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EPIGRAPH 

Where can wisdom be found? 
    Where does understanding dwell? 
No mortal comprehends its worth; 

    it cannot be found in the land of the living. 
The deep says, “It is not in me”; 

    the sea says, “It is not with me.” 
It cannot be bought with the finest gold, 

    nor can its price be weighed out in silver. 
It cannot be bought with the gold of Ophir, 

    with precious onyx or lapis lazuli. 
Neither gold nor crystal can compare with it, 

    nor can it be had for jewels of gold. 
Coral and jasper are not worthy of mention; 

    the price of wisdom is beyond rubies. 
The topaz of Cush cannot compare with it; 

    it cannot be bought with pure gold. 
Where then does wisdom come from? 
    Where does understanding dwell? 

It is hidden from the eyes of every living thing, 
    concealed even from the birds in the sky. 

Destruction and Death say, 
    “Only a rumor of it has reached our ears.” 

God understands the way to it 
    and he alone knows where it dwells, 

for he views the ends of the earth 
    and sees everything under the heavens. 
When he established the force of the wind 

    and measured out the waters, 
when he made a decree for the rain 
    and a path for the thunderstorm, 

then he looked at wisdom and appraised it; 
    he confirmed it and tested it. 
And he said to the human race, 

    “The fear of the Lord—that is wisdom, 
    and to shun evil is understanding.” 

~ Job 28:12-28 ~ 
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ABSTRACT OF THE DISSERTATION 

 

Large-scale activity assignment of RNA-interacting proteins identifies  
a functional antagonist to fragile X mental retardation protein 

 

by 

 

En-Ching Luo 

Doctor of Philosophy in Bioengineering 

University of California San Diego, 2020 

Professor Sheng Zhong, Chair 
Professor Eugene Yeo, Co-Chair 

 

 

 

RNA binding proteins (RBPs) impact cellular protein levels by regulating messenger 

RNA (mRNA) levels. Assignment of function to hundreds of emerging, uncharacterized RBPs 

is a critical bottleneck to a complete understanding of gene expression control. Here, large-scale 

tethering of nearly a thousand RBPs discovers 50 RBPs that affect reporter RNA turnover and 
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translation. Enhanced UV crosslinking and immunoprecipitation (eCLIP) identify hundreds of 

endogenous mRNA targets affected by manipulating levels of more than a dozen candidate 

RBPs. Among these candidates, we characterize the ubiquitin-associated protein 2-like 

(UBAP2L) gene. Polysome profiling assays indicate that UBAP2L enhances translation of 

target mRNAs, likely due to ribosome interactions as supported by eCLIP data. UBAP2L can 

also be found in complex with fragile X mental retardation protein FMRP, and 52% of UBAP2L 

mRNA targets are also FMRP targets. UBAP2L depletion in a cortical neuronal model of 

Fragile X Syndrome (FXS) corrects molecular, cellular and electrophysiological defects 

relevant to autism spectrum disorder. Reduction of the Drosophila ortholog of UBAP2L in a 

FXS fly model rescues the neurodevelopmental defects due to loss of FMRP. Our efficient and 

scalable method identifies proteins involved in RNA metabolism and detailed studies of 

UBAP2L provides a new therapeutic strategy into human disease. 

 



 

 
1 

Chapter 1: Introduction 

1.1 Discovery and molecular mechanistic dissection of 

RNA binding proteins that control mRNA stability 

and translation 

RNA binding proteins (RBPs) involve in RNA processing by regulating RNA Splicing, 

transportation, turnover, translation, and modification. In the cytoplasm,  RBPs control cellular 

protein levels in three major steps. First, RBPs regulate mRNA steady-state levels and turnover 

rates. Second, RBPs transport mRNA to subcellular localization. Third, RBPs regulate the 

translation efficiency. The importance of regulating protein expression levels at these three 

steps is known, but the mechanisms were far less well studied. Therefore, the current studies in 

this filed are to understand how RBPs regulate gene expression and control cellular protein 

levels.  

Currently, ~2800 RBPs have been identified in human cells (1-5). However, only a 

handful of mRNA binding proteins have been shown to directly interact with poly(A)+ mRNA.  

Studies have shown RBPs interact directly with the 5’ and 3’ UTR of mRNA to protect mRNA 

from, or promote mRNA decay by, exonuclease degradation. RBPs bind on the 5’ and 3’ UTR 

also affect translation initiation and elongation or termination. Only a few of these RBPs have 

shown to facilitate the transportation of mRNA in different subcellular localization. For 

example, FMRP shuttles mRNA into axon terminals of neurons for localized translation. The 
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misfunction or mutations in these RBPs cause a number of neuron degeneration diseases such 

as Fragile x syndrome. 

Several major questions have now surfaced as urgent to the field: Which RBPs affect 

mRNA turnover and translation? What are their RNA substrates and the genetic circuits 

controlled by them? What extent are mRNAs localized to specific subcellular compartments 

and which RBPs control this distribution? To answer these questions, I proposed to conduct a 

reporter screen of a large, representative set of ~1000 bona fide RBPs for their ability to affect 

mRNA stability, translation, and identify cellular mRNA targets and mode of action for a subset 

of ~15 RBPs.  To accomplish these goals, I pursued the following Specific Aims:   

• Identify RBPs with novel roles in modulating mRNA stability  

• Identify endogenous RNA subtracts of candidates RBPs, and confirm RBP-dependent 

mRNA turnover and translation 

Lastly, I picked up a novel translation regulator UBAP2L and investigate its roles. To 

characterize the functions of UBAP2L, I analyzed the domain structures of UBAP2L, and 

confirm the interactions of RNAs and proteins with UBAP2L. Finally, I proposed the potential 

mechanism of translation regulation of UBAP2L. 

 

1.2 Disease-modifying therapeutic strategies for FXS 

The translation repressor FMRP protein is encoded in FMR1 locus. The Silence of the 

FMR1 gene causes fragile x syndrome (FXS) which is an autism spectrum disorder and the 
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most common genetic form of intellectual disability. In FXS neurons,  the FMR1 gene has 

repeat expansion insertion in the promoter and 5’UTR of FMR1 gene. Methylation of the repeat 

expansions silence the FMR1 locus and deplete FMR1 expression.  

Loss of FMRP results in exaggerated protein synthesis at the synapses, cortical 

hyperexcitability, and neuron developmental defects. Despite the FMRP function has been 

studied for a decade, and the molecular etiology has been understood well, no FDA approved 

drug exists for the treatment of FXS. Most of the approaches aimed at de-silence FMR1 gene; 

however, several approaches failed due to lack of effectiveness (e.g., mavoglurant, Novartis; 

basimglurant, Roche). Therefore, it is crucial to identify alternative methods to pursue novel 

therapeutic strategies in FXS.  

I identified the UBA-domain containing ubiquitin-associated protein 2-like (UBAP2L) 

protein as an FMRP binding partner and translational enhancer. To pursue a novel therapeutic 

strategy in FXS, I proposed to rescue the FXS defects by reduction or depletion of translation 

enhancer UBAP2L. To find out the possibility of the new strategy, several major questions have 

to answer.  

• Confirm the interaction between UBAP2L and FMRP 

• Identify the mRNA shared targets for UBAP2L and FMRP 

• Examine whether the depletion of UBAP2L restores translation level in FXS 

neuron 

• Examine whether the inhibition of UBAP2L reduce cortical hyperexcitability 

• Examine whether the silence of UBAP2L rescue neuron development defect. 
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1.3 Outline of the dissertation 

I will begin this thesis with a description of the tethered screen that identifies novel 

candidate RBPs which regulate RNA stability and translation (Chapter 2). The results of the 

screen reveal 50 candidates potentially regulate RNA turnover and translation. I confirmed the 

screen by modulating the expression of the candidate RBPs and identify a novel translation 

enhancer UBAP2L. Next, I will show a potential therapeutic strategy in FXS (Chapter 3) This 

is the second half of my thesis work that is aimed at finding the applications of UBAP2L. I 

proposed to rescue neuroanatomical deficits in FXS by the reduction of UBAP2L. Each section 

contains its own detailed introduction and conclusion on the specific subject matter. 
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Chapter 2: Large-scale tethered function assays 

identify factors that regulate mRNA stability 

and translation 

En-Ching Luo1,2,3, Jason L. Nathanson1,2,3, Frederick E. Tan1,2,3, Joshua L. Schwartz1,2,3, 

Jonathan C. Schmok1,2,3, Archana Shankar1,2,3, Sebastian Markmiller1,2,3, Brian A. Yee1,2,3, 

Shashank Sathe1,2,3, Gabriel A. Pratt1,2,3, Duy B. Scaletta 1,2,3, Yuanchi Ha1,2,3, David E. Hill4, 

Stefan Aigner1,2,3, and Gene W. Yeo1,2,3,* 

 

1Department of Cellular and Molecular Medicine, University of California San Diego, La Jolla, 
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2Stem Cell Program, University of California San Diego, La Jolla, CA, USA 

3Institute for Genomic Medicine, University of California San Diego, La Jolla, CA, USA 

4Center for Cancer Systems Biology (CCSB), Dana-Farber Cancer Institute, Boston, MA 
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2.1 Abstract 

The molecular roles of more than a thousand uncharacterized and emerging RNA 

binding proteins (RBPs) remain unclear, highlighting a major bottleneck to our complete 

understanding of gene expression regulation. We develop a plasmid resource of 690 RBPs (771 

open reading frames) that we subject to luciferase-based 3’UTR tethered function assays 

(TFAs) to prioritize candidate RBPs for roles in RNA stability or translation. Enhanced UV 

crosslinking and immunoprecipitation (eCLIP) identifies thousands of endogenous mRNA 

targets for these prioritized RBPs that respond to protein level changes reminiscent of their 

effects in TFAs. Among these, we identify that the ubiquitin-associated protein 2-like 

(UBAP2L) protein interacts with RNA via its RGG domain and cross-links to coding mRNA 

and ribosomal RNA. Fusion of UBAP2L to RNA-targeting CRISPR/Cas9 demonstrates 

programmable translational enhancement. Polysome profiling indicates that UBAP2L enhances 

translation of target mRNAs, particularly global regulators of translation such as initiation and 
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elongation factors. Our tethering survey rapidly assigns molecular activity of proteins, such as 

UBAP2L, to specific steps of mRNA metabolism. 

 

2.2 Introduction 

The fate of the transcriptome ultimately determines the status and health of the cell, and 

RNA-binding proteins (RBPs) control the post-transcriptional processing of these mRNA 

transcripts. Following 5’-end capping, splicing, 3’-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 multisystemic diseases, cancer and neurological disorders (6-9). Despite 

their association with disease and although the importance of regulating 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 roles (10-15).  

Cross-linking and immunoprecipitation (CLIP)-based approaches have enabled detailed 

studies of individual RBPs through the transcriptome-wide identification of their binding sites 

(1-5). Molecular functions can then be inferred from integrative analyses of its 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 overexpression (3, 

16-21). While powerful, these strategies as a means to elucidate RBP molecular function are 

not easily scaled to thousands of RBPs. 
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As a complementary and orthogonal approach that is also more scalable and efficient, 

we turn to the well described tethered function assay (TFA) as a preliminary means to assign 

molecular functions to RBPs without requiring prior knowledge of their functional protein 

domains or natural RNA targets (22). Here, the RBP is fused to an exogenous RNA binding 

moiety, such as the bacteriophage MS2 coat protein (MCP) and co-expressed with a reporter 

mRNA harboring the cognate RNA structural motif, such as the MS2 genomic RNA stem-loop. 

The effect of the protein ‘tethered’ to the reporter mRNA is then evaluated. As TFAs have been 

crucial in elucidating the roles of RBPs in splicing, stability, transport and translation (23, 24), 

we reasoned that they are a pragmatic choice for assigning RBP function in a high-throughput 

format. We acknowledge that, similar to any high-throughput screen, it is not without 

limitations and caveats such as the dependence on reporter design and cell-line used in the 

screen, as will be discussed further below. Nevertheless, firstly, as we show in this work, 

positively-scoring candidates from TFA screens can be rapidly prioritized for detailed 

transcriptomic studies such as CLIP-seq and depletion or overexpression studies. Secondly, our 

plasmid resource serves as a starting point to explore differences in gene expression regulation 

with other reporters and cell-lines that will invariably be leveraged in future screens. 

To accomplish our objective, we developed an open reading frame (ORF) library of 690 

RBPs consisting of 771 isoforms, each fused to MCP. Using two sets of reporters that direct 

their recruitment to luciferase mRNA via an 3’ untranslated region (3’UTR) as a practical 

convenience for inserting MS2 stem-loops (that do not affect translating ribosomes in the 

coding region), we report the first and largest-scale tethering screen to date to assign an effect 

on reporter RNA levels to known and predicted RBPs. We chose to utilize luciferase as a 

primary readout as the screen can be conducted in 96 or 384-well plate-format in a relatively 
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cost-effective manner. Our screen revealed hundreds of fusion RBPs that significantly affect 

luciferase as a readout in two reporter contexts. Of the 50 candidate RBPs that scored positively 

in both reporters with stringent thresholds, we subjected 14 to enhanced CLIP (eCLIP) analyses 

(1) to identify their transcriptome-wide endogenous RNA targets. Perturbation of the levels of 

these candidates revealed that regulation of their natural substrates was largely consistent with 

our reporter findings. The generality of their function on both reporter and endogenous targets 

strongly highlights the validity of utilizing TFAs as efficient means to discover molecular roles 

for RBPs.  

 

2.3 Results 

2.3.1 Generation of resource of RBP open-reading frames fused to MS2 coat protein and 

tethered function assays  

We assembled a collection of RBP expression constructs using in-house bioinformatics 

tools to extract genes annotated to contain RNA-binding domains as predicted by PFAM(25) 

and PRINTS (26). We extended this set with mRNA-bound putative RBPs identified 

experimentally in two different studies which used UV-cross-linking and oligo(dT) capture 

followed by mass spectrometry (7, 8). We initially acquired 881 open-reading frames (ORFs) 

of known and predicted RBPs from both commercial sources and through in-house cloning 

efforts and sub-cloned them into two constructs using Gateway-mediated cloning: one that 

directs expression of the RBPs as fusion proteins with the V5 epitope tag C-terminally 

appended, and one with an additional bacteriophage MS2 coat protein (MCP) domain at the C-
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terminus. To ensure that these ORFs express readily as full-length proteins, we expressed these 

881 ORFs in HeLa cells and assessed for the presence of the C-terminal V5 epitope using 

western dot blot analysis (Figure 2.1A). Therefore, we obtained our final library of 690 unique 

RBPs from 771 expressible ORFs (Figure 2.1B; Extended Data Table 1). Overall, ~40% of 

the RBPs in our final collection contain known canonical RNA-binding motifs, while the 

remainder may associate with RNA through other interaction domains or binding modes 

(Figure 2.1C), similar to previous reports (7, 8). Highlighting the need for assessing the roles 

of RBPs in RNA metabolism, Gene Ontology (GO) analysis showed that ~60% of the RBPs in 

our collection have no known RNA-related functions (Figure 2.1D). Thus, we have assembled 

a resource of representative ‘tethered’ and ‘untethered’ RBP expression libraries comprising 

the majority of all predicted and/or experimentally identified RNA-binding proteins (10-15).  
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Figure 2. 1 MCP-V5-tagged RBP ORFs  
(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) Our collection of 771 open reading frames (ORFs) for 690 unique RBPs and their overlap with those identified 
experimentally by Baltz et al.(7) and Castello et al.(8).  
(C) Distribution of known classical and non-classical RNA-binding domains in RBPs represented in our library. 
(D) Distribution of molecular categories for RNA-related functions of RBPs represented in our library. 
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Next, we constructed a set of luciferase reporter plasmids that measure the effect of RBP 

recruitment to the 3’UTR on reporter expression. F-Luc-6MS2 encodes firefly luciferase 

followed by 6 MS2 hairpin sequences inserted into the 3’UTR context of HBB (β-globin). To 

evaluate potential reporter context dependencies, we also generated a corresponding Renilla 

luciferase construct. Matched constructs lacking MS2 sequences served as negative controls 

(Figure 2.2A). To validate our system, we co-introduced each reporter into HeLa cells along 

with constructs expressing MCP-fused and unfused versions of ZFP36 (also known as 

Tristetraprolin, TTP), an RBP activator of AU-rich element (ARE)-mediated RNA decay (27), 

enhanced GFP (EGFP), or the FLAG peptide. As expected, ZFP36 but not enhanced GFP 

(EGFP) or the FLAG peptide, dramatically reduced protein levels of the luciferase reporter in 

a manner that depended on the presence of the tether but not the identity of the luciferase 

protein. This demonstrated that tethered ZFP36 can recruit functional CCR4-NOT deadenylase 

complexes, which contain the Caf1 subunit CNOT7 (an RNase), 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) 

(Figure 2.2B). 
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Figure 2. 2 Schematic of tethered luciferase reporter. 
(A) Schematic of luciferase reporters. The coding region for either firefly (top) or Renilla (bottom) luciferase 
contain 6 MS2 stem-loop structures in the 3’UTR. The complementary reporters lacking MS2 hairpins were used 
as internal controls to normalize reporter signals. RBPs fused C-terminally to the MS2 coat protein (MCP), which 
recognizes MS2 hairpins with high affinity, are co-expressed with the reporters in a HeLa cell line. 
(B) Bar plots showing the activity of the luciferase reporters in the presence of co-expressed known negative 
regulators of RNA stability (CNOT7, blue bars; and ZFP36, pink bars) or negative controls (the FLAG peptide, 
gray bars; EGFP, green bars; without MCP fusion, light shading; with MCP fusion, dark shading). Values are 
expressed as ratio of the median luciferase activity in the presence of the indicated RBPs, relative to that untagged 
FLAG controls at timepoint 0. Left and right panels in correspond to top and bottom reporter pairs in (b), 
respectively. Error bars denote mean±SD (n=3 replicate transfections). * p<0.005, ** p<0.0005 (two-tailed 
Student’s t-test). 
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2.3.2 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 described above, and the FLAG expression construct as a negative control (Figure 

2.3a, left). We calculated the effect of RBP recruitment to the tethering reporter as the fold 

change in luciferase activity relative to FLAG control, after normalization to the respective 

untethered reporters (Figure 2.3A, right; Extended Data Table 2). Supporting the validity of 

our screening approach, we confirmed that the effect was not correlated with RBP size 

(R=0.063), indicating that steric hindrance is unlikely to account for these observations (Figure 

2.3B). Although the magnitude of the effect on reporter transcript abundance generally 

depended on the reporter system (R=0.47), the luciferase enrichment levels were significantly 

correlated (p<0.0001) between them (Figure 2.3C-D). We prioritized candidates from each 

reporter assay by using multiple t-tests at a threshold p<0.05 and calculated false discovery 

rates (FDR) for each comparison using the Benjamini, Krieger & Yekutieli procedure(28). We 

identified 299 and 71 RBPs with an estimated FDR <0.01 in Renilla and firefly reporters, 

respectively, indicating that reporter contexts do factor in the regulatory impact of tethered RBPs. 

50 RBPs were recovered from both reporter contexts (Figure 2.3E). As an independent measure 

of the effect that the tethered RBP exerted on the reporter, we measured both luciferase transcript 

levels by reverse transcription quantitative PCR (RT-qPCR) for 35 of the 50 RBPs. In general, 

the change in reporter translation levels by luciferase was positively correlated (R=0.83) with 

changes in reporter transcript levels by qRT-PCR (Figure 2.3F; Extended Data Tables 3 and 

4). Among the strongest candidate negative regulators were RBP components of both 

deadenylation-dependent and -independent exonuclease decay pathways, including ZFP36, as 
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well as members of the CCR4-NOT deadenylase complex (CNOT2, CNOT4, CNOT7, TOB1, 

and TOB2), the 3’-to-5’ exonuclease PARN, and the decapping activator DDX6, which is 

recruited to the 5’ cap via interaction with the CCR4-Not complex(29). As another positive 

control, we also confirmed that YTHDF2, a member of the YTH domain family of N6-

methyladenosine binding proteins, which recruit target RNAs to degradation bodies(30), 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 cells (31), and 

CPEB4, which binds polyadenylation elements in the 3’ UTR and negatively regulates 

translation initiation by interacting with the translation initiation factor eIF3 (ref. (32)). 

Interestingly, EIF2S2, with roles in promoting translation initiation, emerged as positive 

regulator of translation when recruited to the 3’ UTR. We speculate that recruitment of this 

protein to the 3’ UTR brings it into proximity to the mRNA cap and 5’UTR, similar to DDX6 

and CPEB4 and consistent with the closed-loop model of translation(33, 34) (Figure 2.3G). 

Nevertheless, while these proteins are previously proposed as translational regulators, we also 

see changes in luciferase mRNA upon tethering. This appears consistent with the close coupling 

between translation and mRNA stability (35-37).  

In summary, the screen revealed candidate regulators previously annotated to be linked 

to post-transcriptional gene regulation of metabolic processes, cell cycle, cell differentiation 

(DAZ family proteins BOLL, DAZ2 and DAZ4; DAZAP and NANOS3; refs. (38-40)), stress 

granule-associated proteins (UBAP2L(41-43)), factors involved in translation (EIF2S2, 

LARP1, PABPC1, and CPEB4; refs. (32, 44-46)), ER proteins (SRPR(47)), and heat shock 

proteins (HSPB1). Our screen also identified eight annotated splicing factors (CLK3, CPSF5, 

PLRG1, PRPF3, RBFOX1, SF3B3, SNRNP27, and SNRPA; refs. (48-50)) and two nuclear 
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export complex proteins (HNRNPD and THOC1; refs. (51, 52)) as candidates (Figure 2.3H-

J). We next reconfirmed 14 RBPs with significant effects (8 that enhanced and 6 that repressed 

luciferase mRNA and protein levels) for further investigation (Figure 2.3K-L). 
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Figure 2. 3 A large-scale tethered function screen identifies RBPs regulating stability and translation. 
 (A) Experimental and analysis workflow. The screen was conducted on 771 MCP-tagged ORFs in two reporter 
contexts. Levels of MS2-tagged luciferase reporters were normalized to untagged co-transfected controls reporters. 
The effect of RBP recruitment was calculated as the ratio of normalized luciferase levels in the presence of MCP-
tagged RBPs relative to that of MCP-FLAG control. 
(B) Scatter plot of RBP size and luciferase effect. R, Pearson correlation coefficient. 
(C) 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.  
(D) 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-fused ORFs over FLAG controls. R, Pearson correlation 
coefficient. 
(E) Hit discovery. RBPs with effects at estimated FDR <0.01 in both reporter assays were considered candidate 
regulators. 
(F) qPCR validation of reporter levels for 35 candidate RBP regulators. Means (n=3 independent measurements) 
of log2-transformed fold-changes of reporter mRNA levels, calculated analogously to (d), were plotted against the 
corresponding log2-transformed fold-changes of reporter luciferase levels. The line represents the least-squares 
linear regression fit. Shaded areas denote the 95% confidence interval. R, Pearson correlation coefficient. 
(G) Examples of our 50 candidate RBP regulators that are known to affect RNA stability and translation.  
(H–I) Volcano plots showing the distribution of fold changes for 50 RBP hits from the (h) firefly and (i) Renilla 
reporter assays. RBPs with FDR <0.01 are in orange. q-values were calculated as described(28). 
(J) Gene ontology (GO) classification of candidate RBP regulators by manual curation.  
(K–L) Validation of the (K) 9 negative and (L) 6 positive candidate regulators of RNA stability and/or translation 
by repeat luciferase (blue bars) and RT-PCR (red bars) measurements. Values were calculated as in (f). Error bars 
denote mean±SD for n=4 replicate transfections. *p<0.05 (two-tailed Student’s t-test) vs. FLAG control.  
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2.3.3 Enhanced CLIP identifies endogenous RNA targets of candidate regulators 

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, TOB1/2, PARN, MEX3C, and BOLL) (Figure 2.4A). We investigated their 

endogenous mRNA targets and their transcriptome-wide binding sites using enhanced cross-

linking immunoprecipitation followed by sequencing (eCLIP) (1). Briefly, HEK293T cells 

were subjected to UV-crosslinking, lysis and RNA fragmentation, and protein-RNA complexes 

were immunoprecipitated using validated RBP-specific antibodies (53) (Figure 2.4B). We also 

transiently transfected cells with plasmids expressing V5-tagged fusions of those candidate 

RBPs which are not expressed in HEK293T cells or do not have RBP-specific antibodies 

(Figure 2.4C). In total, we generated eCLIP datasets in duplicates for the 14 candidate proteins, 

each replicate consisting of an RBP eCLIP (IP) library and a paired size-matched input 

(SMInput)(1) library. Libraries were sequenced to at least 14M (million) reads (average of 

27M), of which at least 1M (average of 7M) mapped uniquely to the human genome. All 

libraries passed our routine quality control metrics (19). We observed an average Pearson 

correlation coefficient above 0.5 between replicates (Figure 2.4D). In summary, eCLIP 

libraries were successfully performed, and yielded reproducible RBP-specific global binding 

profiles.  
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Figure 2. 4 CLIP identifies endogenous RNA targets 
(A) Domain structures of 14 candidate RBPs with RNA destabilizing (left) and stabilizing (right) effects in the 
tethering assay, with lengths of their polypeptide chains. 
(B-C) In-line western blots of eCLIP immunoprecipitations of candidate RBPs. (B) Extracts from HEK293T cells 
or (b) from HEK293T transfected with the indicated V5-tagged RBP ORFs immunoprecipitated with non-immune 
(IgG) control antibodies, and western blot analysis using either RBP-specific (B) or anti-V5 (C) antibodies. The 
molecular weight (in kDa) of standards are indicated on the right. Arrowheads indicate the calculated molecular 
weight for each RBP or RBP-V5 fusion protein. 
(D) Heatmap of the Pearson correlation coefficients of fold-enrichment of eCLIP peaks for the indicated 14 RBPs 
analyzed in duplicate. 
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 Next, we determined transcript binding region specificities using two distinct metrics, 

namely read density and binding cluster enrichment. Read density enrichment within 5’ and 

3’UTRs and coding regions (CDS) of annotated protein coding genes were computed by the 

fold enrichment in the IPs normalized to their paired SMInputs for target transcripts. To 

illustrate, BOLL, a germ-cell specific RBP with some documented roles in mRNA stabilization 

and translation enhancer activity, displayed a strong preference for 3’UTR association. 

Surprisingly, IFIT2 (Interferon Induced Protein With Tetratricopeptide Repeats 2), which is 

known to inhibit expression of viral messenger RNAs, robustly displayed a strong 3’UTR 

preference in human mRNAs (Figure 2.4A). The helicase DDX6 was enriched for binding 

within 5’UTRs and 3’UTRs, consistent with its role in the assembly of the decapping complex 

and the closed-loop model of translation (33, 34). Unexpectedly, TOB family member TOB1, 

which recruits the catalytic subunits of the CCR4-NOT deadenylase complex to target mRNAs 

(54), and 3’-to-5’ exonuclease PARN which degrades poly(A) tails, showed preferences for 

5’UTRs in addition to 3’UTRs and CDS, suggesting unexpected roles for these proteins (Figure 

2.4B). UBAP2L (Ubiquitin-associated protein 2-like) showed strong enrichment across CDS 

exons and 5’ UTR (Figure 2.5C). 
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Figure 2. 5 Regional analysis shown the binding preferences of candidate RBPs 
(A-C) Histograms showing region-based fold-enrichment of read densities, normalized to paired SMInput controls 
for (A) BOLL and IFIT2, which show read density enrichment in 3’UTRs; (B) DDX6, TOB1, and PARN which 
show read density enrichment in 5’UTRs; and (C) UBAP2L, which shows read density enrichment in CDS and 
5’UTR.  
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To identify binding sites at higher resolution, clusters were discovered by the CLIPper 

algorithm(55) and reproducible binding sites were defined as clusters that overlapped between 

both replicates. Cluster enrichment was computed by calculating the ratio of read densities 

between IPs and SMInputs within a reproducible cluster and significant clusters were defined 

as p≤10-2 (Fisher’s exact test for read numbers <5; χ2 test for read numbers ≥5) and ≥4-fold-

enriched over SMInput(1). Significant clusters were enriched for specific sequence motifs 

(Figure 2.6A), some of which reflect expected preferences. For example, the SNRPA motif 

GGUAAG resembles the 5’ splice site consensus (GGURAG), and the helicase DDX6 motif 

GGGGGG is consistent with its binding preferences to G-quadruplex RNA (56). Interestingly, 

the binding motif identified for BOLL (AGUGUA) partially overlaps with the pumilio response 

element (PRE) UGUANAUA, consistent with complex formation of DAZ family proteins with 

PUM2 on RNA targets(57, 58). Binding cluster enrichment analyses of these RBPs which focus 

on the binding sites with high signal (Figure 2.6B) generally agree with read density 

enrichment analyses. Meta-gene plots further reinforce that BOLL and IFIT2 (Figure 2.6C), as 

well as MEX3C, AIMP1 and CNOT7 are 3’UTR-preferring binders (Figure 2.6F). DDX6 

(Figure 2.6D), TOB1, NANOS3 and TOB2 appear to have 5’ and 3’UTR, but lower CDS, 

preferences in the meta-gene plots (Figure 2.6G). PARN (Figure 2.6E) and CLK3 are enriched 

at the 5’UTR, peaking near the start codon (Figure 2.6I). UBAP2L and MTDH binding clusters 

were predominantly in CDS (Figure 2.6F). Indeed, UBAP2L clusters were dispersed across 

exonic regions (Figure 2.6J). Overall, our analyses not only revealed previously unrecognized 

binding maps and preferences for RBPs known to affect mRNA stability and translation, but 

also revealed novel RNA interactomes of candidate RBPs.  
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Figure 2. 6 A large-scale tethered function screen identifies RBPs regulating stability and translation. 
 (A) De novo sequence motifs in significant eCLIP peaks of the indicated RBP candidates enriched above 
background, with associated binomial p-value. 
(B) Bar graphs showing eCLIP binding cluster distribution across transcript regions for the 8 destabilizers and 6 
stabilizers. Peak assignment was performed using stringent enrichment criteria (≥4-fold-enrichment and p≤10-2 
versus SMInput). The region distribution of the entire transcriptome annotated in GENCODE v19 is indicated at 
the top. 
(C-F) Example genome browser track views of eCLIP read densities (in reads per million, RPM) and 
corresponding SMInput read densities for (C) BOLL and IFIT2, which show peak enrichment in 3’UTRs, (D) 
DDX6 and (E)PARN, which show peak enrichment in 5’UTRs, and (F) UBAP2L, which shows peak enrichment 
across exons. 
(G-J) Meta-gene maps showing the distribution of eCLIP peak densities at target transcripts. The x-axis indicates 
the relative length of each regions. 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 (G) BOLL, IFIT2, MEX3C, 
AIMP1, and CNOT7, which show peak enrichment in 3’UTR; (H) DDX6, TOB1, NANOS3, TOB2, which show 
peak enrichment in 5’UTR/ 3’UTR; (I) PARN and CLK3, which show peak enrichment in 5’UTR; and (J) 
UBAP2L and MTDH, which show peak enrichment in CDS. Light shaded areas denote the 95% confidence 
interval.  
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2.3.4 Integration of eCLIP and RNA-seq data defines regulatory 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-seq 

analysis. Specifically, we either depleted RBPs by lentiviral transduction of short-hairpin RNAs 

(shRNAs) (Figure 2.7A), or ectopically expressed ORFs of those candidate RBPs which are 

not expressed in HEK293T cells or which do not have RBP-specific shRNAs (Figure 2.7B). 

For each RBP, we either performed two independent transductions of two different targeting 

shRNAs and two non-targeting 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 

control. We selected polyA+ RNA, prepared sequencing libraries and sequenced them to a depth 

of >32M (or >26M uniquely mapped) reads. 
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Figure 2. 7 shRNA-mediated depletion or overexpression of RBPs 
(A) shRNA-mediated depletion of RBPs in HEK293T cells using 3-5 distinct shRNAs for each RBP, as indicated, 
compared to non-targeting shRNA control.  Western blots, with GAPDH or tubulin serving as loading controls, as 
indicated. Bar graphs indicating RBP transcript levels determined by qRT-PCR, 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. 
(B) 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. Asterisks denote significance at 
p<0.05 determined by two-sided Student’s t-test. Data are shown as mean±SD (n=3 replicates). 
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To assess the effect of a candidate RBP on transcript levels, we measured the number 

of significantly up- or down-regulated genes upon knockdown or overexpression. In general, 

our manipulations of RBP levels resulted in a largely unperturbed population of transcripts, 

typically 80% at threshold of statistical significance (≥1.23-fold, FDR-corrected p≤0.05 versus 

non-targeting shRNA or FLAG control). This indicates that our candidate RBPs affect specific 

sets of target transcripts, instead of having effects on global transcript stability. When only 

considering those transcripts that were bound by the respective RBP, as measured by eCLIP 

(≥1 significantly enriched cluster per transcript), we observe higher numbers of targets that 

change in the direction anticipated by the tethering assays, than in the opposite direction, for 

candidate destabilizers (negative regulators) DDX6 and PARN (Figure 2.8A), as well as 

SNRPA (Figure 2.8B), and candidate stabilizers (positive regulators) UBAP2L and CLK3 

(Figure 2.8C), as well as BOLL and IFIT2 (Figure 2.8D). In other words, knockdown of 

specific predicted destabilizers led to more up-regulated genes, whereas overexpression of 

destabilizers led to more down-regulated genes, and reciprocal effects were observed in the 

alterations of stabilizing RBPs.  
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Figure 2. 8 Integration of eCLIP and RNA-seq data 
(A–D) Volcano plots showing the distribution of fold changes in transcript levels upon modulation of (A-B) 
destabilizers and (C-D) stabilizers, with distribution histograms shown at the top. (A) Depletion of DDX6 (left) 
and PARN (right). (B) Overexpression of SNRPA. (C) Depletion UBAP2L (left), and CLK3(right). (D) 
overexpression of BOLL (left) and IFIT2 (right).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 1 significant RBP binding 
peak (≥4-fold-enriched and p≤10-2 versus SMInput in eCLIP), respectively.  
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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 (Figure 

2.9A,B). In fact, we observed significant correlation between different eCLIP cluster fold 

enrichments of IP over SMInput and change in transcript levels, for both candidate destabilizers 

(e.g. DDX6 and SNRPA; Figure 2.9C,D) and candidate stabilizers (e.g. UBAP2L and BOLL; 

Figure 2.9E,F). This indicates that our candidate RBPs directly engage hundreds of previously 

unknown endogenous target mRNAs to affect transcript levels in the predicted direction. For 

example, knockdown of the destabilizer PARN increased transcript levels of RPS21 mRNA, a 

PARN-bound transcript (Figure 2.9G). Conversely, depletion of the stabilizer CLK3 reduced 

the abundance of its target NELFCD mRNA (Figure 2.9H). Interestingly, when we further 

evaluated which genic regions bound by the RBPs are most correlated with transcript levels, 

UBAP2L binding within CDS was the most enriched (Figure 2.9I). In general, we conclude 

that the majority of our candidate RBPs affect mRNA levels of their endogenous RNA targets, 

in agreement with our tethering results. 
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Figure 2. 9 Integration of eCLIP and RNA-seq data defines regulatory classes of RBPs and transcripts 
 (A-B) Bar plots showing the percentage of overlap between genes significantly up- or downregulated [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) upon knockdown (KD) or overexpression (OE) of candidate (A) destabilizers and (B) stabilizers. 
*p<0.01, **p<10-2, ***p<10-3 ****p<10-4 (hypergeometric test) vs control (non-targeting shRNA or FLAG 
overexpression, as appropriate). 
(C–F) Cumulative distribution plots of transcript log2-transformed fold changes of overexpression versus vector 
control or shRNA-mediated knockdown vs non-targeting control, as indicated, for the destabilizers (C) DDX6 and 
(D) SNRPA, and the stabilizers (E) UBAP2L and (F) BOLL. Distributions are shown for transcripts showing the 
indicated significant read enrichments over SMInput (p≤10-2) from eCLIP analysis (4-8 fold, green; 8-16 fold, red) 
or transcripts that are not significantly bound (‘Not Bound’, p>10-2 or <4-fold enrichment; gray). p-values for the 
distributions were calculated compared to ‘Not Bound’ using a two-tailed Mann–Whitney U test. 
(G–H) Genome browser views from shRNA-mediated knockdowns showing RNA-seq reads (shRNA knockdown 
in maroon and non-targeting shRNA control in pink) and eCLIP reads (IP in blue and SMInput in gray) for (G) 
PARN at the RPS21 locus and (H) CLK3 at the NELFCD locus. y-axes denote read density in reads per million 
(RPM).  
(I) 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) vs 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. 
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2.3.5 UBAP2L increases mRNA polysome association and promotes translation 

Among the candidates we analyzed, UBAP2L had the highest CDS read density 

enrichment, suggesting a role in translation. However, such a function for UBAP2L had not 

been described. We measured global protein synthesis rates in cells lacking UBAP2L with the 

SUnSET assay, which uses incorporation of puromycin (a structural analog of aminoacyl-

transfer RNA) to label newly synthesized proteins (59). HEK293T cells biallelically deleted for 

UBAP2L by CRISPR/Cas9-mediated genome editing (Figure 2.10A) showed a ~40% reduction 

in protein synthesis (Figure 2.10B), indicating that UBAP2L promotes global translation.  

 

 

Figure 2. 10 Translation monitoring using puromycin incorporation. 
 (A)Western blots of extracts from control (WT) HEK293T cells and two independent clonal isolates with 
CRISPR-mediated disruption of UBAP2L.  
(B) (Left) Representative anti-puromycin western blot of extracts from puromycin-treated WT and two 
independent KO clonal cells. GAPDH served as loading control. (Right) Densitometric quantitation of blots from 
of n=3 independent experiments. *p<0.05 vs. WT (two-tailed Student’s t-test).  
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We next performed sucrose gradient centrifugation of HEK293T lysates to examine the 

association of UBAP2L with ribosomes. We detected enrichment of Eukaryotic Elongation 

factor 2 (EEF2) in 40S, 60S and monosome but not polysome fractions, as expected(60). 

UBAP2L co-fractionated with monosomes and polysomes, suggesting a role for UBAP2L in 

translation (Figure 2.11A). In order to rule out the possibility that this observation is due to the 

presence 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 monosomes, as expected, and levels of UBAP2L in fractions 

corresponding to polysomes were strongly reduced (Figure 2.11B). 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 fractions corresponding to monosomes (Figure 

2.11B). These results strongly suggest that UBAP2L directly interacts with translating 

ribosomes. 
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Figure 2. 11 Polysome profile shows UBAP2L associate with ribosome 
(A) Polysome profile of UBAP2L. (Top) Absorbance (at 260 nm) plot of a HEK293T cell lysate fractionated 
through a 10-50% a sucrose gradient. (Bottom) Western blots of UBAP2L and EEF2 from corresponding sucrose 
fractions. 
(B–C) Polysome profile of UBAP2L after (B) treatment of cells with 0.5 mM puromycin, and (C) treatment of 
lysates with 30 mM EDTA. (Top) Absorbance (at 260 nm) plot of a HEK293T cell lysate fractionated through a 
10-50% a sucrose gradient. (Bottom) Western blots of UBAP2L from the corresponding fractions. 
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To identify specific transcripts subject to UBAP2L-mediated translational regulation, 

we performed polysome profiling in cell lysates from two independent UBAP2L knockout 

clonal isolates and from two control samples (Figure 2.12A). From two independent 

fractionations per line, we isolated polyA+ mRNA from a portion of the input lysates and from 

pooled polysome fractions, and prepared and sequenced RNA-seq libraries. We considered all 

transcripts with RPKM ≥1 in inputs. We observed that UBAP2L knockout 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 down-regulated in pooled polysome 

fractions, but a similar fraction of transcripts were up- (55%) or down- (45%) regulated in input 

RNA, indicating the changes in pooled polysome fractions were independent of RNA 

abundance (Figure 2.12B). In the aggregate, these results suggest that UBAP2L predominantly 

acts at the translational level. As a measure of ribosome association, we computed the ratio of 

transcript RPKMs in polysome pools over 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 (Figure 2.12C). Replicate analyses 

showed excellent correlation between the cell lines (Figure 2.12D). When we isolated those 

transcripts that changed in the same direction in both knockout lines, we found that overall 

nearly 10-fold more transcripts were reduced in translation (90.6%; n=8,784) than enhanced 

(9.4%; n=908) (Figure 2.12E). Even more strikingly, 97% of the 4,789 UBAP2L exon target 

transcripts, identified by eCLIP, showed significant downregulation in polysome association 

upon UBAP2L knockout (Figure 2.12F). We also measured a subset of target transcripts by 

qRT-PCR, which confirmed the magnitude of translational downregulation (Figure 2.12G).  
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To investigate how depletion of UBAP2L affected global translation, we evaluated the 

gene function attributes of UBAP2L direct targets. We observed a significant enrichment (FDR 

<0.05) in protein translation and ribosome biogenesis terms by Gene ontology (GO) analysis 

(Figure 2.12H). We also revealed that UBAP2L depletion decreased polysome association on 

mRNAs encoding translation initiation factors, elongation factors, and poly(A) binding proteins 

(Figure 2.12I). In fact, western blot analysis of these UBAP2L targets confirmed decreased 

protein levels of translation and elongation factors, such as Eukaryotic Translation Initiation 

Factor 4 Gamma 1 (EIF4G1), Eukaryotic Initiation Factor 3 Subunit B (EIF3B) DEAD-Box 

Helicase 54 (DDX54), and Eukaryotic Translation Elongation Factor 2 (EEF2) in cells lacking 

UBAP2L (Figure 2.12J, K). 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. 
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Figure 2. 12 UBAP2L promotes translation 
(A) 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), dark shaded areas (WT, blue; KO, red) denote standard deviations. 
 (B-C) Global transcript association with polysomes in UBAP2L knockout cells. (B) Scatter plots of log2-
transformed RPKM ratios of input transcript levels (x-axis) and polysome transcript levels (y-axis) between the 
UBAP2L knockout HEK293T lines and WT samples. RPKM values from the two replicates were averaged prior 
to analysis and transcripts with average RPKM ≥1 were considered. Numbers and percentages of transcripts in 
each quadrant are indicated. (C) Cumulative distribution plots of log2-transformed transcript levels (RPKM ≥1) in 
pooled polysome fractions from the two UBAP2L knockout HEK293T lines and WT control, normalized to levels 
in the respective input lysates. p-values were calculated using a two-sample Kolmogorov-Smirnov test.  
(D) 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. 
(E) Bar graph showing log2-transformed ratios of input-normalized polysome transcript levels (RPKM) between 
the two UBAP2L knockout lines (KO) and control (WT). Only transcripts with RPKM ≥1 in all three samples 
were considered (n=9,692). RPKM levels for the two KO lines were averaged. 
(F)  Bar graph showing the percentage of regulated transcripts in UBAP2L targets, and non-targets. *p<0.0001 
(2 test with Yates' correction)  
(G) Quantitative RT-PCR 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. 
(H) Gene ontology (GO) analysis for UBAP2L exon target transcripts (n=4,789). Significantly enriched GO terms 
were determined by Fisher’s exact test at a false discovery rate of p<0.01. Shown are GO terms that are related to 
mRNA translation. 
(I) Heat map showing log2-transformed polysome association ratio between UBAP2L knockout line (KO2) and 
control (WT) for the indicated translation regulators. 
(J-K) (J) Representative western blots of UBAP2L, EIF4G1, EIF3B, DDX54, and EEF2 in UBAP2L knockout 
cells. GAPDH served as a loading control. (K) Densitometric quantitation of blots from of n=3 independent 
experiments. *p<0.05 vs. WT (two-tailed Student’s t-test).  
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2.3.6 Programmable RNA-targeting CRISPR-mediated recruitment of UBAP2L 

promotes translation 

In order to assess the dependence of UBAP2L-mediated translational regulation on 

direct binding to its target mRNA, we employed a fluorescence-activate cell sorting (FACS)-

based reporter assay using UBAP2L fused to RNA-targeting RCas9 (RCas9)(61, 62) (Figure 

2.13A). As a control, we performed our assay with RCas9-fused eukaryotic translation initiation 

factor 4E-binding protein 1 (EIF4EBP1, or 4EBP1), an inhibitor of translational initiation 

(Figure 2.13B). HEK293T cell lines expressing a fusion of RCas9 and UBAP2L, RCas9 and 

4EBP1, or Cas9 only were derived via transposase-mediated piggyBAC genomic integration of 

plasmid constructs. We transfected a second, tripartite construct expressing a reporter that 

stably expresses RFP transcripts not regulated by RCas9, a guide RNA (gRNA), and a 

tetracycline-inducible YFP transcript harboring the guide RNA target sequences. We designed 

7 different guide RNAs targeting locations across the YFP transcript (5’ UTR, CDS, and 

3’UTR), and a non-targeting guide RNA. We then measured post-transcriptional regulation as 

changes in the normalized YFP/RFP fluorescence ratio between Cas9-fusion and Cas9 only 

cells by using analytical flow cytometry. Due to the random nature of piggyBAC-mediated 

integration in terms of construct integration sites and numbers, regulation for various rCas9 

construct levels (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 directed to targeting 

sites within the 3’UTR and coding regions (Figure 2.13C). In contrast, significant 4EBP1-

mediated reporter repression was only observed when 4EBP1 was targeted to the 5’ UTR, as 

expected (Figure 2.13D). Normalized YFP mRNA levels were not significantly different 
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between RCas9-UBAP2L 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 (Figure 2.13E). Our 

UBAP2L-RCas9 results indicates a programmable means to enhance translation and further 

corroborate our observations from eCLIP and tethering in another orthogonal manner. 
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Figure 2. 13 Quantitative fluorescence-activated cell sorting (FACS)-based reporter assay 
(A–B) Quantitative fluorescence-activated cell sorting (FACS)-based reporter assay for mRNA translation. 
Transgene expression constructs. RCas9 is expressed from a tetracycline responsive element (TRE) reporter. A 
constitutive promoter drives a polycistronic transcript containing puromycin N-acetyl transferase (Puro) and the 
reverse tetracycline (tet)-controlled transactivator (rtTA) separated by a P2A self-cleaving peptide, as well as CFP 
fused to a nuclear localization signal (NLS) preceded by an internal ribosome entry site (IRES). A second construct 
drives rCas9 fused to (A) UBAP2L (B) 4EBP1 in same plasmid backbone. rCas9 and rCas9-UBAP2L constructs 
were integrated into the genome at random copy number to establish stable cell lines. A third reporter construct 
harbors a U6 promoter driven single guide (sg)RNA targeting the indicated sites in the YFP reporter, which 
contains of a YFP fused to histone H2B driven by a tet-inducible promoter, and NLS-fused RFP driven by the 
EF1α promoter. The reporter construct was transiently transfected into rCas9 and rCas9-UBAP2L-expressing 
lines, and the expression levels of the three reporters were measured by FACS.  
(C-D) Bar graph showing mean YFP levels in (C) rCas9-UBAP2L (D) rCas9-4EBP1 expressing cells, normalized 
to rCas9 expressing cells, on each targeting site. Error bars denote SD from n=2,000 rCas9-UBAP2L or rCas9-
4EBP1 and n=2,000 rCas9 expressing cells per site. *p<0.05, **p<0.0001; n.s., not significant (p=0.7) (two-tailed 
Student’s t-test).  
(E) Bar graph showing ratios of YFP/RFP mRNA levels in rCas9-UBAP2L expressing cells, normalized to rCas9 
expressing cells, in the presence of the gRNA targeting site 2. Transcript levels were measured by qRT-PCR and 
calculated with the ∆∆CT method. Error bars denote mean±SD for n=3 replicates. n.s., not significant (p=0.5; two-
tailed Student’s t-test). 
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2.3.7 UBAP2L binds to RNA via the RGG domain and crosslinks to the expansion 

segments of the ribosome  

To gain deeper molecular 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 only two structured domains: a ubiquitin-associated 

(UBA) domain and an Arg-Gly-Gly repeat (RGG) domain, a common RNA and protein binding 

domain. Using inducible lentiviral vectors, we expressed UBAP2L, or truncated versions 

lacking either the UBA domain (∆UBA), the RGG domain (∆RGG), or both (Figure 2.14A), 

in UBAP2L knockout HEK293T cells. We then performed UV-crosslinking, 

immunoprecipitation, RNA fragmentation and radiolabeling to visualize RNA bound to 

UBAP2L (Figure 2.14B). Deletion of the RGG domain resulted in dramatically reduced 

recovery of RNA, indicating that the interaction between UBAP2L and RNA is mainly 

mediated by the RGG domain (Figure 2.14C). 
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Figure 2. 14 UBAP2L  binds RNA through RGG region 
(A) Domain structures of UBAP2L constructs inducibly expressed in UBAP2L knockout HEK293T cells. The 
ubiquitin-associated domain (UBA; blue bar) and arginine-glycine-rich region (RGG; orange bar) are indicated.  
(B) Autoradiograph of UBAP2L-RNA complexes immunoprecipitated from UV cross-linked HEK293T cells 
treated with increasing concentrations of RNase I, radiolabeled and separated on SDS polyacrylamide gel. Arrow 
indicates the expected molecular weight of UBAP2L. 
(C) Autoradiograph of UBAP2L-RNA complexes immunoprecipitated from lysates of UV cross-linked UBAP2L 
knockout cells (KO-UBAP2L) expressing the indicated constructs, treated with RNase I, radiolabeled and 
separated on SDS polyacrylamide gel. Arrow indicates the expected molecular weight of UBAP2L. 
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 Given that UBAP2L cofractionated with monosomes and polysomes in sucrose 

gradients, we reasoned that UBAP2L may interact directly with functional ribosomes. We first 

confirmed that UBAP2L is indeed localized to the cytoplasm (Figure 2.15A). 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 

ribosomal RNA (rRNA) genes. Remarkably, reads from rRNAs constituted the largest fraction, 

with 72% in replicate 1 and 65% in replicate 2, while mRNA reads totaled 22% and 24%, 

respectively (Figure 2.15B). Closer inspection showed that reads were most highly enriched 

over SMInput at the expansion segments (ES) 15L, 27L of 28S rRNA, and E7S of 18S rRNA 

(Figure 2.15C-G), which are located at the solvent-exposed surface of ribosomes and are 

thought to engage with RBPs to modulate translation (63). As a further measure of the 

confidence of fold-enrichment, we utilized an information-theoretic metric, relative entropy, 

which scales each enrichment with the strength of evidence (i.e. read depth) at each peak (64). 

We confirmed that the peaks at ES15L, ES27L and ES7S (and an additional peak at ES31L) 

contained high information content (Figure 2.15H). In contrast, the mean of 446 other RBPs 

(64) shows very limited information content as a reflection of their limited specificity for 

binding the rRNAs. As a further confirmation, we performed RNA immunoprecipitation 

followed by RT-PCR on ES7S, ES7L, ES15L, and ES31L. Indeed, UBAP2L 

immunoprecipitated rRNA targets, indicating UBAP2L interacts with ribosomes on expansion 

segments (Figure 2.15I). This is consistent with a recent UBAP2L IP-mass spectrometry study 

that recovered peptides from 15 ribosomal proteins (65), further supporting a UBAP2L-

ribosome interaction.  
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To assess the spatial arrangement of UBAP2L and the ribosome, we mapped these 

interactions onto the cryo-electron microscopy structure of the mammalian ribosome (66). The 

top ribosomal proteins that co-immunoprecipitate with UBAP2L (65) cluster in the 60S subunit 

(Figure 2.15J). In addition, ES31L, which is highly enriched for UBAP2L binding, lies close 

to the region of the 60S subunit, which is occupied by tRNA in the exit site (E site) during 

protein synthesis (Figure 2.15K). Collectively, these data support a model in which UBAP2L’s 

function is associated with its interactions with the ribosome. 
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Figure 2. 15 UBAP2L binds directly to the ribosome 
(A) Immunofluorescence images showing UBAP2L (green) in HEK293T cells. DAPI (blue) marks nuclei. Scale 
bar, 10 µm. 
 (B) Pie chart showing fractions of two replicates of UBAP2L eCLIP reads from HEK293T cells unambiguously 
mapping to mRNAs, ribosomal RNAs, and other repeat families. 
(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. * denotes relative entropy ≥0.01. 
(D–G) Location of UBAP2L binding sites on rRNA. (D) ES15L, (E) ES7S, (F) ES27L, and (G) ES31L. 
Nucleotides with significant binding are highlighted in yellow. 
(H) Locations of UBAP2L binding sites on rRNAs. Line plots showing the Kullback-Leibler divergence (relative 
entropy) for UBAP2L in HEK293T cells (red line) and the mean of 446 other RBPs analyzed by the ENCODE 
consortium (green line)(64) on 18S and 28S rRNAs. Lines show the mean of relative entropy, with light shaded 
areas indicating 10%-90% confidence intervals.  
(I) RNA immunoprecipitation (RIP) of UBAP2L-RIP and RT-PCR in HEK293T cell lysates. The RIP assay was 
performed using anti-UBAP2L antibody or rabbit non-immune IgG. RT-PCR was performed on using primer sets 
within UBAP2L target regions ES7S, ES7L, ES15L, and ES31L. 
(J-K) Model of the interactions of UBAP2L on the human ribosome structure(66). (J) Surface view with 60S 
ribosomal subunits (RNA and protein) shaded in gray and lavender, respectively. The Met-tRNA is highlighted in 
green. Ribosomal proteins previously identified as UBAP2L interactors by immunoprecipitation and mass 
spectrometry(65) are highlighted in orange. The expansion segment ES31L is highlighted in magenta. (g) View as 
in (J) with non-highlighted proteins removed. (K, right) View as in (K, left) rotated 90° around the z-axis. 
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2.4 Discussion 

Tethering of RBPs, followed by genome-wide validation, reveals new candidate regulators 

and rules  

To assign molecular functions to the rapidly growing number of predicted RNA binding 

proteins, we have developed comprehensive resources and methods enabling large-scale RBP 

tethered function assays. Using two pairs of 3’UTR reporters interrogating 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 genome (10-15), we speculate that 

over a hundred may have yet unrecognized roles in regulating RNA metabolism by either 

mRNA stability and/or translation.  

Highlighting the practicality of our approach, our results point to previously unknown 

mRNA targets and novel molecular mechanisms for several RBPs, all of which warrant future 

investigation. To illustrate, SNRPA (or U1A) is a dual-function protein functioning as a 

component of the spliceosomal U1 snRNP essential for the recognition of the 5’ splice site, and, 

in a snRNP-free form, couples splicing to polyadenylation (67). In its latter role, SNRPA has 

been shown to interact with stem-loop structures in 3’UTRs called polyadenylation inhibitory 

elements (PIEs) to inhibit poly(A) polymerase (68). Consistent with this, SNRPA emerged as 

an RNA destabilizer in our tethering assay, its overexpression led to significant downregulation 

of its targets, and SNRPA binding was enriched, expectedly, in intronic regions (59% of 

significant peaks) and also 3’UTRs (7.3%), including the PIE in its own transcript. Prior to our 

study, only a handful of SNRPA 3’UTRs had been identified. We identified 552 of peaks in 

344 SNRPA 3’UTR targets, suggesting that this mode of regulation is surprisingly widespread. 
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In the future, it will be interesting to evaluate if these also contain PIE structures or if SNRPA 

recognizes other sequence or structural elements. 

IFIT2 is an interferon-induced protein that blocks translation via sequestration of eIF3 

which is essential for cap-dependent translational initiation. In conjunction with other IFIT 

family members, which act by binding viral cap structures and sequestering viral proteins and 

RNAs, IFIT2 is an important element of the antiviral response. Although silencing and 

overexpression studies have suggested additional roles for IFIT2 in modulating the host 

response to viral infection, the molecular mechanisms remain unclear (69). We find that IFIT2 

is highly enriched for binding at the 3’UTR of endogenous RNAs (2538 of peaks in 2,100 genes 

) but only regulates stability of a minor fraction of them (14.5%). In our tethering assay, IFIT2 

recruitment to the 3’UTR enhanced reporter translation without significantly affecting reporter 

mRNA stability. We speculate that IFIT2 may mainly act at the translational level and perhaps 

regulates the host antiviral response by increasing translation of relevant endogenous RNAs. 

AIMP1 is multifunctional protein acting as an auxiliary factor of aminoacyl-tRNA 

synthetase complexes and as an intracellular and extracellular signaling molecule promoting 

inflammation and suppressing tumorigenesis. However, a role for this protein in mRNA 

stability and translation has not been described (70). Surprisingly, we find that AIMP1 binds a 

large number of endogenous mRNAs (4241 peaks in 2,206 genes), of which approximately 

equal numbers are up- and downregulated. Our results point to another facet of the multiple 

mechanisms and pathways regulated by AIMP1. 

Lastly, MTDH is a key oncogene promoting metastasis and resistance to chemotherapy, 

acting through multiple mechanisms. In the nucleus, MTDH is thought to activate the 

transcription factor NFκB, thereby promoting transcription of NFκB target genes. In the 



 

 
51 

cytoplasm, MTDH is thought to promote drug resistance by increasing polysome association 

of the multidrug resistance gene 1 (MDR1) mRNA (71). Interestingly, MTDH has been shown 

to prevent stress granule formation and promote global protein translation via regulation of 

eIF4G phosphorylation, required for translational initiation (72). In agreement with these 

studies, our tethering assay showed that MTDH promotes translation to a larger extent than 

mRNA stability. MTDH knockdown led to changes in levels of only 90 transcripts, consistent 

with a predominant role as a translational modulator.  

Future studies using a battery of genome-wide assays such as transcription inhibitors, 

metabolic labeling, nuclear/cytoplasm export and subcellular localization will be informative 

to further detail the mechanisms underlying how these candidate stabilizers and destabilizers 

function. 

 

UBAP2L: a new global translation factor 

Our studies revealed UBAP2L as a novel translational regulator that acts both locally 

on direct targets, with also global consequences. We present evidence pointing to UBAP2L as 

an RNA binding protein that interacts with RNA via its RGG domain, and crosslinking analysis 

suggests that UBAP2L interacts with the expansion segments of the ribosome. We observe a 

limited number of sites on rRNA to which UBAP2L crosslinks, supporting a specific set of 

interactions. Intriguingly, all interactions map to the eukaryote-specific expansion segments, 

flexible RNA structures protruding from the surface of the ribosome that are not fully occupied 

by ribosomal proteins. A recent report showed that binding of methionine amino peptidase to 

expansion segment 27L controls translational fidelity (63). UBAP2L thus joins a likely growing 

number of ribosome-associated proteins that modulate translation through binding to these 
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rRNA scaffolds. Association of UBAP2L with the ribosome is consistent with our eCLIP 

observations that UBAP2L binds to the coding regions of thousands of transcripts.  

Our results indicate that UBAP2L acts to enhance translation, as deletion of UBAP2L 

in human cells leads to a reduction of polysome association of thousands of target transcripts. 

This translational enhancement activity is transferable to a target mRNA via RNA-targeting 

Cas9 fused to UBAP2L, indicating UBAP2L recruitment to a 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 coding region (or 3’UTR). While moderate, this magnitude is in agreement with the 

magnitude of the decrease in protein synthesis (~40%) and in transcript polysome association 

of UBAP2L targets upon UBAP2L knockdown (median, 31%). Incidentally, this orthogonal 

approach also further expands in vivo applications of RNA-targeting CRISPR/Cas (RCas9) (61, 

62, 73).  

Finally, our transcriptome-wide analyses reveal that UBAP2L affects a significant 

number of mRNA targets. Interestingly, mRNAs targeted by UBAP2L are themselves enriched 

for central regulators of translation, and protein synthesis, revealing a role for UBAP2L in 

modulating protein homeostasis globally through directly and indirect means. Our current 

working model proposes that UBAP2L is dynamically recruited to translating ribosome-mRNP 

complexes to enhance translation on many targets, including translational regulators to affect 

global protein synthesis. Future studies will be needed to further evaluate the structural basis of 

UBAP2L-RNA interactions.  

 

Considerations of tethered function assay screens 
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Even though our screen to identify new regulators of mRNA, and in the case of 

UBAP2L, protein levels is generally successful, we do caution that tethered function assays, as 

with all large-scale screens, are designed to prioritize positively-scoring candidates quickly but 

false negatives and positives will undoubtedly occur. The sensitivity of such screens depends 

on the specific reporters and cell-lines chosen. For instance, our reporter mRNA is subject to 

endogenous polyA tailing which recruits polyA binding proteins (PABPs). Hence, additional 

tethering of PABPs is unexpected to further increase mRNA translation. Additionally, 

productive RBP recruitment to the reporter may fail for a number of reasons(23, 24, 74). Some 

RBPs require RNA binding at a specific site within the transcript region or in a specific 

orientation, or the ability to transit along or cycle to and from their RNA substrate. RBPs may 

also require additional cofactors for activity that are not expressed in the cell line utilized for 

the assay. Also, it is hard to predict if the fused RBP will function similarly to the cognate RBP. 

Thus, the absence of an effect in the assay is generally difficult to interpret. Conversely, forced 

recruitment may lead to artifactual signals with little relevance for endogenous RBP recruitment 

to natural RNA substrates. For example, binding of a protein per se, independent of its function, 

may block access or movement of RNA processing machinery.  

Despite these caveats inherent in such screens, our large-scale approach and our follow-

up of over a dozen candidate RBPs for their endogenous roles allow us to systematically address 

some of these questions for the first time. We find that the vast majority of RBPs resulted in 

reporter activity changes in the same direction (up- or downregulation) for both reporters we 

used, suggesting that for RBP recruitment to 3’UTRs, reporter context dependence may be more 

limited than we expect. We also observed that RBP size had no significant correlation with the 

magnitude of an effect, suggesting that overall, steric hindrance may represent but a minor 
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confound in large-scale 3’UTR tethering assays. Lastly, analysis of the effects of depletion and 

ectopic expression of 14 RBPs on the stability of their endogenous RNA targets largely 

recapitulated RBP effects from the tethering assay, but also revealed additional roles. 

Overall and in conclusion, our results provide proof-of-principle for the utility of large-

scale 3’UTR tethering assays for identification of candidate RBPs involved in affecting mRNA, 

and with deeper validation, protein levels. We anticipate that our RBP-MCP fusion library and 

screening methods will now enable massively parallel tethered function assays aimed at 

elucidating the roles of RBPs in other RNA metabolic processes, such as splicing, transport and 

A-to-I editing. In light of new experimental and computational approaches that have unearthed 

hundreds of candidate novel RBPs (7, 8, 75) and non-canonical RNA binding domains (76), we 

speculate that high-throughput approaches such as ours will be of increasingly critical 

importance to assign molecular functions to these newly identified bona fide RBPs. 

 

Future perspectives 

Our results provide a brief picture of RNA stability and translation.  According to our 

eCLIP data, RBPs have their own binding preferences and specific subset of target genes, 

indicating they regulate RNA stability and translation in different manners. For future following 

work, we should dissect the mechanism of 50 candidate RBPs individually, and investigate 

which protein complex that the RBP interacts with, and find out how and when the complex 

recognizes its target genes.  Since mRAN and protein levels are dynamic balance in the cells, 

disruption of the balance causing cancer or neuron degeneration diseases. Therefore finding out 

how the protein complexes coordinate together to maintain homeostasis in cells is a crucial 

question. 
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For UBAP2L regulation, our results show UBAP2L associate with ribosome, and 

enhance translation. It is important to find out how UBAP2L regulates translation on ribosome? 

To answer this question, it is necessary to have UBAP2L crystal structure on the ribosome. This 

could tell whether UBAP2L promotes conformation changes in ribosome and then enhances 

translation. It is also important to find out whether UBAP2L involves in other pathways and 

have multiple roles in the cells. Since UBAP2L has a UBA and RGG domains, UBA domain 

might play a crucial role in ubiquitination and protein degradation, which could also regulate 

protein expression levels.  

2.5 Materials and Methods 

2.5.1 Generation of MS2 coat protein tagged RBP expression plasmids 

The majority of ORF clones were obtained in pENTR vectors from the CCSB human 

ORFeome collection (77) (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 the 

MS2 coat protein 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. Extended Data Table 1 lists all ORFs and relevant information. 
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2.5.2 Gene ontology analysis 

Panther was used for gene ontology (GO) analysis(78, 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 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 at p<0.01 and sorted by fold enrichment. 

 

2.5.3 Dot blots 

HeLa cells were grown in antibiotic-free DMEM (Life Technologies) media with 10% 

FBS. 50 ng plasmid was prepared for transfection using Lipofectamine 3000 reagent (Thermo 

Fisher). After 15 minutes incubation, plasmid was transferred to 96-well tissue culture plates 

coated with poly-D-lysine hydrobromide (Sigma-Aldrich). 3.5×105 cells were subsequently 

plated in each well. After 48 h, cells were washed with phosphate-buffered saline (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 III (EMD Millipore). Lysate was 

transferred to nitrocellulose membrane pre-wetted with PBS using the Bio-Dot Microfiltration 

Apparatus (Bio-Rad) following manufacturer instructions. Membranes were blocked in 

blocking buffer [tris-buffered saline (TBS) containing 5% (w/v) dry milk powder] for 30 min, 
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then probed with rabbit anti-V5 tag antibody (Bethyl) in blocking buffer for 16 h at 4 °C. 

Membranes were washed 3 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, treating each column of the blot 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.  

 

2.5.4 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 (DD), with a 3’UTR consisting of that from the human β-globin (HBB) 3’UTR, 

under control of the tetracycline response element promoter (pTET2). Six MS2 hairpin 

structures(80) were inserted into the 3’UTR to generate FLuc-6MS and RLuc-6MS by standard 

restriction enzyme cloning. All constructs were sequence-verified. 

 

2.5.5 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; Corning). Prior to transfection, G418 was removed. 

A 6:1:1 mix of RBP-MCP, firefly-MS2 (or Renilla-MS2), and Renilla (or firefly) luciferase 
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reporter (transfection control) constructs were diluted in 150 mM NaCl and mixed for 

transfection with polyethyleneimine (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. 48 h post-

transfection, reporter transcription was suppressed by the addition of tetracycline (1 µg/ml; 

Sigma). Cells were lysed after 20, 80 and 120 min, lysed and luciferase activity 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 untagged reporters from 3 replicates. For the screen and 

validations, transfections were done as for the time course assay, and luciferase activities were 

measured 48 h post-transfection. Extended Data Table 2 lists the results of the luciferase 

assays. 

 

2.5.6 qRT-PCR 

Total RNA was isolated by lysing cells in TRIzol and purification with Direct-zol RNA 

Kits, following the manufacturer’s protocols. 0.5-1 μg of total RNA was reverse transcribed 

using Superscript III with oligo(dT)12-18 primers (Thermo Fisher). cDNA was diluted 20-fold in 

water and target transcripts quantified with Power SYBR Green Master Mix (Thermo Fisher). 

Three biological replicate samples were analyzed, and qRT-PCR 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 a fold 
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differences to control samples calculated using the ∆∆Ct method. Significance was assessed by 

a two-tailed Student’s t-test. 

 

2.5.7 eCLIP library preparation and sequencing 

eCLIP was performed essentially as described(1). Briefly, for each RBP, 3×107 

HEK293T cells were UV-crosslinked (400 mJ/cm2, 254 nm) and lysed. Lysates were sonicated 

and treated with RNase I to fragment RNA. 2% of each lysate sample was stored for preparation 

of a parallel size-matched input (SMInput) library. The remaining lysates were 

immunoprecipitated using RBP-specific antibodies. Bound RNA fragments in the IPs were 

dephosphorylated and 3’-end ligated to an RNA adapter. Protein-RNA complexes from 

SMInputs and immunoprecipitates (IPs) 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 released from the complexes with proteinase K. SMInput samples 

were dephosphorylated and 3’-end ligated to an RNA adapter. All RNA samples (IPs and 

SMInputs) were reverse transcribed with AffinityScript (Agilent). cDNAs were 5’-end ligated 

to a DNA adaptor. cDNA yields were quantified by qPCR and 100-500 fmol of libraries 

generated with Q5 PCR mix (NEB). 

 

2.5.8 Computational analysis of eCLIP sequencing data 

Reads were processed essentially as described(1). Briefly, reads were adapter-trimmed 

and mapped to human-specific repetitive elements from RepBase (version 18.05) by STAR 

(81). Repeat-mapping reads were removed, and remaining reads mapped to the human genome 
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assembly hg19 with STAR. PCR duplicate reads were removed using the unique molecular 

identifier (UMI) sequences in the 5’ adapter and remaining reads retained as ‘usable reads’. 

Peaks were called on the usable reads by CLIPper (55) and assigned to gene regions annotated 

in GENCODE (v19) with the following descending priority order: CDS, 5’UTR, 3’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 size-matched input 

(SMInput) by calculating the fraction of the number of usable reads from immunoprecipitation 

to that of the usable reads from the SMInput. 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 contain at least 

1 significant reproducible cluster.  Code is available on GitHub 

(https://github.com/YeoLab/eclip). 

 

2.5.9 eCLIP region-based fold-enrichment analyses 

Region-based fold-enrichment was calculated as described previously(82). Briefly, 

usable reads were counted across regions for all annotated transcripts in Gencode v19 

(comprehensive). Possible regions included CDS, 5'UTR, and 3'UTR. For each gene, a read 

was first queried for overlap with coding exons; then with 5'UTR or 3'UTR exons. 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 10 reads in one 
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of IP or SMInput, and where at least 10 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. 

2.5.10 Repeat-family centric mapping 

Binding to ribosomal rRNA was quantified using a family-aware repeat element 

mapping pipeline (19). Briefly, reads were mapped to a database of 7,419 multi-copy element 

transcripts, including the 5S, 5.8S, 18S, and 28S rRNA 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): 

𝑝𝑝𝑖𝑖 × 𝑙𝑙𝑙𝑙𝑙𝑙2 (𝑝𝑝𝑖𝑖
𝑞𝑞𝑖𝑖

), where pi is the fraction of total reads in IP 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) 

 

2.5.11 Meta-gene 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, 5’UTR, and 3’UTR, non-overlapping gene 

annotations from GENCODE v19 were used. First, lowly expressed transcripts (TPM < 1) were 

filtered. Then, transcripts with the highest TPM were selected, resulting in a single transcript 

per gene in the CDS. For each 5’UTR, CDS, and 3’UTR in a gene, the entire set of exons 

comprising the region was concatenated and overlapped with CLIP peaks, resulting in a list the 

length of the spliced transcript containing values of 1 if a peak was found at a given position, 
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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 

highest expressed transcripts in ENCODE HepG2 RNASeq control datasets (64).  The peak 

density was calculated by percentage of peak number at given position. 

(https://github.com/YeoLab/rbp-maps). 

 

2.5.12 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>’ Foreground 

was a bed file of significant peaks; the background was randomly defined peaks within the same 

annotated region as foreground peaks. Code is available on GitHub 

(https://github.com/YeoLab/clip_analysis_legacy). 

 

2.5.13 eCLIP correlation analysis 

We utilized Pearson correlation statistics to measure the reproducibility between pair-

wise comparisons of replicate eCLIP experiments. The read density in peaks was normalized 

to the size-matched input (SMInput) by calculating the fraction of the number of usable reads 

from immunoprecipitation to that of the usable reads from the SMInput. The correlation was 

the comparison of fold-enrichment in both datasets for all peaks. 

 

2.5.14 Lentiviral shRNA knockdowns and transient plasmid transfections 
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To generate lentiviral particles for RBP knockdown, 3.8×106 HEK293XT cells were 

seeded in 10 cm plates in antibiotic-free DMEM (Gibco) media with 10% FBS. After 24 h, cells 

were transfected with sequence-verified shRNA plasmids (pLKO.1) and packaging plasmids 

(pMD2.G: Addgene #12259 and psPAX2: Addgene #12260; both gifts from Didier Trono) 

using Lipofectamine 3000 (Thermo Fisher). Virus-containing media was harvested, replaced 

with 15 mL 20% FBS media, and harvested again a further 24 h later. Virus-containing media 

was pooled. For lentiviral transduction of HEK293T cells, cells were seeded in 6-well plates at 

8×105 cells/well and grown for 16 h in DMEM media with 10% FBS. Cells were transduced 

with virus-containing media diluted 1:1 in fresh media. After 24 h, media was replaced with 

fresh media containing 2 µg/µl puromycin. After a further 72 h, cells were harvested 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) media with 10% FBS at 37 °C. After 24 h, cells were transfected 

with 24 ug RBP plasmids using Lipofectamine 3000 (Thermo Fisher). After a further 48 h, cells 

were harvested and analyzed by western blot for successful overexpression, by RNA-seq, and 

by eCLIP analysis as indicated. 

 

2.5.15 RNA-seq library preparation and analysis 

RNA was extracted from cells with TRIzol (Invitrogen). Strand-specific RNA 

sequencing libraries were prepared from 0.5-3 µg total RNA using the Illumina TruSeq 

Stranded mRNA Sample Preparation kit (Illumina). Libraries were sequenced on the Illumina 
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HiSeq 4000 platform at a depth of at least 12×106 reads per sample in SE50 mode. RNA-

sequencing reads were trimmed using cutadapt (v1.4.0) of adaptor sequences and mapped to 

repetitive elements (RepBase v18.04) using the 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 experiments with their respective controls. Genes with RPKM 

values lower than 1 were not used.  

 

2.5.16 Polysome profiling 

For lysate preparation, 4×107 HEK293T cells were prepared. Before collection, cells 

were treated with cycloheximide (CHX) at 100 µg/ml for 5 min at 37°C. Culture media was 

removed, cells were washed twice with cold PBS containing 100 µg/ml CHX (PBS-CHX), 

resuspended in PBS-CHX by centrifugation at 200×g 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, 5mM MgCl2) with 1× 

protease inhibitor cocktail (EMD Millipore), CHX 100 µg/ml, 1 mM DTT, 25 U/ml DNase 

(TurboDNase; Thermo Fisher), 20 U/ml RNase inhibitor (RNaseOUT, Thermo Fisher) and 

incubation on ice for 30 min. Lysates were clarified by centrifugation at 17,500×g at 4 °C for 5 

min. 50 µl was reserved for inputs and the remainder used for fractionation.  

For puromycin treatment to release polysomes, cells were treated with puromycin at 0.5 

mM for 40 min, and then treated with CHX at 100 µg/ml for 5 min. For disassembly of 
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monosomes into 40S and 60S ribosomal subunits, the polysome lysis buffer was supplemented 

with 30 mM EDTA.  

For fractionation, a 14 ml 10-50% (w/v) sucrose gradient was prepared in polysome 

buffer. Samples were loaded on the sucrose gradient and centrifuged in a swinging bucket rotor 

at 35,000×g at 4 °C for 3 h. Fractions were collected from the top and UV absorbance monitored 

using a Gradient Station (BioCamp) equipped with ECONO UV monitor (BioRad). Fractions 

(500 µl each) were collected using a FC203B (Gilson) fraction collector. Fractions containing 

polysomes were pooled. Total RNA from the inputs and polysome pools were extracted in 

TRIzol-LS (Thermo Fisher) and purified with Direct-zol RNA kits (Zymo). RNA sequencing 

libraries were generated sequenced and reads processed as described above.  

For analysis of fractions by western blotting, 2 µg BSA was added to each fraction and 

protein precipitated by addition of trichloroacetic acid was added to 20% (v/v). Protein was 

precipitated for 16 h at 4 °C and collected by centrifugation at 15,000×g for 20 min at 4 °C. 

Protein pellets were washed twice with 1 ml ice-cold acetone, centrifuged at 15,000×g for 15 

min at 4 °C, dried at room temperature, neutralized, re-suspended, 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. 

 

2.5.17 Polysome association analysis 

The transcript RPKMs of input and polysome fractions were 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 
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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.  

 

2.5.18 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 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 150V for 1.5 h on 4%–12% NuPAGE Bis-Tris gels in NuPAGE MOPS running 

buffer (Thermo Fisher). Proteins were transferred to Polyvinylidene Difluoride (PVDF) 

membrane using NuPAGE transfer buffer (Thermo Fisher) with 10% methanol. Membranes 

were blocked in blocking buffer [tris-buffered saline containing 5% (w/v) dry milk powder] for 

30 min, probed with primary antibodies in blocking buffer for 16 h at 4 °C. Membranes were 

washed 3 times with TBS and probed with secondary HRP-conjugated antibodies in blocking 

buffer for 1 hours at room temperature. Signal was detected by Pierce ECL Substrate (Thermo 

Fisher) and exposure to film. 

 

2.5.19 SUnSET assay 

De novo protein synthesis was measured by the SUnSET method(59). Control and 

homozygous UBAP2L deletion HEK293T cells were treated with puromycin (10 µg/ml) for 10 

min and then harvested on ice by lysing cells in eCLIP lysis buffer. Protein concentration was 
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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 re-

blotted with mouse anti-GAPDH antibodies (1:8,000) as a loading control. Immunoblots were 

quantified by densitometric analysis in ImageJ to obtain levels of protein synthesis for each 

sample. 

 

2.5.20 RCas9-UBAP2L tethered translation assay 

HEK293T cells were grown in antibiotic-free DMEM (Life Technologies) media with 

10% FBS in 37 °C. Cells were transfected at 50-60% cellular confluency with a 4:1 mix of a 

PiggyBac transposon vector co-expressing CFP, a PiggyBac transposase vector, and either 

RCas9-UBAP2L, RCas9-4EBP1, or RCas9 only, using FuGENE HD transfection reagent 

(Promega). CFP-positive cells (integrants) were collected by FACS, expanded, and transfected 

again with a PiggyBac transposon vector constitutively expressing RFP, YFP under a tet-

inducible promoter, and a gRNA target sequence targeting the YFP reporter. RFP-positive cells 

were collected by FACS and expanded. Cells were induced with doxycycline (10 ng/ml) for 36 

h and quantified by FACS. For each cell the YFP:RFP fluorescence ratio was quantified as a 

metric of RCas9-UBAP2L 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. 

 

2.5.21 Immunocytochemistry 
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HEK293T were fixed with 4% paraformaldehyde (PFA) 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 hour at room temperature. Cells were then incubated 

with UBAP2L antibody (1:1,500) in blocking buffer for 16 h at 4 °C and washed with PBST 3 

times for 5 min 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 hour. After staining, cells were washed again with 

PBST 3 times for 5 min each at room temperature. Staining of nuclei with DAPI was performed 

with mounting solution. Images were captured on a Zeiss LSM 710 confocal microscope. 

 

2.5.22 Radiolabeling of RBP-bound RNA fragments 

20×106 UV-crosslinked HEK293T cells 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 (NEB) and RNase I, 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 (NEB) and insoluble material 

removed by centrifugation (15 min, 15,000 g, 4 °C). Protein-RNA complexes were 

immunoprecipitated for 16 h at 4 °C with UBAP2L antibody or normal rabbit IgG (Thermo 

Fisher) pre-coupled to magnetic beads (Dynabeads M-280 Sheep anti-Rabbit IgG, Thermo 

Fisher). A series of wash steps was employed to ensure stringency, as follows: twice with low 

stringency wash buffer (see above), twice with high stringency buffer (15 mM Tris-HCl pH 7.4, 



 

 
69 

5mM EDTA, 2.5 mM EGTA, 1% Triton-X 100, 1% sodium deoxycholate, 0.1% SDS, 120 mM 

NaCl, 25 mM KCl), twice with high salt wash buffer (50 mM Tris-HCl, pH 7.4, 1M NaCl, 1mM 

EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate), twice with low stringency wash 

buffer, and twice with no-salt wash buffer (50 mM Tris-HCl pH 7.4, 10mM MgCl2, 0.5% NP-

40). Protein-RNA complexes were radiolabeled on-bead in 40 µl reactions with T4 

polynucleotide kinase (NEB) and 2 µl [γ-32P]ATP (6,000 Ci/mmol, 10 mCi/ml) for 10 min at 

37 °C. Beads were washed three times in low-salt wash buffer, resuspended in NuPAGE LDS 

Sample Buffer (Thermo Fisher) containing 0.1 M DTT. Protein-RNA complexes were 

denatured at 75 °C for 15 mins and run on 4%–12% NuPAGE Bis-Tris gels in NuPAGE MOPS 

running buffer (all Thermo Fisher) at 150 V for 1.5 h, 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 developed 

 

2.5.23 RNA immunoprecipitation and RT-PCR 

1.5×107 HEK293T 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 III (EMD Millipore). 5% of each lysate sample was stored for preparation of 

the input RNA sample. The remaining lysates were split into 2 aliquots and immunoprecipitated 

using 10 µg UBAP2L or IgG antibody and incubated at 4 °C for 8 h. Bound RNA fragments in 

the IPs were washed 6 times in Net-2 buffer (5 mM tris-HCl, 150 mM NaCl, 0.1% Triton-X 

100). Immunoprecipitated RNA was isolated in TRIzol and purification with Direct-zol RNA 

Kits, following the manufacturer’s protocols. 10% of RNA was saved for the no-RT control. 
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The remaining RNA was reverse transcribed using Superscript III with random primer mix 

primers (Thermo Fisher). cDNA was diluted 10-fold in water and target transcripts cDNA were 

amplified by PCR.  
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2.7 Extended Data Table 1 

Extended Data Table 1 is available as supplemental tables online 

 

2.8 Extended Data Table 2 

Extended Data Table 2 is available as supplemental tables online 
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3.1 Abstract 

Ubiquitin-associated protein 2-like (UBAP2L) protein is a ribosome associated 

translation enhancer. UBAP2L was found in complex with fragile X mental retardation protein 

FMRP, and 52% of UBAP2L mRNA targets are also FMRP targets. UBAP2L depletion in a 

cortical neuronal model of Fragile X Syndrome (FXS) corrects molecular, cellular and 

electrophysiological defects relevant to autism spectrum disorder. Reduction of the Drosophila 

ortholog of UBAP2L in a FXS fly model rescues the neurodevelopmental defects due to loss 

of FMRP. Our efficient and scalable method identifies proteins involved in RNA metabolism 

and detailed studies of UBAP2L provides a new therapeutic strategy into human disease. 

3.2 Introduction 

Fragile x syndrome (FXS) is the common inherited cause of intellectual disability and 

a single gene mutation cause of autism.  Research in the past decades has revealed that the 

absence of Fragile x retardation protein (FMRP) leads to the pathophysiology of FXS. FMRP 

is an RNA binding protein that regulates translation. The silence of FMRP dysregulates the 

protein synthesis causing impairment synaptic structure, development, and function (84-86) It 
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is well known that FMRP interacts with a specific subset of mRNAs to regulate their translation 

through binding more frequently in the coding region but also within UTRs (84).  The coding 

region binding preference has been shown in many ribosome-associated proteins. Similarly, 

FRMP has also been characterized to directly associated with polyribosomes(85, 87, 88), 

indicating FMRP directly regulates translation of its targets while it binds on the ribosome. The 

PI3K-mTOR pathway is the FMRP targets involved in regulating the protein synthesis 

machinery indicating FMRP could regulate translation both locally and globally (89, 90). The 

increase of global translation can cause many FXS associated phenotypes, including 

exaggerated protein synthesis, hyperelectricity in neurons, and morphological defects in 

drosophila (91, 92). Therefore, scientists tried to genetic and pharmacological rescue FXS by 

disruption of FMRP targets. However, the various signaling pathways that are affected by loss 

of FMRP in FXS complicate the path of finding an effective therapeutic solution. Therefore, 

our understanding of the basic FMRP biology and the mechanism of FMRP regulating 

translation becomes a critical question that needs to solve.  

Our previous discovery reveals that Ubiquitin associated protein 2 like (UBAP2L) is an 

RNA binding protein and a novel translation enhancer. Our previous eCLIP data shows that 

UBAP2L binds dominantly in coding regions which has a similar binding pattern as ribosomes. 

The polysome profiling track has shown UBAP2L associated with polyribosomes which is 

consistent with the previous mass-spec study that UBAP2L interacts with ribosomal proteins 

and ribosome-associated RNA binding proteins such as FMRP(87). UBAP2L could enhance 

the protein synthesis rate on translation machinery proteins, and globally regulates translation.  

This translational role is similar to FMRP. Therefore, we are wondering whether UBAP2L 

could play as an antagonist of FMRP and potentially be a  new drug target for FXS. 
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Interestingly, in this study,  we discovered that UBAP2L associates with ribosomes and 

co-occupies target transcripts of the FMRP. Although protein partners of FMRP had been 

previously identified (93), to our knowledge, UBAP2L is the first that appears to bind to similar 

transcript regions as FMRP. FMRP is a well-known RBP that acts as a translation repressor on 

target transcripts by interacting with elongating ribosomes to facilitate activity-dependent 

synaptic plasticity and long-term memory formation (85). Loss of FMRP leads to FXS. We 

hypothesized that if UBAP2L acts as a translational enhancer and antagonistically to FMRP, 

loss of UBAP2L in FXS models (which lack FMRP) should rescue exaggerated mRNA 

translation, a hallmark of FXS. Indeed, in a human FMR1-/- stem-cell based model of FXS we 

demonstrate that UBAP2L depletion antagonizes increased polysome association and 

normalizes neuronal hyperexcitability caused by loss of FMRP. Genetic loss of UBAP2L also 

restores neurodevelopmental defects in a Drosophila model of the disease. Our results indicate 

that balanced co-recruitment of UBAP2L and FMRP to transcripts regulates global translation 

and lays the framework of UBAP2L inhibition as a strategy for understanding and potentially 

treating FXS. In summary, rapid assignment of function to RBPs can identify new roles that 

generalize transcriptome-wide, prioritizing RBPs that are critical for our understanding of 

human biology and disease.   

 

3.3 Results 

3.3.1 UBAP2L interacts with FXR family complex 
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A previous UBAP2L IP-mass spectrometry study recovered peptides from 15 ribosomal 

proteins (65), further supporting a UBAP2L-ribosome interaction (Figure 3.1A). This data also 

suggested that UBAP2L may interact with all three members of the fragile X related (FXR) 

family of proteins, which includes the fragile X mental retardation protein (FMRP, encoded by 

FMR1), and its paralogs FXR1 and FXR2. Since these proteins are thought to function as 

translational repressors, we explored the extent of functional synergy for UBAP2L interaction 

with these RBPs to modulate translation of target mRNAs. We first determined if UBAP2L and 

FMRP interact. We found that UBAP2L and FMRP reciprocally co-immunoprecipitate each 

other both from RNase-treated HEK293T cell lysates (Figure 3.1C-D) and in an in vitro 

binding assay using purified recombinant proteins (Figure 3.1E-F). These data indicate that 

UBAP2L and FMRP can associate in an mRNA-independent manner.  
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Figure 3. 1 UBAP2L interacts with FMRP 
(A) Schematic describing our working model of UBAP2L’s role in regulation of global protein synthesis.  
(B) The list of proteins interact with UBAP2L in UBAP2L IP-mass spectrometry study(65) 
(C-D) Reciprocal co-immunoprecipitation (IP) of UBAP2L and FMRP. HEK293T cell extracts were treated with 
increasing concentrations of RNase I as indicated, immunoprecipitated with non-immune (IgG) control antibodies 
and (C) anti-UBAP2L or (D) anti-FMRP antibodies, and western blots performed for both proteins. 
(E-F) (E)In vitro co-immunoprecipitation (IP) of UBAP2L and FMRP. (F)Recombinant FLAG-tagged UBAP2L 
and FLAG-tagged FMRP were incubated and immunoprecipitated under stringent conditions with anti-FMRP, 
anti-UBAP2L or anti-FLAG antibodies or non-immune (IgG) control antibodies, and western blots performed for 
UBAP2L and FMRP. 
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Given their association, we next asked if UBAP2L and FMRP bind similar sequence 

motifs and mRNA transcripts. We applied the HOMER algorithm to identify sequence motifs 

recognized by UBAP2L. We found that the most significant motifs were highly enriched in G-

rich sequences and 5’-WGGA-3’ (W = A or U) (Figure 3.2A), which are also previously 

reported binding motifs of FMRP, recognized by its own RGG domain(84). To investigate 

whether UBAP2L and FXR family proteins regulate similar target gene sets, we analyzed 

published ENCODE eCLIP data(1) for FMRP, FXR1, and FXR2. We considered those 

transcripts that contain at least one significant (≥ 4-fold-enriched and p ≤ 10-3 over SMInput) 

cluster in exonic regions for UBAP2L, FMRP, and FXR2. We found a highly significant 

overlap of target transcripts among the three RBPs, and between FMRP and UBAP2L (p = 6.8 

× 10-409), with 52% of UBAP2L exon targets shared with FMRP (Figure 3.2B-C).  
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Figure 3. 2 UBAP2L engages FMRP and FXR1/2 targets 
(A) De novo sequence motifs of UBAP2L enriched above background within the transcriptome or specific genic 
regions with associated binomial p-value. 
(B-C) Venn diagram showing overlap in exon target transcripts between UBAP2L, FMRP and (B) FXR2 (C) 
FXR1. p-value was calculated by hypergeometric test using genes expressed in HEK293T cells as background. 
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Closer inspection revealed largely overlapping binding read densities along many 

transcripts, for example, the ENO1 transcript (Figure 3.3A). In addition, gene ontology (GO) 

terms related to protein translation were also significantly enriched for UBAP2L exon targets 

shared with FMRP (Figure 3.3B). Our results indicate that UBAP2L forms protein complexes 

with FMRP, and likely with other members of the FXR family of proteins. 

 

 
 

 

Figure 3. 3 UBAP2L and FMRP shared targets involved in regulation of trnaslation. 
(A) Example genome browser views of UBAP2L, FMRP eCLIP data at the ENO1 locus. y-axes denote read density 
in reads per million (RPM). 
(B-C) Gene ontology analysis for UBAP2L exon targets shared with FMRP (n=1106). Significantly enriched GO 
terms were determined by Fisher’s exact test at a false discovery rate of p < 0.01. Shown are GO terms that are 
related to mRNA translation. 
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Since FMRP is a ribosome-associated protein(88, 94), we assessed the spatial 

arrangement of FMRP, UBAP2L, and the ribosome. We used eCLIP data from human brain(95) 

to identify the binding sites of UBAP2L and FMRP on rRNA. The relative entropy 

measurements show that the UBAP2L and FMRP binding sites on ES15L and ES31L overlap, 

and both bind ES27L (Figure 3.4A). We next mapped these interactions onto the X-ray 

structure of the mammalian ribosome(66) and superimposed the electron density of ribosome-

bound FMRP(94). Most ribosomal proteins that co-immunoprecipitate with UBAP2L(65) 

cluster in close proximity to those that interact with FMRP. In addition, ES31L, which is highly 

enriched for UBAP2L binding, lies on the same face of the ribosome (Figure 3.4B). 

Collectively, these data support a model in which UBAP2L associates with the ribosome to co-

regulate translation in complex with FMRP and discount a scenario in which FMRP and 

UBAP2L compete for a single ribosomal binding site. 
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Figure 3. 4 UBAP2L and FMRP shared targets involved in regulation of translation. 
 (A) Line plots showing the Kullback-Leibler divergence (relative entropy) for UBAP2L in HEK293T  cells (red 
line) and FMRP in human brain (orange line) on 18S and 28S rRNA. The solid line shows the mean of relative 
entropy, and the shaded areas indicates 10%-90% confidence intervals. 
(B) Model of the interactions of UBAP2L and FMRP superimposed on the electron density of the human ribosome. 
The 40S ribosome is shaded in yellow, and 60S ribosome is shaded in gray. Ribosomal subunit RPL5, previously 
reported to directly interact with FMRP by chemical cross-linking, is highlighted in green. Ribosomal subunits 
previously identified as UBAP2L interactors by immunoprecipitation and mass spectrometry (IP-MS) are 
highlighted in orange. RPL18, previously reported to directly interact with FMRP by chemical cross-linking and 
with UBAP2L by IP-MS, is highlighted in orange. The location of the UBA2P2L-interacting expansion segment 
31L is highlighted in red. The light green denotes the binding location of FMRP, based on previous cryo-electron 
microscopy studies of the Drosophila ribosome and an N-terminal fragment of the Drosophila FMRP ortholog. 
The yellow circle indicates the potential UBAP2L binding site.  
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3.3.2 UBAP2L counteracts exaggerated translation of FMRP-regulated transcripts in a 

human stem-cell based model of fragile X syndrome 

Classical fragile X syndrome (FXS), the most common monogenic cause of autism 

spectrum disorder, is caused by loss of FMRP expression due to silencing of its gene FMR1 

due to trinucleotide repeat expansions in its promoter and 5’UTR region. By promoting stalling 

of ribosomes, FMRP is thought to act as a translational brake on hundreds of genes, including 

positive regulators of translation and synapse components, leading to excessive global protein 

synthesis in its absence. Thus, the major pathological mechanism of FXS is exaggerated protein 

synthesis (85, 96). Given our results that UBAP2L enhances translation and regulates FMRP 

RNA targets, we were interested to see if UBAP2L depletion could counteract increased 

translation in a stem-cell based model of FXS (Figure 3.5A).  

 

 

 

Figure 3. 5 UBAP2L inhibition as a potential therapeutic strategy. 
 (A) UBAP2L inhibition as a potential therapeutic strategy for the treatment of fragile X syndrome. Exaggerated 
protein synthesis at the synapse may be normalized by inhibition of UBAP2L. 
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We first disrupted FMR1 in human pluripotent stem cells (hPSCs) using CRISPR/Cas9 

genome editing, generating a pair of otherwise isogenic hPSC lines. We chose the H1 hPSC 

line because it had been whole-exome sequenced (97) and genotyped to confirm absence of 

enrichment of marker SNPs associated with psychiatric disease (98). In these FMRP knockout 

lines, we then depleted UBAP2L by lentiviral delivery of two different shRNAs, with a non-

targeting shRNA serving as a control (Figure 3.6A). Western blots confirmed the complete 

absence of FMRP in FMRP knockout lines and substantial stable depletion of UBAP2L in 

shRNA-targeted hPSC lines, compared to their respective controls (Figure 3.6B). UBAP2L-

depleted and FMRP knockout hPSC lines exhibited no overt cellular defects. We then 

differentiated all lines to cortical neurons using a directed protocol (99), which is based on a 

modified version of that of Zhang et al. (100). Importantly, this approach has been successfully 

used in other studies of genes implicated in autism (101, 102).  
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Figure 3. 6 KO-FMRP hPSCs were transduced with UBAP2L-targeting shRNA. 
(A) Schematic of the experimental design. H1 hPSCs were CRISPR-engineered to harbor a disruption in FMR1 
(KO-FMRP). KO-FMRP hPSCs were transduced with UBAP2L-targeting shRNA or non-targeting control shRNA 
lentiviral vectors and cells selected for stable integrants. hPSCs were differentiated to cortical neurons for 
polysome profiling and RNA-seq analysis.  
(B) Western blots of UBAP2L and FMRP following knockout of FMRP and knockdown of UBAP2L in hPSCs. 
GAPDH served as a loading control. 
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We performed polysome profiling by measuring the ratios of transcript levels in 

polysome fractions over inputs, as before. We performed two independent experiments; 

duplicate samples showed excellent correlation (Rcontrol = 0.908, RKO:FMRP = 0.875, RUBAP2L 

shRNAs = 0.912, RControl shRNA = 0.904 for input-normalized polysomal transcript levels; Figure 

3.7A to D).  

 

Figure 3. 7 Replicate concordance of polysome data from FMRP knockout, UBAP2L knockdown, and 
control neurons 
(A–D) Scatter plots showing correlation of log2-transformed ratios of input-normalized polysome transcript levels 
(RPKM) between the (A) two WT lines, (B) two FMRP knockout lines, (C) two FMRP knockout lines treated 
with UBAP2L-targeting shRNAs (sh3 and sh4), and (D) two FMRP knockout lines treated with the non-targeting 
shRNA. R values denote Pearson correlation coefficients. 
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We then investigated changes in polysome association of FMRP target transcripts upon 

FMRP knockout. Previous FMRP iCLIP analyses in mouse brain had identified 842 FMRP 

targets (85), 765 of which had human homologs and were detected at RPKM ≥1 in our input 

samples for polysome analysis. In FMRP knockout neurons we observed a significant (p = 

1×10-22; Mann–Whitney U-test, two-tailed) decrease in polysome association of these FMRP 

targets, but not in non-targets, compared to control (Figure 3.8A). These results suggest that 

FMRP knockout removes stalled ribosomes from these transcripts, thereby decreasing ribosome 

occupancy, as expected.  

 

 

 

Figure 3. 8 polysome association changes in FMRP target and non-targets 
(A) Cumulative distribution plots of log2-transformed input-normalized polysome transcript level (RPKM ≥ 1 in 
inputs) ratios between FMRP knockout and control neurons for FMRP targets (n = 765) and non-targets 
(n=11,202). p-values were calculated using a two-tailed Mann–Whitney U-test. 
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We next investigated the changes in polysome association ratio for the UBAP2L and 

FMRP shared targets. We calculated the ratio of polysome association between FMRP 

knockout neurons and control neurons. We found that genes involved in protein synthesis, 

including ribosomal proteins, translation initiation factors, elongation factors and tRNA 

synthesis proteins, exhibited increased polysome association upon FMRP loss. In contrast, in 

the FMRP knockout neurons, UBAP2L depletion decreased the polysome association ratio for 

these targets (Figure 3.9A). Given the decrease in genes involved in protein synthesis, we then 

asked if UBAP2L knockdown rescues excessive global protein synthesis in FMRP knockout 

neurons. We examined global changes in polysome association upon FMRP knockout (Figure 

3.9B). FMRP knockout led to a significant (p =3.3 × 10-31; Mann–Whitney U-test) increase in 

polysome association (blue arrow in insert), suggesting limited global translational de-

repression. In contrast, on the FMRP knockout background, UBAP2L knockdown led to a 

significant decrease in global polysome association (p =1.7 × 10-44; Mann–Whitney U-test). 

The polysome association ratios in UBAP2L knockdown neurons were similar to random 

background, suggesting polysome association ratios in FMRP knockout neurons were rescued 

by UBAP2L knockdown. Consistently, this held true for the set of autism candidate genes from 

http://gene.sfari.org (Figure 3.9C). 
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Figure 3. 9 UBAP2L counteracts exaggerated translation of FMRP-regulated transcripts in a human stem-
cell based model of fragile X syndrome 
(A) Heat map showing log2-polysome association ratio between KO-FMRP and WT neurons, and between 
UBAP2L-targeting shRNAs (sh3 and sh4) and control shRNA (shCon) on KO-FMRP neurons. 
(B–C) Cumulative distribution plots of log2-transformed input-normalized polysome transcript level (RPKM ≥ 1 
in inputs) ratios between KO-FMRP and control neurons (blue line), and between shUBAP2L and control shRNA 
treated neurons (green line), and randomly selected background gray line) for (E) all genes (n = 11,965) and (F) 
autism-relevant genes (n=743). p-values were calculated using a two-sample Mann–Whitney U-test. 
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Finally, we evaluated if UBAP2L had reciprocal effects on polysome association of 

individual transcripts. For each transcript detected at RPKM ≥1 in all inputs, we calculated the 

ratios of polysome association of FMRP knockout to control, and of UBAP2L shRNA 

knockdown to controls. This analysis revealed that overall, UBAP2L acts as a translational 

activator on transcripts repressed by FMRP (Figure 3.10A). For instance, knockdown of 

UBAP2L decreased ribosome association of the FMRP target, calcium voltage-gated channel 

subunit alpha1 A (CACNA1A), in which gain-of-function mutations are the cause of multiple 

neurological disorders. We also identified DNA methyltransferase 1 (DNMT1), as a transcript 

reciprocally regulated by FMRP and UBAP2L (Figure 3.10B). Together, our results 

demonstrate that UBAP2L inhibition counteracts translational de-repression of FMRP-target 

transcripts which are mis-regulated in FXS. 

 

Figure 3. 10 UBAP2L acts as a translational activator on transcripts repressed by FMRP  
(A) Density plot of differences of polysome association (input-normalized polysome transcript level ratios) for 
each transcript (RPKM ≥ 1 in inputs; n= 11,965) between FMRP knockout and control neurons (x-axis) and 
between UBAP2L knockdown and control neurons (y-axis).  
(B) Input-normalized polysome transcript levels for CACNA1 and DNMT3B transcripts between knockout FMRP 
vs control neurons (WT) or UBAP2L knockdown vs non-targeting shRNA control. 
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3.3.3 Depletion of UBAP2L rescues  functional FXS defects in neurons 

Exaggerated protein translation in FXS is thought to impact neuronal development and 

activity by perturbing synaptic maturation and function, eventually altering circuit-level 

processes in the developing adult. Our results thus raise the possibility that reduction of 

UBAP2L may rescue these deficits. To test this, we first examined spontaneous activity of 

UBAP2L-depleted FMRP knockout iPSC-derived cortical neurons on multi-electrode arrays. 

We disrupted FMR1 by CRISPR genome editing in the CV-B iPSC line, using the parental 

unedited line as an isogenic control, and generated cortical neurons using an established 

protocol (103). As expected, at day 35 of differentiation, the large majority of cells were 

positive for the cortical neuronal markers CTIP2 and TBR1 (Figure 3.11A).   

  



 

 
93 

 
 
 
 
 
 

 
 
 
 
Figure 3. 11 Cells were positive for the cortical neuronal markers CTIP2 and TBR1 at Day 35 
(A) Immunofluorescence images showing cortical neuron markers in control neurons (WT), knockout FMRP 
neurons (KO-FMRP), and KO-FMRP neurons treated with UBAP2L knockdown shRNAs (shUBAP2L). MAP2 
(gray) is a pan-neuronal marker. CTIP2 (red), and TBR1 (green) are cortical neuron markers. Scale bar = 30 µm.  
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Previous studies established that FXS neurons show hyperexcitability, reflected in an 

increased spontaneous firing rate, which is thought to impair neural network function and 

memory formation in vivo (92). Consistent with this finding, we observed a two-fold increase 

in the firing rate of our FMRP knockout neurons compared to control. Strikingly, UBAP2L 

knockdown in FMRP knockout neurons using two shRNA constructs significantly reduced (p 

< 0.05, Student’s t-test) neuronal firing rates, to levels similar to those observed in the control 

line, suggesting that the reduction of UBAP2L rescues hyperexcitability in FXS (Figure 

3.12A).  

 

Figure 3. 12 The reduction of UBAP2L rescues hyperexcitability in FXS 
(A) Bar plots showing weighted firing rates of knockout FMRP neurons treated with UBAP2L non-targeting 
shRNA control (shCon) or UBAP2L-targeting shRNAs (sh4 and sh4), normalized to control neurons (WT). Error 
bars denote mean ± SE, * p < 0.05 by Student’s t-test.  
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3.3.4 Reduction of drosophila ortholog of UBAP2L rescues  morphological FXS deficits 

To see if depletion of UBAP2L can also counteract neurodevelopmental defects 

modeled by loss of FMRP, we turned to the Drosophila dfmr1 mutant model of FXS (91). In 

the brain of Drosophila, the mushroom body (MB) is a center for associative learning and 

memory. It is composed of axonal fibers of three specific neuronal classes that form paired α-, 

β-, and γ-lobes (104). In the wild-type fly brain, the β-lobes terminate at the midline. However, 

β-lobe fibers cross or fuse at the midline in dfmr1 mutant flies. To test the hypothesis that 

reduction of the Drosophila ortholog of UBAP2L, Lingerer (Lig), in the dfmr1 fly model 

rescues the neurodevelopmental defects due to loss of FMRP of dfmr1 and Lig, we first 

confirmed this neurodevelopmental defect in dfmr13/dfmr14 mutant flies. We stained whole 

adult brains with an anti-Fasciclin II antibody to visualize the MB β-lobe of the fly brain 

(Figure 3.13A). In contrast to control flies, significantly (p < 10-4, χ2 test) more dfmr13/dfmr14 

mutant flies showed the β-lobe midline-crossing defect (Figure 3.13B), as reported previously 

(91). To examine the effect of loss of Lig activity in dfmr1 mutant flies, we generated two fly 

lines trans-heterozygous for different dfmr1 and lig mutant alleles. Strikingly, loss of Lig 

activity through the combination of ligKG08209/lige04268 mutant alleles did not cause MB defects 

but rescued the β-lobe midline-crossing phenotype observed in dfmr13/dfmr14 mutant flies 

(Figure 3.13C to E). These results illustrate that reduction of Lig rescues neurodevelopmental 

defects caused by loss of FMRP. Taken together, the results from our cellular and in vivo FXS 

models show that depletion of UBAP2L rescues both functional deficits and neuroanatomical 

defects, the two major hallmarks of the disease. 
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Figure 3. 13 Rescue of neurodevelopmental phenotypes in fragile X models by UBAP2L depletion 
(A-D) Representative immunofluorescence images showing mushroom bodies (MB) β-lobe fibers in fly brains 
revealed by anti-Fas II antibody immunostaining in (A) wildtype, (B) dfmr1 mutant, , (C) Lig mutant and (D) Lig 
and dFmr1 mutant flies. Arrows indicate the midline. Scale bar = 50 µm.  
(E) Percentage of normal and fused β-lobes in brains analyzed for each genotype (n ≥ 20, *** p < 104 by χ2 test). 
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3.4 Discussion 

Fragile X syndrome (FXS), an X-linked autism spectrum disorder and the leading 

genetic cause of intellectual disability, is caused by loss of function of FMRP (encoded by 

FMR1). A number of lines of investigation have established that FXS is a disease of persistently 

elevated translation (105). It is thought that FXS neurons are compromised in responding to 

synaptic activity: as they cannot further increase translation, protein-synthesis dependent 

synaptic remodeling processes, in particular long-term depression (LTD), are impaired. 

Mechanistically, FMRP is thought to repress translation by promoting ribosome stalling on its 

target mRNAs (85) and inhibiting translation initiation (106). Although at least 7 CLIP studies 

have reported FMRP targets for hundreds of RNAs each, the set of concordant FMRP targets 

from 5 of these (107) is small (n = 53). It remains unclear which RNA substrates are regulated 

by FMRP – and if so, by which mechanism – and which of those contribute to FXS 

pathophysiology. The diversity in FMRP mechanisms of action and the uncertainty with respect 

to the key FXS targets have hampered development of therapeutic strategies. For example, 

despite promising results from FXS mouse models, clinical trials using inhibitors of mGluR5 

receptors, which promote protein synthesis dependent LTD in glutamatergic neurons, have 

failed to show efficacy (108, 109). Issues regarding patient stratification, treatment duration, 

clinical endpoints and drug tolerance notwithstanding (110), it stands to reason that targeting 

any single one of FMRP’s multiple regulatory pathways is insufficient. 

Our studies revealed UBAP2L as a novel translational enhancer and FMRP-interacting 

RBP with a role in opposing FMRP function. We present several lines of evidence pointing to 

UBAP2L as a ribosome-bound FMRP co-regulator and functional antagonist. Since our 
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previous studies have shown that UBAP2L deletion leads to a robust decrease in global cellular 

translation and more than 65% of UBAP2L eCLIP reads were rRNAs, suggesting that it 

functions as a translational enhancer and regulates translation through direct binding. First, our 

transcriptome-wide analyses reveal that FMRP and UBAP2L co-regulate a significant number 

of mRNA targets. Strikingly, of the 53 FMRP consensus targets from 5 CLIP datasets (107), 

45 (85%) are bound by UBAP2L. Interestingly, several mRNAs targeted by both FMRP and 

UBAP2L are central regulators of RNA stability, translation, and protein degradation, 

suggesting a key role for UBAP2L in modulating FMRP-dependent global protein homeostasis. 

Secondly, in combination with our data suggesting that, like FMRP, UBAP2L binds translating 

ribosomes, we propose that both proteins are dynamically co-recruited to translating ribosome-

mRNP complexes to control translation. Indeed, we find that UBAP2L depletion in FMRP 

knockout neurons reversed changes in polysome association of FMRP-regulated transcripts, 

including key autism-relevant genes. 

Lastly, we find that depletion of UBAP2L corrects disease-relevant phenotypes in two 

distinct models of FXS. Increased neuronal and circuit-level excitability in multiple regions of 

the brain, including the sensory cortex, are key phenotypes in mouse models of FXR, and are 

considered to represent an endophenotype of sensory hypersensitivity in human patients. It is 

thought that loss of FMRP-dependent translational control of key synaptic proteins and 

receptors causes disruption of synaptic maturation and plasticity, ultimately leading to elevated 

excitability (111). We find that UBAP2L knock-down in FXR iPSC-derived cortical rescues 

elevated spontaneous firing, suggesting that normalization of exaggerated translation through 

UBAP2L depletion is sufficient to normalize neuronal hyperexcitability in this model. We also 

observe rescue of the neural architecture of the mushroom body, a complex structure of the fly 
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brain critically involved in learning and memory formation. As previously reported, we observe 

severe midline crossing of β-lobes in dFmr1 mutant flies (91). This phenotype is considered to 

be a correlate to impaired learning and memory in FXS patients and has been successfully used 

as a readout in small molecule screens for potential therapeutic targets and candidates in FXS 

(112). We find that genetic deletion of the UBAP2L fly ortholog normalizes the β-lobe midline 

crossing phenotype of dFmr1 mutant flies, demonstrating rescue of neuroanatomical deficits in 

an animal model of FXS. 

In the aggregate, our findings indicating that UBAP2L antagonizes FMRP function 

point to inhibition of UBAP2L as an alternative therapeutic strategy in FXS. Additional 

investigation will be required to further dissect the molecular mechanisms by which UBAP2L 

promotes translation of its target mRNAs, and to what extent UBAP2L depletion in cell-based 

and animal models of FXS reverses clinically relevant cellular and functional phenotypes. In 

conclusion, our study presents unprecedented resources that demonstrate that rapid assignment 

of function to RBPs identifies new molecular roles that generalize transcriptome-wide, and 

facilitate new insights on the importance of post-transcriptional gene regulation in human 

biology and disease.   

 

Future perspectives 

Our results provide a new therapeutic strategy in FXS. However, many questions of 

UBAP2L regulations are still unclear. In the future study, we should focus on how UBAP2L 

regulates translation together with FMRP ? Do these two proteins both bind on the ribosome at 

the same time? Or they regulate translation separately? Since UBAP2L enhances the 
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translation, it would be interesting to understand how UBAP2L coordinates with translation 

repressor FMRP in the normal healthy cells. When and how the translation is up-regulated, 

down-regulated? What do the signaling pathways regulate the translation? 

Furthermore, due to our rescue results were done on the iPSC cells and in drosophila, it 

is crucial to see if the depletion of UBAP2L rescue FXS defects in mammalian models such as 

FXS mice. The mice study could also provide an insight how translation regulates synapse 

plasticity, and affect neuron development. Lastly, If UBAP2L could be a new therapeutic 

strategy in FXS, it is important to discover the methods to reduce the expression level of 

UBAP2L or inhibit the interaction between UBAP2L and FMRP. It could be using ASO to 

degrade the UBAP2L gene or identify compounds to disrupt the functional interaction between 

UBAP2L and FMRP. 

3.5 Materials and Methods 

3.5.1 eCLIP library preparation and sequencing 

eCLIP was performed essentially as described (6). Briefly, for each RBP, 1 × 107 

HEK293T cells were UV-crosslinked (400 mJ/cm2, 254 nm) and lysed. Lysates were sonicated 

and treated with RNase I to fragment RNA. 2% of each lysate sample was stored for preparation 

of a parallel size-matched input (SMInput) library. The remaining lysates were 

immunoprecipitated using RBP-specific antibodies. Bound RNA fragments in the IPs were 

dephosphorylated and 3’-end ligated to an RNA adapter. Protein-RNA complexes from 

SMInputs and immunoprecipitates (IPs) were run on an SDS-PAGE gel and transferred to 

nitrocellulose membrane. Membrane regions spanning from the exact RBP sizes to 75 kDa 
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above were excised and RNA released from the complexes with proteinase K. SMInput samples 

were dephosphorylated and 3’-end ligated to an RNA adapter. All RNA samples (IPs and 

SMInputs) were reverse transcribed with AffinityScript (Agilent). cDNAs were 5’-end ligated 

to a DNA adaptor. cDNA yields were quantified by qPCR and 100-500 fmol of libraries 

generated with Q5 PCR mix (NEB). 

 

3.5.2 Computational analysis of eCLIP sequencing data 

Reads were processed essentially as described (6). Briefly, reads were adapter-trimmed 

and mapped to human-specific repetitive elements from RepBase (version 18.05) by STAR 

(76). Repeat-mapping reads were removed and remaining reads mapped to the human genome 

assembly hg19 with STAR. PCR duplicate reads were removed using the unique molecular 

identifier (UMI) sequences in the 5’ adapter and remaining reads retained as ‘usable reads’. 

Peaks were called on the usable reads by CLIPper (32) and assigned to gene regions annotated 

in GENCODE (v19) with the following descending priority order: CDS, 5’UTR, 3’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 size-matched input 

(SMInput) by calculating the fraction of the number of usable reads from immunoprecipitation 

to that of the usable reads from the SMInput. 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).  

 

3.5.3 Repeat-family centric mapping 
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Binding to ribosomal rRNA was quantified using a family-aware repeat element 

mapping pipeline (14). Briefly, reads were mapped to a database of 7,419 multi-copy element 

transcripts, including the 5S, 5.8S, 18S, and 28S rRNA 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): 

𝑝𝑝𝑖𝑖 × 𝑙𝑙𝑙𝑙𝑙𝑙2 (𝑝𝑝𝑖𝑖
𝑞𝑞𝑖𝑖

), where pi is the fraction of total reads in IP that map to a queried repetitive element 

i, and qi is the fraction of total reads in input for the same element.  

 

3.5.4 RNA-seq library preparation and analysis 

RNA was extracted from cells with TRIzol (Invitrogen). Strand-specific RNA 

sequencing libraries were prepared from 0.5-3 µg total RNA using the Illumina 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-sequencing reads were trimmed using cutadapt (v1.4.0) of adaptor sequences and 

mapped to repetitive elements (RepBase v18.04) using the STAR (v2.4.0i). Reads did not map 

to repetitive elements were then mapped to the human genome (hg19). Using GENCODE (v19) 

gene annotations and featureCounts (v.1.5.0) to create read count matrices. Differential 

expression was calculated using DESeq2 version 1.10.1 (77), individually pairing each 

knockdown or over-expression experiments with their respective controls. Genes with RPKM 

values lower than 1 were not used.  
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3.5.5 Polysome profiling 

For lysate preparation, 40 × 106 neurons cells were prepared. Before collection, cells 

were treated with cycloheximide (CHX) at 100 µg/ml for 5 min at 37°C. Culture media was 

removed, cells were washed twice with cold PBS-CHX (100 µg/ml), resuspended in PBS-CHX 

by centrifugation at 200 × g 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, 5mM MgCl2) with 1× protease inhibitor 

cocktail (EMD Millipore), CHX 100 µg/ml, 1 mM DTT, 25 U/ml DNase (TurboDNase; 

Thermo Fisher), 20 U/ml RNase inhibitor (RNaseOUT, Thermo Fisher) and incubation on ice 

for 15 min. Lysates were clarified by centrifugation at 17,500 × g at 4 °C for 5 min. 50 µl was 

reserved for inputs and the remainder used for fractionation.  

For fractionation, a 14 ml 10-50% (w/v) sucrose gradient was prepared in polysome 

buffer. Samples were loaded on the sucrose gradient and centrifuged in a swinging bucket rotor 

at 35,000 × g at 4 °C for 3 h. Fractions were collected from the top and UV absorbance 

monitored using a Gradient Station (BioCamp) equipped with ECONO UV monitor (BioRad). 

Fractions (500 µl each) were collected using a FC203B (Gilson) fraction collector. Fractions 

containing polysomes were pooled. Total RNA from the inputs and polysome pools were 

extracted in TRIzol-LS (Thermo Fisher) and purified with Direct-zol RNA kits (Zymo). RNA 

sequencing libraries were generated sequenced and reads processed as described above.  

For analysis of fractions by western blotting, trichloroacetic acid was added to samples 

to 20% (v/v). Protein was precipitated overnight at 4 °C and collected by centrifugation at 

15,000 × g for 20 min at 4 °C. Protein pellets were washed twice with 1 ml ice-cold acetone, 
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centrifuged at 15,000 × g for 15 min at 4 °C, dried at room temperature, neutralized, re-

suspended, 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. 

 

3.5.6 Polysome association analysis 

The transcript RPKMs of input and polysome fractions were 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.  

 

3.5.7 FMRP-UBAP2L co-immunoprecipitation and in vitro interaction assay 

Immunoprecipitations and western blot were performed as described by us (29), using 

15 × 106 HEK293T cells lysed in 450 µl lysis buffer. Lysates were treated with 1000 U, 40 U, 

or 1 U RNase I (Thermo Scientific) at 37 °C for 5 min with shaking, followed by 

immunoprecipitation and western blot. For the in vitro interaction assay, affinity-purified 

recombinant FLAG-tagged human FMRP and UBAP2L (Origene) were incubated at 150 nM 

each in 400 µl binding buffer (20 mM tris-HCl, 10% glycerol, 100 mM NaCl, 1 mM EDTA, 5 

mM MgCl2, 0.1% NP-40; pH 7.4) at 4 °C for 8 h. The sample was split into 4 aliquots, and 10 

µg FMRP (MBL), UBAP2L (Bethyl), FLAG M2 (Sigma), or control rabbit IgG (Invitrogen) 

antibody was added. Immunoprecipitation was at 4 °C for 8 h. Immune-complexes were 
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collected with protein A/G beads (Dynabeads, Thermo Fisher) and washed 3 × in binding buffer 

containing 500 mM NaCl, followed by western blotting.  

 

3.5.8 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 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 150V for 1.5 h on 4%–12% NuPAGE Bis-Tris gels in NuPAGE MOPS running 

buffer (Thermo Fisher). Proteins were transferred to Polyvinylidene Difluoride (PVDF) 

membrane using NuPAGE transfer buffer (Thermo Fisher) with 10% methanol. Membranes 

were blocked in blocking buffer [tris-buffered saline containing 5% (w/v) dry milk powder] for 

30 min, probed with primary antibodies in blocking buffer overnight at 4 °C. Membranes were 

washed 3 times with in tris-buffered saline and probed with secondary HRP-conjugated 

antibodies in blocking buffer for 1 hours at room temperature. Signal was detected by Pierce 

ECL Substrate (Thermo Fisher) and exposure to film. 

 

3.5.9 Lentiviral shRNA treatment and cortical differentiation of human pluripotent stem cells 

H1 human pluripotent stem cells (hPSCs) were edited by CRISPR-Cas9 to generate KO 

and WT FMR1 clones. Details are described in a separate study (Kosmaczewski et al., in 

preparation). All hPSCs were maintained in mTeSR medium (Stem Cell Technologies) 

supplemented with 5 µM XAV939 (Stemgent), grown on Geltrex-coated plates (Life 
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Technologies) and passaged with TrypLE Express (Life Technologies) plus Y27632 ROCK 

inhibitor (Stemgent). For knockdown experiments, hPSCs were transduced in suspension with 

lentivirus for UPBAP2L-shRNA3, UPBAP2L-shRNA4, or non-targeting shRNA. Two days 

post-transduction, cells were selected and then maintained with 5 µg/ml puromycin. Excitatory 

cortical neurons were generated as described (99). Briefly, on day 1, hPSCs expressing 

doxycycline-inducible Ngn2 were seeded at 40,000 cells/cm2 and 8 h later, Ngn2 expression 

was induced with doxycycline in KSR media supplemented with patterning molecules. On day 

two, media was changed to a 50:50 mix of KSR and N2 with Zeocin at 5 µg/ml (Thermo Fisher) 

to select for cells expressing Ngn2. On day three, media was changed to N2 plus B27 with 

Zeocin. On day 4, cells were re-plated and then maintained in NBM plus B27 and neurotrophic 

factors. Doxycycline was maintained in the media throughout the differentiation process. On 

day 14, neurons were treated with 100 µg/ml cycloheximide (Sigma) for 3 minutes, washed 

with ice-cold PBS plus cycloheximide, spun down, aspirated and flash frozen.  

 

3.5.10 Lentiviral shRNA treatment and cortical differentiation of human iPSC 

The CV-B iPSC line was edited by CRISPR-Cas9 to generated FMRP knockout clones. 

The iPSC lines were maintained in mTeSR medium (Stem Cell Technologies) and grown on 

Matrigel coated plates (Corning). iPSCs were first transduced in suspension with lentivirus for 

UBAP2L-shRNA3, UBAP2L-shRNA4, or non-targeting shRNA for 24 hours, and recovered 

for 2 days. Then, the iPSCs were subjected to a second transduction for 24 hours. After 2 days 

recovery, cells were selected and maintained with 2 µg/ml puromycin for 3 days. Cortical 

neurons were generated by using an established protocol (103). Briefly, on day 0 iPSCs were 
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plated on double Matrigel-coated plates. On day 1 cells were differentiated in N2B27 medium 

with 2 µM XAV939, 100 nM LDN-193189, and 10 µM SB431542 for 2 days. Concentrations 

of small molecules were gradually reduced until day 14. On day 15 cells were re-plated on 

Matrigel-coated plates and maintained in N2B27 media with 10 ng/ml brain-derived 

neurotrophic factor (BDNF) for 15 days. On day 30 cortical neurons were plated on Matrigel 

coated plates or glass slides and maintained in N2B27 medium for maturation. 

 

3.5.11 Drosophila stocks and genetic crosses 

Flies were raised at 25 °C on a standard food medium. The dFmr14 and dFmr13 mutant 

fly lines were generated previously(78, 79). Other fly lines used in this study were w1118, 

LigKG08209 mutant allele (BL14943), and Lige04268 mutant allele (BL18242) lines and were 

obtained from the Bloomington Drosophila Stock Center. To study genetic interaction between 

Lig and dFmr1, we performed genetic crosses and generated LigKG08209/CyO; dFmr13/TM6B, 

Tb and Lige04268/CyO; dFmr14/TM6B, Tb fly lines. These lines were crossed to each other and 

mushroom body morphology of adult male and female flies was examined at the age of 1-2 

days old.  

 

3.5.12 Analysis of Drosophila mushroom body morphology 

Pharate adult flies of 1-2 days old were collected and fixed with 4% paraformaldehyde, 

0.1% Triton X-100 in PBS for 3 hours at room temperature. After fixation, fly heads were 

washed two times and brains were dissected in wash buffer (0.5% Triton X-100 in PBS). The 

whole brain samples were incubated with blocking solution (5% NGS, 2% BSA, 0.5% Triton 
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X-100) for 3 hours at room temperature. The whole brains were then incubated with anti-

Fasciclin II antibody (1D4-supernatant; Developmental Studies Hybridoma Bank) at a 1:10 

dilution in blocking solution for 48 hours at 4°C. The whole brains were washed three times for 

15 min each at room temperature with wash buffer and then incubated with secondary antibody 

(goat anti-mouse Alexa 488; Invitrogen) at a 1:1,000 dilution in blocking solution for 24 hours 

at 4 °C. The samples were rinsed three times for 15 min each at room temperature and mounted 

with Vectashield containing 4’,6-diamidino-2-phenylindole (DAPI, Vector laboratories) for 

imaging. Statistical test of the MB β-lobe morphology was performed using Prism 7 (GraphPad 

software, Inc. 2007) and the results were analyzed by a χ2 test. 

 

3.5.13 Immunocytochemistry 

Cortical neurons were fixed with 4% paraformaldehyde (PFA) for 10 min at room 

temperature. Neurons were permeabilized with PBST (1 x PBS solution with 0.1% Triton X-

100) and blocked with blocking buffer (5% goat serum in PBST for 1 hour at room temperature. 

Cells were then incubated with appropriately diluted primary antibodies in blocking buffer for 

overnight at 4 °C and washed with PBST 3 times for 5 min each at room temperature and then 

incubated with desired secondary antibodies in blocking buffer for 1 hour. After staining cells 

were washed again with PBST 3 times for 5 min each at room temperature. Staining of the 

nuclei with DAPI was performed with mounting solution. Protein was detected with following 

antibodies: anti-CTIP2 antibodies (MABE1045, Millipore), and anti-TBR1 antibodies 

(ab31940, Abcam). Images were captured on a Zeiss LSM 710 confocal microscope and 

processed with ImageJ/Fiji.  
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3.5.14 Multi-electrode array recording 

Cortical neurons at day 30 of differentiation were dissociated and 2 × 105 cells were 

plated on poly-L-ornithine and laminin-coated multi-electrode arrays (Axion Biosystems). 

Spontaneous activities were recorded during a 5 min period on the day 50 of differentiation. 

Four replicates were performed for each sample of neurons.  
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