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Abstract:  

RNA molecules with the expanded CAG repeat (eCAGr) may undergo sol-gel phase 

transitions in vitro, but the cellular RNA condensates (foci) are mainly in the nuclei and display 

liquid-like properties1. The functional impact of RNA gelation is also completely unknown. Here, 

we demonstrate that eCAGr RNA may form cytoplasmic gel-like foci that were rapidly degraded 25 

by lysosomes in a LAMP2C-dependent manner. These RNA foci may cause a significant reduction 

of the global protein synthesis rate in cells and in vitro, possibly by sequestering the protein 

translation elongation factor eEF2. Disrupting the eCAGr RNA gelation restored the global protein 

synthesis rate, whereas enhanced gelation induced by an optogenetic system exacerbated this 

phenotype. eEF2 puncta were significantly enhanced in brain slices from a knockin mouse model 30 

and patients of Huntington’s disease, which is a CAG expansion disorder expressing the eCAGr 

RNA. Finally, neuronal expression of the eCAGr RNA by AAV injection caused significant 

behavioral deficits and electrophysiological changes in vivo in the mouse model. Our study 

demonstrates the existence of RNA gelation inside the cells and reveals its functional impact, 

providing new mechanistic insights into repeat expansion diseases and global protein synthesis 35 

regulation. 
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Main Text:  40 

Nucleotide repeat expansion is the common cause of many inherited diseases2. Among 

them, Huntington’s Disease (HD) and certain types of spinocerebellar ataxias are caused by genes 

containing expanded CAG repeat (eCAGr) sequences3. Why these diseases only manifest beyond 

a threshold number of CAG repeats is a critical question in the field. The prevailing view is that 

the eCAGr RNA-encoded expanded polyQ stretch beyond the threshold length is the dominant 45 

contributor to the disease pathology. Meanwhile, the consecutive CAG-repeat number rather than 

the polyQ length correlates with the age-of-onset of HD4, suggesting other possible etiologies 

underlying the toxicity of the polyQ. Repeat-associated non-ATG (RAN) translation products were 

detected in several eCAGr diseases5-7, but their pathogenic contribution remains controversial8. 

The potential loss of wild-type protein function9-11 and the eCAGr RNA toxicity12, 13 may also 50 

contribute to the disease, but their contribution and mechanism need further confirmation. 

The liquid-liquid phase separation (LLPS) and the sol-gel phase transition (PT, or gelation) 

provide a new angle to understand the non-coding role of the repeat expansion RNAs. For example, 

they may perturb the dynamics of stress granules and P-bodies by promoting the phase separation 

of RNA granule proteins14. The eCAGr RNA undergoes LLPS and gelation by itself, but the 55 

functional impact is completely unknown1, 15, 16. In this study, we aimed at identifying the 

functional role of eCAGr RNA gelation, which may provide a new scenario beyond the current 

polyQ protein-dominant understanding of the disease and reveal new biology of RNA foci.  

It is interesting to note the contrasting properties between the solid-like in vitro eCAGr 

RNA foci and liquid-like nuclear ones in cells1. The increased dynamicity of the nuclear eCAGr 60 

RNA foci may arise from RNA-protein interactions in the nucleoplasm, which remodels RNA 

base-pairing1. Yet, it is unclear why cytoplasmic eCAGr RNA foci are largely absent1, 17 and 
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whether the RNA gelation does occur in cells. It is critical to investigate the possible formation 

and properties of cytoplasmic eCAGr RNA foci. Considering that the eCAGr RNA may form foci 

by itself in vitro1, we speculated that cytoplasmic eCAGr RNA foci may have formed but be 65 

rapidly cleared by lysosomal degradation, which is capable of degrading macroaggregates in the 

cells18. The nuclear eCAGr RNA foci could be better preserved because of less lysosomal 

accessibility.  

In this study, we tested this hypothesis and observed gel-like eCAGr RNA foci in the 

cytoplasm, demonstrating RNA gelation in the cells. We further investigated the functional impact 70 

of the eCAGr RNA gelation. 

Results 

Observation of cytoplasmic eCAGr RNA foci 

 To visualize repeat-containing eCAGr RNA foci in the cells, we tagged the RNA with 

MS2-hairpin loops and co-expressing it with the yellow fluorescent protein (YFP)-tagged MS2-75 

coat binding protein (MS2CP–YFP), which is the same system utilized in the original report of 

eCAGr RNA phase separation1. Consistent with the previous report1, we observed mainly nuclear 

eCAGr (47CAG) RNA foci with few cytoplasmic foci in HEK293T cells (Fig. 1a). The observed 

foci were unlikely caused by possible undegraded MS2 hairpins or clustering of MS2CP, because 

the short CAG repeat (12CAG) RNA formed essentially no foci (Fig. 1a), consistent with 80 

previous studies using the same system1. To further exclude this possibility, we performed the 

RNA fluorescence in situ hybridization (FISH) of the CAGr RNA and observed long CAG repeat-

dependent foci, which largely colocalized with MS2CP puncta (Extended Data Fig. 1a, left panels). 

The number and size of eCAGr RNA foci detected by FISH were also highly similar to the ones 

detected by MS2CP (Extended Data Fig. 1a, right panels), confirming that the MS2CP puncta 85 
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faithfully represent the eCAGr RNA foci. The RNA FISH also detected the RNA foci using an 

MS2 probe without the presence of MS2CP (Extended Data Fig. 1b). We also confirmed the 

presence of eCAGr RNA foci using MS2-independent approaches by transfection of Cy3-labeled 

RNA (Extended Data Fig. 1c-d). Finally, we further validated the MS2 system by detecting the 

eCAGr RNA foci by transfecting Cy3-labeled repeat-containing RNA along with MS2CP 90 

(Extended Data Fig.1e) and observed strong co-localization between Cy3-labeled 72×CAG RNA 

and MS2CP puncta. 

The low abundance of cytoplasmic eCAGr RNA foci was unlikely due to threshold-

insufficient eCAGr RNA levels, as the exogenous over-expression system probably gave rise to 

an elevated eCAGr RNA concentration in the cytoplasm. Thus, we speculated that the cytoplasmic 95 

eCAGr RNA foci may have been formed, but subject to rapid clearance via lysosomes, which are 

involved in degrading cytoplasmic RNAs19, 20. To test this hypothesis, we treated the cells with 

lysosome inhibitors NH4Cl, chloroquine (CQ), or bafilomycin A1 (BafA), and observed numerous 

cytoplasmic RNA foci in most of the cells (Fig. 1a-b). The presence and enrichment of cytoplasmic 

RNA foci could be caused by an enhancement of foci formation or inhibition of foci degradation. 100 

Most of these foci colocalized with lysosomes as detected by both the MS2 system (Fig. 1b) and 

direct Cy3-labeling of the RNA (Extended Fig. 1d), supporting the latter possibility. To further 

validate this, we performed live-cell imaging and observed the emergence of eCAGr RNA foci 

after adding the lysosome inhibitor NH4Cl (Fig. 1c) as well as the disappearance of these foci after 

washing out NH4Cl (Fig. 1d), confirming their lysosomal degradation. Finally, using the MS2-105 

independent FISH approach, we further confirmed the presence of cytoplasmic RNA foci in the 

HD mouse striatal (STHdhQ7/Q111) cells expressing endogenous eCAGr RNA upon NH4Cl 

treatment21 (Fig. 1e). In our later experiments, similar observations were made in vivo of brain 
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slice samples from aged HD mice without NH4Cl treatment (see Fig. 7c-d). Noticeably, the average 

size and the largest size of the endogenous CAGr RNA foci were significantly larger in the HD 110 

cells (Fig. 1e), suggesting the eCAGr RNA condensation rather than stabilization. In fact, the 

eCAGr RNA (mutant Htt) level was similar to the wild-type Htt level both in cells and in vivo 

(Extended Data Fig. 1f). Meanwhile, consistent with the degradation of eCAGr RNA foci via the 

lysosome, the NH4Cl treatment increased the eCAGr RNA (mutant Htt) level but not wild-type 

HTT level (Extended Data Fig. 1g). 115 

LAMP2C-dependent lysosomal degradation of cytoplasmic eCAGr RNA foci 

 The lysosomal degradation of cytoplasmic eCAGr RNA foci could be mediated by 

macroautophagy, an intracellular pathway that can remove RNA-associated granules22-24. If this 

were the case, we would anticipate observing substantial cytoplasmic eCAGr foci in 

macroautophagy-deficient cells (Atg9a, Atg14, or FIP200 knockout cells25) even without the 120 

treatment of lysosome inhibitors. Surprisingly, the cytoplasmic RNA foci were still largely absent 

in Atg9a, Atg14, or FIP200 homozygous knockout STHdh cells (Fig. 2a-b; see the knockout 

sequence validation in Supplementary Fig. 1), suggesting that they were cleared by 

macroautophagy-independent pathways. RNA molecules could also be degraded by lysosomes via 

RNautophagy, a cellular process in which the RNAs are loaded directly to the lysosomes by 125 

LAMP2C20. Consistent with the involvement of RNautophagy, we knocked down Lamp2c (Fig. 

2c) and observed remarkable cytoplasmic eCAGr foci (47CAG but not 12CAG) without 

treatment of lysosome inhibitors (Fig.2d). In contrast, the knockdown of Lamp2a or Lamp2b did 

not have such effects (Fig. 2d). Remarkably, none of the cytoplasmic eCAGr foci colocalized with 

lysosomes in the Lamp2c knock-down cells (Fig. 2d), suggesting that they were not loaded to the 130 

lysosomes in the conditions. Taken together, the cytoplasmic eCAGr RNA can form foci, which 
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are rapidly degraded by lysosomes likely via Lamp2c-dependent RNautophagy. This observation 

is also consistent with previous studies showing that CAG repeat RNA is degraded by 

RNautophagy via SIDT2 and LAMP2C26. 

Cytoplasmic eCAGr RNA foci are degraded rather than induced by lysosome inhibition 135 

 The existence of relatively transient cytoplasmic eCAGr RNA foci needs further validation 

to disprove a scenario in which the lysosomal inhibition leads to increased eCAGr RNA 

concentrations beyond the sol-gel threshold and induces gelation. The latter scenario is unlikely 

because the cytoplasmic foci appeared relatively rapidly after lysosome inhibition (Fig. 1c, ~2 

hours after NH4Cl treatment). In addition, the strong colocalization between cytoplasmic RNA 140 

foci and the lysosomes (Fig. 1b & Extended Data Fig. 1d) suggests that either the foci were formed 

and then engulfed by the lysosomes or the lysosomes functioned as docking sites to induce RNA 

foci formation. The latter possibility is inconsistent with the observation that RNA foci formed 

outside the lysosomes in cells with Lamp2c knocked down (Fig. 2d). 

 To further demonstrate the engulfment of eCAGr RNA foci into the lysosomes, we 145 

performed confocal microscopy to visualize the high-resolution spatial relationship between the 

eCAGr RNA foci and the lysosomes. The RNA foci could be wrapped but detached from the 

lysosomal membrane detected by its marker LAMP1 (Extended Data Fig. 1h-i), suggesting that 

they were engulfed cargoes rather than assembly cores supporting lysosome membranes. 

Cytoplasmic eCAGr RNA foci formation without lysosomal inhibition 150 

To further validate the existence of cytoplasmic RNA foci in absence of lysosome 

inhibition, we performed time-lapse experiments in cells starting to express eCAGr RNA to 

capture the time window of cytoplasmic RNA foci formation in absence of lysosome inhibitors. 

Upon induction of the RNA expression in the HEK293T cells, cytoplasmic eCAGr RNA 
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(47CAG) foci started to appear after 30 minutes and increased in the first 2 hours (Extended Data 155 

Fig. 1j). No such foci were observed in the 12CAG expressing cells (Extended Data Fig. 1j). 

Interestingly, without the lysosome inhibitor treatment, almost none of the cytoplasmic eCAGr 

RNA (green) colocalized with the lysosomes (red) (Extended Data Fig. 1j), likely due to their rapid 

clearance after their engulfment by the lysosomes. Consistent with this, we tracked the cytoplasmic 

eCAGr RNA foci in some of the cells and observed their rapid disappearance after their 160 

colocalization with the lysosome using both MS2-dependent (Extended Video 1) and MS2-

independent approaches (Extended Video 2), validating the conclusion that cytoplasmic foci are 

formed and then rapidly degraded by lysosomes. Finally, eCAGr RNA with a larger repeat number 

(72×CAG) could form a few but evident cytoplasmic foci in absence of lysosomal inhibitors 

(Fig.2e-f), further confirming that cytoplasmic eCAGr RNA foci do exist without lysosomal 165 

inhibition. 

Cytoplasmic eCAGr RNA foci are solid-like 

 We then investigated the physical properties of cytoplasmic versus nuclear RNA 

condensates using the fluorescence recovery after photobleaching (FRAP) approach. The nuclear 

condensates exhibited liquid-like properties as suggested by the near-complete recovery (Extended 170 

Data Fig. 1k). In contrast, cytoplasmic RNA foci exhibited solid-like properties with essentially 

no recovery in the FRAP experiments using both MS2-dependent and MS2-independent 

approaches and in cells with LAMP2C knocked down (Fig. 2g & Extended Data Fig.1l), which 

were similar to those of in vitro eCAGr RNA condensates1. While the experimental system is the 

same as the one used in the previous RNA gelation study1, it is possible that the dynamics of 175 

MS2CP is different from the targeting RNA27. We confirmed the gelation of cytoplasmic eCAGr 

RNA by transfecting Cy3-labeled eCAGr RNA directly (Fig. 2g). Thus, the previously described 
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RNA gelation observed in vitro actually occurred in the cytoplasm rather than in the nuclei. These 

cellular RNA “gels” were not observed previously possibly because they were rapidly degraded 

by lysosomes. 180 

The eCAGr RNA suppresses global protein synthesis 

We then investigated the potential functional impact of these cytoplasmic eCAGr RNA 

gels. Changes in global protein synthesis rates have been recently reported in models of CAG 

repeat expansion disorders but remained controversial, with both upregulation and downregulation 

of global translation rates reported in different studies28-33. All these studies proposed that the 185 

mutant protein with expanded polyQ is the major cause of the global protein synthesis change, 

while the potential role of eCAGr RNA foci in the context cannot be excluded in these studies. 

The in vitro translation experiments actually showed that the addition of either the mutant protein 

with expanded polyQ or the wild-type protein with short polyQ reduced the translation rate to a 

similar degree33, and the reduction might have been caused by the buffer of the purchased 190 

recombinant purified HTT proteins used in those experiments because the buffer contained 

CHAPS, which is known to inhibit eIF4E translational activity34. Thus, we investigated whether 

the eCAGr RNA may contribute to the changes in global translation rates. 

We observed no significant changes in the viability of HEK293T and STHdh cells 

expressing exogenous CAGr RNAs (Extended Data Fig. 2a). Meanwhile, expression of the eCAGr 195 

RNA (72CAG) led to an obvious decrease in the global protein synthesis rate, which was 

measured by the electrophoresis of nascent proteins at various time points using the Click-

chemistry based metabolic labeling technique (Fig. 3a). Remarkably, the eCAGr RNA expression 

for just 24 hours was sufficient to reduce global protein synthesis in HEK293T cells (Fig. 3b, left), 

suggesting that the effects are relatively rapid. We further confirmed this phenomenon in HD cells 200 
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expressing endogenous eCAGr RNA, the STHdhQ7/Q111 cells21 (Fig. 3b, right). For quantifications 

see Extended Data Fig. 2b. Noticeably, over-expression of the mutant HTT mRNA reduced global 

protein synthesis in the wild-type cells (STHdhQ7/Q7) whereas knock-down of the HTT mRNA 

(Extended Data Fig. 2c) in the HD cells (STHdhQ7/Q111) rescued this phenotype (Fig. 3c & 

Extended Data Fig. 2d), suggesting that the phenomenon was caused by the eCAGr RNA or its 205 

products. Finally, to validate this effect at the single-cell level, we performed high-content imaging 

analysis by a visualized global protein synthesis assay and measured the protein synthesis of 

hundreds of cells in each group, confirming the role of eCAGr RNA in the suppression of global 

protein synthesis (Fig. 3d-e). We further confirmed this effect in cells treated with the lysosome 

inhibitor NH4Cl or transfected with the Lamp2c siRNA (Extended Data Fig. 2e), which enabled 210 

significant cytoplasmic eCAGr RNA detection (Fig. 1 & Fig. 2d).  

We further confirmed the effect using a reporter system. We transfected the cells with 

mRNAs encoding the renilla luciferase reporter protein and measured the protein synthesis rates 

by the luciferase signal (Fig. 3f). Consistent with the global protein synthesis assays, the translation 

of luciferase reporter protein was significantly reduced in cells expressing endogenous eCAGr 215 

RNAs (Fig. 3f). To exclude possible secondary effects in the cells, we tested the effect in an in 

vitro protein translation system using the rabbit reticulocyte lysate. Pre-treatment of eCAGr RNA 

(72CAG, at 50 nM) but not the short CAGr RNA (25CAG) for 5 minutes significantly reduced 

the translation of the luciferase reporter protein by the in vitro protein translation system (Fig. 3g), 

confirming the eCAGr RNA-mediated translation deficiency. The effects are likely mediated by 220 

the eCAGr RNA rather than its protein products because the eCAGr repeat (72CAG) was 

preceded by 6-stop codons, likely resulting in negligible protein products, if any 1 (also see 

Extended Data Fig. 2f-g). In addition, the RNA with the CAA∙CAG mixture sequence 
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(CAA∙CAGm) that encodes the same amino acid sequence (72Q) did not suppress protein 

synthesis (Fig. 3e & g). To further exclude the possibility of the involvement of the protein 225 

products from the repeat-associated non-ATG (RAN) translation, we expressed the RAN 

translation protein products in the cells (Extended Data Fig. 2f-g) and observed no significant 

decrease in global protein synthesis (Extended Data Fig. 2h). 

The RNA gelation is probably the major cause 

While encoding the same amino acid sequence as the 72CAG, the CAA∙CAGm RNA did 230 

not suppress protein synthesis (Fig. 3e & g), possibly because the CAA∙CAG mixture sequence 

disrupts RNA gelation1, 35 (also see Extended Data Fig. 1c). Thus, the RNA gelation might be the 

fundamental cause of reduced global protein synthesis. To test this hypothesis, we disrupted the 

eCAGr RNA gelation by its binding to oligonucleotide 8CTG1 or binding peptide BIND36 

without influencing the protein level (Extended Data Fig. 3a-b). Transfection of 8CTG or 235 

expression of BIND increased the global protein synthesis phenotype in the HD cells but not in 

the WT cells (Fig. 4a), suggesting that eCAGr RNA gelation is required for the reduction of protein 

synthesis rates. This was further confirmed in the HEK293T cells expressing 47CAG RNA 

versus the controls (Fig. 4b). Quantification of protein synthesis of different molecular weight in 

HD cells transfected with BIND was shown in Supplementary Fig.2. Meanwhile, it is worth 240 

noticing that 8CTG reduced the HTT mRNA level whereas BIND did not (Extended Data Fig. 

3c). Thus, the effects of 8CTG may also partially due to the lowering of the HTT mRNA whereas 

the effects of BIND are most likely mediated by disrupting RNA gelation. To further exclude 

possible secondary effects in the cells, we performed in vitro translation experiments and 

confirmed that the protein synthesis deficiency caused by eCAGr RNA could be rescued by the 245 

addition of BIND (Fig. 4c), probably through disruption of RNA gelation. Although 8CTG and 
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BIND were previously published as tools to disrupt RNA foci, they have limitations because of 

their binding with the eCAGr RNA, which may influence its various functions. Meanwhile, the 

RNA gelation disruption tools are currently limited. The available small molecule tool, ammonium 

acetate at 100 mM1, precipitates total RNA and suppressed global protein synthesis in wild-type 250 

cells (not shown). Thus, we cannot completely rule out other possible mechanisms mediating the 

suppression of global protein synthesis by eCAGr RNA. Meanwhile, RNA gelation is most likely 

involved. First, BIND and 8CTG did not influence global translation in wild-type cells expressing 

no eCAGr RNA, excluding eCAGr RNA irrelevant effects of these tools per se. Second, the 

CAA∙CAG RNA or short CAG repeat RNA did not suppress protein synthesis, suggesting that the 255 

ability of gelation correlates with the ability to suppress global translation. Third, while BIND and 

8CTG may also influence the protein products including the RAN translation products of eCAGr 

RNA, these proteins may not influence global protein synthesis even when they were over-

expressed (Extended Data Fig. 2f-h). Finally, we later revealed the eCAGr RNA gelation may 

sequester the key translation factor eEF2 (see Fig. 7 & Extended Data Fig. 7a), suggesting that the 260 

gelation is involved in the global protein synthesis suppression. 

To further investigate the potential involvement of RNA gelation, we established an 

optogenetic system that allows us to induce RNA gelation by blue-light exposure (Fig. 4d), based 

on previous systems designed for protein LLPS and PT37. By conjugating the eCAGr RNA-binding 

peptide BIND to a blue-light sensitive protein Cry2, we managed to control eCAGr RNA gelation 265 

(Fig. 4e & Extended Data Fig. 3d) by blue light via BIND-Cry2 -eCAGr RNA interaction without 

causing cytotoxicity (Extended Data Fig. 3e). The blue-light-induced eCAGr RNA foci became 

solid-like gels in the cytoplasm (Extended Data Fig. 3f), leading to a reduced global translation 

rate compared to that in the no-light condition (Fig. 4f), under which the foci were disrupted. 
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Quantifications of replicated experiments in Fig. 4 are shown in Extended Fig. 3g-i. The translation 270 

suppression was unlikely resulted from possible stress or toxicity of the blue-light induced 

clustering of the RNA binding proteins per se, because such effects were absent in wild-type cells 

without eCAGr RNA expression (Fig. 4f & Extended Data Fig. 3i). In addition, while the 

prolonged blue-light induction may cause cytotoxicity, induction within 15 hours does not lead to 

detectable cell viability changes based on previous reports38, consistent with our observation 275 

(Extended Data Fig. 3e). 

We further utilized this system to distinguish the contribution from cytoplasmic versus 

nuclear eCAGr RNA foci. We transfected the cells with BIND-Cry2 specifically localized in 

cytoplasm versus the nucleus (Extended Data Fig. 3j).  This was achieved by adding the nuclear 

export sequence (NES) versus the nuclear localization sequence (NLS) to BIND.  Without the 280 

blue-light exposure, the NES-BIND-Cry2 but not the NLS-BIND-Cry2 partially rescued the global 

protein synthesis deficits in the HD cells (Extended Data Fig. 3j), possibly because NES-BIND 

partially disrupt cytoplasmic eCAGr foci without blue light. In contrast, after exposure to the blue-

light, the global translation was suppressed by the NES-BIND-Cry2 but not the NLS-BIND-Cry2 

in HD cells (Extended Data Fig. 3j), possibly due to the induction of cytoplasmic eCAGr RNA 285 

foci by NES-BIND under the blue-light. The data suggest that the cytoplasmic rather than nuclear 

eCAGr RNA foci formation is the major contributor to the global translation suppression. 

Taken together, we revealed the function of eCAGr RNA gelation in suppressing global 

protein synthesis. 

The eCAGr RNA regulates translation elongation    290 

 We then investigated the possible mechanism of eCAGr RNA-induced global protein 

synthesis suppression. We performed the polysome profiling experiments to investigate the 



  

14 

 

distribution of mRNAs with different numbers of ribosomes and observed only very subtle 

differences between HD and WT cells or between cells expressing eCAGr RNA versus the controls 

(Extended Data Fig. 4a). This suggests that the translation defects were not caused by ribosome 295 

assembly deficits39. We further confirmed this by electrophoresis of total and cytoplasmic RNA, 

the qPCR detection of ribosome RNAs (rRNAs) (45S, 28S, and 18S), the electron microscopy of 

ribosome density, and the nascent rRNA synthesis detected by EU incorporation. We observed no 

significant differences between HD and WT cells in these experiments (Extended Data Fig. 4b-e). 

Thus, rRNA expression or assembly changes were unlikely to be the major cause of eCAGr RNA-300 

induced global protein synthesis suppression. 

To further analyze potential defects in translation machinery, we performed the SUnSET 

assay, which detects the total number of translating peptides at a specific time point by the C-

terminus puromycin signals40 (Fig. 5a). The puromycin signals were not decreased in the HD cells 

(Fig. 5a), suggesting that the number of translating peptides was not decreased in HD cells. 305 

Meanwhile, the protein translation elongation impairment may not reduce the number of 

translating peptides but increase their maturation time instead (Fig. 5b). Consistent with this, 

knock-down of eEF2, a key translation elongation factor, also failed to decrease the SUnSET 

signals41. This may explain why the SUnSET signals were not decreased while the global protein 

synthesis was suppressed. Thus, the SUnSET data suggest that the eCAGr RNA may impair the 310 

global protein translation elongation rather than initiation. 

  The experiments above suggest potential defects in protein translation elongation. We 

further tested this directly using previously established methods. We confirmed the suppression of 

protein translation elongation in HD cells by the SunRiSE (SUnSET-based Ribosome Speed of 

Elongation) assay, which measures the maturation of translating peptides when the translation 315 



  

15 

 

initiation is blocked42. Compared to the control cells, the HD cells exhibited a significantly slower 

decay of the SunRiSE signals, suggesting an impairment of protein translation elongation in these 

cells (Fig. 5c). Finally, we characterized the translation elongation directly by the polysome run-

off assay, which measures the polysome loss caused by translation elongation when the initiation 

is blocked43. The polysome run-off was significantly reduced in the WT cells expressing 72CAG 320 

RNA or in the HD cells compared to the controls (Fig. 5d), confirming the translation elongation 

impairment induced by eCAGr RNA. 

The eCAGr RNA foci induce the eEF2 clustering and degradation 

 Elongation factors such as eEF1 and eEF2 play a key role in protein translation 

elongation44. Indeed, the level of total eEF2 was decreased in the HD cells or cells expressing 325 

exogenous eCAGr RNA compared to the controls, whereas the level of eEF1A, the central 

functional component of the eEF1 complex, was not (Fig. 6a). The eEF2 lowering is probably due 

to its lysosomal clearance because the effect could be blocked by the lysosome inhibitor CQ (Fig. 

6a). 

With the eEF2 level lowered by eCAGr RNA, we further investigated if eCAGr RNA could 330 

compromise eEF2 activity. Phosphorylation of eEF2 is known to interfere with its interaction with 

ribosomes, leading to reduced eEF2 translational functions45. Meanwhile, the level of 

phosphorylated eEF2 was reduced rather than increased in the HD cells or cells expressing 

exogenous eCAGr RNA (Fig. 6a), suggesting that eEF2 was not inactivated by eCAGr RNA 

through eEF2 phosphorylation. The eEF2 lowering was rescued by transfection of 8CTG 335 

(Extended Data Fig. 5a), suggesting that the effect is likely due to eCAGr RNA gelation. eEF2 

clustering is also known to suppress its function46, and thus we visualized eEF2 in the cells by 

immunofluorescence or fluorescent protein tagging. In the absence of lysosome inhibition, the 
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basal diffused eEF2 level was lower in the HD (STHdhQ7/Q111) cells than in the WT (STHdhQ7/Q7) 

cells (Extended Data Fig. 5b), consistent with the western-blots (Fig. 6a). After treatment of the 340 

lysosome inhibitor NH4Cl, the HD cell exhibited significantly more eEF2 puncta than the wild-

type cells (Extended Data Fig. 5b). Cytoplasmic eEF2 puncta were also significantly increased in 

brain slices from aged human HD patients (Fig. 6b) or HD mice (HdhQ7/Q140) (Fig. 6c & Extended 

Data Fig. 5c), suggesting that eEF2 clustering could be a mechanism via which the eCAGr RNA 

influences global translation elongation. 345 

The eEF2 puncta in eCAGr RNA-expressing cells are likely to be solid-like condensates 

because they failed to recover after photo-bleaching (Extended Data Fig. 5d). The cells were 

treated with the lysosome inhibitor NH4Cl to avoid the potential lysosomal clearance of the eEF2 

puncta so that they could be visible. These eEF2 puncta and eCAGr RNA foci colocalized with 

the lysosomes, confirming their lysosomal degradation (Extended Data Fig. 5e-f). 350 

To confirm that the eEF2 clustering was caused by eCAGr RNA gelation, we utilized the 

optogenetic system to induce the enhanced eCAGr RNA clustering and tracked eEF2 in live cells. 

Blue-light exposure led to drastic eEF2 puncta formation (Fig. 6d), confirming eEF2 clustering as 

a consequence of eCAGr RNA gelation. 

To further elucidate the functional relevance of eEF2 changes in HD cells or cells 355 

expressing exogenous eCAGr RNA, we investigated eEF2’s distribution in different fractions of 

the polysome profiling samples and observed a significant reduction of eEF2 in the ribosomal 

subunit and monosome fractions of HD cells with or without lysosome inhibition (Extended Data 

Fig. 6a), suggesting that eEF2 dissociated with ribosomes in eCAGr RNA-expressing cells. The 

dissociation of eEF2 from the ribosomes could be rescued by disrupting the eCAGr RNA foci with 360 

8CTG (Extended Data Fig. 6a), confirming the role of the eCAGr RNA. Consistent with this, the 
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colocalization between eEF2 and the ribosomal marker Rps6 was significantly reduced in the HD 

cells compared to the WT, whereas the eEF1A-Rps6 colocalization remained the same (Extended 

Data Fig. 6b). In the in vitro translation system, the addition of the recombinant eEF2 protein 

(Supplementary Fig. 3) rescued the translation deficits in the eCAGr RNA treated group (Fig. 6e). 365 

Taken together, loss-of-function of eEF2 by its clustering and lysosomal clearance may mediate 

the eCAGr RNA-induced suppression of global protein synthesis. 

eCAGr RNA foci sequester eEF2 

Why eCAGr RNA gelation may cause eEF2 clustering is intriguing. Our in vitro 

experiments showed that the recombinant eEF2 protein (Supplementary Fig. 3) at relatively 370 

physiological conditions (62.5 to 500 nM) was able to form condensates in saline only with the 

presence of eCAGr RNA but not short CAG repeat RNA (Extended Data Fig. 7a), suggesting that 

the formation of eEF2 condensates could be facilitated by the eCAGr RNAs. We also observed 

strong colocalization between eEF2 and eCAGr RNA condensates (Extended Data Fig. 7a). In 

contrast, GFP failed to form condensates with eCAGr RNA (Extended Data Fig. 7a). eEF1a 375 

formed condensates but had a weaker colocalization with eCAGr RNA foci compared to eEF2 

condensates, at least at low concentrations (Extended Data Fig. 7a). The interaction between 

eCAGr RNA and eEF2 could be detected by biochemical approaches including Electrophoretic 

Mobility Shift Assay (EMSA) and RNA-immunoprecipitation (RNA-IP) experiments (Extended 

Data Fig. 7b-c). Taken together, the in vitro experiments demonstrate a possibility that eCAGr 380 

RNA gels sequester and co-cluster with eEF2 to form condensates, although the in vitro conditions 

could be different from those in the cells. 

 We then investigated this possibility by visualizing the colocalization between the eEF2 

puncta and the eCAGr RNA foci in cells treated with the lysosome inhibitor NH4Cl. In WT cells 
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(STHdhQ7/Q7) co-expressing the eCAGr RNA (47CAG-MS2) and GFP-fused eEF2, we observed 385 

strong colocalization between these two, with the RNA being detected by MS2CP-BFP (Fig. 7a). 

Such colocalization was not observed in the control groups expressing 12CAG-MS2 with eEF2 

or 47CAG-MS2 with eEF1A (Fig. 7a), confirming that the colocalization is unlikely due to 

possible artifacts from the MS2 system. Such colocalization was also observed between GFP-fused 

eEF2 and endogenous eCAGr RNA foci in HD (STHdhQ7/Q111) but not WT (STHdhQ7/Q7) cells 390 

(Extended Data Fig.7d) using the MS2-independent FISH approach.  Finally, in cells without the 

treatment of NH4Cl but with Lamp2c knocked-down, we also observed a similar colocation 

between eCAGr RNA (47CAG-MS2) and endogenous eEF2(Fig.7b). To further demonstrate 

such colocalization in an in vivo system at the endogenous level, we visualized the foci of 

endogenous mutant HTT mRNA harboring eCAGr and endogenous eEF2 protein in the same 395 

cortical and striatal brain slices from an HD knock-in model HdhQ7/Q140 using RNA FISH and 

immunofluorescence, respectively (Fig. 7c-d; the eEF2 antibody specificity was validated in 

Extended Data Fig. 7e). Noticeably, the observed eCAGr RNA foci in the brain slices are likely 

due to RNA gelation rather than RNA stabilization, because their foci number and size were 

significantly larger in the HD samples than the ones observed in the wild-type (Fig. 7c-d), whereas 400 

the HTT RNA level was similar or even lower than the one in the wild-type (Extended Data Fig. 

1g). The presence of many colocalized eEF2 puncta and eCAGr RNA foci suggests defects in their 

lysosomal clearance in these animals. Consistent with this, the key lysosome proteases CSTB and 

CSTD have reduced activity in HD brains (Extended Data Fig. 8a). Meanwhile, the Lamp2c 

mRNA expression was not significantly reduced in the HD brains (Extended Data Fig. 8b). This 405 

may explain the strong colocalization between eEF2 and the lysosome marker Lamp1 in the mouse 
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brain (Extended Data Fig. 8c), illustrating that eEF2 puncta may enter the lysosomes but not be 

degraded efficiently by the lysosomes in the HD brains. 

 Taken together, cytoplasmic eCAGr RNA may form solid-like foci similarly to its 

behaviour in vitro1 (Fig. 2g), and these foci may sequester eEF2, leading to loss of eEF2 function 410 

in translation elongation (Fig. 7e). 

Potential contributions to pathophysiology 

We then investigated whether eCAGr RNA may contribute to disease pathophysiology in 

vivo in the mouse model. Mouse models of CAG repeat expansion disorder such as Huntington’s 

disease usually exhibit almost no neuronal loss47, 48, and thus we focused on possible behavioral 415 

and physiological deficits. We injected the wild-type mouse striatum with AAV expressing 

different RNAs (25CAG, 72CAG, CAA∙CAGm, and ATG-CAA∙CAGm) in the neurons driven 

by the human SYN1 promoter (Fig. 8a-b). At the 5’ end, the first three RNAs have 6 stop-codons 

whereas the ATG-CAA∙CAGm RNA has the ATG start codon. The 25CAG and CAA∙CAGm 

groups expressing CAG-containing RNAs with little gelation were used as negative controls. The 420 

ATG-CAA∙CAGm RNA leads to the expression of the polyQ protein, which is a positive control 

and the known major contributor to polyQ diseases49. The 72CAG group is the test group 

expressing eCAGr RNA with significant gelation. Different RNAs were expressed at a similar 

level (Fig. 8c). 4 weeks after AAV injection, we performed several typical motor-function-related 

behavioral and neuro-transmission-related electrophysiological tests widely used for polyQ 425 

disease studies. We observed significant behavioral deficits of the 72CAG group in the balance 

beam and rotarod tests (Fig. 8d-e). We also observed a similar trend in the rearing/climbing test, 

although not in the gripping force test (Extended Data Fig. 9a-b). The data suggest possible 

functional deficits in neurons. Consistent with this, electrophysiological recording of the striatal 
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slices revealed a significantly decreased amplitude of outward K+ currents in the 72CAG RNA-430 

expressing neurons (Fig. 8f), consistent with the observation in striatal neurons from HD mice50. 

The spontaneous excitatory postsynaptic current (sEPSC) was also changed by 72CAG RNA 

expression, exhibiting significantly reduced sEPSC frequency (Fig. 8g-h). The event distribution 

of sEPSC frequency, amplitude, and interval time was also shifted in the direction of reduced 

synaptic strength (Fig. 8h-j), consistent with the observation in the HD mice51 and the effects of 435 

protein synthesis suppression52, suggesting potential pathophysiological impacts of the eCAGr 

RNA-induced suppression of global protein synthesis, although the electrophysiological changes 

may also have been induced by factors other than translation dysfunction. Meanwhile, the 

experiments above were based on the exogenous expression of eCAGr RNA, and the contribution 

of endogenous eCAGr RNA to the disease is still unknown. Future studies of animal models 440 

expressing only the RNA are desired to address this question. In fact, aggregation-prone proteins 

have been discovered to be associated with neurodegeneration for decades, and yet the causal 

relationship and pathogenic mechanisms are still unclear for most neurodegenerative disorders. 

Meanwhile, the polyQ protein is most likely the dominant contributor to the disease, because the 

CAA∙CAG models exhibit disease-relevant phenotypes53, and enhancement of the polyQ protein 445 

degradation leads to significant rescue54.  

Discussion 

RNA toxicity has been implicated in many repeat expansion diseases, and aberrant 

recruitment of RNA-binding proteins (RBPs) is thought to be one of the core mechanisms55. 

Repeat expansion RNAs may cause toxicity by over-recruiting certain RBPs to deplete them from 450 

the nucleoplasm. For example, in myotonic dystrophy, the alternative splicing factors, MBNL 

proteins, are sequestered by expanded CUG repeat RNA in the nucleus56. This leads to 
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transcriptome-wide spliceopathy that may cause the disease57. In addition to their functions in the 

nucleus, RBPs have important roles in the cytoplasm, and the sequestration of RBPs in the nucleus 

by repeat expansion RNAs can shift them away from the cytoplasm to compensate for reduced 455 

nuclear activity, thereby exacerbating the effects of RNA toxicity58. We tested U2af65, a known 

eCAGr RNA binding protein59, and observe that it is also present in the cytoplasmic eCAGr RNA 

foci upon NH4Cl treatment (Extended Data Fig. 9c). Thus, RNautophagy may also contribute to 

the eCAGr RNA-mediated pathogenic events beyond the observation in this study via clearance 

of these proteins. RBPs may also play a role in the different lysosomal sensitivity of nuclear versus 460 

cytoplasmic RNA foci. The difference between cytoplasmic and nuclear RNA foci in terms of 

their proteinaceous content may influence their subcellular localization, interaction with Lamp2c, 

and recognition by the lysosomes.  

It has been a long-standing enigma that RNA foci are mainly localized in the nucleus, 

although nuclear RNA foci are not correlated with neurodegeneration17. For instance, eCAGr RNA 465 

foci and C9orf72 RNA foci are largely enriched in the nucleus1, 60, 61. Our study may provide clues 

to resolve this mystery: the cytoplasmic eCAGr foci do exist and exhibit the solid-like property 

that is consistent with their in vitro behavior, but they are subject to rapid lysosomal clearance. 

This demonstrates the role of lysosomal degradation in the clearance of eCAGr RNA foci, 

providing new entry points for the intervention of eCAGr RNA repeat expansion disorders. 470 

We revealed that the eCAGr RNA leads to defects in global protein synthesis (Fig. 3). 

Recently, the change of global protein synthesis rates in repeat expansion disorders such as HD 

has been studied but remained controversial, with both upregulation and downregulation of global 

translation rates reported in different studies28-33. The reported mechanisms have also been 

fundamentally different. Nuclear accumulation of C9orf72 GGGGCC repeat expansion represses 475 
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translation possibly via defective nuclear export of mRNAs62. It may also trigger the activation of 

integrated stress response (ISR) and eIF2a phosphorylation (p-eIF2a), causing p-eIF2a-dependent 

stress granule formation and translation suppression63. The p-eIF2a levels were also reported to be 

elevated in culture models of HD and patient samples64, although we failed to detect this change 

in the HD striatal cell line that showed translation suppression (Extended Data Fig. 10a). Thus, the 480 

global protein synthesis in repeat expansion disorders is likely influenced by multiple mechanisms, 

and the ultimate outcome could be variable depending on the experimental models, conditions, 

and measurement approaches. The in vivo expression of the eCAGr RNA induced motor function 

deficits and reduced synaptic strength (Fig. 8), possibly due to suppressed protein synthesis, which 

is known to play a key role in synaptic transmission65, 66. Meanwhile, the AAV expression mouse 485 

model has limitations and the pathogenic contributions of endogenous mutant RNA in these 

diseases remain to be further validated, ideally in large animal genetic models47.  

Both soluble eCAGr RNA and its gelation may contribute to the suppression of global 

protein synthesis. We observed strong colocalization between eEF2 puncta and eCAGr RNA foci 

(Fig. 7 and Extended Data Fig. 7a), suggesting that the RNA gels do trap eEF2, which is likely a 490 

major contributor to translation suppression. We speculate that the eEF2 is trapped during the RNA 

foci formation through its interaction with soluble eCAGr RNA. Meanwhile, the pre-formed solid-

like RNA foci in absence of eEF2 may not be able to sequester eEF2 later and thus may not 

influence protein synthesis. This was confirmed by the in vitro phase-separation and translation 

experiments (Extended Data Fig. 10b-c). The observation that eCAGr RNA expression inhibited 495 

global protein synthesis both in the presence and the absence of lysosome inhibitors (Extended 

Data Fig.2e) is consistent with the involvement of RNA gelation. In both cases, these foci sequester 

eEF2 during their formation in a similar way, resulting in suppression of global protein translation 
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(Fig. 7e), whereas the lysosomal blockade by inhibitors or in aged animal/human tissues only 

enables us to better observe the eEF2 condensates (Fig. 6c; Extended Data Fig.5b & 7d). Taken 500 

together, the soluble eCAGr RNA may interact with eEF2, while RNA gelation in the presence of 

eEF2 likely sequester it to suppress protein synthesis. Meanwhile, the soluble eCAGr RNA may 

also play a role in protein synthesis suppression. 

Our study suggests a novel mechanism of eEF2-mediated translation regulation: its 

sequestration by RNA gelation. Previous eEF2 studies mainly focused on its phosphorylation45. In 505 

contrast, cytoplasmic eCAGr RNA impaired the global translation via the recruitment of eEF2 into 

solid-like cytoplasmic RNA foci. This may have profound pathophysiological effects because 

deficient elongation causes not only a lower translational output but also potentially compromised 

translation fidelity. An eEF2 mutation in SCA26 causes a reduced translational fidelity and 

increased susceptibility to proteostatic insult67. Disturbances in eEF2-dependent ribosome 510 

translocation along the mRNA may influence various neuronal functions both outside of aging and 

in neurodegenerative diseases (reviewed in68). Besides eEF2, cytoplasmic eCAGr RNA foci likely 

contain many other proteins, similar to other cytoplasmic condensates such as stress granules. 

eEF2 may provide useful clues to identify these proteins, which may play additional roles in 

eCAGr RNA-related physiology or pathophysiology functions.  515 

In summary, our discoveries revealed the novel cytoplasmic RNA gelation and its 

suppression of global protein translation elongation via eEF2 sequestration. The contribution of 

eCAGr RNA gelation toxicity in neurodegeneration remains to be studied. Interestingly, the rate 

of protein elongation was estimated to decline up to 80% during ageing69. Consistent with this, up 

to a 2-fold decrease in elongation rate in aged rat tissues relative to young counterparts was 520 

reported70, 71. The decreased protein translation could be a compensatory mechanism to prevent 
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cell death during ageing72, but this might be exacerbated in CAG repeat expansion disorders, 

leading to loss of critical neuronal functions or neurodegeneration. The potential synergic effects 

between ageing and eCAGr RNA-induced lowering of global protein translation remain to be 

further explored. 525 
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Fig. 1: The eCAGr RNA forms cytoplasmic gel-like condensates that are degraded by the 

lysosomes. a. Representative images and quantifications of eCAGr RNA condensates (foci) in 700 

transfected HEK293T cells expressing the indicated RNA together with MS2CP-YFP as the foci 

detector. b. Representative images and quantifications of eCAGr RNA foci and the lysosomes in 

HEK293T cells treated with the indicated lysosome inhibitors (NH4Cl, chloroquine (CQ), or 

bafilomycin A1 (BafA)). c-d. Snap-shots and quantifications of the representative live-cell 

imaging (from 20) showing that the eCAGr RNA foci appeared in the cytoplasm after adding the 705 

lysosome inhibitor NH4Cl but not the vehicle (culture medium) control (c), and disappeared after 

washing out NH4Cl (d). eCAGr RNA foci are indicated by white arrows (d). e. Representative 

images and quantifications of RNA foci by RNA FISH in HD STHdh cells treated with the 

indicated lysosome inhibitors versus WT STHdh cells. Data are mean ± s.e.m.; analysed by one-

way ANOVA with multiple comparisons (a, b), or unpaired two-tailed t tests (d, e). The numbers 710 

of cells are shown in each plot. ****: p <0.0001. Scale bars, 10 μm (a-e). 
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Fig. 2. eCAGr RNA condensates were degraded by lysosomes via LAMP2C. a. qPCR 

experiments confirming the mRNA lowering in the indicated knock-out lines of STHdh cells 715 

generated by CRISPR/Cas9 (see supplementary Fig. 1 for DNA sequencing validation). b. 

Representative images and quantifications of cytoplasm eCAGr RNA foci (green, detected by 

MS2CP-YFP) in the indicated cell lines. While the lysosome inhibitor NH4Cl treatment increased 

cytoplasmic foci, the knockout of key autophagy genes did not. c. qPCR experiments confirming 

the knockdown of the indicated mRNAs. d. Representative images and quantifications showing 720 

that cytoplasmic eCAGr RNA foci were formed outside the lysosomes in cells with Lamp2c 

knocked-down. e. Representative images and quantifications of eCAGr RNA condensates (foci) 

in transfected HEK293T cells expressing the indicated RNA with MS2CP-YFP as the foci detector 

but without NH4Cl. f. Representative images and quantifications of Cy3-labeled eCAGr RNA 

condensates in HEK293T cells treated without NH4Cl. g. Representative images and 725 

quantifications of the FRAP experiments for the eCAGr RNA foci in the cytoplasm using both the 

transfected Cy3-labeled eCAGr RNA (upper; GFP (green) co-transfected and Hoechst (blue) co-

stained to visualize the cell and nuclei) and MS2 system (lower; the nuclear region is evident 

without Hoechst staining).Data are mean ± s.e.m.; analysed by two-tailed unpaired t tests (a & c, 

e & f) or one-way ANOVA with multiple comparisons (b & d) or two-way ANOVA(g). n 730 

indicates independently repeated wells (a & c) or the number of cells (b, d & e-g). Scale bars, 10 

μm (b, d & e-g). 
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Fig. 3: The eCAGr RNA gelation inhibits global protein translation. a. Schematic showing the 

metabolic nascent protein labeling assays with the methionine analog L-AHA. b. Representative 

western-blots of nascent proteins at indicated time points after metabolic labeling in HEK293T 735 

transfected with the indicated plasmids for 24 hours (left) or HD mouse striatal cells 

(STHdhQ7/Q111) expressing endogenous mutant HTT mRNA containing eCAGr, versus the WT 

cells (STHdhQ7/Q7) expressing no eCAGr RNA (right). The nascent proteins were labeled for 

different lengths of time by the methionine analog L-AHA, which was then conjugated with biotin 

by Click-chemistry for detection using streptavidin-HRP. The protein translation inhibitor 740 

cycloheximide (CHX)-treated groups were tested in the STHdh cells to ensure the specificity of 
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the signals. c. Similar to a, but in STHdh cells transfected with the indicated siRNA or cDNA 

(100Q: full-length HTT cDNA containing 100CAG). d. Representative high-content imaging and 

quantifications of nascent proteins in the STHdhQ7/Q111 versus STHdhQ7/Q7 cells at indicated time 

points after metabolic labeling. The nascent proteins were labeled for different lengths of time by 745 

the methionine analog L-AHA, which was then conjugated with TAMRA by Click-chemistry for 

visualization at the single-cell level after fixing the cells. e. Quantifications of high-content images 

of nascent proteins in STHdhQ7/Q7 cells transfected with the indicated plasmids at indicated time 

points after metabolic labeling. The cells were treated with or without the lysosomal inhibitor 

NH4Cl. f. The luciferase reporter assay measuring the protein translation rate in WT (STHdhQ7/Q7) 750 

or HD (STHdhQ7/Q111 and STHdhQ111/Q111) mouse striatal cells upon transfection of the reporter 

mRNA. g. The luciferase reporter assay measuring the protein translation rate in the in vitro 

translation system (using rabbit reticulocyte cell extracts pretreated with the indicated RNAs for 5 

minutes). Data are mean ± s.e.m.; analysed by two-way ANOVA with multiple comparisons (d-

g). The numbers of cells (d-e) or the numbers of independently repeated wells (f-g) are shown in 755 

each plot. ****: p <0.0001. Scale bars, 20 μm (d). Representative western-blots were all from ≥ 3 

biological repeats; see Extended Data Fig. 2 for quantifications. 
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Fig. 4: The RNA gelation is likely the major cause of global protein translation inhibition. 760 

a. Representative western-blots (from ≥3) of nascent proteins at indicated time points after 

metabolic labeling in WT (Q7/Q7) or HD (Q7/Q111) mouse striatal cells transfected with the 

indicated oligonucleotides (8CTG) or plasmids (empty pcDNA 3.0 vector (PC3) or the one 

expressing eCAGr RNA-binding peptide (BIND) versus the control (BIND-S)). b. Similar to a, 

but in HEK293T cells. c. Luciferase reporter assay measuring the protein translation rate of the in 765 
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vitro translation system pre-treated with the indicated synthetic peptides and/or in vitro transcribed 

RNAs for 5 minutes. d. Schematic showing the optogenetic system that manipulates eCAGr RNA 

gelation: the blue light is used to trigger or enhance the assembly of eCAGr RNA condensates. e. 

Representative images and quantifications showing the enhanced clustering of eCAGr RNA upon 

the blue light stimulation in NH4Cl-treated WT cells (STHdhQ7/Q7) transfected with the indicated 770 

plasmids. f. Similar to a, but in WT or HD mouse striatal cells transfected with the indicated 

plasmids with (blue bars on top of the gel) or without (white bars on top of the gel) the blue light 

exposure. Enhancement in eCAGr RNA condensate formation disabled the rescue effect of BIND 

on protein translation which was suppressed by the eCAGr RNA gelation. Data are mean ± s.e.m.; 

analysed by two-way ANOVA with multiple comparisons (c) or two-tailed unpaired t tests (e). 775 

The numbers of independently repeated wells (c) or the numbers of cells (e) are shown in each 

plot. ****: p <0.0001. Scale bars, 10 μm (e). Representative western-blots were all from ≥ 3 

biological repeats; see Extended Data Fig. 3 for quantifications. 
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Fig. 5: The eCAGr RNA impairs the protein translation elongation. a. Representative gel 

images and quantifications of puromycin-labeled proteins in WT and HD mouse striatal cells in 

SUnSET assays. b. Schematic showing that the conventional SUnSET assay may not be able to 

reveal translation elongation defects. c. The plot of SunRiSE assay signals (detected by high-785 

content imaging) showing a decrease of translation elongation in WT versus HD mouse striatal 

cells. d. Representative polysome profiles and quantifications of WT/HD mouse striatal cells or 

the transfected WT mouse striatal cells expressing 72CAG RNA, before versus after ribosome 

run-off. The polysome-to-monosome (P/M) ratio was calculated for each plot, and ratio between 

the P/M after 3 min harringtonine treatment (Harringtonine P/M) and the P/M before harringtonine 790 

treatment (CHX P/M, treated with cycloheximide alone without pre-treatment of harringtonine for 

3 min) was quantified for the run-off rate. Data are mean ± s.e.m.; analysed by two-tailed unpaired 

t test (a, d) or two-way ANOVA (c). The numbers of independently repeated assays (a, c, & d) 

are shown in each plot. ****: p <0.0001. 
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Fig. 6: eCAGr RNA foci induces eEF2 clustering and degradation. a. Representative western-

blots and quantifications of eEF2, phospho-eEF2, and eEF1A levels in the indicated cells 

treated/transfected with the indicated compounds or plasmids, respectively. CQ: chloroquine. b. 

Representative immunohistochemistry images (from > 25 images per patient) and quantifications 

(in total or within the age-matched pairs) showing the endogenous cytoplasmic eEF2 puncta in 800 

HD versus WT human putamen slices. c. Representative immunofluorescence images of dorsal 

striatum and quantifications of diverse brain sections showing the eEF2 puncta in HD (HdhQ7/Q140) 

versus WT (HdhQ7/Q7) mouse slices (n indicates the number of mice). d. Snapshots of 

representative live-cell imaging and quantifications of exogenously expressed eEF2-sfGFP or 

eEF1A-sfGFP puncta in NH4Cl-treated WT or HD mouse striatal cells upon blue light exposure. 805 

Scale bars: 10 μm. e. Luciferase reporter assay measuring the translation rate in the in vitro 

translation system pre-treated with the indicated recombinant purified proteins and/or in vitro 

transcribed RNAs for 5 minutes. Data are mean ± s.e.m.; analysed by one-way ANOVA with 

multiple comparisons (a), two-way ANOVA (b), two-way ANOVA with multiple comparisons 

(e), or two-tailed unpaired t tests (b-d). The numbers of independently repeated samples (a), 810 

images (b), mice (c), wells (e), or the numbers of cells (d) are shown in each plot. ****: p <0.0001. 
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Fig. 7: eCAGr RNA foci sequester eEF2. a. Representative fluorescence images (from > 6) of 

NH4Cl-treated WT mouse striatal cells co-transfected with eCAGr RNA (47CAG-MS2), 815 
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MS2CP-BFP, eEF2-sfGFP or eEF1A-sfGFP. The 12CAG-MS2, MS2CP-BFP, and eEF2-sfGFP 

were also transfected into the cells for the control purpose. Colocalization patterns between eCAGr 

RNA and eEF2/eEF1A at the beige lines are plotted. b. Representative images and quantifications 

showing that cytoplasmic eCAGr RNA foci were co-localized with eEF2 puncta in cells with 

Lamp2c knocked-down.c-d. Representative images and quantifications showing the colocalization 820 

between endogenous eCAGr RNA foci (detected by RNA FISH) and eEF2 puncta (detected by 

immunofluorescence with the antibody validated in Extended Data Fig. 7d) in cortical (c) and 

striatal slices (d) from the HD versus WT mice. e. Schematic showing that the eCAGr RNA foci 

sequesters eEF2 and are subject to lysosomal clearance via LAMP2C, leading to global protein 

translation deficits. Data are mean ± s.e.m.; analysed by one-way ANOVA with multiple 825 

comparisons (b) or two-tailed unpaired t tests (c & d). ****: p <0.0001. n indicates the number of 

cells (b) or the number of slices from 3 mice (c & d). Scale bars, 10 μm. 
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Fig. 8: eCAGr RNA expression by AAV injection causes behavioural and 

electrophysiological phenotypes. a. Vector diagrams of 25CAG, 72CAG, CAA∙CAGm, and 

ATG-CAA∙CAGm co-expressed with the florescent protein mScarlet driven by an independent 

promoter (SYN1 and CMV, respectively) in bicistronic plasmids. b. Representative fluorescence 

images illustrating the AAV virus expression (red: mScarlet; blue: DAPI). Scale bars, 1mm (top) 835 

and 20 μm (bottom). CTX, cortex; CC, corpus callosum; LV, lateral ventricle; Str, striatum; Hip, 

hippocampus. c. RT-qPCR results illustrating AAV9-mediated expression of the indicated 

mRNAs in the striatum 5 weeks after injection. d-e. Quantifications of mouse behavioural 

performance in the balance beam (d) and rotarod (e) tests. f. Representative recordings and 

quantifications of the outward K+ currents recorded from visually identified AAV-infected MSNs 840 

in striatal slices from indicated groups. g-h. Representative recordings and indicated 

quantifications of sEPSC recorded from visually identified AAV-infected MSNs in striatal slices 

from indicated groups. i. The category analyses showing that the proportion of low frequency (0-

5Hz) and low amplitude (5-10pA) sEPSC events in the 72CAG group. j. Distribution of the 

sEPSC event interval time in visually identified AAV-infected MSNs of the indicated groups. The 845 

expression of 72×CAG or ATG-CAA∙CAGm led to a right shift of the peak in the distribution 

illustrating longer interval times. For all the electrophysiology recordings, the AAV-infected 

MSNs were visually picked in striatal slices and the action potentials were measured to confirm 

their neuronal identity. n indicates the number of mice (c-e) or the number of neurons from 

multiple mice (f-h). Statistical analysis was performed by one-way ANOVA with multiple 850 

comparisons (c, f-h) or two-way ANOVA with multiple comparisons (d-e). 
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