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Abstract:  
An evolutionarily conserved mechanism, use of non-optimal codons, slows ribosomes during 
translation to allow proper folding of nascent polypeptides. However, until now, it was 
unknown whether any eukaryote-specific mechanisms exist for this purpose. Here, we 
propose that miRNAs slow translating ribosomes to prevent protein misfolding, with little 
negative effect on protein abundance. To prove this, we bioinformatically analyze ribosome 
profiling and miRNA binding sites and biochemically confirm that miRNA deficiency causes 
severe misfolding, which is rescued by slowing translating ribosomes. We demonstrate that 
non-cleaving shRNAs, targeting regions where elongation rates become faster in miRNA-
deficient cells, improve protein folding with minimal effects on protein abundance. These 
results reveal broader functionality of miRNAs and a previously unknown mechanism to 
prevent protein misfolding. 
 
One Sentence Summary:  
Eukaryote use of miRNAs prevents protein misfolding in a target-specific manner. 

 
Main Text:  
Proteins are sometimes misfolded during translation (1)(2). Even wild type CFTR (Cystic 
Fibrosis Transmembrane conductance Regulator gene), a mutation of which causes severe 
CFTR misfolding and cystic fibrosis, shows 80% misfolding rates during translation (3). To 
avoid such misfolding, there are evolutionarily conserved chaperon systems both in E. coli 
and humans. One of the chaperones, HSP70, is recruited to nascent polypeptides during 
translation to mediate correct folding (4)(5). Non-optimal codons are another evolutionarily 
conserved mechanism to effect proper folding (6)(7)(8). In both prokaryotes and eukaryotes, 
non-optimal codons, which recruit tRNAs slowly, reduce elongation rates, thereby allowing 
nascent proteins more time to associate with HSP70, to ensure proper folding (4)(9). 
Although these evolutionarily conserved mechanisms promote proper folding, we wondered 
if they are sufficient for the human proteome, which is much more complex than that of E. 
coli. Indeed, in degradation of proteins, eukaryotes have developed autophagy, which is not 
known among prokaryotes. As in degradation, it seemed likely that eukaryotes might have 
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evolved additional mechanisms not seen in prokaryotes, so as to slow translating ribosomes 
where more precise folding is needed. 

Most eukaryotes have microRNA (miRNA), but prokaryotes do not. miRNAs are 
believed to bind mainly to the 3´UTRs of mRNAs to trigger mRNA degradation or to inhibit 
translation. However, it is also true that most miRNAs target coding sequence (CDS) of 
mRNAs with highly diverse binding patterns and affinities, revealed by a series of studies in 
which the Ago-miRNA complex and its target sequence were ligated and co-purified, 
identifying which miRNAs bind to what parts of target sequences (10)(11)(12)(13). In view 
of these studies, we speculated that miRNA could be a eukaryote-specific mechanism to 
prevent protein misfolding during translation. Here, we hypothesize that miRNAs transiently 
slow active ribosomes to enhance nascent protein folding. 

 
Weakly binding miRNAs briefly pause translating ribosomes with little effect on 
translation 
From a bioinformatic perspective, we first sought to determine whether miRNAs can slow 
actively translating ribosomes without strong translation inhibition. To this end, we 
conducted ribosome profiling and mRNA-seq, as well as prediction of miRNA binding sites 
on CDSs (Fig. 1A, S1A). There is often noise in meta-gene analysis of ribosomal dwell time 
(Fig. S1B, C). We assumed such noise comes from expression diversity of highly and less 
highly translated genes. Many factors in mRNA (e.g., secondary structure, RNA binding 
proteins, codon optimality, and miRNA) affect ribosomal dwell time at each codon. Small 
portions of highly translated genes, biased in such factors, mask the majority of less highly 
expressed genes, which makes noiseless analysis difficult. To circumvent this obstacle, we 
equalized contributions from highly and rarely translated genes and confirmed the robustness 
of our noise reduction method (Fig. S1B, C). Using this method, we then calculated the 
relative distance of ribosome footprints from miRNAs and their densities, in order to analyze 
the effect of miRNAs on translating ribosomes (Fig. 1B, S1D). There were 3 features 
common to both mouse skeletal muscle and HEK293 analyses. 1) a ribosomal footprint peak 
exists at 0 nt of the relative distance, regardless of miRNA binding strength, suggesting that 
weakly binding miRNAs can also slow translating ribosomes. 2) There is a dip in ribosome 
density at +20 to +25 nt only for moderately and strongly binding miRNAs. This indicates 
that there are fewer translating ribosomes downstream of moderately and strongly binding 
miRNAs, suggesting that such miRNAs slow ribosomes more effectively. 3) Overall 
ribosome densities are higher with weakly binding miRNAs compared to those that bind 
more strongly, indicating that translation inhibition is less likely with weakly binding 
miRNAs. Taken together, this bioinformatic analysis supports the idea that weakly binding 
miRNAs slow translating ribosomes with little effect on translation. 
 
 
Fewer miRNAs, more NBD1 misfolding 
To experimentally verify the model, we designed misfolding-prone reporters (Fig 2A) 
composed of EGFP-tagged NBD1 (Nucleotide-Binding Domain 1) of CFTR and a P2A 
sequence to separately express mCherry. This NBD1 domain is highly vulnerable to 
misfolding during translation (3). For miRNA-depleted cells, miRNA processing enzymes, 
DROSHA or AGO1 and 2, were targeted with the CRISPR/Cas9 system, denominated 
sgDROSHA and sgAGO1/2, respectively (Fig. S2A-C). Based on our model, we expected 
that reduced miRNA would enhance misfolding and aggregation of NBD1. Indeed, 
proteasome inhibition formed more NBD1 perinuclear puncta in sgDROSHA and sgAGO1/2 
compared to the NTC control (Fig 2B). This was confirmed with NBD1 immunoblots. More 
insoluble NBD1 was detected in sgDROSHA and sgAGO1/2 insoluble fractions (Fig. 2C, 
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S2E), but not in total extracts (Fig. 2D, S2F). Although these data indicate that fewer 
miRNAs lead to more misfolding of NBD1, we were still not sure whether the observed 
NBD1 misfolding was attributable to misfolding of newly synthesized NBD1 or to 
misfolding of pre-existing mature NBD1. 
 
 
Translation slowdown rescues NBD1 misfolding without inhibiting its translation 
Our model predicts that miRNA slows translating ribosomes to prevent misfolding of nascent 
peptides. Thus, slowing of translation should prevent NBD1 misfolding only if the 
misfolding originates with nascent NBD1, not from mature protein. To prove this, we slowed 
elongating ribosomes with very low concentrations of a reversible translation inhibitor, 
cycloheximide (CHX), to see whether CHX could rescue NBD1 misfolding without affecting 
translation efficiency. As expected, CHX (0.1 μg/mL) rescued NBD1 misfolding caused by 
sgDROSHA or sgAGO1/2 (Fig. 3A, B) without affecting total protein or NBD1 reporter 
synthesis rates (Fig. 3C, S3C, D). These observations confirm that reducing the speed of 
translation rescues nascent NBD1 misfolding caused by reduced levels of miRNAs. 
 
 
Fewer miRNAs, less co-translational recruitment of HSC70 
Although reducing translation speed rescues NBD1 misfolding induced by miRNA 
deficiency, we were still not sure whether reduced miRNA levels actually accelerate 
elongating ribosomes. If so, sgDROSHA should decrease co-translational recruitment of 
HSC70, a constitutive form of HSP70 associated with CFTR maturation (14)(15). To test this 
hypothesis, we carried out RIP-qPCR (RNA Immunoprecipitation qPCR), targeting HSC70 
for immunoprecipitation and an NBD1 reporter for qPCR. As hypothesized, sgDROSHA 
reduced HSC70 recruitment to nascent NBD1 compared to NTC controls (Fig 4A, B, S4B). 
Importantly, reduced HSC70 recruitment was not caused by a decrease in total HSC70 
abundance or in HSC70-NBD1 interaction efficiency, because total HSC70 was unchanged 
(Fig. 4A) and the interaction efficiency of HSC70 and mature NBD1 was also unchanged 
(Fig. S4C). Moreover, the result was not caused by reduced NBD1 translation efficiency 
(mRNA-seq showed NBD1 expression ratio of NTC : sgDROSHA = 1.00 : 1.00 and 
ribosome profiling showed NTC : sgDROSHA = 1.00 : 0.93). These results suggest that 
reduced levels of miRNAs cause inefficient co-translational recruitment of HSC70. 
 
 
Buffering of NBD1-specific miRNAs causes more NBD1 misfolding 
However, global depletion of miRNAs has many primary and secondary effects. It is possible 
that observed results were actually caused by loss of conventional miRNA functions, rather 
than by loss of miRNA-induced ribosomal pausing. To minimize conventional effects of 
miRNAs, we attempted to buffer miRNAs targeting NBD1 sequences (i.e., reducing miRNA-
ribosome collision rates in a NBD1 specific manner). To this end, we prepared another 
NBD1 reporter, stop-NBD1, which expresses more NBD1 transcripts, but translates at lower 
efficiency (Fig. S6A, B). These extra NBD1 transcripts can buffer miRNAs targeting NBD1. 
We assumed that lower translation efficiency leads to lower miRNA-ribosome collision rates, 
which makes NBD1 more prone to misfolding. In fact, stop-NBD1 resulted in a higher 
misfolding ratio compared to the higher translation efficiency of the NBD1 reporter (Fig. 
S6C), further supporting our hypothesis. However, so far, we have only shown strong 
“associations” between miRNA deficiency and misfolding. At this point, there are still some 
deficiencies in our proof. 1) Evidence of accelerated elongation in miRNA-depleted cells is 
still lacking. 2) Causality between miRNA and misfolding prevention is still missing.    
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shRNA reduces nascent protein misfolding with a minimal effect on translation 
To examine the effect of miRNA reduction on translating ribosomes and to demonstrate 
causality between miRNA and prevention of misfolding, we performed ribosome profiling 
using sgDROSHA cells and designed shRNA targeting the region where sgDROSHA 
accelerates elongation rates. Because cellular mechanisms to process shRNA largely overlap 
with those for miRNA, we consider shRNA as the best choice to mimic miRNA. In ribosome 
profiling, ribosome density is expected to be lower if elongation rates are accelerated in 
sgDROSHA cells. We found a 60-nt region in the NBD1 domain that reproducibly showed 
lower ribosome densities in sgDROSHA compared to NTC controls (Fig. 5A, S7A). Thus, 
this 60-nt sequence was the primary target of shRNA. If accelerated elongation in the region 
is responsible for NBD1 misfolding in miRNA-deficient cells, non-cleaving shRNAs 
targeting the region should improve NBD1 folding even in NTC controls. Indeed, tandemly 
expressed shRNAs (especially 1-1M/4-0M and 1-2M/4-2M) reduced NBD1 misfolding with 
minimal effect on total NBD1 abundance (Fig 5B, C, S7D). Note that mCherry in total 
extracts decreased (Fig. 5C), implying translational inhibition. However, the decrease in total 
NBD1 was not as much as in mCherry (Fig. 5C, 1-1M/4-0M). This suggests that even though 
NBD1 and mCherry translation is inhibited to some extent by shRNA, shRNA-mediated 
pausing/folding also stabilizes nascent NBD1, recovering total NBD1 abundance. However, 
this is not the case for mCherry. Collectively, with minimal effects on total NBD1 
abundance, NBD1 folding was improved by shRNA targeting sequences where translation 
elongation accelerated in sgDROSHA, supporting a model that miRNAs slow translating 
ribosomes to prevent misfolding, with minimal effect on translation. 
 
 
Discussion  
We discovered that miRNAs slow translating ribosomes and enhance proper polypeptide 
folding during translation. Ribosomal dwell time seems important for miRNA-mediated 
pausing/folding. As far as the misfolding-prone domain is concerned, too short a dwell time 
or too rapid elongation tends to exacerbate misfolding (16)(3)(2). In contrast, if dwell time 
becomes too long, ribosomes collide and form disomes, triggering translation shutoff (17) or 
RQC (Ribosome-associated Quality Control) and NGD (No-Go Decay) pathways 
(18)(19)(20)(21). Thus, ribosomal dwell time must be neither too short nor too long during 
miRNA-mediated pausing. We estimate average pausing time without a collision up to ~10 
seconds given that there is one translating ribosome per ~ 135 nt in sea urchins (22) and 189 
nt in 293T cells (23) and that the average translating ribosome rate is ~ 5.6 amino acid per 
second (24).  
Although we suggested that recruitment of HSC70 is a key to miRNA-mediated folding, 
mechanistic details remain largely unknown. Since tandemly expressed shRNAs (Fig. 5), 
TNRC6A (GW182), tethering up to three AGOs (25), may play a role in modulating binding 
strength and/or stability of steric hindrance to slow ribosomes appropriately. It will also be 
intriguing to see whether miRNA-mediated pausing must avoid ribosomal collision detectors, 
such as ZAKα (17), ZNF598 (Hel2) (21), and EDF1 (26)(27) or how miRNA-mediated 
pausing interacts with a non-optimal codon monitor, CCR4-NOT complex (28). 
We used a reporter system containing a CFTR NBD1 domain. miRNA-mediated NBD1 
stabilization could be a previously unknown approach to stabilize CFTR proteins in cystic 
fibrosis patients. Finally, other proteins could be targeted by miRNA-mediated 
pausing/folding. Considering that non-optimal codons have a significant role in efficient 
recognition of signaling peptides (29)(6), miRNA-mediated pausing/folding may prevent 
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mis-translocation of mitochondrial proteins, or it may enhance secreted protein production, 
such as insulin in diabetes.  
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Fig. 1. Weakly binding miRNAs on CDSs slow translating ribosomes with little effect on 
translation efficiency. (A) Schematic image of the meta-gene analysis to show ribosome 
densities relative to predicted miRNA binding sites on CDSs. (B) Normalized ribosome 
densities are shown. 3´ ends of ribosome footprints relative to the 5´ ends of miRNA binding 
sites were calculated to show accumulated ribosome densities normalized by mRNA-seq. 
Lines of different colors indicate different miRNA binding strengths. N=3. Mean ± SE. 
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Fig. 2. Fewer miRNAs, more NBD1 misfolding. (A) Schematic image of the misfolding-
prone NBD1 reporter and a proposed working model. (B) Confocal images showing 
aggregations of misfolded EGFP-tagged NBD1 reporter in NTC control, DROSHA 
knockout, or AGO1 and 2 double-knockout cells. Nuclei were counterstained blue with 
Hoechst. (C) Immunoblots and quantification of insoluble protein fractions of NBD1 after 
120 min of MG132 (20 μM) treatment, normalized against γTUBULIN for the plot. The 
NBD1 blot shows two bands, each cleaved by 1st P2A or 2nd P2A sequences present upstream 
of the EGFP-NBD1 sequence. (D) Total extract of (C). NBD1 was normalized against 
γTUBULIN for the plot. N=3. Mean ± SE. 
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Fig. 3. Slowing of translation rescues NBD1 misfolding without inhibiting its translation. (A) 
Confocal images showing aggregations of misfolded EGFP-tagged NBD1 reporter with or 
without a very low concentration of cycloheximide (CHX). Nuclei were counterstained blue 
with Hoechst. (B) Immunoblots and quantification of insoluble protein fractions with or 
without CHX. The NBD1 reporter was normalized against γTUBULIN for the plot. N=3. 
Mean ± SE. (C) NBD1 reporter-specific SUnSET assay. Nascent NBD1 reporter detected 
with anti-puromycin was normalized against immunoprecipitated NBD1 reporter. N=2.  
 
 
 
 

 
 
Fig. 4. Fewer miRNAs, less co-translational recruitment of HSC70. (A) Immunoblots of 
input and IP samples. (B) RIP-qPCR. Quantification of NBD1 reporter mRNA levels, 
normalized against GAPDH. IP: HSC70. N=2. 
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Fig. 5. shRNAs prevent NBD1 misfolding with minimal effect on total NBD1. (A) Ribosome 
densities of the NBD1 domain in NTC and sgDROSHA are shown. Raw ribosomal footprint 
counts were normalized against total footprint numbers aligned to the NBD1 domain 
sequence. Bin = 3 nt, showing single-codon resolution. The target (~ 60 nt) of shRNA is 
indicated by a red arrow. At the bottom is a schematic image of shRNAs targeting the 60-nt 
region. shRNA “4-0M” indicates shRNA #4 which has no mismatch at the 3´ end of the 
shRNA. All shRNA used here is non-cleaving. (B) Confocal images showing aggregations of 
misfolded EGFP-tagged NBD1 reporter in the Scr control and tandemly expressed shRNAs 
(1-1M/4-0M). Nuclei were counterstained blue with Hoechst. (C) Immunoblots and 
quantification of insoluble fractions of NBD1 and total NBD1 and mCherry after 150 min of 
MG132 (20 μM) treatment, normalized against γTUBULIN for the plot. N=2. 
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Fig. 6. Schematic image of the working model. Faster translation (shorter ribosomal dwell 
time) leads to nascent peptide misfolding. Ribosomal stall (longer dwell time) induces 
translation inhibition or RQC/NGD. The dwell time of miRNA-mediated pausing seems 
moderate. 
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