro-
tein (RNP) enzymes (17). Ribose modifications can charac-
terize the contributions of RNA to helical structure, ster-
ics, flexibility, sugar pucker and 2’-hydroxyl requirements
(18). In addition, chemical modifications can impart nucle-
ase resistance, improved bioavailability and increased target
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Figure 1. Dual RNA-guided Cas9 and sugar-phosphate chemical modifications. (A) Sequence and secondary structure of a dual RNA guide for Strep-
tococcus pyogenes Cas9. Asterisks indicate structure-predicted 2'-OH contacts with Cas9. (B) Chemically modified nucleotides and linkers used in this

study.

affinity (19,20). Ribose modification has been the subject of
efforts to enhance the binding, stability and function of nu-
cleic acids in antisense oligonucleotide (AON), RNA inter-
ference (RNAI) and aptamer technologies. Chemical modi-
fications at the 2'-position of the sugar ring have been indis-
pensable for transitioning nucleic acids into FDA-approved
drugs (21,22). It is likely that CRISPR-based technolo-
gies will also benefit from chemical modification of RNA
(14,23-25).

Several studies have focused on chemical modification
of crRNA, tracrRNA and sgRNA for their compatibil-
ity with gene editing applications (25-30). However, these
studies primarily relied on a limited set of commercially
available modifications to maintain gene editing, which in-
volves multiple steps and poorly understood mechanisms
inside of cells. The application-driven nature of these studies
has made it difficult to extract guidelines based on enzyme
structure or intrinsic biochemical mechanisms. For exam-
ple, it has been concluded by several studies that RNA can-
not be removed at certain positions, particularly the ‘seed’
region or those that make 2’-hydroxyl contacts with Cas9

(27-29,31). However, we previously found that Cas9 bio-
chemical cleavage activity was unaffected when all of the
RNA residues at these critical positions were simultane-
ously substituted with DNA (32). To better understand the
underlying rules governing crRNA modification, we incor-
porated a broader and more diverse set of 2’-modified DNA
and RNA analogues in crRNA and characterized their im-
pact on Cas9’s cleavage activity. We sought to specifically
address the biochemical requirement of RNA by investigat-
ing the role of A-form structure, conformational flexibility
and steric constraints.

Here, we identify guidelines for modification of crRNA
that are compatible with Cas9 biochemical activity. We
propose that the seed region of crRNA guides prefer an
A-form-like architecture whereas the tracrRNA-pairing
(tracr-pairing) repeat region is compatible with a broader
array of modifications, including DNA, 2’F-ANA and 2',5’'-
RNA. Despite strong A-form conformational preference,
relatively bulky modifications such as C2'- or C4-OMe
groups were only tolerated in the seed when minimal re-
placements were made. The RNA analogue 2’F-RNA was
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the most compatible modification in most positions. The
high compatibility of DNA nucleotides outside of the seed
region suggests that flexibility may be an important fac-
tor in conformational transitions of Cas9 (7,33,34). Chemi-
cal modification at positions of predicted Cas9-2'-hydroxyl
contacts reduced efficient gene editing in cells despite ef-
ficient cleavage activity in vitro. These results help eluci-
date the functional role of RNA and provide more ratio-
nal guidelines for chemical modification of CRISPR-Cas9
for synthetic biology, biotechnology and future therapeutic
applications.

MATERIALS AND METHODS
Chemically modified oligonucleotide synthesis

Standard phosphoramidite solid-phase synthesis condi-
tions were used for the synthesis of all modified and un-
modified oligonucleotides. Syntheses were performed on
an Applied Biosystems 3400 or Expedite DNA Synthe-
sizer at a 1 micromole scale using Unylink CPG sup-
port (ChemGenes). All phosphoramidites were prepared
as 0.15 M solutions in acetonitrile (ACN), except DNA,
which was prepared as 0.1 M solutions. 5-Ethylthiotetrazole
(0.25 M in ACN) was used to activate phosphoramidites
for coupling. Detritylations were accomplished with 3%
trichloroacetic acid in CH,Cl, for 110 s. Capping of
failure sequences was achieved with acetic anhydride in
tetrahydrofuran (THF) and 16% N-methylimidazole in
THEFE. Oxidation was done using 0.1M I, in 1:2:10 pyri-
dine:water:THF. Coupling times were 10—15 min for RNA,
2'F-ANA, 2’F-RNA, 2’F,4 OMe-RNA, 2',4'-diOMe-RNA
and LNA phosphoramidites. Mixed sugar modifications
were prepared using premixed 1:1 equivalents of RNA 2'-
amidite with RNA 3’-amidite, or 1:1 equivalents of RNA
2'-amidite or DNA 3’-amidite, or 1:1 equivalents of RNA
2'-amidite with 2’F-RNA 3’-amidite. This 1:1 ratio results
in ~0.77:1 incorporation of 2’-amidite to 3’-amidite. De-
protection and cleavage from the solid support was ac-
complished with either 3:1 NH4OH:EtOH for 48 h at
room temperature (RT), or at 55°C for 16 h. Oligonu-
cleotides containing RNA were synthesized with stan-
dard 2-TBDMS phosphoramidites, and desilylation was
achieved with either neat triethylamine trihydrofluoride for
48 h at RT, or with triethylamine trihydrofluoride/N-methyl
pyrrolidone/triethylamine (1.5:0.75:1 by volume) for 2.5 h
at 65°C. Crude oligonucleotides were purified by anion ex-
change HPLC on an Agilent 1200 Series Instrument using
a Protein-Pak DEAE 5PW column (7.5 x 75 mm) at a flow
rate of 1 ml/min. The gradient was 0-24% of 1 M LiClO4
over 30 min at 60°C. Samples were desalted on NAP-25 de-
salting columns according to manufacturer protocol. Mod-
ified crRNAs were prepared for RNP assembly by heating
to 95°C then placing on ice to prevent formation of stable
secondary structures.

RINA and RNA-DNA oligonucleotide synthesis

DNA oligonucleotides and DNA-RNA chimeric oligonu-
cleotides were synthesized by Integrated DNA Technolo-
gies (IDT). Chimeric crRNAs were prepared for RNP as-
sembly by heating to 95°C then placing on ice to prevent
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formation of stable secondary structures. Cas9 tracrRNAs
were prepared by T7 RNA polymerase in vitro transcription
with DNA templates synthesized by IDT. Single-stranded
DNA templates were annealed to T7 promoter oligo to gen-
erate double-stranded promoter regions, which support in
vitro transcription by T7 RNA polymerase. In vitro tran-
scriptions were performed by standard protocols for 2 h.
Briefly, reactions contained purified T7 RNA polymerase
(4 pM), 30 mM Tris (at pH 7.9), 12.5 mM NaCl, 40 mM
MgCl2, 2% PEG 8000, 0.05% Triton X-100, 2 mM spermi-
dine and 2.5 uM T7-DNA template. Afterward, the DNA
template was degraded by DNase I treatment. Reactions
were phenol-chloroform extracted and gel-purified from
denaturing polyacrylamide gels. Purified RNA was refolded
by heating to 95°C for 5 min in a heating block followed by
slow cooling the block to RT (~40 min). RNA was quanti-
fied by measuring absorbance at 260 nm and calculated ex-
tinction coefficients using nearest neighbor approximations
and Beer’s Law.

Preparation of Cas9 enzymes

Plasmid encoding an SpCas9 (simply referred to as Cas9)
with a C-terminal fusion of a nuclear localization signal
(NLS) and a 6x-Histidine tag (pET-Cas9-NLS-6xHis) was
obtained from Addgene (62933). A dead Cas9 (dCas9) ver-
sion was prepared by performing site-directed mutagen-
esis on this plasmid to generate H840A and D10A mu-
tations (pET-dCas9-NLS-6xHis). Cas9 proteins were pre-
pared similar to that previously described (35). Briefly, pro-
tein expression was induced in Rosetta (DE3) cells with
0.4 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at
18°C for 16 h. Cell pellets were resuspended in 12 ml of
chilled binding buffer (20 mM Tris—-HCI, pH 8.0, 250 mM
NaCl, 1 mM PMSEF, 5 mM imidazole) per 0.5 1 of cul-
ture pellet. Resuspended cells were sonicated and clari-
fied by centrifugation. Supernatant was purified by His-
Pur Cobalt-CMA resin (Thermo Scientific) by sequentially
increasing concentrations of NaCl wash buffer (Tris—HCI,
pH 8, 0.25/0.5/0.75/1.0 M NaCl, 10 mM imidazole). Pro-
tein was eluted with 130 mM imidazole wash buffer. The
eluent was concentrated and exchanged into 2x Cas9 stor-
age buffer (40 mM HEPES-KOH, pH 7.5, 300 mM KCI, 2
mM ethylenediaminetetraacetic acid (EDTA), 2 mM DTT)
then one volume of glycerol added. Concentration was de-
termined by UV absorbance at 280 nm using a calculated
extinction coefficient (120 450 M~! cm™!) and Beer’s law.

In vitro Cas9 cleavage activity assays

In vitro cleavage assays were performed as previously de-
scribed (32). Linearized plasmid target DNA (100 ng) har-
boring the tetracycline receptor (TR) gene or EGFP (EG)
were combined with the Cas9 RNP complex (0.75 pM
Cas9, 0.25 pM tracrRNA, 0.3 wM crRNA final concen-
tration) in a 1x cleavage buffer (20 mM Tris—HCI, pH 7.5,
100 mM KCl, 5% glycerol, | mM DTT, 0.5 mM EDTA, 2
mM MgCl,) supplemented with 0.1 mg/ml of purified yeast
tRNA. The concentration of tracrRNA was purposely set
as the limiting component of the RNP complex and used to
predict final RNP concentration. Molar excess of Cas9 and
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crRNA will ensure complete assembly of tracrRNA into
RNP complexes and does not result in aggregation at con-
centrations used in our assays (32). Standard reaction con-
ditions were 37°C for 2 h in a final reaction volume of 40 1.
The mixture was treated with 10 wg of RNase A (Thermo
Scientific) for 15 min followed by 20 g of Proteinase K
(Thermo Scientific) for 15 min at room temperature. The
DNA products were precipitated in 10 volumes of acetone
with 2% LiClO4 at —20°C for >1 h. DNA cleavage prod-
ucts were resolved by agarose electrophoresis and visual-
ized using ethidium bromide staining. The fraction of target
plasmid cleaved was quantified using ImagelJ software. The
band intensity for the cleavage product band was divided
by the combined intensity of the largest cleavage product
and uncut substrate plasmid bands and reported as fraction
cleaved (i.e. ‘cut’/‘cut + uncut’). Error bars for all quan-
tified data represent experimental replicates, not technical
replicates. Sample size was selected based on the expecta-
tion that three or more replicates will be representative of
typical in vitro assay conditions.

Radiolabeling of DNA target

A total of 100 pmols of antisense DNA target strand
was radiolabeled with [y- 32P]-ATP using T4 polynu-
cleotide kinase following the manufacturer’s recommended
enzyme protocol (Thermo Fisher). Reactions were phenol-
chloroform extracted and radiolabeled DNA was gel-
purified on 15% denaturing polyacrylamide gels by the
crush-and-soak method. Gel-purified radiolabeled RNA
and DNA was quantified by scintillation counting.

Dot-blot filter binding assays for duplex target binding

For target binding by Cas9 RNP complexes, radiolabeled
duplex target DNA (1000 cpm/reaction) was combined
with increasing concentrations of a pre-assembled dCas9—
tracrRNA-crRNA complex in a final reaction of 20 pl 1x
cleavage buffer and 0.1 mg/ml tRNA. After incubation at
37°C for 15 min, reactions were vacuum filtered over nitro-
cellulose membrane (Protran Premium NC, Amersham) us-
ing a 96-well dot blot apparatus. Wells were washed twice
with 200 pl of 1x cleavage buffer. Membrane was then re-
moved and washed with 1x PBS solution three times and
air dried at RT. Binding of radiolabeled DNA was then visu-
alized by GE Typhoon phosphorimager. Spots were quan-
tified with ImageQuant software, values plotted in Prism
(GraphPad) and data fit to a one-site binding hyperbola
equation.

Thermal denaturation monitored by UV absorbance

Thermal denaturation was as previously described (32).
Cas9 alone or complexed to tracrRNA and crRNA at | pM
final concentration (equimolar concentrations of all com-
ponents) was incubated at room temperature for 10 min in
degassed 1x UV melt buffer (20 mM Cacodylate, pH 7.5,
150 mM KCI, 1 mM MgCl,). Samples were melted in a Cary
400 UV/Vis spectrophotometer at a ramp rate of 1°C/min
while UV absorbance at 280 nm was collected every 1 min.

Experiments were repeated in duplicate. Melting tempera-
tures were determined using Van’t Hoff calculations and er-
ror determined by standard error of the mean using two ex-
perimental replicates for each sample. Melt data was plotted
using Prism (GraphPad) software.

Cell-based editing measured by flow cytometry

HEK 293T cells expressing EGFP and SpCas9 were a kind
gift from Wen Xue (UMass Medical Center) (29). Cells were
grown in Dulbecco’s modified eagle’s medium (DMEM)
with 1x non-essential amino acids (NEAA), 5% Cosmic
calf serum (CCS) and 2.5% fetal bovine serum (FBS) with-
out antibiotics. Cells were reverse transfected (40-50 000
cells) in four experimental replicates in 96-well plates with
20 pmols of crRNA:tracrRNA complex in a final of 200
pl using RNAIMAX (Invitrogen) following the manufac-
turer’s recommended protocol. After 12 h, one volume of
media containing 15% FBS and 1 x Penicillin-Streptomycin
solution was added to the Opti-MEM and cells incubated
for an additional 12 h. Media was then replaced with full
media and cells grown for an additional 4 days.

For flow cytometry, cells were washed with PBS,
trypsinized, washed again and then fixed with 1%
paraformaldehyde in PBS for 8 min. Cells were washed
again and counted in an Accuri C6 Flow Cytometer.
EGFP was detected using the blue laser at excitation 488
nm; emission detection 530 + 15 nm (FL1 channel). At
least 20 000 events were collected and analyzed by Accuri
CFlow Plus software. The cells were first gated based on
forward and side scattering (FSC-A/SSC-A) to remove cell
debris, then gated to select single cells (FSC-H/FSC-A).
At last, cells were gated to select EGFP positive cells.
The quadrant gate was established using the signal from
non-EGFP expressing control cells. Untreated HEK
293T cells expressing EGFP and Cas9 contained ~6%
non-fluorescent cells. The average from four replicates was
used for background subtraction to determine the extent
of cell-based editing after treatment.

RESULTS

We used a dual RNA-guided (separate crRNA and tracr-
RNA) S. pyogenes CRISPR-Cas9 to probe the role of
the guide RNA in enzyme activity (Figure 1A). As op-
posed to an artificial single-guide RNA (sgRNA) (8), dual
RNA-guided Cas9 reflects the naturally occurring enzyme
(36,37). Given their shorter length, dual guides are also
more amenable to chemical modification (28). To facilitate
more efficient crRNA chemical synthesis, we truncated a cr-
RNA by 2 nt at the 5’ end and 4 nt at the 3’ end to yield a 36
nt crRNA (28). For this study, we have selected several mod-
ified nucleotides with properties that mimic or antagonize
the properties of RNA (Figure 1B). To isolate and compare
the effects of these modifications, we initially used a guide
sequence targeting the tetracycline receptor (TR) gene and
quantified site-specific in vitro cleavage of a linearized plas-
mid (Supplementary Figure S1) (32).

8102 Jaquieoa( 0 uo npa nis@uoubed)y ‘sjepuogie)n AlsieAlun sioul|| uleyIinos Aq 9026225/ 1z L ANB/IeU/SE01 0 L /I0pAoRASqE-8]01lB-00UBAPR/JeU/WOo0 dNno olwapede//:sdiy Woll papeojumod



Complete crRNA modification can support target DNA
cleavage activity

To establish a baseline for modification effects, we com-
pletely modified a native crRNA (crTR1) to 2'F-RNA
(crTR2), a modification that strongly mimics RNA sugar
pucker but cannot donate hydrogen bonds (38) (Figure 2).
Enzyme activity was very high, comparable to crTR1, sug-
gesting that strong A-form conformation and small chemi-
cal changes are preferred whereas hydrogen bonding may
be less important. We also synthesized a control crRNA
composed entirely of DNA (crTR3). Consistent with our
earlier report, crTR3 did not support target DNA cleavage
(32). A DNA-DNA hybrid with the target would adopt a
B-form helical structure (39) not easily accommodated by
Cas9 (10,11).

2',5-RNA is an RNA mimic where 3',5'-phosphodiester
linkages are replaced by the regioisomeric 2',5 linkage; it
binds to complementary native RNA with good affinity,
and incorporation of a few 2,5 linkages into an otherwise
unmodified RNA strand has a minor impact on duplex sta-
bility (40). The 2',5'-RNA modification is known to induce
‘A-like’ structure on oligonucleotides and sequences con-
taining this modification prefer to hybridize to RNA over
single-stranded DNA (ssDNA) (41,42). Thus, 2',5 linkages
should serve as an alternative A-form structure probe. Com-
plete conversion of a crRNA to 2',5-RNA abrogated en-
zyme activity (crTR4), possibly reflecting its poor affinity
towards single-stranded DNA. To mitigate overpowering
effects of 2,5 modifications at individual positions and gen-
erate a more moderate probe, we incorporated a mixture
of 2,5 and 3,5 linkages at each position. Recent high-
resolution crystallographic data on mixed-backbone RNA
duplexes show that RNA duplexes containing a few 2',5
linkages share the same global A-like structure as the na-
tive duplex (41,43). Remarkably, RNA helical structures are
well retained with 40% backbone heterogeneity (43). The re-
sult is a mixed population of crRNA regioisomers with the
same base sequence. The resulting crRNA crTRS consisted
of a statistical mixture of 2% (or 3.44 x 10'%) isomers. A
similar isomeric effect is observed with phosphorothioate
linkages, which has not been a major hurdle for their use in
development of FDA-approved drugs like Nusinersen (44).
Incorporating 3',5" linkages into the inactive 2',5'-crRNA
strand significantly restored activity (crTR4 versus crTRY),
albeit not to the level of a native 3,5 crRNA (crTR1). Com-
bining 2/,5-RNA with 2’F-RNA in a mixed configuration
(crTRO6) also provided substantial activity, also supporting
the A-form-like structural accommodation of 2',5" linkages.

We and others have previously found that Cas9 en-
zymes can accept partial RNA-DNA chimeric crRNAs
(29,31,32). In particular, converting the entire tracr-pairing
region to DNA significantly enhanced cleavage activity and
maintained or enhanced specificity (32). Thus, we rational-
ized that synergy might be achieved by taking into con-
sideration the modular nature of the crRNA. We modi-
fied the guide and tracr-pairing regions independently and
confirmed that DNA in the tracr-pairing region was highly
compatible with our target sequence (crTR7) (32). DNA in
this region will pair with RNA in the tracrRNA and likely
maintain an A-form architecture while increasing confor-
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mational freedom (32). While keeping DNA in the tracr-
pairing region, we then substituted 2'F-RNA (crTRS), 2/,5'-
RNA (crTR9), RNA/2',5-RNA mixed nucleotide modi-
fication (crTR10) and 2'F-ANA (crTR11) into the guide
region. The 2’F-RNA configuration was very compatible,
supporting high activity. The 2',5-RNA and RNA/2',5-
RNA mixed nucleotides exhibited little or no activity.

The guide/seed region strongly prefers A-form helical struc-
ture

2’F-ANA (2'-deoxy-2'-fluoro-arabinonucleic acid), the 2
epimer of 2’F-RNA, is known to acquire a C2'/O4'-endo
sugar pucker and prefer a B-form helix (45,46), which re-
sults in more DNA-like properties but with less flexibility.
The 2'F-ANA configuration (crTR11) was inactive. These
results suggested that the guide region is more reliant on
A-form helical structure than the tracr-pairing region. This
is not unexpected since it will pair with a DNA target
and must assume an A-form-like conformation for effi-
cient catalysis (10,11). We therefore tested B-form confor-
mational preference in the tracr-pairing region by substi-
tuting in 2’F-ANA (crTR12). This modification configu-
ration was also completely inactive. Since 2’F-ANA lacks
the conformational flexibility of DNA (45), it is likely that
2'F-ANA in certain tracr-pairing positions is incompatible
due to inflexibility. In support of this possibility, we found
that a crRNA with a 2’F-RNA guide and a 2’F-ANA tracr-
pairing region could support high cleavage activity when
the first 4 nt of the tracr-pairing region were DNA residues
(cr'TR13).

Within the crRNA guide region is a ‘seed’ sequence where
crRNA pairing to a target DNA is nucleated (7). Pre-
vious investigations reported that seed sequence residues
cannot be fully modified and specific positions require
RNA (27-29,31). Likewise, crystal structures have predicted
crRNA 2’-hydroxyl contacts with Cas9 (10,11). Arguing
against a strict requirement for 2'-hydroxyl contacts, we
previously showed that all predicted contacts could be si-
multaneously converted to DNA in an otherwise native
crRNA with no effect on biochemical activity (32). To
probe the seed sequence, we substituted eight contiguous
seed residues while maintaining RNA in the rest of the
crRNA. DNA (crTR14), as well as a mixed RNA/2',5-
RNA strand (crTR15), provided high activity, indicating
that predicted 2’ polar contacts are of limited importance.
However, complete conversion of the seed to 2/,5-RNA
(cr'TR16) or 2’F-ANA (crTR17) resulted in little or no ac-
tivity. To determine the importance of flanking nucleotide
conformation on the seed region, we started with 2’,5-RNA
or 2’F-ANA in the seed and then substituted flanking re-
gions with various modifications (crTR18-crTR24). None
of these combinations supported activity, suggesting an in-
ability to strongly influence seed structure. Therefore, the
seed region appears to strongly prefer A-form helical struc-
ture and is not significantly impacted by flanking modifica-
tions. An exception may be observed for conformationally
flexible nucleotides like DNA (crTR14).

Based on the above results, we tested a variety of ‘al-
timers’ where two or more modifications are alternated in a
pattern (47). Altimers can exploit unique synergy between
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B RNA H 2'F-RNA 0 DNA 0 2,5-RNA
P RNA/2;5-RNA P12'F-RNA/2;5-RNA 21 DNA/2)5'-RNA H 2'F-ANA
guide region tracr-pairing region
5 IAGAGCCAGCCUUCUUAUU“GUUUUAGAGCUAUGCUGUI 3
seed sequence Fraction cleaved
1 0 0.5 1.0

crTR1 5" -EHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHE- 3
<TR2 5 —EHEHEHEHEHEHEHEHEHEHEHEHEH - - - 3
cTR3 5 {HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHF 3
aTR4 5 HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHF 3
c«TR5 5 - AP PP P P P - P P P P R P R P R - 3
(G N U 4} 4y 4y Ay dy dy dy dy dy dy Ay Ay Ay Ay Ay Ay Ay Ay Ay dy dy dy dy dy Ay Ay Ay Ay Ay Ay Ay Ay dy 4y 4y 4l
«TR7 5 -SHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHIH HH HHH H HHH HH HH HHHH - 3
crTR8 5 -EHHHHEHEHEHEHEHEHEHEH R HHHHHH H H HH HHHHHHH 3
caTR9 5 {HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHF 3
aTR10 5 PP HPHPHPHPHPHPHPHPHZHZH HH OO H OO 3
cTR11 5 -EHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHIH HHHHH H H H H H HHHHHHH - 3
crTR12 5 THHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHF 3
c¢rTR13 5 SHHHHEHEHHHEHHEHHEHHHHHH H H H H HeHeHEHEHEHEHEHEHEHEHEHE - 3
crTR14 5" SHEHEHEHEHEHEHEHEHEH H_H_H_H H H H_HEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHET- 3
cTR15 5 THHHHHHHHH WA HHH HH HHHHHHHHHHHH- 3
crTR16 5 THHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHT 3
aTR17 5 CHHHHH OO OO H OO OO 3 -
crTR18 5 -EHEHEHEHEHEHEHEHEHBH H HH HH HHHHHHHHHHHHHHHHHHHHF 3§
crTR19 5 PP HH H HH H HHHHHHHHHHHHHHHHHHHF 3
crTR20 5 -PHPHPHPHPHPHPHPHPHPH H H H H H H H HAHZAHAHAHAHAHAHPHAHAHPHAHAHZHAHAHZHA- 3
crTR21 5" SEHEHEHEHEHEHEHEHEHEH H_H H H H H H HAHHAPHAHAHZHAHHAHAZHAHAZHAHA 3 |
crTR22 5 -EHEHEHEHEHEHEHEHIHBH HH HH HH HHHHHHHHHHHHHHHHHHHF 3~
crTR23 5" —EHEHEHEHEHEHEHEHEHEHEHEH - 37 |-
crTR24 5 THHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHF 3
crTR25 5" —EHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEH HIH HEH HEH HIH HIH HIH HEBH HEH Hl- 3
crTR26 5" —EHEHEHEHEHEHEHEHEHEHEH HEH HEH HEH HEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEHEH- 3 r
crTR27 5" —EHEHEHEHEHEHEHEHEHEH HEH HEH HEH HEH HEH HEH HEH_HEH HEH HEH HEH HEH HI- 3’
crTR28 5 EHEHEHEHEHEHEHEHEHEHEHEHEHEHE I H HH HH HH HH HH HH HHH - 3 r—
cTR29 5 —EHEHEHEHEHEHEHEHEHEHEHEHEHEHE-HEH S H H HEH HEH HEH HEH HEH HEH HEH Hl- 3
crTR30 5 —EHEHEHEHEHEHEHEHEHEHEHEHEHEH I H H H HH HH HeH e H HEH HEH Hl- 3
crTR31 5 THHHHHHHHH HHEHHEHEHSHEHH H H HIH HIH HIH HIH HIH HIH HIH Hl- 3’ |
CrTR32 5 B H HIHH HICHHIHCHCHIHH HIH O HICH HI O H O CHR O HHCHCHR O 3
caTR33 - BHHHH HHHHHHH HH HHHHHHHHHHHHHHHHHHHHHHF 3
crTR34 5 B HH HEH HEH HEH HEH HEH{ HIH HH HHHHHHHHHHHHHHHHHHF 3

Figure 2. Modification schemes and the corresponding Cas9 enzyme activity for chemically modified crRNAs. Entire crRNAs or large sequence tracts in
the guide, seed or tracrRNA-pairing region are modified. crRNA sequence is shown above and structure-predicted 2'-OH contacts with Cas9 are indicated
with asterisks below. Enzyme activity is reported to the right. Error is reported as standard error of the mean (s.e.m.) for three or more replicates.
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adjacent modifications and modulate effects. Indeed, al-
timers of DNA and 2'F-ANA in the tracr-pairing region
supported high activity when coupled with RNA (crTR25)
or 2’F-RNA (crTR28) in the guide region. The seed re-
gion was not compatible with altimer configurations us-
ing 2’F-ANA (crTR29-crTR31). However, altimers of 2'F-
RNA and DNA across the seed region were generally toler-
ated (crTR32-crTR34), further supporting a predominant
role for A-form conformational effects and the benefit of
conformational flexibility (32).

Our previous study characterizing RNA-DNA chimeric
crRNAs found that RNA residues in the seed region alone,
with DNA in all other positions, was sufficient to sup-
port robust in vitro enzyme activity by Cas9 (32). We con-
firmed this effect (crTR35) and used the high compatibil-
ity of DNA outside of the seed region to further probe the
structural and conformational requirements of the seed re-
gion (Figure 3). In this configuration, there is a lack of
strong interference from flanking sequence because of the
relative conformational neutrality of DNA. Once again,
we found that 2’F-RNA was a suitable replacement for
RNA (crTR36). As well, 2/,5-RNA (crTR38) or 2’-FANA
(crTR39) in the seed region showed little activity. Mixed
linkages (2/,5'/3',5-RNA) in the seed were more efficient
(crTR37) than 2/,5-RNA, reinforcing our earlier observa-
tion that RNA can help mitigate the structural effects of
2',5'-linkages.

We wanted to explore more diverse modifications, some
of which are only available as uridines. Therefore, we mod-
ified the six uridines in the 8-nt seed region while keeping
all other positions DNA. With only six uridine nucleotides
to modify, we explored replacement of RNA (crTR40)
with 2’F-RNA (crTR41), 2/,5-RNA (crTR42), 2’F-ANA
(cr'TR43), DNA (crTR44) (to distinguish thymine versus
uracil effects), 2/,4'-di-Ca-OMe RNA (crTR45) and 2'F-
4'-Ca-OMe RNA (crTR46) (48-51). Other than 2’F-RNA,
and to a small degree 2/,5-RNA, none of these modifi-
cations supported activity. This was surprising given the
RNA-like (C3'-endo) sugar pucker previously reported for
2/ 4'-di-Ca-OMe and 2'F-4'-Ca-OMe (48,50,51). Multiple
4’-O-methyl groups may introduce unfavorable steric con-
straints due to their bulkiness relative to a hydrogen atom.

Nearest neighbor effects can also modulate the confor-
mation or properties of adjacent nucleotides. For example,
DNA is easily induced into A-form-like conformation by
neighboring RNA nucleotides (52,53). Likewise, juxtapos-
ing 2’F-ANA and 2’F-RNA next to each other can relax the
strong RNA-like properties of 2’F-RNA (54). To determine
whether nearest neighbor effects could make modifications
work synergistically, we combined RNA with 2’F-ANA in
the seed (crTR47 and crTR48). RNA was unable to im-
prove activity for 2’F-ANA in the seed. Combining RNA
with 2/,5-RNA (crTR49), 2',4'-di-Ca-OMe (crTR50), or
2'F-4-Ca-OMe (crTRS51) also resulted in no activity. Thus,
RNA was unable to offset the unfavorable effects of these
modifications. In contrast, combining RNA with 2’F-RNA
(crTR52 and crTR53) and LNA (crTR54), a 2'-4’ bridging
modification that locks C3'-endo sugar pucker (55), resulted
in robust enzyme activity. Combining 2'F-RNA (with and
without RNA) with 2’/F-ANA was unable to restore activity
(crTR55 and ¢rTR56). Attempting to increase conforma-
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tional freedom by placing a UNA nucleotide (56) (crTR57)
or butane linker (crTR58) at the very 3’ nucleotide of the
seed region did not restore activity.

2’F-ANA was well tolerated in the tracr-pairing region,
as long as a few of the first 5’ nucleotides were DNA
(crTR13 and crTR59). However, placement of 2’F-ANA at
the second position (along with the fifth and eleventh po-
sitions) in the tracr-pairing region (crTR60) abrogated ac-
tivity. Combined with the activity of 2’F-ANA-containing
crRNAs crTR12, crTR13, crTR25, crTR27 and crTR28,
this result suggests that one or more positions closest to the
seed must assume A-form structure, either through confor-
mational predisposition or flexibility. DNA may temper the
formation of A/B junctions or rigid versus flexible A-form
transitions between the seed and tracr-pairing region. Place-
ment of 2’F-ANA outside of the seed but still in the guide
region (crTR61 and crTR62) was also detrimental to ac-
tivity. Conversely, placing 2’F-RNA in the same guide and
tracr-pairing positions resulted in robust activity (crTR63
and crTR64). These results reinforce a strong preference for
A-form helical structure in the guide region, especially the
seed sequence and a greater tolerance for modification in
most of the tracr-pairing region. This difference may derive
from hybridization of the crRNA 5’ guide region to a DNA
target versus pairing of the 3’ region to a tracrRNA partner.

To further probe the role of RNA in the seed re-
gion, we replaced two uridines that are predicted to
mediate 2’-hydroxyl contacts (10,11) while maintaining
RNA in all other positions (crTR65-crTR70). Replace-
ment with 2’F-RNA was the most compatible (crTR65),
while DNA (crTR66), 2'F-4-Ca-OMe (cr'TR67), 2, 4'-di-
Ca-OMe (crTR68) and even 2’F-ANA (crTR69) were well-
tolerated. The incorporation of 2’-O-methyl, a known RNA
conformational mimic (57), was only moderately effective,
reinforcing steric issues with bulky modifications at the 2’
position. We selected only uridines for replacement, so se-
quence or base composition may influence modification ef-
fects. However, these results show that judicious placement
in a few seed positions can make modifications tolerable,
even in sensitive 2’-hydroxyl contact positions.

RNP stability, target DNA engagement and a second guide
sequence support crRNA activity trends

To rationalize the effect of modifications, we assembled
Cas9 RNP complexes and determined their thermal sta-
bility (Figure 4A) and their binding to a double-stranded
DNA target (Supplementary Figure S2 and Figure 4B).
Thermal stability was measured by absorbance at 280 nm
as temperature was increased (32). Cas9 alone exhibited a
melting temperature (7},) of 44°C. Upon assembly with a
tractrRNA, the T}, increased to 46.6°C. Higher order assem-
bly with native crRNA (crTR1) resulted in an additional
increase in the Tj,, up to 49.5°C. We selected a handful of
representative crRNAs to determine their impact on RNP
stability. Two crRNAs that provided high enzyme activity,
cr'TR2 and crTR35, fell into a high T, regime like native
crRNA. One exception was crTR3, composed entirely of
DNA. This modified oligonucleotide seems to assemble sta-
ble RNP complexes but does not support catalysis (32). cr-
RNAs that fell into an intermediate 73, regime generally
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Figure 3. Modification schemes investigating effects on Cas9 enzyme activity primarily at the seed region. crRNA sequence is shown above and structure-
predicted 2’-OH contacts with Cas9 are indicated with asterisks below. Enzyme activity is reported to the right. Error is reported as s.e.m for three or more

replicates.
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Figure 4. Thermal denaturation, target binding and a second guide sequence help rationalize crRNA activity trends. (A) RNP thermal denaturation
monitored by UV absorbance at 280 nm. Error is reported as s.e.m. for two replicates. (B) Substrate engagement measured by dot-blot filter binding of
radiolabeled target DNA. Error is reported as s.e.m. for three or more replicates. (C) In vitro cleavage activity of Cas9 RNPs assembled with chemically
modified crRNAs targeting an EGFP gene. crRNA sequence is shown above and structure-predicted 2'-OH contacts with Cas9 are indicated with asterisks
below. Enzyme activity is reported to the right. Error is reported as s.e.m. for three or more replicates. (D) Cell-based editing activity of crRNAs co-
transfected with tracrRNA into HEK 293T cells stably expressing EGFP and Cas9. Gene editing efficiency was measured as loss of EGFP fluorescence
by flow cytometry 5 days post-transfection. Error is reported as s.e.m. for four replicate treatments.
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supported moderate activity (ctrTR5 and crTR6). However,
crTR39, with 2’F-ANA in the seed, also fell into the in-
termediate 7}, range. This result and the 7}, of crTR3 il-
lustrate the modular nature of crRNAs where tracrRNA-
pairing might support assembly, yet the guide cannot sup-
port catalysis. Only crTR4, composed entirely of 2'-5" link-
ages, did not increase RNP T7,,. This crRNA may be unable
to efficiently assemble a stable RNP complex with Cas9-
tracrRNA, explaining its lack of activity.

The ability of these chemically modified crRNAs to stably
engage target DNA mirrored the observations from RNP
stability (Figure 4B and Supplementary Figure S2). Native
crRNA (crTR1) facilitated strong equilibrium binding of
Cas9 RNP to target double-stranded DNA. Two crRNAs
with high activity and stable RNP assembly, crTR2 and
crTR35, exhibited moderate but stable target binding. cr-
RNAs with reduced enzyme activity (crTR3 and crTR4)
had lower target binding and those that possessed no cleav-
age activity did not bind the target. The all-DNA crTR3,
while able to assemble a stable RNP complex, was unable
to engage target DNA, as previously reported (32). Thus,
the effects of chemical modification can be correlated with
RNP assembly and target substrate engagement.

To determine if some of the general principles we have
observed could be extended to another sequence, we se-
lected a few modification schemes and a new guide sequence
that targets an EGFP gene. We performed in vitro cleavage
assays as before but using a linearized plasmid harboring
the EGFP gene as substrate (Figure 4C). A native crRNA
targeting EGFP (crEG1) supported about 90% cleavage of
the target plasmid. Complete modification with 2’F-RNA
(crEG2) resulted in substantial, albeit reduced, cleavage
at about 55%. As expected, complete conversion to DNA
(crEG3) or 2/,5-RNA (crEG4) resulted in loss of activity.
For the crTR guide we showed that DNA outside of the
seed region was compatible with cleavage activity if the seed
contained modified nucleotides with appropriate RNA-like
properties. This was confirmed by testing either 2'/F-ANA
or 2’F-RNA in the seed. The 2'F-ANA seed did not support
enzyme activity (crEGS) whereas 2’F-RNA in only six po-
sitions in the seed region was well-tolerated (crEG6). These
results support the overall preference for A-form like struc-
ture, especially in the seed region and the compatibility of
DNA in other regions of the crRNA.

To extend some of these results to Cas9 activity inside
of cells, we co-transfected tracrRNA and crRNA modified
with 2’F-RNA (crEG2) or 2’F-RNA and DNA (crEGo6)
into HEK 293T cells stably expressing EGFP and Cas9.
These modified guides target EGFP and should result in
loss of EGFP expression if gene editing was successful.
Editing was measured by flow cytometry five days after
transfection. Despite high activity in vitro and the presence
of the strong RNA mimic 2'F-RNA, these guides failed to
produce substantial editing activity (Figure 4D). A recent
report suggested that modification at certain predicted 2'-
hydroxyl contacts is a bottleneck for complete modification
of editing-active crRNAs (27).

To focus on guides that might reveal the impact of chem-
ical modifications at these positions, we generated a new
set of modified crRNAs (crEG7-crEG12) against the same
EGFP sequence. In this case, however, only two predicted

2'-hydroxyl contact positions were modified. These modi-
fied crRNAs are similar to a subset tested in vitro in Fig-
ure 3 (crTR65-crTR70), but the modifications were placed
at two different positions. The positions chosen contained
uridine nucleotides to allow testing of a more diverse va-
riety of chemical modifications. These two positions were
also shown to be sensitive to modification in a previous re-
port (27).

In vitro cleavage revealed that these crRNAs either sup-
ported high activity (crEG7, 9, 10 and 12), moderate activ-
ity (crEGS), or no activity (crEG11) (Figure 4C). All except
crEG11 were subsequently co-transfected with tracrRNA
and their ability to support editing was measured by flow
cytometry. These crRNAs showed editing efficiencies that
were lower than an unmodified crRNA, but quite similar to
the trends observed in vitro (Figure 4D). These results un-
derscore the importance of predicted 2’-hydroxyl contacts
with Cas9 for maintaining high editing efficiency in cells.
They also support our in vitro observations regarding the
general compatibility of chemical modifications that prefer
or can assume A-form helical structure and are not steri-
cally bulky.

DISCUSSION

The potential use of CRISPR-Cas9 for gene editing in
patients, and its possible other applications in pharma-
cotherapy, will likely face key hurdles not unlike other
oligonucleotide-based therapeutics (19-22). Very early
work with AONs and siRNAs was undertaken with un-
modified, natural molecules. However, it soon became clear
that native oligonucleotides were subject to relatively rapid
degradation and lacked sufficient drug-like properties, such
as biodistribution or cellular uptake (19,58). Although
CRISPR-Cas9is a large RNP enzyme that possesses unique
challenges for drug development (14,23,24), it is anticipated
that chemical modification of the guide RNA will signifi-
cantly benefit certain therapeutic applications (59). Previ-
ous investigations into CRISPR-Cas9 RNA chemical mod-
ification have generally focused on screens for guide RNAs
that are tolerated in gene editing applications with an em-
phasis on nuclease resistance or off-target effects. These
have included modification of sgRNA with 2’-O-methyl,
2’F-RNA, and phosphorothioate (PS) or thiophospho-
noacetate linkages at the termini (26) or internal residues
(30), partial substitution of crRNAs with DNA (29) or 2'F-
RNA, 2’-O-methyl, 2'-4’ bridged nucleic acid and PS link-
ages (28), or site-specific incorporation of 2'-O-methyl-3’-
phosphonoacetate (25) and 2’-4’ bridged nucleic acids (60).
A recent study explored extensive structure-guided modifi-
cation with 2’F-RNA, 2’-O-methyl and PS linkages in both
the crRNA and tracrRNA and found that heavy modifica-
tion could still support satisfactory gene editing (27). While
informative, these studies did not fully establish clear mech-
anistic or rational rules for guide RNA modification or cor-
related gene editing results with a biochemical understand-
ing of Cas9 RNP structure—function.

In this study, we sought to establish more fundamen-
tal rules for chemical modification that correlate with the
intrinsic biochemical activity of Cas9. These guidelines
are likely to impact a wide range of CRISPR applica-
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tions. In a previous study of crRNA structure-function, we
took advantage of the excellent probing properties of 2’-
deoxynucleotides. Substituting RNA with DNA at specific
residues provided characterization of 2’-hydroxyl contacts,
steric flexibility and A-form helical structure. Systematic
substitution suggested strong preferences for A-form heli-
cal structure in the crRNA, a lack of requirement for 2'-
hydroxyl contacts with Cas9, and potential regulatory fea-
tures of the crRNA that could enhance Cas9 activity (32).
Here we more rigorously tested our hypothesis of A-form
helical structure requirements for the crRNA while evalu-
ating the impact of conformational flexibility and steric re-
strictions on Cas9 activity.

We used both commercially available and custom modi-
fied nucleotides that can mimic RNA or DNA nucleotides
and better control crRNA conformation, flexibility, po-
lar contacts and steric constraints. Among the chemically
modified nucleotides we tested, those possessing confor-
mational properties similar to RNA were 2’F-RNA, 2',5'-
RNA (31-33), LNA (44), 2/,4'-di-Ca-OMe RNA (51), 2'F-
4-Ca-OMe RNA (39,40) and 2'-O-methyl (57). Among
these, 2’/F-RNA is one of the most prominent RNA sub-
stitutions in nucleic acid-based applications because of its
C3'-endo sugar pucker that increases binding affinity to tar-
get RNA, increased endonuclease resistance, and small sub-
stituent size (38,61,62). In contrast, 2’F-ANA mimics the
DNA conformation, has minimal steric constraints, pos-
sesses hydrogen bond acceptor potential and has substan-
tial nuclease resistance (63). We found that replacing RNA
bases with 2'F-RNA generally maintained an excellent de-
gree of activity. DNA could sometimes be partially replaced
with 2’F-ANA, such as in the tracr-pairing repeat region. In
contrast, placing 2’F-ANA in positions that require A-form
helical architecture, specifically the seed region, severely re-
duced activity presumably due to its inflexibility. The 2/,5'-
RNA nucleotides were largely detrimental when replacing
RNA. However, when 2/,5-RNA was used to replace RNA
or 2’F-RNA nucleotides in a mixed nucleotide configura-
tion (crTRS5 and crTR6), substantial cleavage was often
observed. Approximately 40% activity was retained when
three of six RNA bases in the seed (in an otherwise all-DNA
crRNA) were replaced with LNA bases (crTR54). Replac-
ing too many RNA bases with ribonucleotides possessing
2’F4-OMe and 2',4'-di-OMe moieties resulted in complete
loss of activity. Instead, these modifications performed bet-
ter when placed at only one or two select positions, as in
the case of siRNAs (48). The effectiveness of DNA and
2'F-RNA suggests that guide flexibility and conformational
preference is a key factor in Cas9's ability to achieve catalyt-
ically competent conformational states.

Together, our results support a need for A-form structure
throughout the crRNA. A requirement in the guide region,
specifically the seed sequence, likely arises from its role in
nucleation of target hybridization and the sensing of spe-
cific duplex shape by Cas9 in this region (64—66). The tracr-
pairing repeat region is likely to tolerate broader modifi-
cation because hybridization with tracrRNA should help
induce an A-form duplex architecture. The tracr-pairing
region also plays a poorly understood role in modulating
Cas9 activity (32). A-form conformation and flexibility at
or near the junction between the guide and tracr-pairing
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region may offer insight into this regulation. For exam-
ple, DNA or 2’/F-RNA are tolerated at or near this junc-
tion, but not 2’F-ANA or 2/,5-RNA. Our results indicate
that modified nucleotides in the crRNA guide region, espe-
cially the seed sequence, that mimic the properties of RNA
will be the most successful. Overuse of modifications with
bulky moieties should be avoided in the seed region. The
use of multiple modification types is supported, which can
take advantage of synergistic effects among modifications.
DNA nucleotides, for example, can offset conformationally
rigid modifications like 2’F-ANA, although both offer po-
tentially advantageous properties when judiciously placed
in the tracr-pairing region.

Previous reports have suggested a difficulty in replacing
predicted Cas9-2'-hydroxyl contacts with chemically mod-
ified nucleotides when trying to preserve gene editing ac-
tivity in cells (27,28,31). Our investigations support this
phenomenon. Although two crRNAs lacking any RNA
residues (crEG2 and crEG6) performed very well in vitro,
they supported very little gene editing inside of cells. Specif-
ically focusing chemical modification on two 2’-hydroxyl
contact positions in the crRNA (crEG7-crEG12) revealed
a clear reduction in editing efficiency for all modification
types tested. Thus, our results further emphasize a discon-
nect between the intrinsic biochemical activity of Cas9 and
its ability to induce gene editing in cells that centers on a
handful of 2’-hydroxyl contacts with the guide RNA. While
several mechanistic causes are possible, the difference in
substrate complexity between in vitro (plasmid DNA) and
cell-based editing (chromatinized DNA) experiments is ev-
ident. Characterizing the source of discrepancy between in
vitro and cell-based activity should provide a path forward
for the generation of CRISPR-Cas9 enzymes that can uti-
lize completely modified guides with high efficiency for gene
editing applications in the future.

CONCLUSION

This study establishes A-form helical structure and steric
constraint as the primary determinants of the crRNA
structure—function relationship with Cas9. Based on this
observation, we identify rational guidelines for chemical
modification of the crRNA sugar—phosphate backbone that
are compatible with Cas9 enzyme activity. In summary, the
guide region prefers an A-form-like architecture, primarily
due to nucleation of target DNA pairing at the seed. The
tracr-pairing region is compatible with a broader array of
modifications due to hybridization with tracrRNA and pos-
sible roles in conformational regulation of Cas9 activity. Po-
tentially bulky modifications should be avoided in the seed
sequence while a broad variety of modifications are likely to
be well-tolerated at crRNA 5" and 3’ termini (26). The com-
bination of multiple modification types can provide flexibil-
ity in tuning Cas9 activity by combining synergistic prop-
erties. The phenomenon of apparent 2'-hydroxyl require-
ment at certain guide positions, which are dispensable in
vitro, pose restrictions to highly efficient gene editing by
fully modified guides (27-29,31,32). The discovery of a clear
mechanistic underpinning or the identification of modifi-
cations that can compensate for the positional 2'-hydroxyl
requirement should unlock this restriction and make the

8102 Jaquieoa( 0 uo npa nis@uoubed)y ‘sjepuogie)n AlsieAlun sioul|| uleyIinos Aq 9026225/ 1z L ANB/IeU/SE01 0 L /I0pAoRASqE-8]01lB-00UBAPR/JeU/WOo0 dNno olwapede//:sdiy Woll papeojumod



12 Nucleic Acids Research, 2018

guidelines established here highly relevant for rational guide
modification.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

National Science and Engineering Council of CANADA
(NSERCC) (to M.J.D); NSERCC Create (to D.O.); South-
ern Illinois University (SIU) Startup Funding (to K.T.G.);
SIU Chemistry Department Gower Fellowship (to Z.J.K.);
SIU Graduate Fellowship (to C.L.B.); United States De-
partment of Defense Amyotrophic Lateral Sclerosis Re-
search Program (ALSRP) Grant (to K.T.G.). Funding for
open access charge: Startup Funding (to K. T.G.).

Conflict of interest statement. None declared.

REFERENCES

1. Bolotin,A., Quinquis,B., Sorokin,A. and Ehrlich,S.D. (2005)
Clustered regularly interspaced short palindrome repeats (CRISPRs)
have spacers of extrachromosomal origin. Microbiology, 151,
2551-2561.

2. Brouns,S.J., Jore, M.M., Lundgren,M., Westra,E.R., Slijkhuis,R.J.,
Snijders,A.P., Dickman,M.J., Makarova,K.S., Koonin,E.V. and van
der Oost,J. (2008) Small CRISPR RNAs guide antiviral defense in
prokaryotes. Science, 321, 960-964.

3. Marraffini,L.A. and Sontheimer,E.J. (2008) CRISPR interference
limits horizontal gene transfer in staphylococci by targeting DNA.
Science, 322, 1843-1845.

4. Mojica,F.J., Diez-Villasenor,C., Garcia-Martinez,J. and Soria,E.
(2005) Intervening sequences of regularly spaced prokaryotic repeats
derive from foreign genetic elements. J. Mol. Evol., 60, 174-182.

5. Barrangou,R., Fremaux,C., Deveau,H., Richards,M., Boyaval,P.,
Moineau,S., Romero,D.A. and Horvath,P. (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science, 315,
1709-1712.

6. Garneau,J.E., Dupuis,M.E., Villion,M., Romero,D.A.,
Barrangou,R., Boyaval,P, Fremaux,C., Horvath,P., Magadan,A.H.
and Moineau,S. (2010) The CRISPR /Cas bacterial immune system
cleaves bacteriophage and plasmid DNA. Nature, 468, 67-71.

7. Jiang,F. and Doudna,J.A. (2017) CRISPR-Cas9 structures and
mechanisms. Annu. Rev. Biophys., 46, 505-529.

8. Jinek,M., Chylinski,K., Fonfara,l., Hauer,M., Doudna,J.A. and
Charpentier,E. (2012) A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science, 337, 816-821.

9. Shmakov,S., Smargon,A., Scott,D., Cox,D., Pyzocha,N., Yan,W.,
Abudayyeh,0.0., Gootenberg,J.S., Makarova,K.S., Wolf,Y.I
et al.2017) Diversity and evolution of class 2 CRISPR-Cas systems.
Nat. Rev. Microbiol., 15, 169—-182.

10. Jiang,F., Taylor,D.W., Chen.J.S., Kornfeld,J.E., Zhou,K.,
Thompson,A.J., Nogales,E. and Doudna,J.A. (2016) Structures of a
CRISPR-Cas9 R-loop complex primed for DNA cleavage. Science,
351, 867-871.

11. Nishimasu,H., Ran,F.A., Hsu,P.D., Konermann,S., Shehata,S.I.,
Dohmae,N., Ishitani,R., Zhang,F. and Nureki,O. (2014) Crystal
structure of Cas9 in complex with guide RNA and target DNA. Cell,
156, 935-949.

12. Cong,L., Ran,F.A., Cox,D., Lin,S., Barretto,R., Habib,N., Hsu,P.D.,
Wu,X., Jiang,W., Marraffini,L.A. et al. (2013) Multiplex genome
engineering using CRISPR /Cas systems. Science, 339, 819-823.

13. Mali,P, Yang,L., Esvelt,K.M., Aach,J., Guell,M., DiCarlo,J.E.,
Norville,J.E. and Church,G.M. (2013) RNA-guided human genome
engineering via Cas9. Science, 339, 823-826.

14. Fellmann,C., Gowen,B.G., Lin,P.C., Doudna,J. A. and Corn,J.E.
(2017) Cornerstones of CRISPR-Cas in drug discovery and therapy.
Nat. Rev. Drug Discov., 16, 89—-100.

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wright,A.V., Nunez,J.K. and Doudna,J.A. (2016) Biology and
applications of CRISPR systems: harnessing nature’s toolbox for
genome engineering. Cell, 164, 29-44.

. Bisaria,N., Jarmoskaite,l. and Herschlag,D. (2017) Lessons from

enzyme kinetics reveal specificity principles for RNA-guided
nucleases in RNA interference and CRISPR-Based genome editing.
Cell Syst., 4,21-29.

. Nilsen, T.W. (2015) Nucleotide analog interference mapping. Cold

Spring. Harb. Protoc., 2015, 604-608.

. Saenger,W. (1984) Principles of Nucleic Acid Structure.

Springer-Verlag New York Inc., NY.

. Deleavey,G.F. and Damha,M.J. (2012) Designing chemically modified

oligonucleotides for targeted gene silencing. Chem. Biol., 19, 937-954.
Manoharan,M. (1999) 2'-carbohydrate modifications in antisense
oligonucleotide therapy: importance of conformation, configuration
and conjugation. Biochim. Biophys. Acta, 1489, 117-130.

Stein,C.A. and Castanotto,D. (2017) FDA-approved oligonucleotide
therapies in 2017. Mol. Ther., 25, 1069-1075.

Shen,X. and Corey,D.R. (2018) Chemistry, mechanism and clinical
status of antisense oligonucleotides and duplex RNAs. Nucleic Acids
Res., 46, 1584-1600.

Dai,W.J., Zhu,L.Y., Yan,Z.Y., Xu,Y., Wang,Q.L. and Lu,X.J. (2016)
CRISPR-Cas9 for in vivo Gene Therapy: Promise and Hurdles. Mol.
Ther. Nucleic Acids, 5, €349.

Wilson,R.C. and Gilbert,L.A. (2017) The promise and challenge of in
vivo delivery for genome therapeutics. ACS Chem. Biol., 13, 376-382.
Ryan,D.E., Taussig,D., Steinfeld,I., Phadnis,S.M., Lunstad,B.D.,
Singh,M., Vuong,X., Okochi,K.D., McCaffrey,R., Olesiak,M. et al.
(2018) Improving CRISPR-Cas specificity with chemical
modifications in single-guide RNAs. Nucleic Acids Res., 46, 792-803.
Hendel,A., Bak,R.O., Clark,J.T., Kennedy,A.B., Ryan,D.E., Roy,S.,
Steinfeld,I., Lunstad,B.D., Kaiser,R.J., Wilkens,A.B. et al. (2015)
Chemically modified guide RNAs enhance CRISPR-Cas genome
editing in human primary cells. Nat. Biotechnol., 33, 985-989.
Mir,A., Alterman,J.F., Hassler,M.R., Debacker,A.J., Hudgens,E.,
Echeverria,D., Brodsky, M.H., Khvorova,A., Watts,J.K. and
Sontheimer,E.J. (2018) Heavily and fully modified RNAs guide
efficient SpyCas9-mediated genome editing. Nat. Commun., 9, 2641.
Rahdar,M., McMahon,M.A., Prakash,T.P., Swayze,E.E.,
Bennett,C.F. and Cleveland,D.W. (2015) Synthetic CRISPR
RNA-Cas9-guided genome editing in human cells. Proc. Natl. Acad.
Sci. US.A., 112, ET110-E7117.

Yin,H., Song,C.Q., Suresh,S., Kwan,S.Y., Wu,Q., Walsh,S., Ding.J.,
Bogorad,R.L., Zhu,L.J., Wolfe,S.A. et al. (2018) Partial DNA-guided
Cas9 enables genome editing with reduced off-target activity. Nat.
Chem. Biol., 14, 311-316.

Yin,H., Song,C.Q., Suresh,S., Wu,Q., Walsh,S., Rhym,L.H.,
Mintzer,E., Bolukbasi,M.F., Zhu,L.J., Kauffman,K. ez al. (2017)
Structure-guided chemical modification of guide RNA enables potent
non-viral in vivo genome editing. Nat. Biotechnol., 35, 1179-1187.
Rueda,F.O., Bista,M., Newton,M.D., Goeppert,A.U., Cuomo,M.E.,
Gordon,E., Kroner,F., Read,J.A., Wrigley,J.D., Rueda,D. et al. (2017)
Mapping the sugar dependency for rational generation of a
DNA-RNA hybrid-guided Cas9 endonuclease. Nat. Commun., 8,
1610.

Kartje,Z.J., Barkau,C.L., Rohilla,K.J., Ageely,E.A. and Gagnon,K.T.
(2018) Chimeric guides probe and enhance Cas9 biochemical activity.
Biochemistry, 57, 3027-3031.

Dagdas,Y.S., Chen,J.S., Sternberg,S.H., Doudna,J.A. and Yildiz,A.
(2017) A conformational checkpoint between DNA binding and
cleavage by CRISPR-Cas9. Sci. Adv., 3, eaa00027.

Sternberg,S.H., LaFrance,B., Kaplan,M. and Doudna,J.A. (2015)
Conformational control of DNA target cleavage by CRISPR-Cas9.
Nature, 527, 110-113.

Anders,C. and Jinek,M. (2014) In vitro enzymology of Cas9.
Methods Enzymol., 546, 1-20.

Lim,Y., Bak,S.Y., Sung,K., Jeong,E., Lee,S.H., Kim,J.S., Bae,S. and
Kim,S.K. (2016) Structural roles of guide RNAs in the nuclease
activity of Cas9 endonuclease. Nat. Commun., 7, 13350.
Makarova,K.S., Wolf, Y.I., Alkhnbashi,O.S., Costa,F., Shah,S.A.,
Saunders,S.J., Barrangou,R., Brouns,S.J., Charpentier,E., Haft,D.H.
et al. (2015) An updated evolutionary classification of CRISPR-Cas
systems. Nat. Rev. Microbiol., 13, 722-736.

8102 Jaquieoa( 0 uo npa nis@uoubed)y ‘sjepuogie)n AlsieAlun sioul|| uleyIinos Aq 9026225/ 1z L ANB/IeU/SE01 0 L /I0pAoRASqE-8]01lB-00UBAPR/JeU/WOo0 dNno olwapede//:sdiy Woll papeojumod


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky1214#supplementary-data

38.

39

40.

41.

42.

43.

44,

45

46.

47.

48.

49

50.

51.

Patra,A., Paolillo,M., Charisse,K., Manoharan,M., Rozners,E. and
Egli,M. (2012) 2'-Fluoro RNA shows increased Watson-Crick
H-bonding strength and stacking relative to RNA: evidence from
NMR and thermodynamic data. Angew. Chem. Int. Ed. Engl., 51,
11863-11866.

. Kulkarni,M. and Mukherjee,A. (2017) Understanding B-DNA to

A-DNA transition in the right-handed DNA helix: perspective from a
local to global transition. Prog. Biophys. Mol. Biol., 128, 63-73.
Giannaris,P.A. and Damha,M.J. (1993) Oligoribonucleotides
containing 2’,5 -phosphodiester linkages exhibit binding selectivity
for 3/,5-RNA over 3',5-ssDNA. Nucleic Acids Res., 21, 4742-4749.
Sheng,J., Li,L., Engelhart,A.E., Gan,J., Wang,J. and Szostak,J.W.
(2014) Structural insights into the effects of 2’-5’ linkages on the
RNA duplex. Proc. Natl. Acad. Sci. U.S. A., 111, 3050-3055.
Wasner,M., Arion,D., Borkow,G., Noronha,A., Uddin,A.H.,
Parniak,M.A. and Damha,M.J. (1998) Physicochemical and
biochemical properties of 2’,5'-linked RNA and
2/,5-RNA:3,5-RNA “hybrid” duplexes. Biochemistry, 37,
7478-7486.

Shen,F., Luo,Z., Liu,H., Wang,R., Zhang,S., Gan,J. and Sheng,J.
(2017) Structural insights into RNA duplexes with multiple
2-5-linkages. Nucleic Acids Res., 45, 3537-3546.

Aartsma-Rus,A. (2017) FDA Approval of Nusinersen for Spinal
Muscular Atrophy Makes 2016 the Year of Splice Modulating
Oligonucleotides. Nucleic Acid Ther., 27, 67-69.

. Mangos,M.M., Min,K.L., Viazovkina,E., Galarneau,A.,

Elzagheid,M.I., Parniak,M.A. and Damha,M.J. (2003) Efficient
RNase H-directed cleavage of RNA promoted by antisense DNA or
2'F-ANA constructs containing acyclic nucleotide inserts. J. Am.
Chem. Soc., 125, 654-661.

Martin-Pintado,N., Yahyaee-Anzahaee,M., Campos-Olivas,R.,
Noronha,A.M., Wilds,C.J., Damha,M.J. and Gonzalez,C. (2012) The
solution structure of double helical arabino nucleic acids (ANA and
2'F-ANA): effect of arabinoses in duplex-hairpin interconversion.
Nucleic Acids Res., 40, 9329-9339.

Min,K.L., Viazovkina,E., Galarneau,A., Parniak, M.A. and
Damha,M.J. (2002) Oligonucleotides comprised of alternating
2'-deoxy-2’-fluoro-beta-D-arabinonucleosides and
D-2'-deoxyribonucleosides (2’F-ANA/DNA ‘altimers’) induce
efficient RNA cleavage mediated by RNase H. Bioorg. Med. Chem.
Lett., 12, 2651-2654.

Malek-Adamian,E., Guenther,D.C., Matsuda,S.,
Martinez-Montero,S., Zlatev,I., Harp,J., Burai Patrascu,M.,
Foster,D.J., Fakhoury,J., Perkins,L. et al. (2017)
4'-C-Methoxy-2'-deoxy-2'-fluoro modified ribonucleotides improve
metabolic stability and elicit efficient RNAi-Mediated gene silencing.
J. Am. Chem. Soc., 139, 14542-14555.

. Burai Patrascu,M., Malek-Adamian,E., Damha,M.J. and

Moitessier,N. (2017) Accurately modeling the conformational
preferences of nucleosides. J. Am. Chem. Soc., 139, 13620-13623.
Harp,J.M., Guenther,D.C., Bisbe,A., Perkins,L., Matsuda,S.,
Bommineni,G.R., Zlatev,I., Foster,D.J., Taneja,N., Charisse,K. et al.
(2018) Structural basis for the synergy of 4'- and 2’-modifications on
siRNA nuclease resistance, thermal stability and RNAI activity.
Nucleic Acids Res., 46, 8090-8104.

Malek-Adamian,E., Patrascu,M.B., Jana,S.K., Martinez-Montero,S.,
Moitessier,N. and Damha,M.J. (2018) Adjusting the structure of
2'-Modified nucleosides and oligonucleotides via C4’-alpha-F or

52.

53.

54.

55.

56

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Nucleic Acids Research, 2018 13

C4'-alpha-OMe Substitution: Synthesis and conformational analysis.
J. Org. Chem., 83, 9839-9849.

Salazar,M., Fedoroff,0.Y., Miller,J.M., Ribeiro,N.S. and Reid,B.R.
(1993) The DNA strand in DNA.RNA hybrid duplexes is neither
B-form nor A-form in solution. Biochemistry, 32, 4207-4215.
Wahl,M.C. and Sundaralingam,M. (2000) B-form to A-form
conversion by a 3’-terminal ribose: crystal structure of the chimera
d(CCACTAGTG)r(G). Nucleic Acids Res., 28, 4356-4363.
Martin-Pintado,N., Deleavey,G.F., Portella,G., Campos-Olivas,R.,
Orozco,M., Damha,M.J. and Gonzalez,C. (2013) Backbone
FC-H...O hydrogen bonds in 2'F-substituted nucleic acids. Angew.
Chem. Int. Ed. Engl., 52, 12065-12068.

Koshkin,A.A., singh,S.K., Nielsen,P., Rajwanshi,V.K., Kumar,R.,
Meldgaard,M., Olsen,C.E. and Wengel,J. (1998) LNA (Locked
Nucleic Acids): synthesis of the adenine, cytosine, guanine,
S-methylcytosine, thymine and uracil bicyclonucleoside monomers,
oligomerisation, and unprecedented nucleic acid recognition.
Tetrahedron, 54, 3607-3630.

. Langkjaer,N., Pasternak,A. and Wengel,J. (2009) UNA (unlocked

nucleic acid): a flexible RNA mimic that allows engineering of nucleic
acid duplex stability. Bioorg. Med. Chem., 17, 5420-5425.

Lubini,P., Zurcher,W. and Egli,M. (1994) Stabilizing effects of the
RNA 2’-substituent: crystal structure of an oligodeoxynucleotide
duplex containing 2’'-O-methylated adenosines. Chem. Biol., 1, 39-45.
Uhlmann,E. and Peyman,A. (1990) Antisense oligonucleotides: a new
therapeutic principle. Chem. Rev., 90, 543-584.

Gagnon,K.T. and Corey,D.R. (2015) Stepping toward therapeutic
CRISPR. Proc. Natl. Acad. Sci. U.S.A., 112, 15536-15537.
Cromwell,C.R., Sung,K., Park,J., Krysler,A.R., Jovel,J., Kim,S.K.
and Hubbard,B.P. (2018) Incorporation of bridged nucleic acids into
CRISPR RNAs improves Cas9 endonuclease specificity. Nat.
Commun., 9, 1448.

Kawasaki,A.M., Casper,M.D., Freier,S.M., Lesnik,E.A.,
Zounes,M.C., Cummins,L.L., Gonzalez,C. and Cook,P.D. (1993)
Uniformly modified 2’-deoxy-2’-fluoro phosphorothioate
oligonucleotides as nuclease-resistant antisense compounds with high
affinity and specificity for RNA targets. J Med. Chem., 36, 831-841.
Pallan,PS., Greene,E.M., Jicman,P.A., Pandey,R.K.,
Manoharan,M., Rozners,E. and Egli,M. (2011) Unexpected origins
of the enhanced pairing affinity of 2’-fluoro-modified RNA. Nucleic
Acids Res., 39, 3482-3495.

Watts,J. K., Martin-Pintado,N., Gomez-Pinto,I., Schwartzentruber,J.,
Portella,G., Orozco,M., Gonzalez,C. and Damha,M.J. (2010)
Differential stability of 2’F-ANA*RNA and ANA*RNA hybrid
duplexes: roles of structure, pseudohydrogen bonding, hydration, ion
uptake and flexibility. Nucleic Acids Res., 38, 2498-2511.

Jiang,F., Zhou,K., Ma,L., Gressel,S. and Doudna,J.A. (2015) A
Cas9-guide RNA complex preorganized for target DNA recognition.
Science, 348, 1477-1481.

Sternberg,S.H., Redding,S., Jinek,M., Greene,E.C. and Doudna,J.A.
(2014) DNA interrogation by the CRISPR RNA-guided
endonuclease Cas9. Nature, 507, 62-67.

Semenova,E., Jore, M.M., Datsenko,K.A., Semenova,A.,
Westra,E.R., Wanner,B., van der Oost,J., Brouns,S.J. and
Severinov,K. (2011) Interference by clustered regularly interspaced
short palindromic repeat (CRISPR) RNA is governed by a seed
sequence. Proc. Natl. Acad. Sci. U.S.A., 108, 10098-10103.

8102 Jaquieoa( 0 uo npa nis@uoubed)y ‘sjepuogie)n AlsieAlun sioul|| uleyIinos Aq 9026225/ 1z L ANB/IeU/SE01 0 L /I0pAoRASqE-8]01lB-00UBAPR/JeU/WOo0 dNno olwapede//:sdiy Woll papeojumod



	compiled publications.pdf
	Rohilla & Gagnon ActaNeuropathComm'17.pdf
	Abstract
	Introduction
	Origin and expansion of microsatellites in human disease
	Simple tandem repeat sequences in the human genome
	Expansion of simple tandem repeats
	Microsatellite repeat expansion disorders

	Transcription and splicing at simple tandem repeat expansions
	Transcribing repeat expansion sequences
	Bidirectional transcription of repeat expansions
	The role of Supt4h in xtrRNA transcription
	Splicing of xtrRNA
	Potential impact on splicing factors
	Therapeutic approaches to control xtrRNA transcription and splicing

	Structure, protein interactions, and localization of xtrRNA
	Structure of xtrRNAs and targeting with small molecules
	Protein interactions and localization of xtrRNA
	xtrRNA localization and membrane-free cellular organelles

	Abundance and turnover of xtrRNA
	Abundance of foci-forming xtrRNA
	Nuclear xtrRNA retention and surveillance mechanisms
	Turnover and decay of xtrRNA

	Nuclear export and translation of xtrRNA
	Canonical mRNA export pathways
	Nuclear export of xtrRNA
	Translation of xtrRNA
	Repeat-associated non-AUG translation

	Conclusion
	Funding
	Authors’ contributions
	Competing interests
	Publisher’s Note
	References



