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BSTRACT 

iving systems contain various membraneless or- 
anelles that segregate proteins and RNAs via 

iquid–liquid phase separation. Inspired by nature, 
an y pr otein-based synthetic compartments have 

een engineered in vitro and in living cells. Here, 
e introduce a genetically encoded CAG-repeat RNA 

ag to reprogram cellular condensate formation and 

ecruit various non-phase-transition RNAs for cel- 
ular modulation. With the help of fluorogenic RNA 

ptamer s, we ha ve systematicall y studied the forma- 
ion dynamics, spatial distributions, sizes and densi- 
ies of these cellular RNA condensates. The cis- and 

rans -regulation functions of these CAG-repeat tags 

n cellular RNA localization, life time, RNA–protein 

nteractions and gene expression have also been in- 
estigated. Considering the importance of RNA con- 
ensation in health and disease, we expect that these 

enetically encodable modular and self-assembled 

ags can be widely used for chemical biology and 

ynthetic biology studies. 

RAPHICAL ABSTRACT 
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NTRODUCTION 

he functions of cellular RNAs are highly related to their 
ubcellular localizations and local environment. One ubiq- 
itous approach to control RNA localization is via macro- 
olecular condensation, i.e. the formation of membraneless 

ubcellular compartments. RNA compartmentalization is 
revalent and plays critical roles in processes such as tran- 
cription, splicing, RNA degradation, heter ochr omatin for- 
ation and str ess r esponse ( 1–4 ). The precise modulation 

f subcellular compartmentalization of specific RNA se- 
uences is thus important for controlling gene expression 

nd cellular functions. 
Cellular RNA localiza tion, compartmentaliza tion and 

rafficking have been largely regulated by the formation 

f ribonucleoprotein (RNP) complexes via RNA–protein 

nteractions ( 5 , 6 ). Recent studies demonstrated that spe- 
ific RN A self-assemblies, particularl y among repeat expan- 
ions, can also be used to mediate RNA phase separation in- 
ide living cells ( 7–10 ). Compared with protein-based RNA 

ompartmentalization, RN A–RN A interaction-mediated 

ondensa te forma tion can be highly sequence specific, mod- 
lar and programmable ( 11 , 12 ). As a result, powerful RNA 

evices may be engineered to control cellular compartmen- 
alization of specific cellular RNAs and to modulate their 
ocal concentrations and functions. 

In this study, short CAG trinucleotide r epeats ar e engi- 
eered into genetically encodable self-regulated tags to re- 
ruit and condense different cellular target RNAs. CAG re- 
eats are used here because these trinucleotides can read- 

ly form condensates, without the involvement of proteins 
 9 , 10 , 13 , 14 ). We want to test here if these naturally occur-
ing CAG repeats can be used as functional RNA nanode- 
ices, being either a cis- acting RNA element within the tar- 
et RNA transcript or a tr ans -acting ef fector functioning 

hrough specific hybridization with target RNAs. Both cis- 
nd trans -mechanisms can be potentially applied to de v elop 
ngxuyou@umass.edu 
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3–5 min. 
general platforms to induce the phase separation of various
target RNAs, in vitro and in living systems. 

To image these RN A condensates, especiall y inside living
cells, we fuse the CAG-repeat-tagged RNA strands with a
fluoro genic RN A a ptamer, named Br occoli. Br occoli is an
RNA strand that can selecti v ely bind and activate the flu-
orescence signal of small molecule dyes, such as DFHBI-
1T ( 15 ). The dynamics, sizes and densities of RNA conden-
sates can thus be visualized and quantified based on fluores-
cence images. Our results show that target RNAs of differ-
ent lengths and sequences can be efficiently recruited into
condensates by these CAG-repeat tags. CAG repeats can
also be genetically encoded to regulate the subcellular lo-
caliza tion, compartmentaliza tion and function of various
mRNAs and non-coding RNAs inside living bacterial cells.

MATERIALS AND METHODS 

Reagents, apparatus and RNA sequences 

The reagents, apparatus and RNA sequences used in this
study are listed in the Supplementary Data. 

Vector construction 

Different lengths of the CAG r epeats wer e first cloned into
a pAV-U6 + 27-F30-2 ×dBroccoli vector. In more detail, the
vector was first digested with XbaI and SacII restriction en-
zymes (NEB). After purification via a 1% agarose gel, the di-
gested vector was ligated together with a similarly digested
CAG repeat insert using T4 DNA ligase (NEB). The ligated
product was then transformed into Esc heric hia coli BL21
Star ™ (DE3) cells (Thermo Fisher Scientific) and selected
based on ampicillin resistance. 

To construct CAG r epeat-expr essing pET-28c vectors for
bacterial imaging, a pET-28c-F30-2 ×dBroccoli vector was
digested with BgIII and XhoI restriction enzymes (NEB),
and then ligated together with a similarly digested CAG
repeat insert using T4 DNA ligase. The CAG repeat in-
serts were synthesized by polymerase chain reaction (PCR)
using the above-pr epar ed pAV-U6 + 27-F30-2 ×dBroccoli-
CAG repeat vectors as the template, primers containing the
T7 terminator, and BgIII and XhoI restriction sites. Af-
ter T4 DNA ligation, the product was transformed into
BL21 Star ™ (DE3) cells and selected based on kanamycin
resistance. 

The OxyS, lacY and lacZ fragments were each cloned into
pET-28c-F30-2 ×dBroccoli-CAG repeat vectors after diges-
tion via BsaI and EcoRI restriction enzymes (NEB). The
lacY and lacZ fragments were synthesized by PCR using the
pYFP-lacY-1 and pSFV3-lacZ plasmids as the templates,
and primers that introduce BsaI and EcoRI restriction sites.
After T4 DNA ligation, the product was transformed into
BL21 Star ™ (DE3) cells and selected based on kanamycin
resistance. All these above-prepared plasmids were isolated
using a GeneJET Plasmid Miniprep Kit (Thermo Fisher
Scientific) and confirmed by Sanger sequencing (Eurofins
Genomics). 

In vitro RNA transcription and condensate formation 

For in vitro experiments, all the RNAs were transcribed us-
ing a HiScribe ™ T7 high-yield RNA synthesis kit (NEB)
and purified with G-25 columns. Template DNAs were
pr epar ed by PCR amplification from the above-mentioned
pAV-U6 + 27- or pET-28c-based F30-2 ×dBroccoli-CAG
repeat vectors. The in vitro formation of RNA condensates
was pr epar ed by first mixing 4 �M RNAs in buffer contain-
ing 10 mM Tris–HCl at pH 7.5, 100 mM KCl and 20 mM
MgCl 2 . The mixture was then heated up to 95 

◦C for 3 min
and cooled down to 37 

◦C at a rate of 2 

◦C / min in a ther-
mocy cler. Afterwar ds, 80 �M DFHBI-1T was added and
incubated for 15 min at 37 

◦C before imaging using a Yoko-
gawa spinning disk confocal on a Nikon Eclipse-TI inverted
microscope. Images were collected with an excitation wave-
length at 488 nm using a ×100 / 1.45 NA oil immersion ob-
jecti v e. The partition ratio of each RNA condensate was cal-
culated based on the ratio of average fluorescence intensity
within the condensate versus that in the solution region free
of condensates. For the in vitro kinetic measurements, a so-
lution containing 10 mM Tris–HCl at pH 7.5, 100 mM KCl,
20 mM MgCl 2 , 4 �M RNA and 80 �M DFHBI-1T was first
hea ted up a t 95 

◦C for 3 min and then ra pidl y cooled down
in ice for 30 s immediately before starting to collect images.

Cellular imaging 

RNA imaging in living bacterial cells was performed ac-
cording to a previously established protocol ( 16 ). Briefly,
the BL21 Star ™ (DE3) cells or Pseudomonas aeruginosa
cells that express the corresponding RNAs were first grown
in LB medium at 37 

◦C until the optical density at 600
nm (OD 600 ) reaches 0.4, and then 1 mM isopropyl- �- D -
thiogalactopyranoside (IPTG) was added for a 2 h induc-
tion. After the IPTG induction, the cells wer e adher ed
to a pol y- L -l ysine-pr e-tr eated glass-bottom 8-well imaging
plate (Cellvis, Mountain View, CA, USA) in Dulbecco’s
phospha te-buf fered saline (DPBS) buffer for 45 min. Then
the buffer was switched to fresh DPBS containing 200 �M
DFHBI-1T and / or 1 �M HBC620 for a 30 min incubation
at 25 

◦C before imaging. All the confocal fluorescence im-
ages were collected with NiS-Elements AR software using
a Yokogawa spinning disk confocal on a Nikon Eclipse-TI
inverted micr oscope. Br occoli fluorescence signals were ex-
cited with a 488 nm laser, Pepper fluorescence signals were
excited with a 561 nm laser and the near-infrared fluores-
cent protein signal was collected under 640 nm laser irradi-
ation. A ×100 / 1.45 NA oil immersion objecti v e was used
for collecting these cellular images. Structured illumination
microscop y (SIM) super-r esolution imaging was performed
on a Nikon A1R-SIMe microscope equipped with a Hama-
matsu sCMOS camera and a ×100 oil immersion objecti v e,
under 488 nm laser irradiation. 

Fluor escence r eco very after photobleaching (FRAP) 

The FRAP measurements were performed on an A1 spec-
tral confocal microscope with a ×100 oil immersion ob-
jecti v e on a Nikon Eclipse-TI inverted system with an A1
stimulation module to ensure bleaching of a targeted area.
Photobleaching was carried out with a 488 nm laser for 1.0
s on a region of ∼1 �m diameter. The fluorescence recov-
ery after bleaching was then imaged e v ery 5 s for a total of
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maging data analysis 

mage analysis was performed using NiS-Elements AR 

nalysis software. The sets of actions performed on imag- 
ng channels were built as analysis recipes in the General 
nalysis 3 ( GA3 ) module. For in vitro fluorescence images, 
 fluorescence intensity ‘threshold’ F B 

+ 3SD (background 

lus 3-fold of standard deviations on the 488 nm channel) 
nd a diameter ‘threshold’ of 0.5 �m was set to automat- 
cally detect each condensate. For each identified conden- 
ate, the ‘mean object intensity’ and ‘object area’ actions 
ere applied to measure their corresponding mean fluo- 

escence intensity and the area. The number of identified 

bjects in one image (imaging view 4430 �m 

2 ) equals the 
easured density of condensates. An inverted threshold was 

lso set for measuring mean background intensities for the 
alculation of partition ratios. 

For bacterial fluorescence images, after a ppl ying a 

smooth’ action, a fluorescence intensity ‘threshold’ 
 B 

+ 3SD (whole well background plus 3-fold of standard 

eviations on the 488 nm channel) was set to automatically 

etect each individual E. coli cell. The averaged whole-cell 
uorescence was measured via the ‘mean object intensity’ 
ction. To detect intracellular foci, the ‘bright spots’ action 

as applied based on a fluorescence intensity ‘threshold’ 
 B 

+ 3SD (cellular background plus 3-fold of standard 

eviations on the 488 nm channel) and a diameter ‘thresh- 
ld’ of 0.5 �m. ‘Contrast’ and ‘grow’ were also set to 

nable the proper detection of foci. Meanwhile, the ‘child 

D’ action was applied to set the detected cells as ‘parent’ 
nd the detected foci as ‘child’ and chose ‘child is inside 
arent’ condition. The count of foci in each detected cell 
as then obtained using the ‘group records’ and ‘aggregate 

ows’ actions. The ‘subtract’ action was used to subtract 
he detected foci region from the detected cells region, i.e. 
he cellular background region. Then, the ‘mean object 
ntensity’ action was applied on both the foci region and the 
ellular background region to measure their corresponding 

ean fluorescence intensities and the partition ratio of 
ach cellular condensate. 

To further avoid inappropriate detection of cells and foci, 
nl y rod-sha ped singl y detected cells with properl y detected 

oci were picked and also manually verified. The results 
hown in this study were generated by at least 90 above- 
erified cells from at least three representati v e images unless 
entioned otherwise. At least two replicated experiments 
ere perf ormed f or all these measurements. All the data 

nalysis and fitting were performed using the ImageJ / FIJI 
nd GraphPad Prism 9.2.0 software. Two-tailed Student’s 
 -test was used to determine the statistical significance. 

ESULTS 

n vitro RNA condensation 

e first asked if Broccoli can be used to visualize CAG- 
epea t-induced RNA condensa tion. To test this, we syn- 
hesized F30-2d ×Broccoli-tagged RNA strands containing 

 ×, 4 ×, 20 ×, 31 × or 47 × CAG r epeats, which wer e named
R, 4R, 20R, 31R and 47R, respecti v ely. The F30 scaf- 
old was used to ensure the proper folding of two incor- 
orated dimeric Broccoli RNAs (Supplementary Table S1) 
 17 ). Compared with untagged F30-2d ×Broccoli (i.e. 0R), 
fter attaching these RNA repeats, F30-2d ×Broccoli still 
 xhibits strong, e v en slightly higher, fluorescence signals 
Supplementary Figure S1A). By annealing a solution con- 
aining 4 �M RNA, 20 mM MgCl 2 and 80 �M DFHBI- 
T, the 20R, 31R and 47R samples exhibited obvious RNA 

ondensation (Figure 1 A), with a large number of spherical- 
haped fluorescent condensates at ∼1.4–1.8 �m in diameter 
Figure 1 C). In contrast, almost no phase separation was 
bserved with the 0R and 70A C control. Here, 70A C is an 

30-2d ×Broccoli-tagged RNA of equivalent length to 47R 

ut contains only repeated AC dinucleotides. Interestingly 

nder our experimental condition, with only 4 × CAG re- 
eats, 4R can also generate large-sized RNA condensates 
diameter, ∼1.8 �m), while at a lower density than longer 
AG repeats. 
To further compare the RNA densities within these dif- 

er ent CAG-r epeat aggr egates, we characterized the parti- 
ion ratio of each single condensate, which is defined as the 
atio of average fluorescence intensity inside individual con- 
ensate versus background solution fluorescence signals. A 

artition ratio of ∼2.2, 8.9, 7.4, 7.3 and 7.7 was exhibited 

or the 70AC, 4R, 20R, 31R and 47R condensates, respec- 
i v ely (Figure 1 D). 4R exhibited a slightly higher partition 

atio and larger aggregation size compared with other ex- 
anded CAG repeats. On the other hand, 4R solution con- 
ained fewer condensates ( ∼5 per 400 �m 

2 imaging area) 
han that of 20R, 31R and 47R ( > 15 counts per same area)
Figur e 1 ). These r esults indica ted tha t the CAG repea ts can
ndeed induce in vitro RNA phase separation. Meanwhile, 
roccoli can be used as a fluorescence imaging reporter for 
NA condensates, and these fluorescence signals may also 

e used to estima te RNA concentra tions within each con- 
ensate (Supplementary Figure S1B, C). 
We noticed that these CAG-repeat condensates tend to 

xhibit gel-like behaviors, such as stacking and slow fusion 

Figure 1 A). These gel-like properties can be the result of 
trong multivalence interactions among these trinucleotide 
epeats ( 8 , 18 ). A FRAP approach was also applied to mea-
ure RNA mobilities in condensates. Minimal fluorescence 
ecov ery was observ ed (ov er a total of ∼5 min, Supplemen- 
ary Figure S2), indicating that in vitro formed CAG con- 
ensates indeed display a highly static structure. The kinet- 

cs of RNA condensation were also monitored right after 
he snap-cooling of a solution containing 4 �M 47R and 20 

M MgCl 2 . Our results showed that the number of RNA 

ondensates kept increasing during the first 15 min of incu- 
ation, while the diameter and partition ratio of each con- 
ensa te alread y reached ∼90% of the maximum le v el in ∼5
in (Supplementary Figure S3). All these data indicated the 

ast assembly kinetics of these RNA condensates. 
We also studied the effect of RNA and Mg 

2+ concen- 
rations on the CAG-repeat-induced phase separation. In 

ur test, 0.02–10 �M of the 0R, 20R, 31R or 47R strands 
ere separately mixed with 5–40 mM MgCl 2 . As expected, 

he formation of RNA condensates can be facilitated with 

ncreasing concentrations of RNA and MgCl 2 (Supple- 
entary Figure S4). RNAs with longer CAG repeats, e.g. 

1R and 47R, can more readily form condensates, e v en 

t reduced RNA and MgCl 2 le v els. It is worth mention- 
ng that in these tests, almost no RNA condensation was 



8340 Nucleic Acids Research, 2023, Vol. 51, No. 16 

Figure 1. CAG-r epeat-r egulated in vitro RNA condensation. ( A ) Confocal fluorescence imaging of RNA condensates induced by F30-2d ×Broccoli-tagged 
4 ×, 20 ×, 31 × or 47 × CAG repeats (4R, 20R, 31R or 47R). F30-2d ×Broccoli (0R) and F30-2d ×Broccoli-tagged 70 repeats of A C (70A C) were used as 
the negati v e control. Fluorescence images were taken in solutions containing 4 �M RNA, 20 mM MgCl 2 and 80 �M DFHBI-1T after annealing. Scale 
bar, 5 �m. ( B ) The partition ratio, i.e. the ratio of average fluorescence intensity inside individual condensate versus background solution signals, and ( C ) 
the droplet area of each type of RNA condensate is plotted in a box with minimum to maximum whiskers. The top and bottom line, upper and lower box 
boundary and inner line indicate the minimum and maximum data point excluding outliers, 75th and 25th percentile and median of the data, respecti v ely. 
A total of 20, 29, 241, 318, 323 and 437 condensates were analyzed in the case of 0R, 70AC, 4R, 20R, 31R and 47R, respecti v ely. ( D ) The number of 
droplets observed per imaging view. Each imaging view equals 4430 �m 

2 . Shown are the mean and the standar d de viation (SD) values from at least three 
r epr esentati v e images. Two-tailed Student’s t -test: *** P < 0.001; ** P < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

observed under physiolo gicall y relevant ≤5 mM Mg 

2+ ion
conditions ( 19 , 20 ). Meanwhile, minimal RNA condensa-
tion was shown without annealing. Howe v er, intracellular
RNA compartmentalization can still be quite different from
these in vitro tests, as RNA condensation can be potentially
facilitated by the cro w ded and protein-rich cellular environ-
ment ( 7 , 21 , 22 ). 

CAG-repeat-mediated target RNA condensation 

Before testing RNA condensation in living cells, we also
wondered if these CAG repeats can function as general
molecular tags to induce the phase transition of attached
RNA sequences. For this purpose, we synthesized 20 differ-
ent RNA strands that contain 5 

′ -F30-2d ×Broccoli-tagged
100, 200, 500, 1000 or 2000 nucleotide (nt) long scram-
bled sequences. The 0 ×, 20 ×, 31 × or 47 × CAG repeats
were conjuga ted a t the 3 

′ end of these strands, respecti v ely.
The multiple of 4 × CAG repeats was not chosen because
condensation occurs with low efficiency. Without attaching
CAG repeats, scrambled RNAs (named 0.1k, 0.2k, 0.5k,
1.0k and 2.0k) could not form condensates in a solution
containing 4 �M RNA, 20 mM MgCl 2 and 80 �M DFHBI-
1T (Figure 2 ). 

In contrast, the 20 × CAG tag can induce compartmen-
talization when short RNA sequences (i.e. 100 and 200 nt)
were attached, while obvious condensates were shown in all
the solutions containing 31 × CAG- or 47 × CAG-tagged
RNA strands. These results indicated that CAG repeats can
still induce phase separation e v en after tagging with long

non-condensation RNA strands. 
We further quantified the correlations between the length
of CAG repeats and the partition ratio and size of conden-
sates. As shown in Supplementary Figure S5, a longer CAG-
repeat tag can generally increase both the diameter and par-
tition ratio of RN A condensates, w hile, interestingl y, after
attaching longer scrambled RNAs to the same CAG-repeat
tag, the partition ratio and size of condensates tended to
first increase and then decrease (Figure 2 B, C). This result
is consistent with those observed in synthetic multivalent
polymers with changing valency of interactions ( 23 ), sug-
gesting that the efficiency of condensate formation is influ-
enced by the sequence length of both CAG repeats and tar-
get RNAs. A longer CAG-repeat tag is normally needed to
recruit larger RNA targets into condensates. 

Ne xt, to e xplor e if CAG r epea ts can also media te con-
densation of endogenous RNA sequences, three bacterial
RN As were tested, namel y a 109 nt long OxyS small non-
coding RN A (sRN A) and two lac operon mRNAs, lacY
(1254 nt) and lacZ (3044 nt). After tagging with F30-
2d ×Broccoli and 20 ×, 31 × or 47 × CAG repeats, OxyS can
easily form obvious condensates, with size and partition ra-
tio comparable with those of 0.1k scrambled RNAs (Figure
2 ; Supplementary Figure S6). Similarly, 31 × and 47 × CAG-
tagged lacY mRNA can also genera te condensa tes close
to those of 1.0k scrambled RNAs. Even for the 3044 nt
long lacZ mRNA, after conjugating with 31 × CAG and
47 × CAG, micrometer-sized condensates were clearly ob-
served (Figure 2 A). All these data indicated that the CAG-
repeat tags can facilitate both scrambled and functional
RNA species to partition into condensates. 

By combining all these results from different RNA tar-
gets, our data showed that the size of condensates tended
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Figure 2. Targeted RNA condensation via CAG repeats. ( A ) Confocal fluorescence imaging of F30-2d ×Broccoli-0 ×, 20 ×, 31 × or 47 × CAG repeats (0R, 
20R, 31R, 47R)-tagged 100, 200, 500, 1000 or 2000 nt long scrambled RNA (0.1k, 0.2k, 0.5k, 1.0k and 2.0k), or OxyS (109 nt), lacY (1254 nt) and lacZ 

(3044 nt) RNA sequences. Fluorescence images were taken in solutions containing 4 �M RNA, 20 mM MgCl 2 and 80 �M DFHBI-1T after annealing. 
Scale bar, 5 �m. ( B ) The mean droplet area and ( C ) partition ratio of individual condensates is plotted based on data shown in Supplementary Figures 
S5 and S6. ( D ) The radius and ( E ) partition ratio of each studied condensate is plotted as a function of the ratio between the number of CAG repeats and 
total RNA length. Results from each 20 ×, 31 × or 47 × CAG-tagged target RNA, including F30-2d ×Broccoli, 0.1k, 0.2k, 0.5k, 1.0k and 2.0k scrambled 
RNAs, and OxyS, lacY and lacZ are gathered and denoted under 20R (cyan), 31R (light blue) and 47R (dark blue), respectively. Shown are the mean and 
the standard error of the mean (SEM) values from at least three replicated measurements for each data point. 
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o be first enlarged and then reduced with an increasing ra- 
io between the CAG repeat number and total RNA length, 
 CAG 

/ N total (Figure 2 D). Meanwhile, the partition ratio 

s also generally increased at a low N CAG 

/ N total ratio and 

hen slightly decreased at N CAG 

/ N total > 5% for 31 × and 

7 × CAG repeat samples (Figure 2 E). These results sug- 
ested that the N CAG 

/ N total ratio can be potentially an 

mportant factor for regulating the aggregation status of 
NA-repea t condensa tes. 

NA condensation inside bacterial cells 

fter all these in vitro characterizations, we next asked if 
AG repeats could also be used as genetically encoded tags 
o regulate the condensation of target RNAs inside living 

ells. In our test, we first transformed BL21 Star ™ (DE3) 
. coli cells with pET-28c vectors that express 4R, 20R, 
1R or 47R sequences. Compared with the control cells en- 
oding only F30-2d ×Broccoli (0R) or 70AC, the formation 

f cellular condensates can be clearly visualized in CAG- 
 epeat-containing strains (Figur e 3 A). Similar to the in vitro 

esults, the number and partition ratio of cellular conden- 
ates highly depend on the length of CAG repeats. The most 
bundant and RNA-concentra ted condensa tes were shown 

n 47R-expressing cells (Figure 3 B, C). 
The vast majority of CAG-r epeat-expr essing cells 

4R–47R) contain one or two condensates (76–85%), 
ainly localized at the cell poles. Meanwhile, it is worth 
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Figur e 3. RN A condensa te forma tion in living bacterial cells. ( A ) Confocal fluorescence imaging of BL21 Star ™ (DE3) E. coli cells that express F30- 
2d ×Broccoli-tagged 0 ×, 4 ×, 20 ×, 31 ×, 47 × CAG repeats (0R, 4R, 20R, 31R, 47R) or 70 × AC repeats (70AC). Scale bar, 2 �m. ( B ) The violin plot 
distribution of the number of foci per cell. Solid and dashed lines indicate the median and interquartile value, respecti v ely. The b lack cross indicates the 
mean value. ( C ) The partition ratio of individual cellular foci as measured in DPBS buffer without adding MgCl 2 . A total of 20, 29, 241, 318, 323 and 437 
condensates were analyzed in 0R, 70AC, 4R, 20R, 31R and 47R cells, respecti v ely. ( D ) Magnesium ion-dependent partition ratio changes of individual 
cellular foci. A total of 421, 562 and 1058 ( 17 , 21 , 27 ) condensates in 47R (0R) cells were analyzed in the presence of 0, 1 or 5 mM Mg 2+ , respecti v ely. 
Shown are box plots with minimum to maximum whiskers. The top and bottom line, upper and lower box boundary and inner line indicate the minimum 

and maximum data point excluding outliers, 75th and 25th percentile and median of the data, respecti v ely. All the data are collected from at least three 
r epr esentati v e images. Two-tailed Student’s t -test: *** P < 0.001; ** P < 0.01; ns, not significant, P > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNAs. 
mentioning that minimal cytotoxicity was observed in
these CAG r epeat-expr essing E. coli cells (Supplementary
Figur e S7). Indeed, CAG r epeat-r egulated formation of
RNA condensates can occur in living bacterial cells. 

We also applied FRAP to study the mobility of RNAs
within these cellular condensates. In contrast to our in
vitr o da ta (Supplementary Figure S2), these intracellular
RNA condensates exhibit more liquid-like properties as
fast fluorescence recovery was observed: ∼90% of origi-
nal fluorescence signals being reached in ∼30 s (Supple-
mentary Figure S8). Interestingly, for cells possessing two
major condensates at opposite poles, after photobleach-
ing the condensate at one pole, a clear transfer of fluo-
rescence signal from the other unbleached pole was ob-
served in five out of nine tested cells (Supplementary
Figure S8). 

To further study if the formation of these cellular con-
densates can be simply regulated by adding magnesium
ions to increase the binding affinities among CAG-repeat
strands, we incubated 0R- and 47R-expressing cells with
0, 1 or 5 mM MgCl 2 . Indeed, both the number and par-
tition ratio of RNA condensates were up-regulated in 47R
cells after adding 5 mM MgCl 2 (Figure 3 D; Supplementary
Figure S9). In contrast, no changes were observed in 0R
cells; meanwhile, the average cellular Broccoli fluorescence
in both groups of cells was not altered. Mg 

2+ can thus be
used as a convenient regulator of these cellular CAG-repeat
condensates. 

In addition, our data showed that the formation of CAG
condensates may reduce the cellular RNA degradation in
these bacterial cells. In our test, after incubation for 24 h,
∼45% of 47R cellular fluorescence could still be observed,
with most signals coming from condensates, while in 0R-
expressing E. coli cells, the cellular fluorescence was de-
creased by > 75% under this same experimental condition
(Supplementary Figure S10). 

We next tested if CAG repeats can also recruit other cellu-
lar RNA targets into condensates. For this purpose, we pre-
pared pET-28c vectors that respecti v ely e xpress 0R-, 20R-,
31R- or 47R-tagged OxyS, lacY and lacZ RNAs. After
transforming into BL21 Star ™ (DE3) cells, bright fluores-
cent foci can be observed only in CAG-r epeat-expr essing
cells (Supplementary Figure S11). Both the number and
partition ratio of RNA condensates tend to be increased af-
ter a ttaching elonga ted CAG repea ts (Supplementary Fig-
ure S11). On average, ∼1.5–2.4 condensates were shown in
each individual cell, mostly at the poles. All these data sup-
ported that the CAG repeats can be used as genetically en-
coded tags to dri v e the phase transition of target RNAs in-
side living cells. 

Condensation-mediated cellular RNA regulation 

To further assess if the formation of CAG condensates will
change the cellular localization of target RNAs, we applied
super-r esolution structur ed illumination microscop y to im-
age 0R- and 47R-tagged lacY mRNA. It is known that
lacY prefers to localize near bacterial membranes, i.e. the
functioning site of its protein product, lactose permease
LacY ( 24–26 ). Indeed, without the CAG-repeat modifica-
tion, lacY -0R was e xclusi v ely loca ted a t the E. coli mem-
branes, exhibiting a hollow fluorescent pattern around the
cells (Figure 4 A). In contrast, after tagging with 47R, the
hollow membrane fluorescent pattern was disrupted and re-
placed by condensation across the cytoplasm in the major-
ity of cells. These results further validated that the CAG-
repeat tags can alter the cellular locations of the attached
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Figure 4. Condensa tion-regula ted cellular localiza tion and function of target RNAs. ( A ) Structured illumina tion microscope imaging of E. coli cells 
expressing 0R- or 47R-tagged lacY mRNA. Scale bar, 2 �m. ( B ) Confocal fluorescence imaging of E. coli cells expressing 0R- or 47R-tagged OxyS sRNA. 
Scale bar, 5 �m. Individual cell length is also plotted and compared with 0R- and 47R-expressing cells without attaching OxyS. Shown are box plots with 
minimum to maximum whiskers. A total of 200, 153, 221 and 201 cells were analyzed in OxyS-0R, OxyS-47R, 0R and 47R, respecti v ely. ( C ) Confocal 
fluorescence imaging of E. coli cells expressing 0R- or 47R-tagged near-infrared fluorescent protein (NirFP) mRNA. Scale bar, 2 �m. Average cellular 
NirFP fluorescence as measured in 120 and 99 individual 0R- or 47R-tagged cells is plotted. Meanwhile, the NirFP fluorescence signals in individual 
47R-tagged cells are also separately plotted based on the corresponding number of cellular foci. A total of 4, 25, 30 and 40 cells were analyzed with 0, 
1, 2 and ≥3 foci, respecti v ely. Sho wn are bo x plots with minimum to maximum whiskers. The top and bottom line, upper and lower box boundary and 
inner line indicate the minimum and maximum data point excluding outliers, 75th and 25th percentile and median of the data, respecti v ely. All the data 
are collected from at least three representati v e images. Two-tailed Student’s t -test: *** P < 0.001; * P < 0.05; ns, not significant, P > 0.05. 
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We also studied if the phase transition of target RNAs 
an be used to control their cellular functions. OxyS sRNA 

s known to r epr ess the expression of transcription termi- 
ation factor NusG and impair cell division, and as a result 
o generate long bacterial cells ( 27 , 28 ). By comparing the
ength of individual E. coli cells expressing either 0 × CAG- 
r 47 × CAG-tagged OxyS, our results showed that the av- 
rage length of OxyS-47R cells is ∼46% shorter than that of 
xyS-0R cells (Figure 4 B). As a control, without attaching 

xyS, 0R- and 47R-expressing E. coli cells exhibited almost 
dentical lengths to those of OxyS-47R cells. These data in- 
ica ted tha t after condensa tion, the regula tory function of 
xyS on cell division is impaired, probably due to a reduced 

hance of OxyS to interact with nusG mRNA, which re- 
umed the NusG expression ( 27 ). 

To further test if protein synthesis can indeed be regulated 

ia the condensation of specific mRNAs, we transformed 

L21 Star ™ (DE3) cells with vectors expressing 0 × CAG- 
r 47 × CAG-tagged 705 nt long mRNA (named Nir -0R 

nd Nir -47R) that encode a near-infrared fluorescent pro- 
ein (NirFP). Compared with Nir -0R cells, ∼20% lower 
irFP signals were observed in Nir -47R cells (Figure 4 C). 
ost Nir -47R RNA was loca ted within condensa tes a t the

oles (as shown in the Broccoli channel), while the major- 
ty of translated NirFP proteins were observed throughout 
he cells, except the poles. We further plotted the cellular 
irFP signals as a function of the number of condensates 

n each Nir -47R cell. A reduced NirFP signal was shown 
n cells that contain more condensates (Figure 4 C). These 
a ta suggested tha t gene e xpression can possib ly be regu- 

ated by the CAG-repeat-mediated condensation of cellular 
RNAs. 

rans -acting RNA condensation tags 

e next wanted to study if these CAG repeats can be used 

s tr ans -acting ef fectors to potentially control the cellular 
ondensation of endogenous target RNAs. To test this, we 
rst in vitro synthesized F30-2d ×Broccoli-containing 47R 

trands (named 47R-cO and 47R-cY) that were tagged with 

 complementary sequence that hybridizes with either an 

xyS or lacY target RNA. A 23 nt and a 26 nt long non-
tructural region in OxyS and lacY was respecti v ely de- 
igned as the targeting domain, whose secondary struc- 
ur es wer e pr e-evaluated via Mfold and NUPACK softwar e 
 29 , 30 ). To image the proposed RN A–RN A interactions, 
 secondary fluorogenic RNA aptamer (Pepper) ( 31 ) was 
agged to the target OxyS and lacY RNAs, i.e. OxyS-Pep 

nd lacY -Pep. After mixing OxyS-Pep with 47R-cO (Fig- 
re 5 A) or lacY -Pep with 47R-cY (Figure 5 B), the fluo- 
escence signals from target RNAs (Pepper channel) were 
learl y accum ulated and co-localized with the 47R con- 
ensates (Broccoli channel). As a negati v e control, with- 
ut attaching the complementary sequence, 47R strands 
an still form obvious condensates but without recruiting 

xyS-P ep or lacY -P ep (Figure 5 A, B). F ̈orster resonance 
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Figure 5. Targeted RNA recruitment into condensates via trans -acting CAG repeats. ( A and B ) Confocal fluorescence imaging of condensates induced by 
F30-2d ×Broccoli-tagged 47 × CAG repeats, with or without a complementary strand that targets OxyS or lacY (47R-cO, 47R-cY, 47R). Pepper-tagged 
OxyS and lacY were used as target RNAs (OxyS-P ep, lacY -P ep). Insets show an enlarged view of condensate. Broccoli (green) and Pepper (red) fluorescence 
were plotted based on distance across the dashed line. Fluorescence images were taken in solutions containing 4 �M of each RNA, 20 mM MgCl 2 , 2 �M 

HBC620 and 80 �M DFHBI-1T after annealing. Scale bar, 5 �m. Inset scale bar, 1 �m. ( C ) Droplet area of each type of RNA condensate is plotted in 
box and minimum to maximum whiskers. The top and bottom line, upper and lower box boundary and inner line indicate the minimum and maximum 

data point excluding outliers, 75th and 25th percentile and median of the data, respecti v el y. ( D ) The percentage of ring-sha ped condensates was measured 
in OxyS-Pep / 47R-cO and lacY -Pep / 47R-cY solutions, as compared with that of 47R-Pep. A total of 780–1010 condensates were analyzed in each case. 
Fluorescence imaging of condensation of Pepper-tagged 47 × CAG repeats formed in solutions containing 4 �M RNA, 20 mM MgCl 2 and 2 �M HBC620. 
Scale bar, 5 �m. Shown are the mean and SD values. Data were collected from at least three representati v e images. Two-tailed Student’s t -test: *** P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

energy transfer (FRET) between the Broccoli / DFHBI-
1T (donor) and Pepper / HBC620 (acceptor) pair was also
observed in the condensates formed by mixing 47R-cO with
OxyS-Pep (Supplementary Figure S12). These FRET sig-
nals further support the spatial proximity of these comple-
mentary strands and the occurrence of RN A–RN A inter-
actions. 

Interestingl y, a ring-sha ped Pepper fluorescence pattern
was observed in OxyS-Pep / 47R-cO and lacY -Pep / 47R-cY
samples (Figure 5 A, B). Meanwhile, the recruitment of tar-
get RNAs led to an increase in the condensate size (Fig-
ure 5 C). These results suggested that the target RNAs were
mainly hybridized to the surface areas of condensates, prob-
ably after the initial formation of the condensate core re-
gions. To further assess if this ring-shaped fluorescence dis-
tribution could have resulted from the misfolding of Pep-
per RNAs inside the center of condensates, we synthe-
sized a control strand with Pepper directly tagged with a
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Figure 6. T r ans -acting recruitment and functional regulation of target RNAs. ( A ) Confocal fluorescence imaging of E. coli cells that express Pepper-tagged 
near-infrar ed fluor escent pr otein RNA ( Nir -Pep) and F30-2d ×Br occoli-tagged 47 × CAG repeats with or without a complementary targeting pair (47R- 
cN, 47R). Scale bar, 2 �m. ( B ) The Pearson’s correlation coefficient (PCC) of the Broccoli and Pepper fluorescence channels was quantified for both 47R 

and 47R-cN cells in the presence of 1 �M HBC620 and 5 mM Mg 2+ . A total of 1287 and 1764 cells were analyzed in each case. Shown are the mean 
and SEM values. ( C ) Average cellular NirFP fluor escence as measur ed in individual 47R or 47R-cN cells is plotted in box and minim um to maxim um 

whiskers. The top and bottom line, upper and lo wer bo x boundary and inner line indicate the minimum and maximum data point excluding outliers, 75th 
and 25th percentile and median of the data, respecti v ely. A total of 717 and 742 cells were analyzed in each case. Data were collected from at least three 
r epr esentati v e images. Two-tailed Student’s t -test: *** P < 0.001. 
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7 × CAG repeat (47R-P ep). 47R-P ep exhibited minimal 
ing-shaped condensates (Figure 5 D), indicating that the 
ing-shaped Pepper fluorescence in OxyS-Pep / 47R-cO and 

acY -P ep / 47R-cY samples w as indeed likely to be due to the
urface attachment of these target RNAs onto the CAG- 
epea t condensa tes. 

Lastly, we tested if these tr ans -acting CAG-repea t tags 
an also function inside living cells. For this purpose, we first 
maged 47R-Pep fluorescence signals inside BL21 Star ™
DE3) cells. Similar to that shown in Broccoli-tagged CAG- 
 epeat-expr essing cells (Figur e 3 A), ∼62% of 47R-Pep- 
xpressing cells also contain one or two condensa tes a t the 
oles (Supplementary Figure S13A). Next, we transformed 

L21 Star ™ (DE3) cells with vectors expressing Pepper- 
agged NirFP mRNA ( Nir -Pep) together with an F30- 
d ×Broccoli-conjugated 47 × CAG-repeat strand (47R) or 
hat contains a 25 nt long complementary sequence 47R- 
N. Despite some spectral overlaps, the NirFP fluorescence 
nd Pepper / HBC620 signals can still be imaged simulta- 
eously with negligible cross-talk (Supplementary Figure 
13). In the presence of 5 mM MgCl 2 , based on the Pear- 
on’s correlation coefficient of the two fluorescent channels, 
80% of Pepper signals in Nir -Pep- and 47R-cN-expressing 

ells were co-localized with CAG-repea t condensa tes (Fig- 
re 6 A, B), while, in contrast, only 55% of Nir -Pep RNAs 
ere found inside 47R condensa tes, indica ting the roles of 

omplementary sequence in recruiting target RNAs into 

AG-repea t condensa tes. Consistent with the results from 

is- acting CAG-repeat tags (Figure 4 C), after forming con- 
ensates, ∼30% lower NirFP signals were observed in 47R- 
N / Nir -Pep cells as compared with that in the 47R / Nir -
ep control (Figure 6 C). The same 47R-cN / Nir- Pep vec- 

or was also used to express these trans -acting CAG-repeat 
ags in P. aeruginosa cells that carry an inducible, chromo- 
omally integrated T7 RNA polymerase ( 32 ). Indeed, com- 
ared with 0R-cN / Nir- Pep-expressing P. aeruginosa , sig- 
ificantly more 47R-cN / Nir- Pep cells contain condensates, 
lso with a much higher condensate partition ratio (Supple- 
entary Figure S14). All these data suggested that trans - 

cting CAG-repeat tags can be used to recruit cellular mR- 
 As into condensates, w hich may be potentiall y engineered 

nto a functional gene regulation platform. 
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DISCUSSION 

The importance of RNA condensation in studying cellu-
lar functions as well as disease diagnosis and treatment has
been incr easingly r ecognized ( 11 , 33 ). Programmable and
self-functional probes that enable precise cellular RNA con-
densa te regula tion are thus useful tools in the field of chem-
ical biology and synthetic biology. In this study, we demon-
stra ted tha t na turally existing CAG repeats can be used as
genetically encoded tags to induce cellular condensation
of different RNAs of interest, including small non-coding
RNAs and long mRNAs ( > 3000 nt). The formation of
these self-assembled RNA condensates can be tracked in
vitro and in living cells by fluorogenic RNA aptamers. The
number, size and density of RNA condensates can be eas-
ily regulated by the length of CAG-repeat tags and Mg 

2+

concentration. The cellular RNA localization and compart-
mentalization can be rationally tuned by these CAG-repeat
tags, via either a cis- or a trans -acting mechanism. Criti-
cally, the cellular functions of these target RNAs, such as
in RNA–protein interactions (in the case of lacY ) and gene
expression patterns (in the case of NirFP and OxyS), can
also be regulated by these CAG-repeat tags. 

We expect that these functional CAG-repeat tags can be
broadl y a pplied to repro gram living cells with defined com-
partmentalization and structures. This work can also in-
spire the potential engineering of various types of geneti-
call y encodable RN A nanodevices, w hich can be based on
similar natur e-inspir ed RNA r epeat ta gs. These ta gs will be
used to regulate different endogenous RNA targets and may
also be applied to orthogonally recruit different RNA and
protein molecules into specific RNA condensates. Powerful
nanodevices may also possibly be designed to be control-
lable by different small-molecule or light triggers. 
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