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RBPs control the post-transcriptional processing of mRNA 
transcripts, thereby influencing the cellular transcriptome 
and thus the overall state of the cell. Following 5ʹ-end cap-

ping, splicing, 3ʹ-end cleavage and polyadenylation, mammalian 
mRNAs are exported to the cytoplasm, where RBPs control their 
turnover, subcellular localization and the efficiency with which they 
are translated. Dysfunction of RBPs is linked to dozens of multisys-
temic diseases, cancer and neurological disorders1–4. Despite their 
association with disease, and although the importance of regulat-
ing gene expression at these cytoplasmic stages of the mRNA life 
cycle is well appreciated, only a small fraction of the over 2,000 
RBPs identified thus far have known RNA targets and molecular 
roles5–10. Cross-linking and immunoprecipitation (CLIP)-based 
approaches have enabled detailed studies of individual RBPs 
through the transcriptome-wide identification of their binding 
sites11–15. Molecular functions can then be inferred from integrative 
analyses of bound transcripts and region-level binding preferences 
in conjunction with transcriptome-wide changes in splicing levels 
or ribosome association of mRNAs upon RBP depletion or overex-
pression13,16–21. While powerful, these strategies are not easily scaled 
to thousands of RBPs.

Here, we turn to the well-described tethered function assay 
(TFA)22–24 as a complementary and orthogonal approach that is also 
scalable and efficient as a means to assign preliminary molecular 
functions to RBPs without requiring previous knowledge of their 
functional protein domains or natural RNA targets22. By developing 
an open reading frame (ORF) library of 690 RBPs (771 isoforms) 
fused to the bacteriophage MS2 coat protein (MCP) domain and 

using two reporter systems that direct RBP recruitment to lucifer-
ase mRNA via MS2 RNA stem-loop structures in the 3ʹ untrans-
lated region (3ʹ UTR), we performed a large-scale tethering screen 
to assign functions in RNA stability and/or translation to known 
and predicted RBPs. Of the 50 candidate RBPs that scored posi-
tively in both reporter systems, we subjected 14 to enhanced CLIP 
(eCLIP) analyses11 to globally identify their endogenous RNA tar-
gets. Perturbation of the levels of these candidates revealed regula-
tion of their natural substrates largely consistent with our reporter 
findings.

We further focused on the candidate ubiquitin-associated pro-
tein 2-like (UBAP2L) protein. We found that UBAP2L cross-links 
to rRNA and that its transcriptome-wide binding sites are enriched 
in coding mRNA regions. UBAP2L fused to RNA-targeting Cas9 
(RCas9)25–27 conveys programmable enhancement of mRNA trans-
lation of a target mRNA. UBAP2L depletion followed by polysome 
profiling and sequencing reveals that UBAP2L positively regulates 
translation of genes that are themselves regulators of protein syn-
thesis. Thus, we demonstrate that UBAP2L is a ribosome-associated 
RBP required for maintenance of global protein synthesis, exem-
plifying how rapid assignment of molecular function to annotated 
but poorly characterized or recently predicted RBPs enables their 
prioritization for detailed transcriptomic and mechanistic studies.

Results
Generation of RBP open reading frames fused to MS2 coat pro-
tein and tethered function assays. We identified putative RBPs  
using in-house bioinformatics tools to extract genes annotated 
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to encode RNA-binding domains as predicted by PFAM28 and 
PRINTS29 and extended this set with mRNA-bound putative RBPs 
identified by UV-cross-linking and oligo(dT) capture followed by 
mass spectrometry2,3. We subcloned 881 RBP ORFs into a con-
struct directing expression of the RBP with a V5 epitope tag and an 
MCP domain at the C terminus and ectopically expressed MCP–
V5-tagged RBP ORFs in HeLa cells to assess the presence of the 
V5 epitope by western dot blot analysis (Extended Data Fig. 1a). 
We obtained a library of 690 unique RBPs from 771 expressible, 
full-length ORFs (Fig. 1a and Supplementary Table 1). Overall, 
~40% of these RBPs contain known canonical RNA-binding motifs, 
while the remainder may associate with RNA through other inter-
action domains or binding modes (Extended Data Fig. 1b), simi-
larly to previous reports2,3. Highlighting the need for assessing the 
roles of RBPs in RNA metabolism, Gene Ontology (GO) analysis 
showed that ~60% of these RBPs lack known RNA-related functions 
(Extended Data Fig. 1c). Thus, we have assembled a resource of rep-
resentative ‘tethered’ and ‘untethered’ RBP expression libraries rep-
resenting a comprehensive set of predicted and/or experimentally 
identified RBPs5–10.

Next, we constructed plasmid reporters that measure the effect 
of RBP recruitment to the 3ʹ UTR upon reporter expression: a 
construct encoding firefly luciferase followed by six MS2 hairpin 
sequences inserted into the 3ʹ-UTR context of HBB (β-globin), a 
corresponding Renilla luciferase construct to evaluate potential 
reporter context dependencies and matched constructs lacking 
the MS2 sequences as negative controls (Fig. 1b). To validate our 
system, we introduced each reporter into HeLa cells along with 
constructs expressing MCP-fused and MCP-unfused versions 
of ZFP36, an RBP activator of AU-rich element-mediated RNA 
decay30, enhanced green fluorescent protein (EGFP) or FLAG 
peptide. As expected, ZFP36 but not EGFP or FLAG dramatically 
reduced luciferase levels in a manner that depended on the pres-
ence of the tether but not luciferase protein identity. This demon-
strated that tethered ZFP36 can recruit functional CCR4–NOT 
deadenylase complexes to the reporter. Tethering of CNOT7 itself 
recapitulated this finding, indicating that productive recruitment is 
not limited to sequence-specific RBPs (such as ZFP36) but extends 
to effector RBPs (such as CNOT7) (Fig. 1c).

Large-scale tethered function screen reveals RBPs that affect 
reporter luciferase levels. Next, we screened the 771 ORFs in 
triplicate using our two dual-luciferase reporter systems (Fig. 1d, 
left). We calculated the effect of RBP recruitment to the tethering 
reporter as the fold change in luciferase activity relative to the FLAG 
control, after normalization to the respective untethered reporters 
(Fig. 1d, right, and Supplementary Table 2). Supporting the validity 
of our screening approach, we confirmed that the effect was not cor-
related with RBP size (R = 0.063), indicating that steric hindrance is 

unlikely to account for these observations (Extended Data Fig. 1d). 
Although the magnitude of the effect on reporter transcript abun-
dance generally depended on the reporter, fold changes in luciferase 
were significantly correlated (P < 0.0001) between the two reporters 
(Extended Data Fig. 1e,f).

We prioritized candidates from each reporter system by using 
multiple t-tests at a threshold of P < 0.05 and calculated false discov-
ery rates (FDRs) for each comparison using the Benjamini, Krieger 
and Yekutieli procedure31. We identified 299 and 71 RBPs at esti-
mated FDR < 0.01 in the Renilla and firefly reporters, respectively, 
indicating that reporter contexts do factor in the regulatory impact 
of tethered RBPs. Fifty RBPs were recovered from both reporter 
contexts (Fig. 1e). As an independent metric, we measured lucifer-
ase transcript levels by reverse-transcription quantitative PCR (RT–
qPCR) for 35 of the 50 RBPs. In general, reporter translation levels 
by luciferase assay were positively correlated (R = 0.83) with reporter 
transcript levels by RT–qPCR assay (Fig. 1f and Supplementary 
Tables 3 and 4). Among the strongest candidate negative regu-
lators were RBP components of deadenylation-dependent and 
deadenylation-independent exonuclease decay pathways, including 
ZFP36, as well as members of the CCR4–NOT deadenylase complex 
(CNOT2, CNOT4, CNOT7, TOB1 and TOB2), the 3ʹ-to-5ʹ exonu-
clease PARN and the decapping activator DDX6, which is recruited 
to the 5ʹ cap via interaction with the CCR4–NOT complex32. We 
also confirmed that YTHDF2, an N6-methyladenosine binding 
protein that recruits target RNAs to degradation bodies33, exerts a 
negative effect on target mRNA levels. The results of our screen also 
confirmed several known negative regulators of translation, such as 
NANOS3 specific to germ cells34 and CPEB4, which binds polyad-
enylation elements in the 3ʹ UTR and negatively regulates transla-
tion initiation by interacting with the translation initiation factor 
eIF3 (ref. 35). Interestingly, EIF2S2, with roles in promoting transla-
tion initiation, emerged as a positive regulator of translation when 
recruited to the 3ʹ UTR. We speculate that recruitment of this pro-
tein to the 3ʹ UTR brings it proximal to the mRNA cap and 5ʹ UTR, 
similarly to DDX6 and CPEB4 and consistent with the closed-loop 
model of translation36,37 (Fig. 1g). Nevertheless, while these proteins 
were previously proposed as translational regulators, we also saw 
changes in luciferase mRNA upon tethering, consistent with the 
intimate coupling between translation and mRNA stability38–40.

In summary, the screen revealed candidate regulators previously 
annotated to be linked to post-transcriptional gene regulation of 
metabolic processes, cell cycle and cell differentiation (DAZ family 
proteins BOLL, DAZ2 and DAZ4; DAZAP and NANOS3; refs. 41–43), 
stress granule-associated proteins (UBAP2L44–46), factors involved 
in translation (EIF2S2, LARP1, PABPC1 and CPEB4; refs. 35,47–49), 
endoplasmic reticulum proteins (SRPR50) and heat shock proteins 
(HSPB1). Our screen also identified eight annotated splicing factors 
(CLK3, CPSF5, PLRG1, PRPF3, RBFOX1, SF3B3, SNRNP27 and 

Fig. 1 | A large-scale tethered function screen identifies RBPs regulating stability and translation. a, Our collection of 771 ORFs for 690 unique RBPs 
and their overlap with those identified by Baltz et al.2 and Castello et al.3. b, Schematic of luciferase reporters with and without 3ʹ-UTR MS2 stem–loops. 
c, Bar plots showing reporter activities for the indicated coexpressed known negative regulators of RNA stability (CNOT7, ZFP36) or negative controls 
(FLAG peptide, EGFP), without and with MCP fusion (light and dark shading, respectively), expressed as the ratios of the median luciferase activities 
with the indicated RBPs relative to those with FLAG controls at timepoint 0 (mean ± s.d., n = 3 replicate transfections; *P < 0.005, **P < 0.0005, 
two-tailed Student’s t-test). d, Experimental and analysis workflow. The effects of recruitment of 771 expressed MCP-tagged RBP ORFs were analyzed 
in both reporter contexts. e, Hit discovery. RBPs with effects at estimated FDR < 0.01 in both reporter assays were considered candidate regulators 
(n = 3 replicate transfections). f, RT–qPCR validation of reporter levels for 35 candidate RBP regulators. Means (n = 3 independent measurements) of 
log2-transformed fold changes (FC) of reporter mRNA levels, calculated analogously to those in d, are plotted against corresponding log2-transformed fold 
changes of reporter luciferase levels (line, least-squares linear regression fit; shaded area, 95% confidence interval; R, Pearson correlation coefficient).  
g, Examples of the 50 candidate RBP regulators known to affect RNA stability and/or translation. h,i, Volcano plots showing fold changes and q values for 
50 RBP hits from the firefly (h) and Renilla (i) reporter assays. FDR < 0.01 in orange (n = 3 replicate transfections). j, GO classification of candidate RBP 
regulators by manual curation. k,l, Validation of the 9 negative (k) and 6 positive (l) candidate regulators by repeat luciferase (blue) and RT–qPCR (red) 
measurements. Values were calculated as in f (mean ± s.d., n = 4 replicate transfections; *P < 0.05 versus FLAG control, two-tailed Student’s t-test). Data 
for graphs in k and l are available as source data online.
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SNRPA51–53) and two nuclear export complex proteins (HNRNPD 
and THOC1; refs. 54,55) as candidates (Fig. 1h–j and Supplementary 
Table 5). We next reconfirmed 14 RBPs with significant effects  
(8 that enhanced and 6 that repressed luciferase mRNA and protein 
levels) for further investigation (Fig. 1k,l).

eCLIP identifies endogenous RNA targets of candidate regula-
tors. We focused on RBPs for which roles in RNA stability and/
or translation are not known (UBAP2L, SNRPA, CLK3, MTDH, 
AIMP1 and IFIT2) and RBPs with known roles but where 

transcriptome-wide binding sites and preferences have not been 
described (CNOT7, DDX6, NANOS3, TOB1, TOB2, PARN, 
MEX3C and BOLL) (Fig. 2a). We investigated endogenous mRNA 
targets and transcriptome-wide binding sites using eCLIP followed 
by sequencing11. Briefly, HEK293T cells were UV-cross-linked and 
lysed, RNAs were fragmented and protein–RNA complexes were 
immunoprecipitated using validated antibodies56 (Extended Data 
Fig. 2a and Supplementary Table 6). We also transiently transfected 
cells with plasmids expressing V5-tagged fusions of those candi-
date RBPs that are not expressed in HEK293T cells or do not have 
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Fig. 2 | eCLiP identifies endogenous RNA targets of candidate stabilizers and destabilizers. a, Domain structures of 14 candidate RBPs with 
RNA-destabilizing (left) and RNA-stabilizing (right) effects in the tethering assay, with lengths of their polypeptide chains. b–d, Histograms showing 
region-based fold enrichment of read densities normalized to paired SMInput controls for BOLL and IFIT2, which show read density enrichment in 3ʹ UTRs 
(b); DDX6, TOB1 and PARN, which show read density enrichment in 5ʹ UTRs (c); and UBAP2L, which shows read density enrichment in CDS and 5ʹ UTRs 
(d). e, Bar graphs showing eCLIP binding cluster distribution across transcript regions for the eight destabilizers and six stabilizers. Peak assignment was 
performed using stringent enrichment criteria (≥4-fold enrichment and P ≤ 10−2 versus SMInput, Fisher’s exact test for read numbers <5 or χ2 test for read 
numbers ≥5). The region distribution of the entire transcriptome annotated in GENCODE v19 is indicated at the top. f–h, Example genome browser track 
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RBP-specific antibodies (Extended Data Fig. 2b). In total, we gener-
ated duplicate eCLIP datasets for the 14 candidate proteins, with 
each replicate consisting of an RBP eCLIP (IP) library and a paired 
size-matched input (SMInput)11 library. Libraries were sequenced to 
>4 million reads (average, 27 million), of which >1 million (aver-
age, 7 million) mapped uniquely to the genome (Supplementary 
Table 7). All libraries passed our routine quality control metrics19 
with average Pearson correlation coefficient >0.5 between replicates 
(Extended Data Fig. 2c). In summary, eCLIP libraries were success-
fully generated and yielded reproducible RBP-specific global bind-
ing profiles.

Next, we determined transcript binding region specificities 
using two distinct metrics, namely, read density and binding cluster 
enrichment. Read density enrichment within 5ʹ and 3ʹ UTRs and 
coding sequence (CDS) regions of annotated protein-coding genes 
was computed by the fold enrichment in the IP experiments nor-
malized to their paired SMInput experiments for target transcripts. 
To illustrate, BOLL, a germ cell-specific RBP with documented roles 
in mRNA stabilization and translation enhancement, displayed a 
strong preference for 3ʹ-UTR association. Surprisingly, IFIT2, which 
is known to inhibit expression of viral mRNAs, robustly displayed 
a strong 3ʹ-UTR preference in human mRNAs (Fig. 2b). The heli-
case DDX6 was enriched for binding within 5ʹ UTRs and 3ʹ UTRs, 
consistent with its role in the assembly of the decapping complex 
and the closed-loop model of translation36,37. Unexpectedly, TOB 
family member TOB1, which recruits the catalytic subunits of the 
CCR4–NOT deadenylase complex to target mRNAs57, and PARN, 
which degrades poly(A) tails, showed preferences for 5ʹ UTRs in 
addition to 3ʹ UTRs and CDS, suggesting unexpected roles for these 
proteins (Fig. 2c). UBAP2L showed strong enrichment across CDS 
exons and 5ʹ UTRs (Fig. 2d).

To determine binding sites at higher resolution, we identified 
clusters58 and defined reproducible binding sites as clusters that 
overlapped between the two replicates. Cluster enrichment was 
computed by calculating the ratio of read densities between the IP 
and SMInput experiments within a reproducible cluster, and sig-
nificant clusters were defined as those with P ≤ 10−2 (Fisher’s exact 
test for read numbers <5; χ2 test for read numbers ≥5) and ≥4-fold 
enrichment over SMInput11. Significant clusters were enriched for 
specific sequence motifs (Extended Data Fig. 2d), some of which 
reflected expected preferences. For example, the SNRPA motif 
GGUAAG resembles the consensus 5ʹ splice site (GGURAG), and 
the helicase DDX6 motif GGGGGG is consistent with its bind-
ing preferences to G-quadruplex RNA59. Interestingly, the binding 
motif identified for BOLL (AGUGUA) partially overlaps with the 
Pumilio response element UGUANAUA, consistent with complex 
formation of DAZ family proteins with PUM2 on RNA targets60,61. 
Binding cluster enrichment analyses of these RBPs that focused on 

the binding sites with high signal (Fig. 2e) generally agreed with read 
density enrichment analyses. Metagene plots further reinforced that 
BOLL and IFIT2 (Fig. 2f) as well as MEX3C, AIMP1 and CNOT7 
were 3ʹ-UTR-preferring binders (Extended Data Fig. 2e). DDX6 
(Fig. 2g), TOB1, NANOS3 and TOB2 appeared to have 5ʹ- and 
3ʹ-UTR, but lower CDS, preferences (Extended Data Fig. 2f). PARN 
(Fig. 2g) and CLK3 were enriched at the 5ʹ UTR, peaking near the 
start codon (Extended Data Fig. 2g). UBAP2L and MTDH bind-
ing clusters were predominantly in CDS (Extended Data Fig. 2h).  
Indeed, UBAP2L clusters were dispersed across exons (Fig. 2h). 
Overall, our analyses reveal not only previously unrecognized bind-
ing maps and preferences for RBPs known to affect mRNA stability 
and translation but also new RNA interactomes of candidate RBPs.

Integration of eCLIP and RNA-sequencing data defines regu-
latory classes of RBPs and transcripts. To gain insight into how 
our candidate RBPs affect transcriptome-wide mRNA levels, we 
depleted or exogenously expressed them in HEK293T cells and 
performed RNA-sequencing (RNA-seq) analysis. Specifically, we 
either depleted RBPs by lentiviral transduction of short hairpin 
RNAs (shRNAs) (Extended Data Fig. 3a,b and Supplementary 
Table 4) or ectopically expressed ORFs of those candidate RBPs 
that are not natively expressed in HEK293T cells or do not have 
RBP-specific shRNAs (Extended Data Fig. 3c). For each RBP, we 
either performed two independent transductions of two different 
targeting shRNAs and two nontargeting shRNAs or performed two 
independent transfections with a plasmid directing expression of 
the RBP as a V5-tagged fusion, with the FLAG construct as a con-
trol. We selected poly(A)+ RNA, prepared sequencing libraries and 
sequenced them to a depth of >32 million (>26 million uniquely 
mapped) reads (Supplementary Table 8).

To assess the effect of a candidate RBP on transcript levels, we 
measured the number of significantly up- or downregulated genes 
upon knockdown or overexpression (Extended Data Fig. 3d–g and 
Supplementary Table 9). In general, our manipulations of RBP 
levels resulted in a largely unperturbed population of transcripts, 
typically 80% at the threshold of statistical significance (≥1.23-fold, 
FDR-corrected P ≤ 0.05 versus nontargeting shRNA or FLAG con-
trol). This indicates that our candidate RBPs affect specific sets of tar-
get transcripts instead of having effects on global transcript stability. 
When we considered only those transcripts that were bound by the 
respective RBP, as measured by eCLIP (≥1 significantly enriched 
cluster per transcript), we observed higher numbers of targets that 
changed in the direction anticipated by the tethering assays than in 
the opposite direction for candidate destabilizers (negative regula-
tors) DDX6 and SNRPA (Fig. 3a), as well as PARN (Extended Data 
Fig. 3h), and candidate stabilizers (positive regulators) UBAP2L and 
BOLL (Fig. 3b), as well as CLK3 and IFIT2 (Extended Data Fig. 3i). 

Fig. 3 | integration of eCLiP and RNA-seq data defines regulatory classes of RBPs and transcripts. a,b, Volcano plots showing the distribution of fold 
changes in transcript levels upon modulation of destabilizers (a) and stabilizers (b), with distribution histograms shown at the top. a, Depletion of 
DDX6 (left) and overexpression of SNRPA (right). b, Depletion of UBAP2L (left) and overexpression of BOLL (right). Transcripts with log2 (fold change) 
≥ 1.23 and FDR-corrected P ≤ 0.05 from two replicates are in color, with red and green denoting, respectively, transcripts with or without at least one 
significant RBP binding peak (≥4-fold enrichment and P ≤ 10−2 versus SMInput in two eCLIP replicates, Fisher’s exact test for read numbers <5 or χ2 
test for read numbers ≥5). c,d, Bar plots showing the percentage overlap between genes significantly up- or downregulated (log2 (fold change) ≥ 1.23 
and FDR-corrected P ≤ 0.05 in two replicates) and significantly bound (≥4-fold enrichment and P ≤ 10−2 versus SMInput in two eCLIP replicates) upon 
knockdown (KD) or overexpression (OE) of candidate destabilizers (c) and stabilizers (d) (*P < 0.01, ***P < 10−3, ****P < 10−4, hypergeometric test 
versus nontargeting shRNA or FLAG overexpression, as appropriate). Data for graphs in c and d are available in Extended Data Fig. 3d–f. e–h, Cumulative 
distribution plots of transcript log2-transformed fold changes of overexpression versus vector control or shRNA-mediated knockdown versus nontargeting 
control, as indicated, for the destabilizers DDX6 (e) and SNRPA (f) and the stabilizers UBAP2L (g) and BOLL (h). Distributions are shown for transcripts 
with the indicated significant read enrichments over SMInput (P ≤ 10−2) from eCLIP analysis (4- to 8-fold, green; 8- to 16-fold, red) or transcripts that are 
not significantly bound (‘Not bound’, P > 10−2 or <4-fold enrichment, gray). n is the number of genes; P values are given versus ‘Not bound’, two-tailed 
Mann–Whitney U test from two replicates. i,j, Genome browser views from shRNA-mediated knockdowns showing RNA-seq reads (shRNA knockdown, 
maroon; nontargeting shRNA control, pink) and eCLIP reads (IP, blue; SMInput, gray) for PARN at the RPS21 locus (i) and CLK3 at the NELFCD locus (j). 
The y axes denote read density in RPM.
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In other words, knockdown of specific predicted destabilizers led to 
more upregulated genes, whereas overexpression of destabilizers led 
to more downregulated genes, and reciprocal effects were observed 
in the alterations of stabilizing RBPs.

We also confirmed that the fraction of bound targets in the genes 
changing in the anticipated direction was statistically significantly 
enriched relative to unbound targets (Fig. 3c,d). In fact, we observed 
significant correlation between different eCLIP cluster fold enrich-
ments of IP over SMInput and change in transcript levels for both can-
didate destabilizers (for example, DDX6 and SNRPA; Fig. 3e,f) and  

candidate stabilizers (for example, UBAP2L and BOLL; Fig. 3g,h). 
This indicates that our candidate RBPs directly engage hundreds 
of previously unknown target mRNAs to affect transcript lev-
els in the predicted direction. For example, knockdown of the 
destabilizer PARN increased transcript levels of RPS21 mRNA, a 
PARN-bound transcript (Fig. 3i). Conversely, depletion of the sta-
bilizer CLK3 reduced the abundance of its target NELFCD mRNA 
(Fig. 3j). Interestingly, UBAP2L binding within CDS emerged as 
the RBP-bound genic region most correlated with transcript levels 
(Extended Data Fig. 3j). In agreement with our tethering results, we 
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conclude that the majority of our candidate RBPs affect the mRNA 
levels of their endogenous RNA targets.

UBAP2L increases mRNA polysome association and promotes 
translation. Among our candidates, UBAP2L had the highest CDS 
read density enrichment, suggesting a role in translation. However, 
such a function for UBAP2L has not been described. We measured 
global protein synthesis in cells lacking UBAP2L by incorporation 
of puromycin (a structural analog of aminoacyl-tRNA) to label 
newly synthesized proteins (SUnSET assay62). HEK293T cells with 
UBAP2L deletion by CRISPR–Cas9-mediated genome editing 
(Fig. 4a) showed a ~40% reduction in protein synthesis (Fig. 4b  
and Extended Data Fig. 4a), indicating that UBAP2L promotes 
global translation. We next performed sucrose gradient centrifuga-
tion of HEK293T lysates to examine the ribosome association of 
UBAP2L. We detected enrichment of eukaryotic elongation factor 
2 (EEF2) in the 40S, 60S and monosome but not the polysome frac-
tions, as expected63. UBAP2L cofractionated with monosomes and 
polysomes, suggesting a role for UBAP2L in translation (Fig. 4c). 
To rule out the possibility that this observation is due to the pres-
ence of UBAP2L in non-ribosomal complexes of similar buoyant 
density, we treated cells with puromycin to release polysomes from 
transcripts. Puromycin treatment led to accumulation of 80S mono-
somes, as expected, and levels of UBAP2L in polysome fractions 
were strongly reduced (Extended Data Fig. 4b). We also treated cell 
lysates with EDTA to disassemble 80S monosomes into 40S and 60S 
ribosomal subunits and found that, similarly, UBAP2L was depleted 
from monosome fractions (Extended Data Fig. 4c). These results 
strongly suggest that UBAP2L directly interacts with translating 
ribosomes.

To identify transcripts translationally regulated by UBAP2L, we 
performed polysome profiling in cell lysates from two UBAP2L- 
knockout clonal isolates and from two control samples (Extended 
Data Fig. 4d). From two fractionations per sample, we isolated 
poly(A)+ mRNA from a portion of the input lysates and from pooled 
polysome fractions and prepared and sequenced RNA-seq libraries 
(Supplementary Table 10). We considered all transcripts with reads 
per kilobase per million mapped reads (RPKM) ≥ 1 in the input 
samples (Extended Data Fig. 4e). We observed that UBAP2L knock-
out resulted in a larger number of transcripts with changes in pooled 
polysome fractions compared to changes in input RNA abundance. 
Most of the transcripts (82%) were downregulated in pooled poly-
some fractions, but a similar fraction of transcripts was upregulated 
(55%) or downregulated (45%) in input RNA, indicating that the 
changes in pooled polysome fractions were independent of RNA 

abundance (Fig. 4d). In aggregate, these results suggest that UBAP2L 
predominantly acts at the translational level. As a measure of ribo-
some association, we computed the ratio of transcript RPKM in poly-
some pools to input for all transcripts. We found a significant decrease 
(P < 10−300; Mann–Whitney U test, two tailed) in mean transcript 
polysome enrichment in both UBAP2L-knockout lines compared 
to the controls (Fig. 4e). Replicate analyses showed excellent corre-
lation (Extended Data Fig. 4f). When we isolated those transcripts 
that changed in the same direction in both knockout lines, we found 
that, overall, nearly tenfold more transcripts were reduced in trans-
lation (90.6%; n = 8,784) than enhanced (9.4%; n = 908) (Fig. 4f).  
Even more striking, 97% of the 4,789 UBAP2L exon target transcripts 
identified by eCLIP showed significant downregulation in polysome 
association upon UBAP2L knockout (Extended Data Fig. 4g). We 
confirmed these results for a subset of target transcripts by RT–qPCR 
assay from polysome pools (Extended Data Fig. 4h).

To investigate how depletion of UBAP2L affects global transla-
tion, we evaluated the gene function attributes of UBAP2L direct 
targets. We observed a significant enrichment in protein transla-
tion and ribosome biogenesis terms by GO analysis (Fig. 4g). We 
also found that UBAP2L depletion decreased polysome association 
on mRNAs encoding translation initiation factors, elongation fac-
tors and poly(A) binding proteins (Fig. 4h). Western blot analy-
sis confirmed decreased protein levels of EIF4G1, EIF3B, DDX54 
and EEF2 (Fig. 4i and Extended Data Fig. 4i). Taken together, 
these results suggest that UBAP2L enhances translation by directly 
binding mRNA substrates and by increasing translation of genes 
involved in global protein synthesis.

Programmable RNA-targeting CRISPR-mediated recruitment 
of UBAP2L promotes translation. To assess the dependence of 
UBAP2L-mediated translational regulation on direct binding to its 
target mRNA, we employed a flow cytometry-based reporter assay 
using UBAP2L fused to RCas9 (refs. 25,26) (Fig. 4j). As a control, we 
performed our assay with RCas9-fused eukaryotic translation initi-
ation factor 4E-binding protein 1 (EIF4EBP1, or 4EBP1), an inhibi-
tor of translation initiation (Extended Data Fig. 4j). HEK293T cell 
lines expressing a fusion of RCas9 and UBAP2L, a fusion of RCas9 
and 4EBP1, or Cas9 only were derived via transposase-mediated 
piggyBac genomic integration of plasmid constructs. We trans-
fected a second, tripartite construct expressing a reporter that stably 
expresses red fluorescent protein (RFP) transcripts not regulated 
by RCas9, a guide RNA (gRNA) and a tetracycline-inducible yel-
low fluorescent protein (YFP) transcript harboring the gRNA target 
sequences. We designed seven different gRNAs targeting locations 

Fig. 4 | uBAP2L is associated with translating ribosomes and promotes translation. a,b, SUnSET translation assay. a, UBAP2L western blots from control 
(WT) and UBAP2L-knockout (KO) HEK293T lines. b, Left, representative puromycin western blot from puromycin-treated control and knockout cells. 
GAPDH, loading control. Right, densitometric quantification (mean ± s.d., n = 3 independent experiments; *P < 0.05 versus WT, two-tailed Student’s 
t-test). c, Polysome profile of UBAP2L. Top, absorbance plot of a HEK293T cell lysate fractionated through a sucrose gradient. Bottom, western blots of 
UBAP2L and EEF2 from corresponding fractions. d,e, Global polysome transcript association analysis. d, Scatterplots of log2-transformed transcript RPKM 
ratios (RPKM ≥ 1; averages from two replicates) of input transcript levels (x axis) and polysome transcript levels (y axis) between UBAP2L-knockout and 
control samples. e, Cumulative distribution plots of log2-transformed transcript levels (RPKM ≥ 1) in pooled polysome fractions of two UBAP2L-knockout 
and control HEK293T lines (n = 9,692 genes from two replicates; P values derived from two-sample Kolmogorov–Smirnov test versus respective input 
lysates). f, Bar graph showing log2-transformed ratios of input-normalized polysome transcript levels (n = 9,692 genes; RPKM ≥ 1 in all three samples; 
averaged for the two knockout lines) between the two UBAP2L-knockout lines and control lines. g, GO term analysis for UBAP2L exon target transcripts 
related to mRNA translation (n = 4,789 genes; Fisher’s exact test at FDR-corrected P < 0.01). h, Heat map showing the log2-transformed polysome 
association ratio between a UBAP2L-knockout line (KO2) and control (WT) for the indicated translation regulators. i, Left, representative western blots 
for the indicated proteins from UBAP2L-knockout cells. GAPDH, loading control. Right, densitometric quantification (mean ± s.d., n = 3 independent 
experiments; *P < 0.05 versus WT, two-tailed Student’s t-test). j–l, Quantitative flow cytometry reporter assay for mRNA translation using RCas9-fused 
UBAP2L. j, Transgene expression constructs. k, Bar graph showing mean YFP levels in RCas9–UBAP2L-expressing cells, normalized to cells expressing 
RCas9 only, for each gRNA (mean ± s.d., n = 2,000 RCas9–UBAP2L-expressing and n = 2,000 RCas9-expressing cells per gRNA; *P < 0.05, **P < 0.0001; 
NS, not significant at P = 0.7 versus nontargeting gRNA; two-tailed Student’s t-test). l, Bar graph showing YFP/RFP mRNA ratios with gRNA-2 in cells 
expressing RCas9–UBAP2L (mean ± s.d., n = 3 replicates; NS, not significant at P > 0.5 versus RCas9 only; two-tailed Student’s t-test). Uncropped images 
for a–c and i and data for graphs in b, i, k and l are available as source data online.

NATuRE STRuCTuRAL & MoLECuLAR BioLoGY | www.nature.com/nsmb

http://www.nature.com/nsmb


ResouRce NATURE STRUCTURAL & MOLECULAR BIOLOGy

across the YFP transcript (5ʹ UTR, CDS and 3ʹ UTR) and a non-
targeting gRNA. We then measured post-transcriptional regulation 
as changes in the normalized YFP/RFP fluorescence ratio between 

cells expressing Cas9 fusions and Cas9 only by flow cytometry. 
Because of the random nature of piggyBac-mediated integration 
in terms of construct integration sites and numbers, regulation 
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for various RCas9 construct levels (cyan fluorescent protein, CFP) 
and reporter construct levels (RFP) can be quantified across  
thousands of data points (cells). With this highly sensitive and 
quantitative assay, we observed that the effect of UBAP2L on YFP 

reporter expression was dependent on UBAP2L being directed to 
targeting sites within the 3ʹ UTR and CDS (Fig. 4k). In contrast, 
significant 4EBP1-mediated reporter repression was observed only 
when 4EBP1 was targeted to the 5ʹ UTR, as expected (Extended Data 
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UV-cross-linked HEK293T cells treated with RNase I, radiolabeled and separated on an SDS–polyacrylamide gel. Arrows indicate the expected molecular 
weight of UBAP2L. b, Lysates from wild-type HEK293T cells treated with increasing RNase concentrations. c, Lysates from UBAP2L-knockout cells 
(KO-UBAP2L) expressing the indicated constructs. d, Pie chart showing fractions of UBAP2L eCLIP reads from HEK293T cells unambiguously mapping 
to mRNAs, rRNAs and other repeat families. e, Locations of UBAP2L binding sites on rRNAs. Line plots show the Kullback–Leibler divergence (relative 
entropy) for UBAP2L in HEK293T cells (red) and the mean of 446 other RBPs analyzed by the ENCODE consortium19 (green; https://www.encodeproject.org/,  
accession code ENCSR456FVU) on 18S and 28S rRNAs (mean of relative entropy; lightly shaded areas indicate 10–90% confidence intervals). f–h, 
Model of the interactions of UBAP2L on the human ribosome structure (PDB 6EK0)66. f, Surface view with 60S ribosomal subunits in gray and lavender, 
respectively, with Met-tRNA (green), ribosomal proteins previously identified as UBAP2L interactors by IP and mass spectrometry65 (orange) and 
expansion segment ES31L (magenta). g, View as in f with the non-highlighted proteins removed. h, View as in g rotated 90° around the z axis. i, UBAP2L 
(green) is proposed to enhance translation by interacting with the ribosome (blue) during nascent polypeptide synthesis (brown). Uncropped images  
for b and c are available as source data online.
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Fig. 4k). Normalized YFP mRNA levels were not significantly dif-
ferent between RCas9–UBAP2L-expressing and RCas9-expressing 
cells transfected with gRNA-2 (which elicited the strongest increase 
with RCas9–UBAP2L), indicating that UBAP2L’s positive effect on 
reporter expression was not due to upregulation of reporter mRNA 
(Fig. 4l). Our UBAP2L–RCas9 results indicate a programmable 
means to enhance translation and further corroborate our observa-
tions from eCLIP and tethering.

UBAP2L binds to RNA via the RGG domain and cross-links to the 
expansion segments of the ribosome. To gain deeper insight into 
the mechanisms by which UBAP2L enhances mRNA translation, we 
determined which protein domains mediate UBAP2L’s interaction 
with RNA. UBAP2L is predicted to contain a ubiquitin-associated 
(UBA) domain and an RGG domain, a common RNA-binding 
domain. Using inducible lentiviral vectors, we expressed UBAP2L 
or truncated versions lacking the UBA domain, the RGG domain or 
both (Fig. 5a) in UBAP2L-knockout HEK293T cells. We then per-
formed UV-cross-linking, IP, RNA fragmentation and radiolabeling 
to visualize RNA bound to UBAP2L (Fig. 5b). Deletion of the RGG 
domain resulted in dramatically reduced recovery of RNA, indicat-
ing that the interaction between UBAP2L and RNA is mainly medi-
ated by the RGG domain (Fig. 5c).

Given that UBAP2L cofractionated with monosomes and poly-
somes in sucrose gradients, we reasoned that UBAP2L may interact 
directly with functional ribosomes. We first confirmed that UBAP2L 
is indeed localized to the cytoplasm. UBAP2L showed non-punctate 
staining throughout the cytoplasm (Extended Data Fig. 5a). We next 
examined two UBAP2L eCLIP datasets using a repeat-family-centric 
mapping strategy, which maps reads to consensus transcripts from 
repetitive and recurrent genomic loci, including rRNA genes. 
Remarkably, rRNA reads constituted the largest fraction, with 72% 
in replicate 1 and 65% in replicate 2, while mRNA reads totaled 
22% and 24%, respectively (Fig. 5d and Extended Data Fig. 5b). 
Closer inspection showed that reads were most highly enriched over 
SMInput at expansion segments ES15L and ES27L of 28S rRNA and 
ES7S of 18S rRNA (Extended Data Fig. 5c–g), which are located at 
the solvent-exposed surface of ribosomes and are thought to engage 
with RBPs to modulate translation64. As a further confidence mea-
sure, we utilized an information-theoretic metric, relative entropy, 
which scales enrichment with the strength of evidence (that is, read 
depth) at each peak19. We confirmed that the peaks at ES15L, ES27L 
and ES7S (and an additional peak at ES31L) had high information 
content (Fig. 5e). In contrast, the mean of 446 other RBPs19 showed 
very limited information content, reflecting their limited rRNA 
specificity. As further confirmation, we performed RNA IP (RIP) 
followed by RT–PCR on ES7S, ES7L, ES15L and ES31L. Indeed, 
UBAP2L immunoprecipitated rRNA targets, indicating that UBAP2L 
interacts with ribosomes on expansion segments (Extended Data  
Fig. 5h). This is consistent with a recent UBAP2L IP–mass spectrom-
etry study that recovered peptides from 15 ribosomal proteins65, fur-
ther supporting a UBAP2L–ribosome interaction.

To assess the spatial arrangement of UBAP2L and the ribo-
some, we mapped these interactions onto the cryo-EM structure 
of the mammalian ribosome66. The top ribosomal proteins that 
co-immunoprecipitated with UBAP2L65 cluster in the 60S subunit 
(Fig. 5f). In addition, ES31L, highly enriched for UBAP2L binding, 
lies close to the region of the 60S subunit occupied by tRNA in the 
exit site during protein synthesis (Fig. 5g,h). Collectively, these data 
support a model in which UBAP2L’s function is associated with its 
interactions with the ribosome.

Discussion
Tethering of RBPs reveals new candidate regulators and rules. To 
assign molecular functions to the growing number of predicted RBPs, 
we have developed a comprehensive resource enabling large-scale 

RBP TFA analyses. Using two pairs of 3ʹ-UTR reporters interrogat-
ing nearly 700 RBPs, we discovered at least 50 RBPs with significant 
positive and negative effects on both reporters. Extrapolating to the 
over 2,000 RBPs encoded in the human genome5–10, we speculate 
that over 100 may have yet unrecognized roles in RNA metabolism 
by regulating mRNA stability and/or translation.

Unappreciated roles for several RBPs. SNRPA (or U1A) is a 
dual-function protein functioning as a component of the spliceo-
somal U1 snRNP important for 5ʹ splice site recognition and, in 
a snRNP-free form, couples splicing to polyadenylation67. SNRPA 
interacts with stem–loop structures in 3ʹ UTRs called polyadenyl-
ation inhibitory elements to inhibit poly(A) polymerase68. In our 
assay, SNRPA emerged as an RNA destabilizer, its overexpression 
led to significant downregulation of its targets, and its binding was 
enriched, expectedly, in intronic regions (59% of significant peaks) 
and also in 3ʹ UTRs (7.3%), including the polyadenylation inhibitory 
element in its own transcript. Previously, only a handful of SNRPA 
3ʹ-UTR targets were known. We identified 344 SNRPA 3ʹ-UTR tar-
gets, suggesting that this mode of regulation is widespread.

IFIT2 is an interferon-induced protein that blocks translation via 
sequestration of the eIF3 factor essential for cap-dependent trans-
lational initiation. Together with other IFIT family members, IFIT2 
binds viral cap structures and sequesters viral proteins and RNAs; 
however, its role for modulating the host response is unclear69. We 
find that IFIT2 is highly enriched for binding the 3ʹ UTRs of cellular 
genes and regulates the stability of a small fraction of them (14%). 
Based on our tethering assay, we speculate that IFIT2 may also act 
at the translational level to regulate the host antiviral response by 
increasing translation of relevant endogenous RNAs.

AIMP1 is a multifunctional protein acting as an auxiliary factor of 
aminoacyl-tRNA synthetase complexes and as an intracellular and 
extracellular signaling molecule promoting inflammation and sup-
pressing tumorigenesis. However, a role for this protein in mRNA 
stability and translation has not been described70. Surprisingly, we 
find that AIMP1 binds a large number of endogenous mRNAs.

UBAP2L as a global translation factor. Recent reports have dem-
onstrated a role for UBAP2L in the assembly and disassembly of 
cytoplasmic stress granules, a function that is mediated by its 
intrinsically disordered C-terminal domain44–46. These dynamic 
membraneless organelles coalesce in response to cellular stress 
and contain mRNAs that are translationally stalled at the initiation 
step71. In this study, we demonstrate a role for UABP2L in regulating 
protein homeostasis in the absence of conditions that induce stress 
granule formation (Extended Data Fig. 5a). Specifically, we find 
that UBAP2L acts by increasing the expression of target transcripts 
at the translational level but also stabilizes mRNAs, reflecting the 
coupling between translation efficiency and mRNA stability72. We 
present evidence that UBAP2L is an RBP that interacts with RNA 
via its RGG domain. We observe a limited number of sites on rRNA 
to which UBAP2L cross-links, supporting a specific set of interac-
tions. Intriguingly, all interactions map to the eukaryote-specific 
expansion segments, flexible RNA structures protruding from the 
surface of the ribosome. A recent report showed that binding of 
methionine aminopeptidase to ES27L controls translational fidel-
ity64. Association of UBAP2L with the ribosome is consistent with 
our eCLIP observations that UBAP2L binds to the coding regions 
of thousands of transcripts. Notably, mRNAs targeted by UBAP2L 
are themselves enriched for central regulators of translation and 
protein synthesis. Thus, our working model proposes that UBAP2L 
is dynamically recruited to translating ribosome–mRNA complexes 
to enhance translation on many targets (Fig. 5i), including transla-
tional regulators, to affect global protein synthesis. UBAP2L joins 
a growing list of stress granule-associated RBPs with documented 
additional cytosolic roles16,73.
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Interestingly, UBAP2L’s translational enhancement activity is  
transferable to a target mRNA via RCas9 fused to UBAP2L, indicat-
ing that UBAP2L recruitment to an mRNA substrate is sufficient  
to increase its translation. Indeed, when UBAP2L is recruited to 
the CDS of the reporter via RCas9, UBAP2L increases reporter 
translation by ~35-50%, depending on the location within the cod-
ing region (or 3ʹ UTR). While moderate, this magnitude is con-
gruent with the size of the decrease in protein synthesis (~40%)  
and in polysome association of UBAP2L-targeted transcripts  
upon UBAP2L knockdown (median, 31%). Incidentally, this 
orthogonal approach also further expands in vivo applications of 
RCas9 (refs. 25,26,74).

In conclusion, our results provide proof of principle for the 
utility of large-scale 3ʹ-UTR tethering assays for identification 
of candidate RBPs involved in affecting mRNA and protein lev-
els. While these assays are not without caveats (discussed further 
in the Supplementary Note), we anticipate that our RBP–MCP 
fusion library and screening methods will enable massively par-
allel assays aimed at elucidating the roles of RBPs in other RNA 
metabolic processes. In light of new experimental and computa-
tional approaches that have unearthed hundreds of candidate novel 
RBPs2,3,75 and noncanonical RNA-binding domains76, we speculate 
that high-throughput approaches such as ours will be of increasing 
utility to assign molecular functions.
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Methods
Generation of expression plasmids for MCP-tagged RBPs. The majority of 
ORF clones were obtained in pENTR vectors from the CCSB human ORFeome 
collection77 (Dana-Farber Cancer Institute) or the DNASU Plasmid Repository 
(Arizona State University). Some ORFs were purchased in standard expression 
clones, amplified by PCR (Phusion polymerase, NEB) with oligonucleotide primers 
containing attB recombination sites and recombined into pDONR221 using 
BP clonase II (Thermo Fisher). ORFs were then recombined into a custom pEF 
DEST51 destination vector (Thermo Fisher) engineered to direct expression of the 
ORFs as fusion proteins with a V5 epitope tag and MCP appended C terminally 
and under the control of the EF1-alpha promoter to create ORF–V5–MS2BP 
constructs. The identity of all cDNA clones was verified by Sanger sequencing. 
Plasmid libraries are available on Addgene (155390–156159). Supplementary  
Table 1 lists all ORFs and relevant information.

Gene Ontology analysis. Panther was used for GO analysis78,79. For library RBPs, 
the following GO terms related to RNA processing were used: splicing (‘RNA 
splicing’), stability (‘RNA stabilize’, ‘RNA stability’, ‘RNA stabilization’, ‘RNA 
decay’, ‘RNA turnover’, ‘RNA deadenylation’, ‘RNA cleavage’, ‘RNA cleaving’, ‘RNA 
degradation’), translation (‘translation’), localization (‘RNA localization’, ‘RNA 
transport’, ‘RNA localize’, ‘RNA export’) and modification (‘RNA methylation’, 
‘RNA modification’). Significant GO terms were determined by Fisher’s exact  
test after FDR correction at P < 0.01 and sorted by fold enrichment. For GO 
analysis of UBAP2L-regulated genes, significantly enriched GO terms were 
determined by Fisher’s exact test after FDR correction at P < 0.01 and sorted by 
fold enrichment.

Cell lines. HEK293T, HEK293XT and HeLa cells were purchased from the 
American Type Culture Collection and were not further authenticated. Cells were 
routinely tested for mycoplasma contamination with a MycoAlert mycoplasma test 
kit (Lonza) and were found negative for mycoplasma.

Dot blots. HeLa cells were grown in antibiotic-free DMEM (Life Technologies) 
with 10% FBS. Plasmid (50 ng) was prepared for transfection using Lipofectamine 
3000 reagent (Thermo Fisher). After a 15-min incubation, plasmid was transferred 
to 96-well tissue culture plates coated with poly(d-lysine) hydrobromide (Sigma- 
Aldrich). Cells (3.5 × 105) were subsequently plated in each well. After 48 h, 
cells were washed with PBS and lysed in lysis buffer (50 mM Tris-HCl, 100 mM 
NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate; pH 7.4) with Protease 
Inhibitor Cocktail Set III (EMD Millipore). Lysate was transferred to nitrocellulose 
membrane prewetted with PBS using the Bio-Dot Microfiltration Apparatus 
(Bio-Rad), following the manufacturer’s instructions. Membranes were blocked 
in blocking buffer (TBS containing 5% (wt/vol) dry milk powder) for 30 min and 
then probed with rabbit anti-V5 tag antibody (Bethyl) in blocking buffer for 16 h 
at 4 °C. Membranes were washed three times with TBS and probed with secondary 
HRP-conjugated antibody in blocking buffer for 1 h at room temperature. Signal 
was detected by Pierce ECL substrate (Thermo Fisher) and collected using the 
Azure c600 imager (Azure Biosystems). Dot intensity was calculated using the 
ImageJ gel analyzer, with each column of the blot treated as a gel lane. Fold change 
was calculated for each sample over the highest-intensity negative-control well 
from the membrane containing the sample. Positive detection was called for fold 
changes >1.0.

Generation of luciferase reporter assay constructs. Standard restriction enzyme 
cloning was used to generate reporter constructs directing expression of firefly 
(FLuc) or Renilla (RLuc) luciferase fused to protein destabilizing domains CP1 and 
PEST, with a 3ʹ UTR consisting of that from the HBB 3ʹ UTR, under the control of 
the tetracycline response element promoter (pTET2). Six MS2 hairpin structures80 
were inserted into the 3ʹ UTR to generate FLuc–6MS and RLuc–6MS by standard 
restriction enzyme cloning. All constructs were sequence verified.

Luciferase reporter screen. For time course analyses, Tet-Off Advanced HeLa 
cells (Clontech) were grown in DMEM (Thermo Fisher) with tetracycline-free 
FBS (10%; Clontech), penicillin-streptomycin (1×; Thermo Fisher) and G418 
(100 μg ml−1; Corning). Before transfection, G418 was removed. A 6:1:1 mix of 
RBP–MCP, firefly–MS2 (or Renilla–MS2) and Renilla (or firefly) luciferase reporter 
(transfection control) constructs was diluted in 150 mM NaCl and mixed for 
transfection with polyethyleneimine (PEI; Polysciences) at a ratio of 1 µg DNA to  
4 µg PEI. Cells were transfected at 50-60% cellular confluency, with a total of 125 ng  
and 250 ng DNA for 48-well plates and 24-well plates, respectively, and grown in 
the absence of G418. Reporter transcription was suppressed by the addition of 
tetracycline (1 µg ml−1; Sigma) 48 h after transfection. Cells were lysed after 20, 
80 and 120 min, and luciferase activity was measured with the Dual-Luciferase 
Reporter Assay System (Promega), following the manufacturer’s directions, in a 
microplate reader. Values were expressed as the ratio of the mean luciferase activity 
of MS2-tagged over MS2-untagged reporters from three replicates. For the screen 
and validations, transfections were done as for the time course assay, and luciferase 
activities were measured 48 h after transfection. Supplementary Table 2 lists the 
results of the luciferase assays.

RT–qPCR. Total RNA was isolated by lysing cells in TRIzol (Thermo Fisher) 
and purification with Direct-zol RNA kits (Zymo), following the manufacturers’ 
protocols. Reverse transcription of 0.5–1 μg total RNA was performed using 
SuperScript III with oligo(dT)12–18 primers (Thermo Fisher). cDNA was diluted 
20-fold in water, and target transcripts were quantified with Power SYBR Green 
Master Mix (Thermo Fisher) using the primer pairs listed in Supplementary Table 4.  
Three biological replicate samples were analyzed, and RT–qPCR was carried out 
in three technical triplicates. Mean Ct values were calculated from each triplicate 
set. Biological replicates were averaged to generate mean fold changes, and values 
expressed as fold differences to control samples were calculated using the ΔΔCt 
method. Significance was assessed by a two-tailed Student’s t-test.

eCLIP library preparation and sequencing. eCLIP was performed essentially as 
described11. Briefly, for each RBP, 3 × 107 HEK293T cells were UV-cross-linked 
(400 mJ cm−2, 254 nm) and lysed. Lysates were sonicated and treated with RNase 
I to fragment RNA. Two percent of each lysate sample was stored for preparation 
of a parallel SMInput library. The remaining lysates were immunoprecipitated 
using RBP-specific antibodies (Supplementary Table 6). Bound RNA fragments 
in the immunoprecipitates were dephosphorylated and 3ʹ-end ligated to an RNA 
adaptor. Protein–RNA complexes from SMInputs and immunoprecipitates were 
run on an SDS–polyacrylamide gel and transferred to nitrocellulose membrane. 
Membrane regions comprising the exact RBP sizes to 75 kDa above were excised, 
and RNA was released from the complexes with proteinase K. SMInput samples 
were dephosphorylated and 3ʹ-end ligated to an RNA adaptor. All RNA samples 
(immunoprecipitates and SMInputs) were reverse transcribed with AffinityScript 
(Agilent). cDNAs were 5ʹ-end ligated to a DNA adaptor. cDNA yields were quantified 
by qPCR, and 100–500 fmol of library was generated with Q5 PCR mix (NEB).

Computational analysis of eCLIP sequencing data. Reads were processed 
essentially as described11. Briefly, reads were adaptor trimmed and mapped to 
human-specific repetitive elements from RepBase (version 18.05) by STAR81. 
Repeat-mapping reads were removed, and remaining reads were mapped to 
human genome assembly hg19 with STAR. PCR duplicate reads were removed 
using the unique molecular identifier sequences in the 5ʹ adaptor, and remaining 
reads were retained as ‘usable reads’. Peaks were called on the usable reads by 
CLIPper58 and assigned to gene regions annotated in GENCODE v19 with the 
following order of descending priority: CDS, 5ʹ UTR, 3ʹ UTR, proximal intron 
and distal intron. Proximal intron regions are defined as extending up to 500 bp 
from an exon–intron junction. Each peak was normalized to the SMInput by 
calculating the fraction of the number of usable reads from the IP sample relative 
to the usable reads from the SMInput sample. Peaks were deemed significant at 
≥4-fold enrichment and P ≤ 10−5 (χ2 test, or Fisher’s exact test if the observed or 
expected read number in eCLIP or SMInput was below 5). Reproducible clusters 
were defined as clusters that overlapped in both replicates. Target transcripts were 
defined as transcripts that contained at least one significant reproducible cluster. 
Sequencing and processing statistics are listed in Supplementary Table 7. Code is 
available on GitHub (https://github.com/YeoLab/eclip).

eCLIP region-based fold enrichment analyses. Region-based fold enrichment 
was calculated as described previously82. Briefly, usable reads were counted across 
regions for all annotated transcripts in GENCODE v19 (comprehensive). Possible 
regions included CDS, 5ʹ UTR and 3ʹ UTR. For each gene, a read was first queried 
for overlap with CDS regions and then with 5ʹ-UTR or 3ʹ-UTR regions. Reads 
were then summed across all exons for the gene to obtain final region counts, and 
a pseudocount of 1 was added to classes for which no reads were observed. Read 
counts were normalized by the total number of usable reads (RPM normalization). 
Only regions with at least ten reads in one IP or SMInput sample, and where at 
least ten reads would be expected in the opposite dataset given the total number of 
usable reads, were considered. The fold enrichment was calculated as the ratio of 
normalized read counts in IP over SMInput.

Repeat-family-centric mapping. Binding to rRNA was quantified using a 
family-aware repeat element mapping pipeline19. Briefly, reads were mapped to a 
database of 7,419 multicopy element transcripts, including the 5S, 5.8S, 18S and 28S 
rRNAs as well as tRNAs, retrotransposable elements and numerous other RNAs. 
Reads mapping to multiple element families were not considered for further analysis. 
To summarize relative enrichment between IP and input, relative information was 
defined as the Kullback–Leibler divergence (relative entropy): pi ´ log2

pi
qi

� �

I

, where pi 
is the fraction of total reads in the IP sample that map to a queried repetitive element 
i and qi is the fraction of total reads in input for the same element. Code is available 
on GitHub (https://github.com/YeoLab/repetitive-element-mapping).

Metagene mapping analyses. Metagene plots were created using the intersection 
of eCLIP peaks and a set of mRNA regions. To generate the list of each CDS, 5ʹ 
UTR and 3ʹ UTR, non-overlapping gene annotations from GENCODE v19 were 
used. First, low-expression transcripts (TPM < 1) were removed. Then, transcripts 
with the highest TPM were selected, resulting in a single transcript per gene in the 
CDS. For each 5ʹ UTR, CDS and 3ʹ UTR in a gene, the entire set of exons making 
up the region was concatenated and overlapped with eCLIP peaks, resulting in a 
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vector of positions across the spliced transcript containing values of 1 if a peak 
was found at a given position or 0 otherwise. Plotted lines represent the number 
of total peaks found at each position divided by the total number of unique 
transcripts. The length of each region within the metagene was then scaled to 8%, 
62% and 30%, corresponding to the average length of regions from the most highly 
expressed transcripts in ENCODE HepG2 RNA-seq control datasets19. The peak 
density was calculated as the percentage of peaks at a given position (https://github.
com/YeoLab/rbp-maps).

De novo motif analysis. HOMER was used to identify de novo motifs using the 
command ‘findMotifsGenome.pl <foreground> hg19 <output location> -rna 
-S 20 -len 6 -p 4 -bg <background>’. The foreground was a bed file of significant 
peaks; the background was randomly defined peaks within the same annotated 
region as the foreground peaks. Code is available on GitHub (https://github.com/
YeoLab/clip_analysis_legacy).

eCLIP correlation analysis. We utilized Pearson correlation statistics to measure 
the reproducibility between pairwise comparisons of replicate eCLIP experiments. 
The read density in peaks was normalized to the SMInput by calculating the 
fraction of the number of usable reads from the IP sample relative to the usable 
reads from the SMInput sample. The correlation was the comparison of fold 
enrichment in both datasets for all peaks.

Lentiviral shRNA knockdowns and transient plasmid transfections. To generate 
lentiviral particles for RBP knockdown, we seeded 3.8 × 106 HEK293XT cells in 
10-cm plates in antibiotic-free DMEM (Gibco) with 10% FBS. After 24 h, cells 
were transfected with sequence-verified shRNA plasmids (pLKO.1; Supplementary 
Table 9) and packaging plasmids (pMD2.G: Addgene 12259; psPAX2: Addgene 
12260; both gifts from D. Trono, École polytechnique fédérale de Lausanne) using 
Lipofectamine 3000 (Thermo Fisher). Virus-containing medium was collected, 
replaced with 15 ml of medium with 20% FBS, and collected again a further 
24 h later. Virus-containing media were pooled. For lentiviral transduction 
of HEK293T cells, cells were seeded in six-well plates at 8 × 105 cells per well 
and grown for 16 h in DMEM with 10% FBS. Cells were transduced with 
virus-containing medium diluted 1:1 in fresh medium. After 24 h, medium was 
replaced with fresh medium containing 2 µg µl−1 puromycin. After a further 72 h, 
cells were collected and analyzed for shRNA knockdown efficiency by western blot 
and RT–qPCR and for RNA-seq analysis.

For RBP overexpression, 3.8 × 106 HEK293XT cells were seeded in 10-cm 
plates in antibiotic-free DMEM (Gibco) with 10% FBS at 37 °C. After 24 h, cells 
were transfected with 24 μg RBP plasmids using Lipofectamine 3000 (Thermo 
Fisher). After a further 48 h, cells were collected and analyzed by western blot for 
successful overexpression, by RNA-seq and by eCLIP analysis as indicated.

RNA-seq library preparation and analysis. RNA was extracted from cells with 
TRIzol (Invitrogen). Strand-specific RNA-seq libraries were prepared from 0.5–3 µg  
total RNA using the TruSeq Stranded mRNA Sample Preparation kit (Illumina). 
Libraries were sequenced on the Illumina HiSeq 4000 platform at a depth of at least 
12 × 106 reads per sample in SE50 mode. RNA-seq reads were trimmed of adaptor 
sequences using cutadapt (v1.4.0) and mapped to repetitive elements (RepBase 
v18.04) using STAR (v2.4.0i). Reads that did not map to repetitive elements were 
then mapped to the human genome (hg19). GENCODE v19 gene annotations 
and featureCounts (v.1.5.0) were used to create read count matrices. Differential 
expression was calculated using DESeq2 version 1.10.1 (ref. 83), individually pairing 
each knockdown or overexpression experiment with its respective controls. Genes 
with RPKM < 1 were not used. Sequencing and processing statistics are described 
in Supplementary Table 8.

Generation of UBAP2L-knockout HEK293T cells. Annealed pairs of gRNA 
sequences targeting three sites within the UBAP2L coding sequence (CCTCAAA 
GTCAGCATCATTA and TAGACTTGCACAGATGATTT, both targeting the 
second coding exon, and AAGCAATCACACATTCATCC, targeting the third 
coding exon) were inserted into plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9 
(Addgene 42230; a gift from F. Zhang (McGovern Institute) by restriction cloning. 
An equimolar mix of the three plasmids was transfected into HEK293T cells using 
Lipofectamine 3000 (Thermo Fisher). Cells were replated at clonal density 48 h after 
transfection. Clonal isolates were expanded and assayed for absence of UBAP2L 
protein expression by western blotting. Cell lines are available upon request.

Polysome profiling. For lysate preparation, 4 × 107 HEK293T cells were prepared. 
Before collection, cells were treated with cycloheximide (CHX) at 100 µg ml−1 for  
5 min at 37 °C. Culture medium was removed, and cells were washed two times 
with cold PBS containing 100 µg ml−1 CHX (PBS-CHX), resuspended in PBS-CHX 
by centrifugation at 200g at 4 °C for 5 min, collected in PBS-CHX and snap-frozen 
in liquid nitrogen. Cells were lysed by trituration through a 27-gauge needle in 400 
µl polysome lysis buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM MgCl2) 
with 1× protease inhibitor cocktail (EMD Millipore), 100 µg ml−1 CHX, 1 mM 
DTT, 25 U ml−1 DNase (TURBO DNase; Thermo Fisher) and 20 U ml−1 RNase 
inhibitor (RNaseOUT; Thermo Fisher) and incubation on ice for 30 min. Lysates 

were clarified by centrifugation at 17,500g at 4 °C for 5 min; 50 µl was reserved for 
inputs, and the remainder was used for fractionation.

For puromycin treatment to release polysomes, cells were treated with 
puromycin at 0.5 mM for 40 min and then with CHX at 100 µg ml−1 for 5 min. For 
disassembly of monosomes into 40S and 60S ribosomal subunits, the polysome 
lysis buffer was supplemented with 30 mM EDTA.

For fractionation, a 14-ml 10-50% (wt/vol) sucrose gradient was prepared in 
polysome buffer. Samples were loaded on the sucrose gradient and centrifuged in 
a swinging bucket rotor at 35,000g at 4 °C for 3 h. Fractions were collected from 
the top, and UV absorbance was monitored using a Gradient Station (BioComp) 
equipped with an Econo UV monitor (Bio-Rad). Fractions (500 µl each) were 
collected using an FC 203B (Gilson) fraction collector. Fractions containing 
polysomes were pooled. Total RNA from the inputs and polysome pools was 
extracted in TRIzol LS (Thermo Fisher) and purified with Direct-zol RNA 
kits (Zymo). RNA-seq libraries were generated and sequenced and reads were 
processed as described above.

For analysis of fractions by western blotting, 2 µg BSA was added to each fraction 
and protein was precipitated by addition of trichloroacetic acid to 20% (vol/vol). 
Protein was precipitated for 16 h at 4 °C and collected by centrifugation at 15,000g 
for 20 min at 4 °C. Protein pellets were washed twice with 1 ml ice-cold acetone, 
centrifuged at 15,000g for 15 min at 4 °C, dried at room temperature, neutralized, 
resuspended and denatured by incubation in 50 mM Tris-HCl, pH 7.4, at 65 °C for  
30 min and 98 °C for 15 min. Western blotting was performed as described above.

Polysome association analysis. The transcript RPKM of input and polysome 
fractions was calculated from the read count matrices. Only genes with RPKM 
≥ 1 were considered. Polysome association was measured by calculating the 
RPKM ratio of transcript levels in polysomes over input. Polysome association 
ratios between depletion samples and their respective controls were calculated, 
log2 transformed, sorted and used to calculate cumulative probabilities. P values 
were calculated using a two-sided Kolmogorov–Smirnov test. Sequencing and 
processing statistics are listed in Supplementary Table 10.

Western blot. Cells were washed with PBS and lysed in lysis buffer (50 mM 
Tris-HCl, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate; pH 7.4) 
with Protease Inhibitor Cocktail Set III (EMD Millipore). Lysates were sonicated in 
a water bath sonicator (Diagenode) at 4 °C for 5 min with 30-s on/off pulses at the 
low setting. Protein extracts were denatured at 75 °C for 20 min and run at 150 V  
for 1.5 h on 4-12% NuPAGE Bis-Tris gels in NuPAGE MOPS running buffer 
(Thermo Fisher). Proteins were transferred to polyvinylidene difluoride membrane 
using NuPAGE transfer buffer (Thermo Fisher) with 10% methanol. Membranes 
were blocked in blocking buffer (TBS containing 5% (wt/vol) dry milk powder) for 
30 min and probed with primary antibodies in blocking buffer for 16 h  
at 4 °C. Primary antibodies are described in Supplementary Table 6. Membranes 
were washed three times with TBS and probed with secondary HRP-conjugated 
antibodies in blocking buffer for 1 h at room temperature. Signal was detected by 
Pierce ECL substrate (Thermo Fisher) and exposure to film.

SUnSET assay. De novo protein synthesis was measured by the SUnSET method62. 
Control HEK293T cells and those with homozygous deletion of UBAP2L were 
treated with puromycin (10 µg ml−1) for 10 min and then harvested on ice by 
lysing cells in eCLIP lysis buffer. Protein concentration was determined with the 
Pierce BCA protein assay kit (Thermo Scientific). Equal amounts of protein were 
analyzed by western blotting, as described above. Newly synthesized proteins were 
detected with an anti-puromycin antibody (1:20,000). Membranes were stripped 
and reblotted with an anti-GAPDH antibody (1:8,000) as a loading control. 
Immunoblots were quantified by densitometric analysis in ImageJ to obtain levels 
of protein synthesis for each sample.

RCas9–UBAP2L tethered translation assay. HEK293T cells were grown in 
antibiotic-free DMEM (Life Technologies) with 10% FBS at 37 °C. Cells were 
transfected at 50-60% cellular confluency with a 4:1 mix of a piggyBac transposon 
vector coexpressing CFP, a piggyBac transposase vector and either RCas9–UBAP2L 
or RCas9–4EBP1 (or RCas9 only) using FuGENE HD transfection reagent 
(Promega). CFP-positive cells (integrants) were collected by fluorescence-activated 
cell sorting (FACS), expanded and transfected again with a piggyBac transposon 
vector constitutively expressing RFP, YFP under the control of a Tet-inducible 
promoter and a gRNA targeting the YFP reporter. RFP-positive cells were collected 
by FACS and expanded. Cells were induced with doxycycline (10 ng ml−1) for 
36 h and quantified by FACS. For each cell, the YFP/RFP fluorescence ratio was 
quantified as a metric of RCas9–UBAP2L-mediated or RCas9–4EBP1-mediated 
post-transcriptional regulation of the target transcript, and CFP fluorescence was 
used to quantify expression levels of RCas9–UBAP2L, RCas9–4EBP1 or RCas9 only.

Immunocytochemistry. HEK293T cells were fixed with 4% paraformaldehyde for 
10 min at room temperature. Cells were permeabilized with PBS with 0.1% Triton 
X-100 (PBST) and blocked with blocking buffer (5% goat serum in PBST) for 1 h at 
room temperature. Cells were then incubated with anti-UBAP2L antibody (1:1,500) 
in blocking buffer for 16 h at 4 °C, washed with PBST three times for 5 min  
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each at room temperature, and then incubated with secondary antibody (goat 
anti-rabbit secondary IgG (H+L) Superclonal Recombinant Secondary Antibody, 
Alexa Fluor 488 (Invitrogen)) in blocking buffer for 1 h. After staining, cells were 
washed again in PBST three times for 5 min each at room temperature. Staining of 
nuclei with 4ʹ,6-diamidino-2-phenylindole (DAPI) was performed with mounting 
solution. Images were captured on a Zeiss LSM 710 confocal microscope.

Radiolabeling of RBP-bound RNA fragments. UV-cross-linked HEK293T cells 
(20 × 106) were lysed in 550 µl lysis buffer (50 mM Tris-HCl (pH 7.4), 100 mM 
NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) with protease inhibitor 
(Roche). Lysates were sonicated for 5 min (Bioruptor; low setting, 30-s on/off) in 
an ice-cold water bath. After addition of 2.2 µl TURBO DNase (2 U µl−1; Thermo 
Fisher) and undiluted RNase I stock (100 U µl−1) or RNase I stock diluted 1:3 (high 
RNase) or 1:25 (low RNase) in low-stringency wash buffer (20 mM Tris-HCl (pH 
7.4), 10 mM MgCl2, 0.2% Tween-20), samples were incubated at 37 °C for 5 min 
with shaking. RNase digestion was stopped with 11 µl murine RNase inhibitor 
(40 U µl−1; NEB), and insoluble material was removed by centrifugation (15 min, 
15,000g, 4 °C). Protein–RNA complexes were immunoprecipitated for 16 h at 4 °C  
with anti-UBAP2L antibody or normal rabbit IgG (Thermo Fisher) precoupled 
to magnetic beads (Dynabeads M-280 Sheep Anti-Rabbit IgG; Thermo Fisher). 
A series of wash steps was employed to ensure stringency, as follows: two washes 
with low-stringency wash buffer (see above), two washes with high-stringency 
buffer (15 mM Tris-HCl (pH 7.4), 5 mM EDTA, 2.5 mM EGTA, 1% Triton-X 100, 
1% sodium deoxycholate, 0.1% SDS, 120 mM NaCl, 25 mM KCl), two washes with 
high-salt wash buffer (50 mM Tris-HCl (pH 7.4), 1 M NaCl, 1 mM EDTA, 1% 
NP-40, 0.1% SDS, 0.5% sodium deoxycholate), two washes with low-stringency 
wash buffer and two washes with no-salt wash buffer (50 mM Tris-HCl (pH 7.4), 
10 mM MgCl2, 0.5% NP-40). Protein–RNA complexes were radiolabeled on beads 
in 40-µl reactions with T4 polynucleotide kinase (NEB) and 2 µl [γ-32P]ATP (6,000 
Ci mmol−1, 10 mCi ml−1) for 10 min at 37 °C. Beads were washed three times in 
low-salt wash buffer and resuspended in NuPAGE LDS sample buffer (Thermo 
Fisher) containing 0.1 M DTT. Protein–RNA complexes were denatured at 75 °C  
for 15 min, run on 4-12% NuPAGE Bis-Tris gels in NuPAGE MOPS running 
buffer (all Thermo Fisher) at 150 V for 1.5 h and wet-transferred to nitrocellulose 
membrane using NuPAGE transfer buffer (Thermo Fisher) with 10% methanol 
for 3 h at 200 mA. The membrane was exposed to film for 20 min at room 
temperature, and the film was developed.

RNA immunoprecipitation and RT–PCR. HEK293T cells (1.5 × 107) were 
washed with PBS and lysed in lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 1% 
NP-40, 0.1% SDS, 0.5% sodium deoxycholate; pH 7.4) with Protease Inhibitor 
Cocktail Set III (EMD Millipore). Five percent of each lysate sample was stored 
for preparation of the input RNA sample. The remaining lysates were split into 
two aliquots, immunoprecipitated using 10 µg anti-UBAP2L antibody or control 
IgG and incubated at 4 °C for 8 h. Bound RNA fragments in the IPs were washed 
six times in wash buffer (5 mM Tris-HCl, 150 mM NaCl, 0.1% Triton X-100). 
Immunoprecipitated RNA was isolated in TRIzol and purified with Direct-zol RNA 
kits, following the manufacturers’ protocols. Ten percent of RNA was saved for the 
no–reverse-transcriptase control. The remaining RNA was reverse-transcribed 
using SuperScript III with random primer mix (Thermo Fisher). cDNA was diluted 
tenfold in water, and target transcript cDNAs were amplified by PCR. Primer 
sequences are listed in Supplementary Table 4.

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

Data availability
Sequencing data are available at NCBI GEO (accession number GSE117294). 
Source data are provided with this paper.

Code availability
All code described in the Methods is publicly available and can be found at  
https://github.com/YeoLab/. 
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Extended Data Fig. 1 | Source of RBP oRFs, correlation between luciferase levels and RBP sizes, concordance between two luciferase systems, and 
correlation of reporter RNA and luciferase levels. a, Western dot blot analysis of transiently expressed MCP-V5-tagged RBP ORFs in HeLa cells using a V5 
antibody. Blue circles denote negative controls (no plasmid), red circles denote positive controls (CNOT7-V5-MCP). The order of wells and fold changes 
over negative controls are listed in Extended Data Table 1. b, Distribution of known classical and nonclassical RNA-binding domains in RBPs represented 
in our library. c, Distribution of molecular categories for RNA-related functions of RBPs represented in our library. d, Scatter plot of RBP size and luciferase 
effect. R, Pearson correlation coefficient. e, Luciferase activities from two different reporter constructs. Bar graphs showing log2-fold changes of the activity 
of Renilla (top) or firefly (bottom) luciferase reporters in presence of the MCP-fusion ORFs over FLAG control. Each vertical line represents a tethered ORF. 
f, Scatter plot of luciferase activities from the two reporter constructs. Values are expressed as log2-fold changes of the mean luciferase activity in the 
presence of MCP-fusion ORFs over FLAG controls. R, Pearson correlation coefficient.
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Extended Data Fig. 2 | iP validation from eCLiP experiments, correlation between eCLiP libraries, and de novo sequence motifs and metagene maps 
for candidate RBPs. a,b, In-line western blots of eCLIP IPs of candidate RBPs. Extracts from HEK293T cells (a) or HEK293T cells transfected with the 
indicated V5-tagged RBP ORFs (b) immunoprecipitated with nonimmune (IgG) control antibodies, and western blot analysis using either RBP-specific (a) 
or anti-V5 (b) antibodies. The molecular weights (in kilodaltons) of standards are indicated on the right. Arrowheads indicate the calculated molecular 
weight for each RBP or RBP-V5 fusion protein. c, Heatmap of the Pearson correlation coefficients of fold enrichment of eCLIP peaks for the indicated 
14 RBPs analyzed in duplicate. d, De novo sequence motifs in significant eCLIP peaks of the indicated RBP candidates enriched above background, with 
associated binomial P value. e–h, Metagene maps showing the distribution of eCLIP peak densities at target transcripts. The x axis indicates the relative 
length of each region. Dark red lines indicate the average number of significantly enriched peaks (≥4-fold enriched and P ≤ 10−2 versus SMInput) of eCLIP 
peak densities at all transcripts for BOLL, IFIT2, MEX3C, AIMP1 and CNOT7 (e), which show peak enrichment in 3ʹ UTR; DDX6, TOB1, NANOS3 and TOB2 
(f), which show peak enrichment in 5ʹ UTR/3ʹ UTR; PARN and CLK3 (g), which show peak enrichment in 5ʹ UTR; and UBAP2L and MTDH (h), which show 
peak enrichment in CDS. Light shaded areas denote the 95% confidence interval.
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Extended Data Fig. 3 | Confirmation of RBP knockdown/overexpression, numbers of genes differentially regulated/unaffected by RBP perturbation,  
and region-level analysis of bound transcripts. a,b, shRNA-mediated depletion of RBPs in HEK293T cells using 3-5 distinct shRNAs for each RBP, as 
indicated, compared to nontargeting shRNA control. a, Western blots with GAPDH or tubulin serving as loading controls, as indicated. b, Bar graphs 
indicating RBP transcript levels determined by RT–qPCR, normalized to levels of 18S rRNA. Data are shown as mean ± SD (n = 3 replicates). Asterisks 
denote significance at P < 0.05 determined by two-sided Student’s t-test. c, Overexpression of RBPs in HEK293T cells. Bar plots showing transcript levels 
(RPKM) for each RBP following transfection of RBP expression constructs or FLAG vector control. Data are shown as mean ± s.d. (n = 2 replicates).  
d–g, Numbers of up- or downregulated (log2-fold change ≥ 1.23 and FDR-corrected P ≤ 0.05) or unchanged genes for transcripts bound (≥4-fold enriched 
and P ≤ 10−2 versus eCLIP SMInput) or not bound by the indicated RBP for knockdown (d) and overexpression (e) of destabilizing RBPs and for knockdown 
(f) and overexpression (g) of stabilizing RBPs. h,i, Volcano plots showing the distribution of fold changes in transcript levels, with distribution histograms 
at the top, upon depletion of the destabilizer PARN (h) and depletion of the stabilizer CLK3 (left) and overexpression of the destabilizer IFIT2 (right) 
(i). Transcripts with log2(fold change) ≥1.23 and FDR-corrected P ≤ 0.05 are in color, with red and green denoting transcripts with or without at least 
one significant RBP binding peak (≥4-fold enriched and P ≤ 10−2 versus SMInput in eCLIP), respectively. j, Heatmap showing significance in differential 
expression of genes significantly differentially expressed (log2(fold change) ≥ 1.23 and FDR-corrected P ≤ 0.05) and significantly bound (≥4-fold  
enriched and P ≤ 10−2 versus SMInput in eCLIP) versus all unbound genes upon knockdown (KD) or overexpression (OE) of candidate RBPs in each  
region. Significance was calculated using a two-tailed Mann-Whitney U test. Uncropped images for a are available as source data online, and data for 
graphs in b, c are available as source data online.

NATuRE STRuCTuRAL & MoLECuLAR BioLoGY | www.nature.com/nsmb

http://www.nature.com/nsmb


ResouRceNATURE STRUCTURAL & MOLECULAR BIOLOGy

Extended Data Fig. 4 | Translation monitoring in a UBAP2L knockout replicate line, replicate concordance, and validation of polysome analyses in 
UBAP2L knockouts. a, Translation monitoring using puromycin incorporation. Anti-puromycin western blot of extracts from puromycin-treated UBAP2L 
knockout (KO1) and parental (WT) HEK293T cell lines. GAPDH served as loading control. b,c, Polysome profile of UBAP2L after treatment of cells with 
0.5 mM puromycin (b) and treatment of lysates with 30 mM EDTA (c). Top, absorbance (at 260 nm) plot of a HEK293T cell lysate fractionated through 
a 10-50% sucrose gradient. Bottom, western blots of UBAP2L from the corresponding fractions. d, Polysome profiles of HEK293T cells (WT, n = 2) and 
UBAP2L knockout HEK293T cells (KO, n = 4) fractionated through 10-50% sucrose gradients. Light-colored lines indicate means from each set (WT, light 
blue; KO, pink), and darkly shaded areas denote s.d. (WT, blue; KO, red). e, Bar graphs showing percentages of transcripts with RPKM ≥ 1 of all transcripts 
with ≥10 reads per transcript for two UBAP2L knockout lines (KO, 2 replicates each) and control samples (WT, two replicates). f, Scatter plots showing 
correlation of log2-transformed ratios of input-normalized polysome transcript levels (RPKM) between the two UBAP2L knockout HEK293T lines. R, 
Pearson correlation coefficient. g, Bar graph showing the percentage of regulated transcripts in UBAP2L targets and nontargets. *P < 0.0001 (χ2 test with 
Yates’s correction). h, RT–qPCR validation of reduced polysome association for the indicated transcripts. Transcript levels in inputs and polysome fractions 
were measured for KO and WT samples. KO/WT ratios of input-normalized polysome association of transcripts were then calculated. i, Western blots 
of DDX54, EIF4G1, EIF3B, and EEF2 in UBAP2L knockout cells (KO1, KO2). GAPDH served as a loading control. j,k, Quantitative flow cytometry reporter 
assay for mRNA translation using RCas9-fused 4EBP1. j, Plasmid design for the RCas9-4EBP1 experiment. k, Bar graph showing mean YFP levels in RCas9-
4EBP1-expressing cells, normalized to RCas9-expressing cells, on each targeting site. Error bars denote s.d. from n > 5,000 RCas9-4EBP1-expressing and n 
> 5,000 rCas9-expressing cells per site. *P < 0.005; n.s., not significant (P > 0.5); two-tailed Student’s t-test. Uncropped images for a–c and i and data for 
graphs in h and k are available as source data online.
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Extended Data Fig. 5 | Repetitive element analysis of uBAP2L eCLiP data. a, Immunofluorescence images showing UBAP2L (green) in HEK293T cells. 
DAPI (blue) marks nuclei. Scale bar, 10 μm. b, Pie chart showing fractions of UBAP2L replicate 2 eCLIP reads unambiguously mapping to repeat families 
in HEK293T cells. c, Line plot of UBAP2L binding sites on rRNAs. Fold enrichment of reads for IP over SMInput is plotted against the nucleotide positions 
of 18S and 28S rRNAs. Asterisk (*) denotes relative entropy ≥0.01. d–g, Location of UBAP2L binding sites on rRNA. d, ES15L; e, ES7S; f, ES27L; g, ES31L. 
Nucleotides with significant binding are highlighted in yellow. h, RIP of UBAP2L-RIP and RT–PCR in HEK293T cell lysates. The RIP assay was performed 
using anti-UBAP2L antibody or rabbit nonimmune IgG. RT–PCR was performed using primer sets within UBAP2L target regions ES7S, ES7L, ES15L, and 
ES31L. Uncropped images for h are available as source data online.
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Data collection All CLIP-seq, RNA-seq and polysome profiling data have been deposited with GEO under accession GSE117294. 
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117294
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Sample size Sample size for each experiment is indicated in the figure legend for each experiment. The sample size was chosen based on previous 
experience for each experiment. No statistical methods were used to predetermine sample size.

Data exclusions No data were excluded from analyses.

Replication Most experiments were repeated in triplicate with similar results. All experiments were replicated as stated in the text.
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Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
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ChIP-seq

Flow cytometry
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Antibodies
Antibodies used Supplementary Table 6 provided with the manuscript contains information and commercial sources on all antibodies used in the 

study.

Validation Supplementary Figure 2  provided with the manuscript shows validation of antibodies used for eCLIP.  All commercially sourced 
antibodies used in the have detailed annotations within the text.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The cell lines used in this study were purchased from ATCC.

Authentication Cell lines were authenticated by the vendor. All cells were obtained from commercial sources.

Mycoplasma contamination The cell lines used in this study have been routinely and frequently tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No cell lines used are listed in the database of commonly misidentified cell lines.
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Methodology

Sample preparation Sample preparation listed in Methods

Instrument Samples were analyzed on a BD LSRFortessa cell analyses

Software FACSDiva for collection and FlowJo for analysis

Cell population abundance More than 2000 CPF and YFP double positive cells were used for Cas9-UBAP2L experiments. 

Gating strategy For gating the cells we first use the FSC/SSC to locate the cells. Single cells were gated according to the pattern of FSC-W vs. 
FSC-A. To determine positive population we included negative (without CFP or YFP) and positive control (with CFP and YFP) 
for the cell-types under study. Every time the experiment was repeated we used the same gates, settings and parameters. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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