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Understanding the diverse dynamic behaviors of individual RNA molecules
insingle cells requires visualizing them at high resolution in real time.

However, single-molecule live-cell imaging of unmodified endogenous
RNA has not yet been achieved in a generalizable manner. Here, we present
single-molecule live-cell fluorescence in situ hybridization (smLiveFISH),
arobustapproach that combines the programmable RNA-guided,
RNA-targeting CRISPR-Csm complex with multiplexed guide RNAs for
direct and efficient visualization of single RNA molecules in a range of cell
types, including primary cells. Using smLiveFISH, we track individual native
NOTCH2 and MAP1B transcriptsin living cells and identify two distinct
localization mechanisms including the cotranslational translocation of
NOTCH2 mRNA at the endoplasmic reticulum and directional transport

of MAP1B mRNA toward the cell periphery. This method has the potential
to unlock principles governing the spatiotemporal organization of native
transcriptsin health and disease.

RNAisdirectlyinvolvedin protein synthesis and regulates gene expres-
sion at both transcriptional and post-transcriptional levels'. Beyond
RNA sequence, the spatial and temporal distributions of individual
transcripts control these activities. Indeed, dynamic and orchestrated
interactionsamong RNA, RNA-binding proteins (RBPs) and other cellu-
lar machinery occur at particular subcellular regions and time points*™*.
Forexample, zipcode-binding protein 1 mediates directional transport
of B-actin (ACTB) mRNA to the leading edge of fibroblasts®, where it
becomes anchored to actin filaments by elongation factor la.and locally
translated, ultimately supporting cell growth and motility®.
Live-cellRNAimaging methods have begunto reveal RNA dynamics
withinindividual cells, highlighting the value of such interrogations®™.
However, methods to label with stem loops”® or aptamers’ require
the genetic insertion of sequences within specific regions of RNA or
rely on exogenous expression of tagged RNA”*—manipulations that
are time-consuming and can interfere with native RNA behaviors'.
Approachesto visualize unmodified endogenous RNA using molecular
beacons" or clustered regularly interspaced short palindromic repeats

(CRISPR)-Cas systems'*> " suffer from limited single-molecule resolu-
tion (oftenrestricted to highly abundant, repetitive RNAs)** and exces-
sive background signals produced by endosome-entrapped probes or
overexpressed fluorescent protein fusions**. While the former meth-
ods have proven successful on occasion’, there is a pressing need for
ageneralizable single-molecule live-cell native RNA imaging platform.

Here, we describe single-molecule live-cell fluorescence in situ
hybridization (smLiveFISH), analternative strategy for visualizing any
unmodified endogenous transcript. Using the RNA-targeting type IlI-A
CRISPR-Csmsystem from Streptococcus thermophiluswithmultiplexed
guide RNAs, smLiveFISH can track individual mRNA molecules in dif-
ferent types of living cells. We used smLiveFISH to analyze the behavior
of two different mRNAs, NOTCH2 and MAPIB, encoding a cell-surface
receptor protein and a microtubule-associated protein, respectively.
We found that VOTCH2 mRNAs comprise two populations with distinct
dynamics associated with cotranslational polypeptide translocation
across the endoplasmic reticulum (ER). In contrast, MAP1B mRNAs
exhibit several distinct behaviors including directional transportin

'California Institute for Quantitative Biosciences (QB3), University of California, Berkeley, CA, USA. 2Innovative Genomics Institute, University of California,
Berkeley, CA, USA. ®Department of Molecular and Cell Biology, University of California, Berkeley, CA, USA. “Department of Chemistry, University of
California, Berkeley, CA, USA. *Howard Hughes Medical Institute, University of California, Berkeley, CA, USA. ®These authors contributed equally:

Chenglong Xia, David Colognori. < e-mail: doudna@berkeley.edu

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.1038/s41587-024-02540-5
http://orcid.org/0000-0002-5895-6342
http://orcid.org/0000-0001-6995-7079
http://orcid.org/0000-0002-2788-194X
http://orcid.org/0000-0001-9161-999X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41587-024-02540-5&domain=pdf
mailto:doudna@berkeley.edu

Article

https://doi.org/10.1038/s41587-024-02540-5

atranslation-independent manner. We further show that smLiveFISH
can detect differences in single-transcript localization in response to
small molecules, such as incorporation into P-bodies, underscoring
the utility of assessing individual endogenous RNA behavior.

Results

Design and characterization of smLiveFISH

CRISPR-Cas complexes are programmable DNA or RNA nucleases
fromprokaryoticadaptive defense systems against bacteriophages''®.
Cas nucleases bind to CRISPR RNAs (crRNAs) to form ribonucleo-
protein (RNP) complexes that recognize nucleic acid targets using
base-pairing complementarity between the crRNA and target DNA
or RNA"® Fluorescently labeled, catalytically inactivated Cas nucle-
ases from different types of CRISPR-Cas systems (such as RCas9
(ref. 12), dCasl13 (refs. 13,14) and dCsm (ref. 15)) have been used to
label RNAs of interest in live cells. However, these approaches have
yet to achieve single-molecule resolution because each RNA is tar-
geted with asingle crRNA, resultingin asimilar fluorescence intensity
between free and target-bound RNPs. Only RNA granules or RNAs
with repeated sequences produce sufficient signal from multiple
copies of bound RNPs that is distinguishable from nonspecific bind-
ing or background signal.

To overcome this signal-to-noise issue, we drew inspiration from
smFISH?. In smFISH"?, short fluorescently labeled DNA probes are
tiled along the target RNA, increasing the signal-to-noise ratio and
allowing detection by microscopy of equal-intensity diffraction-limited
spots in fixed cells”*°. We reasoned that single-molecule imaging of
endogenous RNAs in living cells could be possible if fluorescently
tagged RNPs can be simultaneously tiled along a target RNA (Fig. 1a).

For initial studies we compared the GFP-fused Cas13 and Csm
complexes, both of which can generate individual crRNAs by process-
ing pre-crRNAs, as catalyzed by Casl13 (refs. 21,22) and Casé6 (ref. 23),
respectively. To evaluate the labeling performance of dPspCas13b
(ref.14), dRfxCas13d (ref.22) and dCsm (ref. 15) proteins, we targeted
XISTRNA, along noncoding transcript that forms large clouds from
hundreds of XIST copies in HEK293T cell nuclei**. We used a single
crRNA with eight complementary target sites on a repetitive region
of XIST" (Extended Data Fig. 1 and Supplementary Table 1) and vali-
dated labeling with H2AK119ub, a heterochromatin mark enriched at
theinactivated X chromosome that overlaps with XISTRNA. Only the
Csm complex could label XIST robustly, an observation consistent
with prior results™®* (Extended Data Fig. 1). Notably, the Csm system
has other advantages relative to Casl3. First, it contains multiple
GFP-linked catalytically inactive Csm3 molecules™?® (>3 per complex)
(Fig.1a), which enhances signal and may aid in single-molecule detec-
tion. Second, it has higher binding affinity for RNA (K;= 0.3 nM)*
relative to that for Cas13 (K; = 10 nM)?¥. On the basis of these observa-
tions, we focused on the Csm complex to develop a single-molecule
mRNA labeling system.

Totarget mRNAsin the cytoplasm, we removed the nuclear locali-
zation signal (NLS) from each protein component of the mammalian-
optimized Csmsystem" and again encoded them within a single plas-
mid (Fig. 1a and Supplementary Table 2). To facilitate the export of
pre-crRNA from the nucleus to the cytoplasm, we added a short sig-
nal sequence” present in naturally intronless mRNAs to the 5’ end of
the CRISPR array and expressed it from a CAG (RNA polymerase II)
promoter (Supplementary Table 2). We selected NOTCH2 mRNA as a
cytoplasmic target for proof of concept for two reasons. First, its length
permits the design of distinct smFISH probes to validate labeling by the
Csm complex.Second, itencodes a cellmembrane proteinandis, thus,
enriched near the ER*, which is useful for RNA-centric exploration
of cotranslational protein translocation. In each of two CRISPR array
plasmids developed for this experiment (Extended Data Fig.2 and Sup-
plementary Table 2), all 24 36-nt targeting sequences were designed
to bind in a tiled fashion along the length of the 3’ untranslated

region (UTR) of NOTCH2 mRNA to avoid potential interference with
mRNA translation®.

While CRISPR arrays were previously used for multiplexed target-
inginhuman cells, theirlength was relatively short (generally fewer than
ten crRNAs) and their processing was not directly demonstrated™?*.
To test whether the Csm-associated Cas6 endonuclease could pro-
cess long pre-crRNAs in cells (Fig. 1a), we used a single FISH probe
(Extended Data Fig. 3a and Supplementary Table 3) complementary
to the direct repeats to detect individual unprocessed pre-crRNAs.
In U20S cells cotransfected with a CRISPR-array-encoding plasmid
and anempty vector expressing GFP alone, we observed high levels of
intact pre-crRNA transcripts, indicated by diffraction-limited spots,
inboth the cytoplasm and the nucleus (Extended Data Fig. 3a). Upon
cotransfection of plasmids encoding the CRISPR array and GFP-tagged
Csm components, the individual spots disappeared specifically from
the cytoplasm (where Cas6 and Csm proteins are localized), consist-
ent with pre-crRNA processing (Extended Data Fig. 3b). Addition-
ally, single-molecule spots were observed in the cytoplasm using GFP
fluorescence detection, representing putative NOTCH2 mRNA signals
(Extended DataFig. 3b).

SmLiveFISH enables visualization of individual VOTCH2 mRNAs

We next used NOTCH2 smFISH to identify the spots observed in cells
transfected with crRNA-array-encoding and Csm complex-encoding
plasmids. Two-color imaging revealed strong colocalization of
Csm-labeled foci with smFISH spots, indicating that GFP-tagged Csm
complexes successfully labeled endogenous NOTCH2 mRNA (Fig.1b,c).
Quantification showed that 85% of Csm-labeled spots colocalized with
smFISH spots (Fig. 1d). In addition, we found that 78% of transfected
cells had clearly distinguishable spots in the cytoplasm, consistent
with a high labeling efficiency (Fig. 1e). We also tested whether fewer
crRNAs (6,12 or 24) could be used to efficiently label VOTCH2 mRNA.
Although we were able to detect single mMRNA molecules using as few as
six crRNAs (Extended DataFig. 4a-c), the signal wasless distinguishable
frombackground compared to when more were used.

We next applied thismethod inother celllines, including HEK293T,
HelLa, primary human fibroblast IMR-90 and African green monkey
COS-7—thelatter having 94% NOTCH2 3’ UTR sequence identity to the
human sequence. We observed robust labeling of endogenous NOTCH2
mRNA inall of these cell types (Extended Data Fig. 5a-d). As controls,
expression of the Csm complex alone only generated ahomogeneous
signal when GFP fluorescence was monitored (Extended Data Fig. 6a)
and expression of the crRNA array alone exhibited only weak homoge-
neous GFP autofluorescence (Extended Data Fig. 6b).

Having established the efficacy of smLiveFISH, we asked whether
labeling endogenous RNAs might perturb their activity in cells. Previ-
ous live-cell RNA imaging methods were found to alter target mRNA
stability and/or localization'>***, Thus, we compared mRNA abun-
dance, decay rate, localization and protein level for NOTCH2 between
Csm-labeled and unlabeled samples (Extended Data Fig. 7). Reverse
transcription (RT)-qPCR measurements showed no significant change
in steady-state mRNA levels across four different transcript regions
(Extended DataFig. 7a). We specifically examined both upstream and
downstream of the Csm-tiled 3’ UTR region to check for accumula-
tion of 5’ or 3’ degradation products, as has been reported for MS2
methods'>***, Furthermore, mRNA levels decayed at a similar rate
following actinomycin D treatment, indicating no significant change
in turnover time (Extended Data Fig. 7b). Western blotting showed
invariable levels of NOTCH2 protein, suggesting that translation was
unaffected (Extended Data Fig. 7c,d). Lastly, the location of mRNAs
(identified by smFISH) was similar between Csm-labeled and unlabeled
samples (Extended Data Fig. 7e). In summary, these results demon-
strate smLiveFISH to be a robust, efficient and minimally invasive
tool for visualizing unmodified endogenous RNAs at single-molecule
resolutionin many cell types.
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Fig.1|Imaging native single mRNA molecules with smLiveFISH. a, Schematic
of the smLiveFISH system using multiplexed guides against a target RNA to
achieve single-molecule resolution. Upon transfection with Csm and CRISPR
array plasmids, cells produce Csm1, Csm2, dCsm3-2xGFP, Csm4, Csm5 and Cas6
proteins along with the pre-crRNA. Casé6 processes the pre-crRNA into individual
crRNAs that assemble with Csm proteins into RNPs. RNPs, each with their own
crRNA spacer, bind target RNA molecules simultaneously through base-pair
complementarity, allowing RNA detection at single-molecule resolution.

b, Left, fixed-cell image of individual VOTCH2 mRNAs labeled by GFP-tagged
Csm complex and 48 NOTCH2-targeting crRNAs. Middle, image of individual
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NOTCH2mRNAs labeled by smFISH probes. Right, overlaid image. Scale bar,

10 um. ¢, Enlarged view of the yellow boxed region inb. Scale bar, 1 um.

d, Percentage colocalization of Csm complex foci and smFISH foci (measured as
Csm complex foci colocalized with smFISH foci divided by Csm complex
fociper cell). Error bar indicates the mean + s.d.; each dot represents one cell;
(n=31cells). e, Percentage of transfected cells with Csm-complex-labeled foci.
Images obtained from five randomly selected 7 x 7 tiling regions from three
biological replicates (n =275 cells). Error bar indicates the mean + s.d.; each dot
represents one 7 x 7 tiling region.

NOTCH2 mRNAs display translation-dependent dynamics

Next, we conducted live-cell imaging to examine the dynamics of
NOTCH2 mRNA in U20S cells and observed two distinct mRNA pop-
ulations according to their diffusion dynamics: slow-moving and
fast-moving (Fig. 2a,b). We reasoned that anchoring to the ER mem-
brane to allow cotranslational translocation®* of nascent polypeptide
could explainwhy one population of VOTCH2 mRNA was nearly static.
To test this possibility, we treated cells with puromycin, a translation
elongationinhibitor that causes release of MRNA from the nascent poly-
peptide’®®. Upon treatment, the static population of NOTCH2 mRNA rap-
idly decreased (Fig.2c,d and Supplementary Video1). Single-molecule
displacement and diffusivity mapping (SMdM) analysis® of the two
populations using atwo-component diffusionmode (Eq. (2)) revealed
that puromycin treatment correlated with a shiftin the NOTCH2 mRNA
population from slow to fast movement (Fig. 2e,f). Taken together,

these results suggest that stationary binding of NOTCH2transcriptsto
the perinuclear regionis translation dependent, consistent with mRNA
docking for peptide translocation across the ER (Fig. 2g).

MAPIB mRNAs localize to the cell edge by directional transport
To explore the generalizability of smLiveFISH, we examined a sec-
ond mRNA, MAPIB, which encodes a microtubule-associated protein
involved in axon growth during neuronal development®. We hypoth-
esized that MAPIB transcripts might use a distinct mechanism of trans-
port because of their different spatial localization pattern relative to
NOTCH2mRNA, as observed in fixed cells*.

We designed 48 crRNAs tiling the 3’ UTR of MAPIB mRNA
(Supplementary Table 2) and transfected U20S cells with Csm-
complex-encoding and CRISPR-array-encoding plasmids. Similar to
NOTCH2 mRNA labeling, single-molecule spots were observed in the
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Fig. 2| Dynamics of individual VOTCH2 mRNAs inlive cells. a, Single snapshot
of individual NOTCH2 mRNAs in live U20S cell. Scale bar, 5 pm. b, Movement
trajectories (yellow) over time of two highlighted mRNA fociin a, reflecting

slow and fast movements. Images were recorded at ten frames per second over
25s.Scale bar,1 pm. ¢, Color-coded diffusivity map based on SMdM analysis of
NOTCH2 mRNA fociin the cell shownina.d, Same as cbut the cell was treated
with puromycin for 1 h. The full video is shown in Supplementary Video 1.

e, Distributions of single-molecule displacements across successive frames

for the datashownin ¢,d (histograms) and fits (curves) to a two-component
diffusion mode (Eq. (2)). Blue curve, slow component; red curve, fast component;

black curve, sum. Resultant fractions of the two components and D values are
marked in the plots. f, Quantification of the slow fraction in treated and untreated
cells. Each data point corresponds to the analysis from one cell (no treatment,
n=18cells from three biological replicates; puromycin treatment, n =10 cells
from three biological replicates). The box plots indicate the medians (center
lines), means (white squares), first and third quartiles (bounds of boxes) and

1.5x theinterquartile range (whiskers). g, A proposed cotranslational
translocation mechanism directing NOTCH2 mRNA to the cell perinuclear region
by anchoringto the ER.

cytoplasm using GFP fluorescence detection, representing putative
MAPIB mRNA signals (Fig. 3a,b). We validated these spots with sepa-
rate MAP1B smFISH probes bearing a second color fluorophore and
observed strong colocalization of Csm-labeled spots with smFISH spots
(Fig.3a,b). Using smLiveFISH, we investigated the spatial distribution
of the labeled RNA species. By measuring the distance from mRNA
molecules to the cell nucleus and/or cell edge, we found that MAPIB
mRNAs were enriched at the cell periphery while NOTCH2 mRNAs
were enriched inthe perinuclear region (Fig. 3c,d), inagreement with
previous RNA FISH results in fixed cells*°. To rule out potential interfer-
ence with RNA behavior because of Csm labeling, we again compared
mRNA abundance, decay rate, localization and protein levels of MAP1B
between labeled and unlabeled samples and found no obvious differ-
ences (Extended Data Fig. 7).

To elucidate the mechanism that enriches MAPIB mRNAs
at the cell periphery, we performed live-cell imaging. Strikingly,
unlike NOTCH2, we frequently observed linear transport of MAPIB
mRNAs toward the cell edge, upon which they remained relatively
static (Fig. 3e-g and Supplementary Video 2). Occasionally, MAP1B
mRNAs moved backward toward the cell nucleus but then eventu-
ally progressed again to the cell edge (for example, region of inter-
est 2in Fig. 3e-g and Supplementary Video 2). By analyzing these

movement trajectories through kymograph, we also observed paus-
ing of MAPIB mRNAs during transport (Fig. 3g and Supplementary
Video 2). Previous RNA immunoprecipitation experiments demon-
strated interactions between microtubule motor protein kinesin-1
and MAP1IBmRNAs™. Taken together, these results suggest that, unlike
perinuclear NOTCH2 mRNA, MAP1B mRNA uses directional transport
onmicrotubulesasadriving force tolocalize to the cell edge (Fig. 3h).

Translation inhibition sequesters MAPIB mRNA in P-bodies
Most transported mRNAs are thought to be translationally inactive
until reaching their destination for local translation*’ but arecent study
showed that translation can also occur before or during transport*.
Especially given that MAPIBmRNA encodes amicrotubule-associated
protein that may explainits transport along the cytoskeleton, we asked
whether inhibiting translation influencesits transit and/or postdesti-
nation dynamics.

To test this, we treated cells with puromycin and performed
smLiveFISH for MAP1IB mRNA. The presence of puromycin did not
change the observed directional transport of MAPIB mRNA toward
the cell edge (Fig. 4a-cand Supplementary Video 3), suggesting that
movement is not coupled to translation. In fact, the mean transit
speed of MAP1B mRNAs increased slightly but significantly from
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Fig. 3| Dynamics of individual MAP1IB mRNAs inlive cells. a, Left, fixed-cell
image of individual MAPIB mRNAs labeled by GFP-tagged Csm complex and 48
MAPIB-targeting crRNAs. Middle, image of individual MAP1B mRNAs labeled
by smFISH probes. Right, overlaid image. Scale bar, 10 um. b, Enlarged view of
the yellow boxed regionina. Scale bar,1 um. ¢, Violin plot showing distance

to the nucleus for individual NOTCH2 or MAPIB mRNA molecules labeled with
Csm complex. The medianisindicated by the solid line; quartiles are indicated
by the dashed lines. d, Same as c but showing distance to cell edge. e, Temporal

. L
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Distance to nucleus (um) ©
Distance to cell edge (um) Qa
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color-coded trajectory of MAPIB mRNAs in live U20S cell. Scale bar, 10 pm.
White boxed regions highlight the directional transport of two MAPIB mRNA
molecules. f, Enlarged views of the white boxed regions1and 2 ine. The full
video is shown in Supplementary Video 2. White arrows indicate the direction
of movement for each molecule. g, Kymograph of white boxed regions1and 2
ineshowing directed movement of the indicated MAPIB mRNAs. h, A proposed
mechanism for directional movement of MAPIB mRNA to the cell periphery
through motor protein trafficking along microtubules.

1.3 to 1.5 um s following puromycin treatment (Fig. 4d). This might
have resulted from loss of polysomes and/or RBPs from MAPIB tran-
scripts, a possibility that remains to be tested. Similarly, we observed
no change in dynamics of the stationary MAP1IB mRNA population
already at the cell edge upon puromycin treatment compared to the
obvious shift from slow to fast movement seen for NOTCH2 mRNA

(Fig. 4e and Supplementary Video 3). Thus, unlike NOTCH2 mRNA,
MAPIB mRNA localization dynamics are not translation dependent.
Interestingly, some MAPIBmRNAs coalesced into larger granules
following puromycin treatment (Fig. 4f and Supplementary Video 3).
Because puromycin treatment was shown toinduce P-body formation
and enlargement in U20S cells*?, we tested whether these RNA granules
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Fig. 4 | Dynamics of individual MAP1B mRNAs after puromycin treatment
inlive cells. a, Single snapshot of individual MAPIB mRNAs in live U20S cell
treated with puromycin. Scale bar, 10 um. b, Temporal color-coded trajectory
of MAPIBmRNAs in cell shown in a. ¢, Kymograph of white boxed regions 1

and 2 inb showing directed movement of the indicated MAPIB mRNAs. The
full video is shown in Supplementary Video 3.d, Directed movement speeds

of MAP1IB mRNAs in untreated (n = 39 events) and puromycin-treated (n =35
events) conditions. Each dot represents a directed movement event. Error bars
represent the mean + s.d. **P < 0.01 (two-tailed ¢-test). e, Temporal color-coded
trajectory of MAPIB mRNAs at the cell edge. Yellow arrows mark stationary
molecules. Scale bar, 2 um. f, Left, fixed-cell image of MAPIB mRNAs labeled by

GFP-tagged Csm complex after puromycin treatment. Middle, immunostaining
for the P-body marker DCP1A. Right, overlaid image. Scale bar, 10 pm.

g, Quantification of P-body number with or without puromycin treatment.

Each dot represents the P-body number per field of view (FOV), with FOVs
containing similar numbers of cells between conditions (no treatment, n =16
FOVs; puromycin treatment, n =19 FOVs). Error bars represent the mean + s.d.
****P < 0.0001 (two-tailed t-test). h, Time-lapse micrographs of MAPIBRNA
granule formation after puromycin treatment in live U20S cell. Yellow arrows
highlight two small puncta fusing into one larger granule. The full video is shown
inSupplementary Video 4. Scale bar, 1 pm.

represent P-body formation. Costaining for the P-body marker DCP1A
(mRNA decapping enzyme 1A) showed that P-body numberincreased
after puromycin treatment and that MAP1B mRNA granules colocal-
ized with P-bodies (Fig. 4f,g). We captured one example of two small
RNA puncta moving randomly, contacting one another and eventually
fusingintoasingle large granule (Fig. 4h and Supplementary Video 4).
Together these data show that smLiveFISH can be used to study RNA
storage and metabolismin living cells.

Discussion

SmLiveFISH enables real-time tracking of unmodified endogenous
mRNAs at single-molecule resolution, revealing both their spatial
and their temporal dynamics in living cells. The platform uses two
components, a Csm protein-encoding plasmid and a programmable
crRNA-encoding plasmid. For the latter, we provide a generalizable
method to construct long CRISPR arrays of up to 24 complementary

sequences to a target RNA. Using smLiveFISH, we identified cotrans-
lational translocation and directional transport as two distinct meth-
ods for NOTCH2 and MAP1B mRNA localization to the perinuclear and
peripheral regions of the cell, respectively.

SmLiveFISH represents a notable advance over previous
live-cell RNA imaging techniques. It obviates the need for exoge-
nous expression or genetic tagging of RNA’”° and can be used to
image low-abundance and nonrepetitive RNAs while maintaining
single-molecule resolution and low background®*. However, as
with other live-cell RNA imaging methods, smLiveFISH may poten-
tially alter native RNA behavior to some degree. Although we did
not observe changes in mRNA stability (abundance, decay rate and
degradation products) or translation, it is possible that tethering
several Csm complexes to the 3’ UTR affects mRNA folding, binding of
regulatory trans-factors (RBPs and microRNAs) or rates of transport
and/or diffusion.
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In parallel with smLiveFISH, we tested two Casl3 systems (Psp-
Casl13b and RfxCas13d) that have demonstrated imaging utility for
highly abundant, repetitive RNAs'**, Both Casl3 proteins had limited
efficacy in our hands even when attempting to image the abundant
and repetitive X/ST long noncoding RNA (Extended Data Fig. 1). The
comparative effectiveness of CRISPR-Csm for single-transcript
imaging shown in this study may have resulted from Csm’s -30-fold
higher binding affinity for RNA compared to Casl3 (refs. 23,27)
and/or its multisubunit nature, allowing for >3 Csm3-GFP molecules
per complex.

In addition to benefits of using the Csm complex, smLiveFISH
takes advantage of Casé’s ability to process long pre-crRNAs, a prop-
erty we harnessed to achieve single-molecule sensitivity. By tiling
multiple crRNAs along an mRNA’s 3’ UTR, we were able to increase
signal-to-noise ratio, with as few as 6-12 crRNAs sufficient for detec-
tion. Itisimportant to note that smLiveFISH may have limited applica-
bility to mRNAs with short UTR regions. Because approximately one of
three spacers chosen atrandom has robust targeting efficiency (likely
because of target secondary structure and availability)®, itis likely that
fewer spacers could be used if they are selected using bioinformatic
prediction methods** or are first tested and verified for targeting
efficiency. Lastly, we provide a step-by-step protocol for constructing
large CRISPR arrays used in smLiveFISH imaging.

Mutationsin RBPs contribute to multiple neurodegenerative dis-
ordersincluding mutated FMRP (fragile X mental retardation protein)
infragile X syndrome (FXS) and mutated TDP43 (TAR DNA-binding pro-
tein 43) in amyotrophic lateral sclerosis (ALS). Both FMRP and TDP43
are implicated in regulation of MAPIB mRNA transport, translation
and/or stability in neurons** and dysregulation of MAPIB and other
target mRNAs is thought to contribute to disease**. SmLiveFISH can
now be used as a sensitive assay to explore such mechanisms in ways
that fixed-cell assays cannot, such as by measuring changes in mRNA
transportspeed or stepwise displacement (Figs.3and 4). These analy-
ses may help uncover the pathological mechanisms of RNA-centric
diseases such as FXSand ALS.

We observed different behaviors for NOTCH2 and MAPIB mRNA
after puromycin treatment, with MAP1IBbut not VOTCH2forming large
RNA granules coincident with P-bodies. Previous sequencing results
for mRNAs isolated from purified P-bodies support these findings*,
whereby mRNAs encoding proteins involved in cell division, differ-
entiation and morphogenesis are enriched in P-bodies, while those
encoding integral ER proteins are depleted®. These findings suggest
that NOTCH2 and MAP1IB mRNAs may rely on different decay pathways
whose sorting mechanisms have yet to be elucidated.

Structuralinvestigation of type Il CRISPR-Cas systems indicates
that the Csm1and Csm4 subunits recognize the (-6) and (-7) nucleo-
tides of the crRNA 5" handle in a sequence-specific way*. Thus, it may
be possible to develop orthogonal type Il CRISPR-Cas systems with
minimal crosstalk to the typeIlI-A CRISPR-Csm complex from . ther-
mophilus used here, enabling multicolor live-cell RNA imaging. This
method can then be extended to address questions about RNA-RNA
interactions, splicing and cotranslational protein complex assembly.
WeexpectsmLiveFISH toaccelerate efforts to study the spatiotemporal
dynamics of various RNA species in many contexts, with immediate
applications inthe RNA, cell biology and neurobiology fields.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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References
1. Sharp, P. A. The centrality of RNA. Cell 136, 577-580 (2009).

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Buxbaum, A. R., Haimovich, G. & Singer, R. H. In the right place at
the right time: visualizing and understanding mRNA localization.
Nat. Rev. Mol. Cell Biol. 16, 95-109 (2015).

Le, P., Ahmed, N. & Yeo, G. W. Illuminating RNA biology through
imaging. Nat. Cell Biol. 24, 815-824 (2022).

Hwang, D. W., Maekiniemi, A., Singer, R. H. & Sato, H. Real-time
single-molecule imaging of transcriptional regulatory networks in
living cells. Nat. Rev. Genet. 25, 272-285 (2024).

Ross, A. F., Oleynikov, VY., Kislauskis, E. H., Taneja, K. L. & Singer, R.
H. Characterization of a 3-actin mRNA zipcode-binding protein.
Mol. Cell. Biol. 17, 2158-2165 (1997).

Liu, G. et al. Interactions of elongation factor 1o with F-actin

and B-actin mRNA: Implications for anchoring mRNA in cell
protrusions. Mol. Biol. Cell 13, 579-592 (2002).

Bertrand, E. et al. Localization of ASHT mRNA particles in living
yeast. Mol. Cell 2, 437-445 (1998).

Wu, B., Chao, J. A. & Singer, R. H. Fluorescence fluctuation
spectroscopy enables quantitative imaging of single mRNAs in
living cells. Biophys. J. 102, 2936-2944 (2012).

Paige, J. S., Wu, K. Y. & Jaffrey, S. R. RNA mimics of green
fluorescent protein. Science 333, 642-646 (2011).

Garcia, J. F. & Parker, R. Ubiquitous accumulation of 3' mRNA
decay fragments in Saccharomyces cerevisiae mRNAs with
chromosomally integrated MS2 arrays. RNA 22, 657-659 (2016).
Tyagi, S. & Kramer, F. R. Molecular beacons: probes that fluoresce
upon hybridization. Nat. Biotechnol. 14, 303-308 (1996).

Nelles, D. A. et al. Programmable RNA tracking in live cells with
CRISPR/Cas9. Cell 165, 488-496 (2016).

Abudayyeh, O. O. et al. RNA targeting with CRISPR-Cas13. Nature
550, 280-284 (2017).

Yang, L. Z. et al. Dynamic imaging of RNA in living cells by
CRISPR-Cas13 systems. Mol. Cell 76, 981-997 (2019).

Colognori, D., Trinidad, M. & Doudna, J. A. Precise transcript
targeting by CRISPR-Csm complexes. Nat. Biotechnol. 41,
1256-1264 (2023).

Turner-Bridger, B. et al. Single-molecule analysis of
endogenous (3-actin mRNA trafficking reveals a mechanism for
compartmentalized mRNA localization in axons. Proc. Natl Acad.
Sci. USA 115, E9697-E9706 (2018).

Jinek, M. et al. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 337,
816-821(2012).

Wang, J. Y. & Doudna, J. A. CRISPR technology: a decade of
genome editing is only the beginning. Science 379, eadd8643
(2023).

Femino, A. M., Fay, F. S., Fogarty, K. & Singer, R. H. Visualization of
single RNA transcripts in situ. Science 280, 585-590 (1998).

Raj, A., van den Bogaard, P., Rifkin, S. A., van Oudenaarden, A.

& Tyagi, S. Imaging individual mMRNA molecules using multiple
singly labeled probes. Nat. Methods 5, 877-879 (2008).
East-Seletsky, A. et al. Two distinct RNase activities of CRISPR-
C2c2 enable guide-RNA processing and RNA detection. Nature
538, 270-273 (2016).

Konermann, S. et al. Transcriptome engineering with RNA-targeting
type VI-D CRISPR effectors. Cell 173, 665-676 (2018).

Tamulaitis, G. et al. Programmable RNA shredding by the type IlI-A
CRISPR-Cas system of Streptococcus thermophilus. Mol. Cell 56,
506-517 (2014).

Buzin, C. H., Mann, J. R. & Singer-Sam, J. Quantitative RT-PCR
assays show Xist RNA levels are low in mouse female adult tissue,
embryos and embryoid bodies. Development 120, 3529-3536
(1994).

Athmane, N., Williamson, I., Boyle, S., Biddie, S. C. & Bickmore, W.
A. MUCA4 is not expressed in cell lines used for live cell imaging.
Wellcome Open Res. 6, 265 (2021).

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.1038/s41587-024-02540-5

Article

https://doi.org/10.1038/s41587-024-02540-5

26. You, L. et al. Structure Studies of the CRISPR-Csm complex
reveal mechanism of co-transcriptional interference. Cell 176,
239-253 (2019).

27. Abudayyeh, O. O. et al. C2c2 is a single-component
programmable RNA-guided RNA-targeting CRISPR effector.
Science 353, aaf5573 (2016).

28. Lei, H., Dias, A. P. & Reed, R. Export and stability of naturally
intronless MRNAs require specific coding region sequences and
the TREX mRNA export complex. Proc. Natl Acad. Sci. USA 108,
17985-17990 (2011).

29. Reid, D. W. & Nicchitta, C. V. Diversity and selectivity in mRNA
translation on the endoplasmic reticulum. Nat. Rev. Mol. Cell Biol.
16, 221-231(2015).

30. Xia, C., Fan, J., Emanuel, G., Hao, J. & Zhuang, X. Spatial
transcriptome profiling by MERFISH reveals subcellular
RNA compartmentalization and cell cycle-dependent gene
expression. Proc. Natl Acad. Sci. USA 116, 19490-19499 (2019).

31. Choi, H. et al. Lysosomal release of amino acids at ER three-way
junctions regulates transmembrane and secretory protein mRNA
translation. Preprint at bioRxiv https://doi.org/10.1101/2023.
08.01.551382 (2023).

32. Nemudraia, A., Nemudryi, A. & Wiedenheft, B. Repair of
CRISPR-guided RNA breaks enables site-specific RNA excision in
human cells. Science 384, 808-814 (2024).

33. Pickar-Oliver, A. et al. Targeted transcriptional modulation with
type | CRISPR-Cas systems in human cells. Nat. Biotechnol. 37,
1493-1501 (2019).

34. Garcia, J. F. & Parker, R. MS2 coat proteins bound to yeast mRNAs
block 5' to 3' degradation and trap mRNA decay products:
implications for the localization of mMRNAs by MS2-MCP system.
RNA 21, 1393-1395 (2015).

35. Heinrich, S., Sidler, C. L., Azzalin, C. M. & Weis, K. Stem-loop RNA
labeling can affect nuclear and cytoplasmic mRNA processing.
RNA 23, 134-141 (2017).

36. Nathans, D. Puromycin inhibition of protein synthesis:
incorporation of puromycin into peptide chains. Proc. Natl Acad.
Sci. USA 51, 585-592 (1964).

37. Xiang, L., Chen, K., Yan, R., Li, W. & Xu, K. Single-molecule
displacement mapping unveils nanoscale heterogeneities in
intracellular diffusivity. Nat. Methods 17, 524-530 (2020).

38. Meixner, A. et al. MAP1B is required for axon guidance and is
involved in the development of the central and peripheral
nervous system. J. Cell Biol. 151, 1169-1178 (2000).

39. Dictenberg, J. B., Swanger, S. A., Antar, L. N., Singer, R. H. &
Bassell, G. J. A direct role for FMRP in activity-dependent dendritic
mRNA transport links filopodial-spine morphogenesis to fragile X
syndrome. Dev. Cell 14, 926-939 (2008).

40. Besse, F. & Ephrussi, A. Translational control of localized mRNAs:
restricting protein synthesis in space and time. Nat. Rev. Mol. Cell
Biol. 9, 971-980 (2008).

41. Wang, C., Han, B., Zhou, R. & Zhuang, X. Real-time imaging of
translation on single mRNA transcripts in live cells. Cell 165,
990-1001 (2016).

42. Aizer, A. et al. The dynamics of mammalian P body transport,
assembly, and disassembly in vivo. Mol. Biol. Cell 19, 4154-4166
(2008).

43. Wang, H. et al. CRISPR-mediated live imaging of genome editing
and transcription. Science 365, 1301-1305 (2019).

44. Hoberecht, L., Perampalam, P., Lun, A. & Fortin, J. P. A
comprehensive Bioconductor ecosystem for the design of
CRISPR guide RNAs across nucleases and technologies. Nat.
Commun. 13, 6568 (2022).

45. Coyne, A. N. et al. Futsch/MAP1B mRNA is a translational target
of TDP-43 and is neuroprotective in a Drosophila model of
amyotrophic lateral sclerosis. J. Neurosci. 34, 15962-15974 (2014).

46. Godena, V. K. et al. TDP-43 regulates Drosophila neuromuscular
junctions growth by modulating Futsch/MAP1B levels and
synaptic microtubules organization. PLoS ONE 6, €17808 (2011).

47. Guo, Y. et al. Elevated levels of FMRP-target MAP1B impair human
and mouse neuronal development and mouse social behaviors
via autophagy pathway. Nat. Commun. 14, 3801 (2023).

48. Pfeiffer, B. E. & Huber, K. M. The state of synapses in fragile X
syndrome. Neuroscientist 15, 549-567 (2009).

49, Hubstenberger, A. et al. P-body purification reveals the condensation
of repressed mRNA regulons. Mol. Cell 68, 144-157 (2017).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.1101/2023.08.01.551382
https://doi.org/10.1101/2023.08.01.551382
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41587-024-02540-5

Methods

Celllines and cell culture

HEK293T, U20S, HeLa, IMR-90 and COS-7 cells were obtained from
the University of California, Berkeley (UCB) cell culture facility and
were grown in medium containing high-glucose DMEM (Thermo
Fisher Scientific), 10% FBS (Sigma) and 1x penicillin-streptomycin
(Thermo Fisher Scientific) at 37 °C with 5% CO,.

Plasmid construction

The nucleus-targeting Csm complex plasmid construction was
described previously®” (Addgene, plasmid 195242). A cytoplasm-
targeting Csm complex plasmid was generated from this by remov-
ing the NLS sequences before each protein sequence, chang-
ing dCsm-EGFP to dCsm-2xsfGFP and removing the U6-crRNA
region. dPspCas13b-3xEGFP plasmid was purchased from Addgene
(plasmid132398) and dRfxCas13d-EGFP was modified from Addgene
plasmid 109050 by removing the T2A sequence between dRfxCas13d
and EGFP.

For the CRISPR array plasmid, NOTCH2 arrays were constructed
through multiple steps of overlap extension PCR, as illustrated in
Extended Data Fig. 2. Specifically, an oligo pool containing multiple
3-4-spacer fragments (sequences listed in Supplementary Table 1)
was purchased from Integrated DNA Technologies (IDT). Then, the
following steps were performed:

Step 1. Amplification of oligo pool fragments. A 50-ul PCR reac-
tion was set up using Q5 high-fidelity 2x master mix (New England
Biolabs (NEB)) containing 5 fmol of fragment (for example, spacers
1-4), 25 pmol of forward primer, 25 pmol of reverse primer, 25 pl of
2x master mix and water to afinal volume of 50 ul. PCR was performed
for14-16 cycles. The PCR products were separated and purified from
anagarose gel. If asmear was observed onthe gel, the template amount
or PCR cycle number was reduced.

Step 2. Joining of fragments. A 50-pl PCR reaction was set up using
Q5 high-fidelity 2x master mix (NEB) containing 0.3 pmol of frag-
ment 1 (for example, spacers 1-4 from step 1), 0.3 pmol of fragment 2
(forexample, spacers 4-6 fromstep 1), 25 pl of 2x master mix and water
to a final volume of 50 pl. Overlap extension PCR was performed for
6-8 cycles. The PCR products containing six spacers were separated
and purified from an agarose gel.

Step 3. Addition of overhangs to joined fragments. A 50-pl PCR
reaction was set up using QS5 high-fidelity 2x master mix (NEB)
containing 5 fmol of joined fragment (for example, spacers 1-6
fromstep 2), 25 pmol of forward primer, 25 pmol of reverse primer
(for example, containing overhang for spacer 7), 25 pul of 2x master
mix and water to a final volume of 50 pl. PCR was performed for
14-16 cycles. The PCR products were separated and purified from
an agarose gel.

Step 4. Joining of overhang-containing fragments. A 50-pl PCR
reaction was set up using QS5 high-fidelity 2x master mix (NEB)
containing 0.3 pmol of fragment 1 (for example, spacers 1-7 from
step 3), 0.3 pmol of fragment 2 (for example, spacers 6-12 from
step 3), 25 pl of 2x master mix and water to a final volume of 50 pl.
Overlap extension PCR was performed for 6-8 cycles. The PCR
products containing 12 spacers were separated and purified from
an agarose gel.

Step 5. Cloning and sequence verification of intermediate frag-
ments. The 12-spacer fragments from step 4 were cloned into vec-
tors that were then introduced into bacteria for colony picking and
sequence verification. Typically, 5-10 clones for each construct were
sufficient to obtain a correct sequence.

Steps 6 and 7. Generation of final full-length arrays. Steps 3-5were
repeated to generate 24-spacer plasmids from the sequenced 12-spacer
plasmids fromstep 5.

MAPIB arrays were constructed similarly but overhang regions
were included in the original oligo pool sequences to bypass step 3
(Supplementary Table 1). Arrays were cloned downstream of a CAG
promoter with a short signal sequence®® from the HSPB3 gene placed
before the array to enhance pre-crRNA export from the nucleus. All
cloning was performed in NEB stable Escherichia coli (NEB) to prevent
recombination between repetitive sequences. Plasmids were verified
by whole-plasmid sequencing. CrRNA and oligo pool sequences are
listed in Supplementary Table 1. Plasmid sequences are listed in Sup-
plementary Table 2.

Optical setup and image processing

Cell samples were imaged using a wide-field fluorescent microscope
(Zeiss Axio Observer Z1 inverted fluorescence microscope) with a
x100/1.4 numerical aperture oil Ph3 Plan Apochromat objective, an
ORCA-Flash4.0 camera (Hamamatsu), an X-Cite 120Q lamp and ZEN
2012 software. GFP filter setsincluded the BP 470/40 excitation filter,
the FT 495 beamsplitter and the BP 525/50 emission filter. Atto590 and
AlexaFluor 568filter setsincluded the BP 572/25 excitation filter, the FT
590 beamsplitter and the BP 629/62 emission filter.Images represent-
ing max-intensity z-projections were generated by FlJI software. Colo-
calization analysis was performed by FIJI plugin ComDet (version 0.5.5).
Single-molecule tracking was performed by FIJI plugin TrackMate (ver-
sion7.12.1). The temporal color-coded images (Figs. 3e,fand 4b, e) were
generated using the FIJI temporal color code function. Kymographs
were generated using the KymoResliceWide plugin (version 0.6.0),
with polyline selections used to track particle moving trajectories.

Immunostaining

For H2AK119ub staining, 1.5 x 10° HEK293T cells were grown on
18-mm-diameter, #1.5-thickness, collagen-coated coverslips (Neuvitro)
in a 12-well plate. The next day, cells were transfected with 0.8 pg of
XIST-targeting dCsm-GFP complex plasmid, 0.4 pg of dPspCas13b-
3xEGFP plus 0.6 pg of XIST-targeting PspCas13b crRNA plasmid or
0.4 pg of dRfxCas13d-EGFP plus 0.6 pg XIST-targeting RfxCas13d
crRNA plasmid using 5 pl of TransIT-293 transfection reagent (Mirus
Bio). After transfection, cells were grown for 48 hto allow proteinand
crRNA expression. Then cells were fixed with 4% paraformaldehyde
(Electron Microscopy Sciences) in 1x PBS at room temperature for
10-15 min. Following three washes with 1x PBS, cells were permeabi-
lized by 0.5% (v/v) Triton X-100 (Sigma) in 1x PBS for 10 min at room
temperature. Samples were again washed with 1x PBS three times after
permeabilization. The permeabilized cells were incubated in ablocking
buffer (1x PBS containing 3% (w/v) BSA (Jackson ImmunoResearch)) for
1h. Cellswere thenincubated with anti-H2AK119ub primary antibodies
at1:1,000 dilution (Cell Signaling, 8240S) in blocking buffer for 1 h at
roomtemperature and washed with 1x PBS three times for 5 min each.
Next, cells were stained with Alexa Fluor 568-labeled secondary anti-
bodies in blocking buffer for 1 h at room temperature. Samples were
washed again with 1x PBS three times to remove unbound antibodies.
To preventbound antibody dissociation, samples were postfixed with
4% (v/v) PFA in 1x PBS for 10 min and washed three times with 1x PBS
for 5 mineach.

For DCPIA staining, 1 x 10° U20S cells were grown on 18-mm-
diameter, #1.5-thickness, collagen-coated coverslips (Neuvitro) in a
12-well plate. The next day, 0.8 pg of cytoplasm-targeting Csm complex
plasmid and two MAP1B CRISPR array plasmids (0.7 pg each) were
transfected into cells using 5 pl of TransIT-LT1 transfection reagent
(Mirus Bio). After transfection, cells were cultured for 48 h to allow
protein and crRNA expression. Antibody staining was performed as
for the above H2AK119ub procedure but with anti-DCP1A antibody
(Abcam, ab183709).
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RNAFISH

HEK293T, HeLa, IMR-90 and COS-7 cells were grown on 18-mm-
diameter, #1.5-thickness, collagen-coated coverslips (Neuvitro) in a
12-well plate. The next day, 0.8 pg of cytoplasm-targeting Csm com-
plex plasmid and two CRISPR array plasmids (0.7 pg each) were trans-
fectedinto cellsusing 5 pl of TransIT-293 transfection reagent (Mirus
Bio) or TransIT-LT1 transfection reagent (Mirus Bio). For U20S cells,
1x10° cells were nucleofected with 1.5 pg of cytoplasm-targeting
Csm complex plasmid and two CRISPR array plasmids (1.2 pg each).
Then, U20S cells were seeded on 18-mm-diameter, #1.5-thickness,
collagen-coated coverslips (Neuvitro) ata density of 2.5 x 10° cells per
well. After transfection, cells were grown for 48 hto allow protein and
crRNA expression, fixed with 4% paraformaldehyde (Electron Micros-
copy Sciences) and permeabilized with 0.5% (v/v) Triton X-100 (Sigma)
in1x PBS for 10 min at room temperature. After a5-minincubationin
wash buffer comprising 2x SSC (Thermo Fisher Scientific) and 30%
(v/v) formamide (Thermo Fisher Scientific), cells were stained with
NOTCH2 or MAP1B mRNA FISH probes in hybridization buffer con-
taining 30% (v/v) formamide, 0.1% (w/v) yeast tRNA (Thermo Fisher
Scientific), 1% (v/v) murine RNase inhibitor (NEB), 10% (w/v) dextran
sulfate (Sigma) and 2x SSC in a humidity-controlled 37 °C incubator
overnight. FISH probes were applied at a concentration of 200 nM
(5nMperprobe, -40 probesin total). After staining, cells were washed
twice with wash buffer at 37 °C, each for 30 min. Then, cells were
stained with DAPland 5 nM readout probesin aseparate hybridization
buffer composed of 2x SSCand 10% (v/v) ethylene carbonate (Sigma)
innuclease-free water before imaging. The NOTCH2 and MAP1B mRNA
FISH probe sequences and readout probe sequence are provided in
Supplementary Table 3. NOTCH2 and MAPIBFISH probes were ordered
asoligo pools from IDT.

Live-cellimaging

For live-cell imaging of NOTCH2 and MAPIB mRNAs, 1 x 10° U20S
cells were nucleofected with 1.5 pg of cytoplasm-targeting Csm
complex plasmid and two CRISPR array plasmids (1.2 pg each). Then,
U20S cells were seeded in a two-well glass-bottom NuncLab-Tek
chamber (Thermo Fisher Scientific) at a density of 4 x 10° cells
per well. After 48 h, the medium was changed to live-cell imaging
buffer containing DMEM without phenol red supplied with 10% FBS,
1x penicillin-streptomycin and ProLong live antifade reagent
(Thermo Fisher Scientific).

Puromycin treatment
For puromycin treatment, cells were incubated in live-cell imaging
buffer containing 275 uM puromycin for 60 min at 37 °C before fixa-
tion or live-cell imaging.

Illustration software
Figures 2g and 3h were created using BioRender.com.

SMdM data analysis
SMdM analyses were described previously™”. Briefly, single-molecule
spots were first localized in all frames. Paired locations were identi-
fied across successive frames for calculation of displacements in the
frame time At =100 ms. The displacements were spatially binned with
agridsize of 2.5 pixels (325 nm). The displacements in each spatial bin
were separately fitted to asingle-component diffusion mode through
maximum likelihood estimation:
2r r?
P(r) = 7 &P <_E> + br @

Here, a=4DAt, where Dis the diffusion coefficient and b accounts for
a uniform background. The resultant local apparent D values were
presented on a continuous color scale to produce a diffusivity map

(Fig.2c,d).Separately (Fig. 2e,f), all single-molecule displacementsin
each cell were pooled and fitted to atwo-component diffusion mode*’:

2r r 2r r?
P(r)=F1a—1 exp(—a—l>+(1—F1)E exp(—£)+br 2)
where F; and F, = (1- F,) are the fractions of the two diffusivity com-
ponents and a, =4D,At and a, = 4D,At account for the two diffusion
coefficients D,and D,.

RNA abundance measurements

Total cell RNA was extracted using TRIzol Reagent (Thermo Fisher
Scientific) as per the manufacturer’s instructions. Genomic DNA
was removed using TURBO DNase (Thermo Fisher Scientific). After
inactivating TURBO DNase with DNase-inactivating reagent, 2 pg of
DNase-free RNA was reverse-transcribed using SuperScript Il reverse
transcriptase (Thermo Fisher Scientific) with random primers (Pro-
mega) as per the manufacturer’s instructions. qPCR was performed
using iTaq Universal SYBR green supermix (Bio-Rad) in a CFX96
real-time PCR detection system (Bio-Rad). Gene-specific primer pairs
used to detect mature transcripts are listed in Supplementary Table 4.
Therelative amount of target RNA compared to GAPDH was calculated
using the 22*“method. Measurements were taken for three biological
replicates, each with three technical replicates. No-RT and no-template
controls were run alongside all RT-qPCR experiments.

RNA decay measurement

Cells were treated with 10 pg ml™ actinomycin D (Thermo Fisher Sci-
entific) for 0,1, 2, 4, 8,12 and 24 h to block transcription. Then, total
RNA was extracted using the Direct-zol MiniPrep kit (Zymo Research)
according to the manufacturer’sinstructions. qPCR was performed on
a CFX96 real-time PCR detection system (Bio-Rad) with the one-step
RT-gqPCRKit (Thermo Fisher Scientific) to determine relative RNA
levels. The relative mRNA levels of NOTCH2 and MAP1B versus the refer-
ence 18Sribosomal RNA were determined using three biological repli-
cates. Following PCR amplification, melting curve analysis confirmed
asingle PCR product for each target gene. PCR primer sequences are
listed in Supplementary Table 4.

Western blot

Cells were lysed in cold radioimmunoprecipitation assay lysis and
extraction buffer (Thermo Fisher Scientific) supplemented with pro-
tease inhibitors (Sigma-Aldrich). Following centrifugation, the super-
natants were collected and protein concentration measured using the
Pierce 660-nm protein assay. Then, 10-30 pg of protein lysate was
denatured in1x Laemmlibuffer at 95 °C for 10 minand resolved by SDS-
PAGE. Proteins were transferred to an Immun-Blot LF PVDF membrane
(Bio-Rad). The membrane was blocked with blocking buffer (0.05%
Tween-20 and 3% BSAin1x PBS) for1hat room temperature, incubated
with primary antibody in blocking buffer for 2 h at room temperature,
washed three times with 1x PBS, incubated with dye-conjugated second-
ary antibody for1hatroomtemperature and washed three more times
with1x PBS. The 700-nm and 800-nm channels of a LI-COR Odyssey CLx
were used to visualize protein bands. The following primary antibod-
ies were used for western blot: anti-NOTCH2 (Cell Signaling, 5732S;
1:1,000 dilution), anti-MAP1B (Thermo Fisher Scientific, PA5-82798;
1:1,000 dilution) and anti-ACTB (Proteintech, 60008-1-Ig; 1:2,500
dilution). The following secondary antibodies were used: IRDye 680RD
goat anti-mouse (LI-COR, 926-68070; 1:20,000 dilution) and IRDye
800CW goat anti-rabbit (LI-COR, 926-32211;1:20,000 dilution). Fiji was
used to quantify the relative band intensities on blot images.

Statistics and reproducibility
Statistical analyses were conducted using GraphPad Prism (ver-
sion 10.2.2). Exact statistical values are presented in the figures.
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The microscopy images presented from representative experi-
ments were independently replicated at least three times with simi-
lar outcomes, unless explicitly indicated by the sample size noted in
eachfigure.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Oligo and plasmids sequences in this study are available in the Sup-
plementary Information. Essential plasmids were deposited to
Addgene (plasmids 229211-229216). Unprocessed microscope
image files are available through figshare® (https://doi.org/10.6084/
mo.figshare.27997130). Source data are provided with this paper.

Code availability

All codes are available upon request.
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a dPspCas13b (GFP) Anti-H2AK119ub Overlay

b dRfxCas13d (GFP) Anti-H2AK119ub

C Csm complex (GFP) Anti-H2AK119ub

Extended Data Fig. 1| Testing different Cas proteins for RNA imaging. heterochromatin marker H2AK119ub (middle), and their overlay (right). For each
Representative images of GFP-tagged PspCas13b (a), RfxCas13d (b) and Csm system, asingle crRNA targeting the same repetitive sequence in X/ST was used.
complex (c) targeting XISTRNA in HEK293T cells (left),immunostaining for the Scalebar,10 pm.
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Extended Data Fig. 2| CRISPR array cloning strategy. Schematic of CRISPR
array construction. First, each fragment from an oligo pool containing multiple
3-4 spacer fragments is amplified by limited-cycle PCR. Second, 6-spacer
fragments are generated from the 3-4-spacer fragments by overlap extension
PCR. Third, overhangs are added to the 6-spacer fragments. Fourth, 12-spacer
fragments are generated from the 6-spacer fragments by overlap extension PCR.

Spacer 1-13 Step7)
,,,,,,,,,,,,,,,,,,,,,,,, Overlap O
~~~~~ extension PCR
Spacer 12-24 Clone into Spacer 1-24
backbones

Fifth, the 12-spacer fragments are cloned into vectors for sequence verification.
Sixth, overhangs are added to the 12-spacer fragments. Seventh, 24-spacer
fragments are generated from the 12-spacer fragments by overlap extension
PCR. Finally, the 24-spacer fragments are cloned into vectors for sequence
verification. Black segments indicate CRISPR direct repeats; grey segments
indicate spacers; red segments indicate the overlapping regions.
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a Y A _/ _/ _/

Repeat Spacer - —— pre-crRNA

pre-crRNA smFISH (Atto590) No Csm complex (GFP)

>

_/
R@t Spacer :/ - __) processed crRNA

pre-crRNA smFISH (Atto590) Csm complex (GFP)

Extended Data Fig. 3 | Verifying pre-cRNA processingin cells. a, Representative probe (Atto590) complementary to pre-crRNA direct repeats. Right, GFP channel

image of smFISH for pre-crRNA transcripts in U20S cells co-transfected with for the same cellsin left panel. b, Same as a, but cells were co-transfected with
plasmids encoding CRISPR array and GFP alone. Left, smFISH using a single FISH plasmids encoding CRISPR array and GFP-tagged Csm complex. Scale bar, 10 pm.
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a Csm complex (GFP) NOTCH2 smFISH (Atto590) Overlay

24 crRNAs

12 crRNAs

6 crRNAs

Extended Data Fig. 4 | Varying the number of crRNAs for RNA imaging. NOTCH2 mRNAs labeled by GFP-tagged Csm complex (left), smFISH (Atto590) (middle), and
their overlay (right) using 24 (a), 12 (b), or 6 spacer-containing CRISPR arrays (c). Scale bar, 10 pm.
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NOTCH2 smFISH (Atto590) Overlay

Csm complex (GFP)

HEK293T

IMR-90 Hela

COs-7

Extended Data Fig. 5| smLiveFISH works across various cell types. VOTCH2 mRNAs labeled by GFP-tagged Csm complex (left), smFISH (Atto590) (middle), and their
overlay (right) in HEK293T (a), HeLa (b), IMR-90 (c), and COS-7 cells (d). Scale bar, 10 pm.
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b

Csm complex alone (GFP) pre-crRNA alone (GFP)

pre-crRNA smFISH (Att05790)

10 pm & 10 um ‘ 10 pm

Extended Data Fig. 6 | GFP signal is specific to mRNA labeling. Representative GFP signal in cells expressing GFP-tagged Csm complex alone (a) or pre-crRNA alone
(b, left). Right panel of b shows smFISH (Atto590) for pre-crRNA transcripts. Scale bar, 10 pm.
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Extended Data Fig. 7| Quantification of RNA abundance, decay, protein
level, and localization with or without Csm labeling. a, Relative abundance

(normalized to GAPDH) of two ORF and two 3’ UTR regions of NOTCH2 and MAPIB

mRNAs, with (Targeting) and without (Control) Csm complex, as quantified by

RT-qPCR. Error bars represent the mean + standard deviation of three biological

replicates. b, Relative abundance of NOTCH2 (left) and MAPIB (right) mRNAs
(normalized to 185 rRNA) with (Targeting) or without (Control) Csm complex
following transcription inhibition by Actinomycin D (at time O). Error bars

represent the mean + standard deviation of three biological replicates. ¢, Western
blot showing proper size and expression of NOTCH2 (left, green) and MAP1B
(right, green) proteins with or without Csm complex. ACTB shown as loading
control (red). Three biological replicates are shown. d, Quantification of protein
bandsinc. Error bars represent the mean + standard deviation of three biological
replicates. e, Violin plot showing distance to cell edge for individual VOTCH2 or
MAPIBmRNA molecules labeled using smFISH with or without Csm complex.
Median indicated by solid line; quartiles indicated by dashed lines.
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