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Abstract 

MicroRNAs are important mediators in the control of helper T cell differentiation, 

where small perturbations in responses to extracellular signals leads to early 

polarization and specialization. Identifying gene targets of highly expressed helper T cell 

miRNAs can lead to identification of novel players in these networks. High-throughput 

sequencing of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) is a 

powerful tool for identifying these gene targets by pulling down the miRNA binding 

protein argonaute (Ago) and sequencing the co-immunoprecipitated miRNA and 

targeted cognate mRNA fragment.  

We performed HITS-CLIP on mouse CD4+ helper T cells and identified over X 

unique miRNA binding sites. While a majority of these sites were in well annotated 3’ 

untranslated regions (UTRs), we also identified a number of miRNA sites in coding 

regions, downstream of annotated 3’UTRs and in difficult to annotate regions of the 

genome. We identified hundreds of binding sites that were dependent of the presence 

of miR-29a, a miRNA highly expressed in CD4 T cells and implicated for its roles in T 

cell differentiation. We also observed a role for miR-29 in IL-17 production, which led us 

to identify a number of miR-29 targeted genes with roles in Th17 differentiation, one of 

which, ICOS, was a new target that we found to be directly regulated by miR-29.  Our 

study identifies Ago dependent miRNA binding sites important in Th17 biology and 

identifies a role for miR-29 in IL17 production.  

 Additionally, our lab has generated a tool that aims to create an easy to use 

interface for labs working with CLIP-Seq data to create high quality graphics that are 

easily edited in a vector based graphics program.  ClipPlot is a webapp that can be run 
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on a local server and used by all members of a lab simultaneously, requiring only the 

technical expertise of a single user. While this is not a replacement for sophisticated 

visualization tools like IGV, ClipPlot provides an easy to use platform for researchers 

working with CLIP-Seq or RNA-Seq data to quickly create presentable and easily 

manipulated graphics, visualizing the shape of sequencing data to defined regions.   
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MicroRNAs: biogenesis and function 

MicroRNAs are important evolutionarily conserved post-transcriptional regulators 

of gene expression. Initially transcribed as a non-coding RNA primary transcript (pri-

miR), their hairpin sequences are cleaved from the pri-miR by the RNAse containing 

Drosha and DGCR8 (Y. Lee et al., 2003). A single pri-miR may have multiple hairpins, 

which can lead to a single pri-miR transcript “cluster” giving rise to more than one 

mature miRNA. After Drosha/DGCR8 processing, the ~70nt hairpin (pre-miRNA) is 

exported from the nucleus where the nuclease Dicer removes the hairpin, creating a 

double stranded mRNA composed of two mature miRNA sequences ~22nt in length 

(Hutvágner et al., 2001). One of these strands is then bound by the protein Argonaute 

(Ago), which is associated with the RNA-induced silencing complex (RISC).   Either of 

these strands (referred to as 3p and 5p) may be loaded in to the RISC, however one of 

the two is usually dominant, with the less used strand commonly referred to as the “star” 

strand (Khvorova et al., 2003).  Ago and the mRNA are targeted to mRNA transcripts 

with sequence complementarity to the seed sequence of the mature mRNA. The seed 

sequence consists of nucleotides 2-8, and is the major determinant of miRNA gene 

targeting, though it is not the only determinant, as will be discussed later on.   

Since the first identified miRNA lin-4 was identified in C.Elegans over 20 years 

ago, we have identified thousands of unique miRNAs, hundreds of which are highly 

conserved across a multitude of species(Lagos-Quintana et al., 2001; R. C. Lee et al., 

1993; Wightman et al., 1993). The target sites of these miRNAs often lie in the 3’ 

untranslated region (UTR) of the regulated mRNAs, and some of the most potent 

miRNA binding sites are highly conserved (Friedman et al., 2008). However, there are 
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also many non-conserved miRNA binding sites, as well as non-conserved miRNAs 

which have also been demonstrated to be able to repress mRNAs (Agarwal et al., 

2015). There are also miRNA-mRNA interactions that have been described outside of 

the 3’UTR including in coding regions, and 5’UTRs (Hafner et al., 2010; Lytle et al., 

2007; Ray M Marín, 2013). 

 

 

MicroRNA target identification 

Because miRNA binding is determined by such a small region 7nt long, this can 

lead to tens of thousands of potential binding sites for any single miRNA. There is also 

the fact that as few as 6nt of seed complementary can be necessary for miRNA 

mediated repression of a target transcript, and that 3’UTRs can be kilobases in length. 

This means that a single miRNA can bind a large number of mRNAs, and that mRNAs 

can in turn be bound by a number of different miRNAs. The advantage of this, is that a 

single miRNA can have quite a large effect on a number of different genes 

simultaneously, creating a large network that can together have a much larger 

phenotypic effect (Ebert and Sharp, 2012).  

However, there are huge challenges to overcome in the study of miRNAs when it 

comes to identifying these target sites. With a binding site as small as 6nt, one could 

expect to see a binding site every 46 (4096) nt, and with potentially thousands of 

miRNAs, a 3’UTR can be littered with potential binding sites. Even putting aside the fact 

that the 3’ end of a miRNA can be sufficient for binding, along with other non-canonical 
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interactions, prediction of miRNA gene targeting quickly becomes overwhelming 

(Grimson et al., 2007). 

There have been a number of quality studies that have aimed to annotate and 

identify functional miRNA binding sites from many different angles (N D Mendes, 2009). 

The two major routes either involve in silico prediction, or functional identification. These 

two methods are not diametrically opposed, as the two often complement each other, 

with in silico approaches incorporating more and more of the observations from 

experimental data sources. One of the more popular computation miRNA target 

prediction algorithms is Targetscan, which predicts functional miRNA targets by seed 

sequence, position within the 3’UTR, evolutionary conservation of the target site, 

sequence context of the surrounding site, accessibility of the mRNA due to secondary 

structures as well as many other factors (Agarwal et al., 2015). There have also been a 

number of approaches to identify functional miRNA targets through experimental 

observations. Potential sites can be identified by prediction algorithms, and these sites 

can be tested through reporter assays, cloning the predicted site into the 3’UTR of a 

reporter gene. Differentially gene expression analysis can also be used as a tool to 

identify miRNA regulated genes after manipulating expression levels of individual 

miRNAs. This is a useful in conjunction with target prediction, however this can be 

challenging due to the moderate effects of miRNAs on gene expression. 

In recent years, new techniques have emerged to approach target site 

identification by crosslinking immunoprecipitation of the Ago protein and the bound 

mRNA fragment and miRNA (Jaskiewicz et al., 2012; Zhang and Darnell, 2011). These 

tools have been incredibly useful at identifying sites of Ago interaction, suggesting 
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miRNA binding at these sites. Crosslinking immunoprecipitation (CLIP) involves 

crosslinking RNA binding proteins to their bound RNA, allowing pulldown of the RNA for 

further analysis (Ule et al., 2005). One of these techniques, high throughput sequencing 

and crosslinking immunoprecipitation (HITS-CLIP) involves high throughput sequencing 

of the RNA, aligning it to the genome and revealing read-dense genomic regions or 

“peaks” that are bound by protein (Licatalosi et al., 2008). HITS-CLIP of Ago is able to 

reveal potential miRNA binding sites, but it can’t be known exactly which miRNA is 

binding to any given peak, or that the Ago binding is dependent on miRNAs in the first 

place. To get around this problem, one group used miR-155-/- T cells to try to map miR-

155 dependent Ago binding sites (Loeb et al., 2012). Differential HITS-CLIP (dCLIP) 

has been with miRNA knockouts to identify Ago peaks that disappear in the absence of 

a single miRNA (Bracken et al., 2014; Loeb et al., 2012).  

There are a few caveats regarding HITS-CLIP that need to be addressed. First of 

all, there are many non-canonical binding sites that are mapped by the dCLIP datasets 

that do not contain seed sequences(Licatalosi et al., 2008; Loeb et al., 2012).  There is 

the question if these sites are actively regulating mRNA expression levels, if they are 

secondary effects of a miRNA deletion, or spurious false positives. It is controversial to 

what extent these non-canonical sites are capable of inducing post-transcriptional 

silencing or degradation of mRNA targets (Agarwal et al., 2015; Loeb et al., 2012). 

Additionally, a major limitation of the technique is that only genes that are expressed will 

show miRNA-mRNA interaction sites, taking some of the air out of the sails of the claim 

of global mapping. This limitation is also one of the greatest strengths of HITS-CLIP.  

Instead of providing a schematic of all possible targets of a miRNA, instead, a view of 
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miRNA regulation is seen in a snapshot moment.  HITS-CLIP isn’t an experiment to be 

done once, but a technique to probe deeper into the role of a miRNAs in a specific 

instance of a cellular state, a tissue response to a pathogen, or in fate decisions of 

differentiation.   

 

MiRNAs in helper T cell differentiation and function 

 The immune system is a complex and delicately maintained system consisting of 

innate defense mechanisms and adaptive systems with antigenic memory. These 

systems are controlled by the expression of tightly regulated soluble cytokines which 

create an environment that orchestrates a coordinated response to a large variety of 

pathogenic insults.    

CD4+ helper T cells respond to these environmental signals, either from 

circulating cytokines or cognate interactions with antigen presenting cells that provide 

co-stimulation through the T cell receptor.  In response, CD4 T cells undergo rapid 

proliferation and differentiation.  These differentiation lineages differ depending on the 

response needed, and include T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17) 

and regulatory T (Treg) cells(Zhu et al., 2010). Differentiation into one of these subsets 

requires specific cytokine signals, which induce a specific transcriptional program, in 

part through expression of lineage specific transcription factors. These helper T cell 

subsets secrete unique cytokine profiles which not only aid in a coordinated immune 

response, but reinforce T cell differentiation in positive feedback loops.  

This thesis in particular focus on the miRNA-29 family, a highly conserved 

miRNA expressed in CD4 T cells (Kuchen et al., 2010). There are 3 mature variants of 
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miR-29: miR-29a, miR-29b and miR-29c. There are two miR-29 clusters in the mouse 

and human genomes, miR-29ab1 which contains miR-29a and miR-29b-1, and the 

second cluster miR29b2c, which contains miR-29b-2 and miR-29c. The mature 3p 

strand miRNAs are identical, but the pre-miRNAs differ in sequence as do the 5p star 

strands. There have been numerous studies implicating miR-29 in cancer (Y. Wang et 

al., 2013) and fibrotic disease (He et al., 2013). The role of miR-29 in T cells however is 

still under investigation. Complete knockouts of miR-29 have shown that T cell 

maturation seems to be unimpaired in a cell intrinsic fashion, however loss of miR-29 

leads to a loss of repression of Ifnar1 in thymic epithelial cells. This leads to early thymic 

involution and cell extrinsic inhibition of thymic cellularity(Papadopoulou et al., 2012).  

Additionally, previous studies have shown a role for miR-29 in directing T cell 

differentiation to Th1 cells. DGCR8-/- CD4 T cells lacking most miRNAs, demonstrated 

a strong Th1 differentiation phenotype. The addition of miR-29 back into the cells, was 

able to partially restore wildtype levels of Th1 polarization (Steiner et al., 2011).  A 

second study was able to show increases in Th1 cell differentiation after transgenic 

expression of a miR-29 sponge in CD4 T cells (Ma et al., 2011). These studies identified 

the Th1 transcription factors T-bet and Eomes (Steiner et al., 2011) as well as the 

cytokine IFNg (Ma et al., 2011) as direct targets of miR-29. It has also been suggested 

that IFNg induces miR-29 expression, creating a negative feedback loop (Schmitt and 

Philippidou, 2012; Smith et al., 2012). These effects on transcription factors 

demonstrate one way in which moderate effects of a miRNA on a target can have much 

larger downstream effects. This may also be the case with epigenetic regulators as 

miR-29 has been shown to be highly downregulated in T-cell acute lymphoblastic 
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leukemia (T-LL). One study demonstrated that restoration of miR-29 led to increases in 

demethylation of T-ALL associated genes, which was suggested to be through the miR-

29 targeted DMNT3 DNA methyltransferase and TET family members(Oliveira et al., 

2015).  This is one of a few instances describing a role for miR-29 in T cells in the 

context of disease, which include IL-21 dependent miR-29 inhibition of HIV infection, 

and dysregulated miR-29 expression in T cells from MS patients (Adoro et al., 2015; 

Smith et al., 2012).  

 

Overview of Thesis 

 Gaining a greater understanding of the targets of miR-29 during CD4 T cell 

activation can provide not just therapeutic targets, but a greater understanding of the 

pathways that manipulation of miR-29 perturbs. This is true for all expressed miRNAs, 

and discovering what those targets are, when they are bound, and when they are 

having an effect can provide insight into the deep regulatory web of miRNA interactions, 

the nodes or genes that that web touches, and in turn, potentially reveal new elements 

and structures of those pathways.  With so many potential targets, how can we hope to 

cut through the noise and identify miRNA targets that are important to a phenotypic 

question? How do we search for miRNA targets beyond the 3’UTR, when scanning the 

genome could mean hundreds of thousands of potential hits? Chapter 2 of this thesis 

discusses our effort to identify miRNA binding sites using HITS-CLIP, with a particular 

focus on miR-29. We identify miRNA binding sites capable of regulating gene 

expression on a global scale, including sites outside of 3’UTRs. Combining HITS-CLIP 

peaks with prediction algorithms and seed sequence complementarity, we identify gene 
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targets that enrich for genes differentially expressed in the presence or absence of 

individual miRNAs.  

 In our characterization of miR-29 deficient CD4 T cells, we found that the miR-29 

deficient T cells overexpressed IL-17 as compared to wildtype controls. To identify 

genes that may be contributing to this phenotype, we performed HITS-CLIP on both 

wildtype and miR-29 deficient T cells, and identified peaks with differential expression 

between the two groups. We identified a number of genes with a differentially expressed 

Ago binding peak that have known roles in Th17 differentiation and IL-17 expression 

including the co-stimulatory surface molecule ICOS (Hutloff et al., 1999). We were able 

to show that the identified Ago binding peak in ICOS was sufficient to induce RNA 

instability when cloned into the GFP 3’UTR, and that this instability was dependent on 

the presence of miR-29.  

 Chapter 3 discusses a program I developed called ClipPlot. This program was 

created as a visualization tool for the generation of Clip-seq and HITS-CLIP data. 

Creation of this tool came out of a need to generate figure or presentation quality 

images of HITS-CLIP data, that was both customizable, created easily editable images, 

and was accessible to a lay user. ClipPlot can be set up by a single user in the lab on a 

local server, and accessed by others in the lab over the network through an intuitive 

web interface. Users can create vector images, that can be edited easily to suit ones 

needs. The program was generated in python and uses scipy, Jupyter and iPython to 

create the GUI and graphics. ClipPlot also contains a number of my custom python 

modules that can be used to aid in analysis of HITS-CLIP data. 
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 I started working in the Ansel lab working on miR-17~92 and the cluster’s role in 

the function of follicular helper T cells (Tfh). Appendix 1 contains my first publication 

with the Ansel lab, working with Dirk Baumnjohann, where we found that the miR-17~92 

cluster was essential for the differentiation of Tfh cells, due in part to inhibition of Rora. 

My work in the project included contribution to a number of T cell cultures, adoptive 

transfers, flow cytometry analysis and single cell sorting. Major contributions are seen in 

figure 5, where I performed and analyzed microarray data of Tfh cells deficient in miR-

17~92, and in figure 6, where I created luciferase reporter constructs. Appendix 2 

contains another publication I contributed towards in the lab that uses Global Cross-

linking Protein Purification (GCLiPP) to globally identify RNA binding protein sites, and 

found patterns of rapid evolution, high GC content and greater folding likelihood among 

highly bound regions.  I contributed to the data analysis, software pipeline construction, 

and biochemical assay development. 
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High throughput identification of microRNA 
binding sites in CD4 T cell differentiation 
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Abstract 
 

Background: MicroRNAs are important mediators in the control of helper T cell 

differentiation, where small perturbations in responses to extracellular signals leads to 

early polarization and specialization. Identifying gene targets of highly expressed helper 

T cell miRNAs can lead to identification of novel players in these networks. High-

throughput sequencing of RNA isolated by crosslinking immunoprecipitation (HITS-

CLIP) is a powerful tool for identifying these gene targets by pulling down the miRNA 

binding protein argonaute (Ago) and sequencing the co-immunoprecipitated miRNA and 

targeted cognate mRNA fragment.  

Results: We performed HITS-CLIP on mouse Cd4+ helper T cells and identified miRNA 

binding sites. While a majority of these sites were in well annotated 3’ untranslated 

regions (UTRs), we also identified a number of miRNA sites in coding regions, 

downstream of annotated 3’UTRs and in difficult to annotate regions of the genome. We 

identified hundreds of binding sites that were dependent of the presence of miR-29a, a 

miRNA highly expressed in CD4 T cells and implicated for its roles in T cell 

differentiation. We also observed a role for miR-29 in IL-17 production, which led us to 

identify a number of miR-29 targeted genes with roles in Th17 differentiation, one of 

which, ICOS, was a new target that we found to be directly regulated by miR-29.   

Conclusions: Our study identifies Ago dependent miRNA binding sites important in 

Th17 biology and identifies a role for miR-29 in IL17 production.  
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Introduction 

Helper T cell development and function are complex processes that require 

proper expression of transcription factors and effector cytokines in specific amounts at 

specific times (Zhu et al., 2010). Dysfunction in these processes can lead to allergy, 

autoimmunity and chronic inflammatory disease (Zhu and Paul, 2008).  MicroRNAs 

(miRNAs) are small non-coding RNAs that post-transcriptionally inhibit messenger 

RNAs (mRNA) through interaction with Argonaute (AGO) proteins in the RISC complex 

(Ansel, 2013) . While it is clear that miRNAs are important mediators of helper T cell 

differentiation, the effect of a single miRNA-mRNA target interaction can have moderate 

effects.  

While miRNAs may have relatively modest effects on a single gene transcript, by 

targeting hundreds of genes, whole networks can be manipulated by a single miRNA. 

Uncovering these networks can lead us not only to a greater understanding of the role 

of miRNAs in cellular function, but also reveal new unappreciated gene functions.  

Determining the targets of miRNAs can be done on a gene by gene basis, however 

transcriptome wide scale mapping of miRNA targeting has largely been limited to a 

computational in silico approaches. A major determinant of miRNA mRNA interactivity is 

determined by the seed region at positions 2-7 of the 5’ end of a mature miRNA. To 

move beyond the limitations of target determination by sequence alone, groups have 

used a technique called high-throughput sequencing of RNA isolated by crosslinking 

immunoprecipitation (HITS-CLIP) (Chi et al., 2009; Loeb et al., 2012). This technique 

sequences RNA crosslinked to immunoprecipitated AGO to identify miRNAs and the 

mRNA fragments they are bound to. This provides more than an unbiased approach to 



 14 

identifying regions of AGO binding, it provides information about targets that are likely to 

be actively regulated in the context of whatever system the assay is being performed in.  

It is well known that miRNAs have a large effect controlling helper T cell differentiation.  

Teasing apart the specific effects of miRNAs in this process has been a challenge for 

the field. 

To understand the role of miRNAs in T cells, we have to address the problem with both 

molecular and phenotypic strategies, finding specific and relevant gene targets as well 

as studying their dysregulation in disease. 

In this study, we perform transcriptome wide Ago HITS-CLIP on differentiating CD4 T 

cells.  Combining our analysis of Ago binding sites with computationally derived 

predicted miRNA target sites, we were able to identify 289 miR-29 target sites. We 

found many of these targets to be in 3’UTRs, however we were also able to identify 

miRNA binding sites in coding regions as well as poorly annotated regions of the 

genome. We focus on miR-29, a highly expressed miRNA in CD4 T cells that been 

described to regulate CD4 T cell differentiation, including Th1 differentiation 

(Papadopoulou et al., 2012; Smith et al., 2012; Steiner et al., 2011).  We found that 

mice deficient in miR-29 revealed a suppressive role for mIR-29 in IL-17 production.  In 

combination with our HITS-CLIP target sites, we were able to identify miR-29 targets 

connected with IL17 production and TH17 differentiation, including ICOS, a previously 

undescribed target of miR-29.  
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Results 

 
Argonaute HITS-CLIP identifies miRNA targets actively bound during T cell 

differentiation. 

To identify argonaute dependent miRNA binding sites in CD4 T cells, we 

performed Ago-HITS-CLIP on mouse CD4+ T cells isolated from spleen and lymph 

nodes, activated for 3 days with αCD3/αCD28 followed by 2 days rest in IL2. We 

modified the published HITS-CLIP protocol to increase efficiency of pulldown and 

recovery of material (Fig 1A, Methods)(Loeb et al., 2012). Cells were UV irradiated to 

crosslink mRNA and miRNAs to RNA binding proteins, followed by cell lysis, single 

stranded RNAse digestion and argonaute immunoprecipitation. Libraries were 

generated independently, sequenced and aligned to the mouse genome. We used 10 

independent biological replicates to generate our datasets and to identify peaks of 

argonaute binding.  

We would expect close to a 1:1 ratio of miRNA:mRNA molecules to be bound to 

each pulled down argonaute molecule, and we found 55% of aligned reads mapped to 

miRNAs (data not shown).  We were able to detect over 600 unique miRNAs as 

annotated by miRBase. After subtracting annotated miRNA reads from our dataset, 

~50% of aligned reads mapped to 3’UTRs (Fig 1B). Many reads were also found closely 

downstream or upstream of the 5’ and 3’ untranslated regions (UTRs) as well as coding 

regions and in introns.  

 To validate the quality of our data, we started by looking at binding peaks within 

highly expressed genes, and particularly those that have been previously described to 

have important miRNA binding sites within annotated 3’UTRs. We had previously 
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described that miR-27 was a potent inhibitor of GATA3 and Th2 differentiation (Pua et 

al., 2016). We were able to observe robust Ago binding at the described miR-27 binding 

site in the 3’UTR of Gata3, as well as a number of other peaks at predicted miRNA 

binding sites (Fig 1C). We could also see a strong peak at a previously described mIR-

19 target site in the Socs1 3’UTR (Fig 1D)(Simpson et al., 2014). We also observed 

peaks at sites without predicted miRNA target sites, some of which had seed 

complementarity to highly expressed miRNAs, and others which did not.  

 

Argonaute binding sites improve target predictions of gene regulation 

Our goal is the identification of the network of gene targets that any given miRNA 

regulates to discover important players in a phenotype.  There are a number of 

resources available that have used predictive algorithms to try to identify likely miRNA 

binding sites within 3’ UTR regions, including Targetscan (Agarwal et al., 2015).  While 

these algorithms are very useful in the identification of where miRNAs can bind, we 

wanted to narrow down our lists to find genes that are actually bound by a miRNA of 

interest, within the context of T cell differentiation. First we needed to see how well our 

CLIP identified Ago binding regions compared to Targetscan predictions. We used 

custom peak calling scripts to identify 50nt regions closely matching a standard 

distribution curve (T. Wang et al., 2014). Due to the sheer number of potential miRNA 

binding sites in any given sequence when we take into account all of thousands of 

reported miRNAs, it is impossible to determine the miRNA likely bound with Ago at any 

given site. We can however, use information about the profiles of miRNAs bound to Ago 
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that were sequenced along with the mRNA reads. We decided to limit our analysis to 

only the top 50 miRNA families (determined by seed sequence, Fig 2b).  

Another tool we have at our disposal is a number of different gene expression 

data sets from miRNA deficient mice.  We referred back to data from published DGCR8-

/-  CD4+ T cells transfected with mimic control or miR-29a mimic (Steiner et al., 2011).  

Selecting for genes with predicted miR-29 target sequences in their 3’UTR  reveals a 

predicable enrichment for genes that have been downregulated in the presence of the 

miR-29 mimic as opposed to the control. While this list enriched for genes that could be 

bound by miR-29 (809 genes), when we narrowed down the list further to genes that 

had an ago binding peak at the predicted site (183 genes) we saw a much greater 

enrichment for genes downregulated by miR29 mimic (Fig 2C).  Negative control 

miRNA target gene lists showed no change compared to the list of all miRNA targeted 

genes (Supplemental figure 2a). We observed similar patterns for other miRNAs. When 

comparing miR18-/- CD4 T cells to wildtype controls, we found that genes with miR-18 

target site predictions enriched for genes upregulated in the knockouts and that this 

enrichment was improved by selecting for target sites with Ago binding peaks in the 

HITS CLIP data (Figure 2D, Montoya 2017). This pattern also held true for miR-19 

target containing genes in miR-17~92 deficient CD4 T cells compared to wildtype 

controls (Fig 2E) (Baumjohann et al., 2013). This demonstrates that we can use our 

binding peaks in coordination with prediction algorithms to narrow down our list of genes 

that are functionally regulated by miRNAs within the context of a system of interest.  
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Ago HITS-CLIP reveals easily missed context specific binding sites outside of 

annotated 3’UTRs 

One of the major limitations of relying on prediction algorithms, is that we are 

limited by the annotations for transcript locations.  CLIP data from a cell type or even 

different stimulation conditions can be limited by the genes that are expressed, or 

isoforms that may drastically change the length or sequence of the 3’UTR.  For 

example, many genes have 3’UTRs that go beyond Refseq annotations, such as Ago2 

(Fig 3a). There are a large number of Ago binding sites downstream of the annotated 

3’UTR, many of which have seed complementarity to highly expressed miRNAs (Fig 3b) 

and there are other regions of dense Ago binding peaks that are poorly annotated and 

are easily missed when limiting analysis to well defined 3’UTRs. This is especially true 

for regions that are tremendously difficult to annotate such as the TCR. We see one of 

these dense ago peak regions in TCRb, a 5kb stretch that is rich for Ago binding and 

has predicted seed sequences (Fig 3E).   

Some attention has been payed to regions outside the 3’UTR including the 

5’UTR and coding sequences. These areas have been shown to have limited regulatory 

activity even in the presence of Ago binding. We saw a number of sites in coding 

regions that had seed complementarity (Figure 3B). We also found that identifying 

genes with these sites was not devoid of predictive ability for gene regulation, as genes 

with miR-29 seed sequences in coding regions were more downregulated in the gene 

expression array after miR-29 mimic transfection (Figure 3C).  

A recent study identified a novel miRNA binding site for IL4 that had been missed 

by Targetscan as well as previously published HITS-CLIP datasets. They found a miR-
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24 binding site at the 5’ edge of the 3’UTR that was a potent regulator of transcript 

stability.  It was missed by predictions due to the overlap of the mature miRNA with the 

coding sequence. It was also not a clear argonaute binding site in available HITS CLIP 

experiments, most likely because of the lack of expression of IL4 in those datasets. Our 

Th2 cells had detectable levels of IL4, allowing us to visualize an Ago peak at the miR-

24 site (Fig 3D).  

These examples illustrate the importance and utility of using Ago-CLIP in cells 

specific to the system being studied. Gene expression difference, alternative splicing 

and variable regions can differ from system to system, and having matched ago binding 

can greatly improve upon the picture of the influence of miRNAs. 

 

Comparative HITS-CLIP with miR29 deficient CD4 T cells reveals miR29 

dependent AGO binding sites 

While a major advantage of AGO-CLIP is the ability to infer miRNA binding, one 

limitation is the inability to determine which miRNA is responsible for Ago targeting to an 

individual peak. While we can use seed sequence to infer the likelihood of miRNA 

binding, this doesn’t allow the discovery of noncanonical sites, or the ability to 

distinguish between tightly packed predicted miRNA sites. To get around these 

limitations, we turned to differential HITS-CLIP.  Our lab has been interested in the 

miRNA miR-29, due to its high expression in CD4 T cells, as well as multiple known 

functions for the miRNA in the function of CD4 T cell subsets. We were especially 

interested to identify miR-29 binding sites that were actively bound by miR-29 during 

CD4 T cell differentiation.  
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MiR-29 knockout mice develop severe defects in their T cell compartment due to 

thymic involution. To get around this problem, we generated miR-29 flx/flx  mice that 

were bred to CD4-Cre, to obtain T cell specific miR-29 deficient cells.  6 independent 

HITS CLIP experiments with a total of 20 samples were performed for both WT and KO 

CD4 T cells after 5 days of in vitro stimulation. Differentially expressed peaks between 

both WT and KO samples were identified using the published dCLIP analysis pipeline 

toolkit on the combined datasets (Fig 4A and B) (T. Wang et al., 2014).  

If we separated out genes that contained differentially expressed peaks, we saw 

that those peaks that overlapped with 8mer complementary target sites were 

significantly enriched for genes downregulated in DGCR8-/- cells transfected with miR-

29 compared to control. This was true as well for genes containing any type of 

canonical miR-29 site (8mer, 7merm8,7mer1a,6mer) (Fig 4C). However, when we 

looked at non-canonical sites, we saw that this difference was greatly reduced, 

suggesting that non-canonical miR-29 dependent argonaute binding sites, may not 

contribute as strongly to downregulation of their target transcripts (data not shown). 

 

miR-29ab-1 conditional knockout CD4 T cells produce higher levels of IL17 after 

simulation 

Because we were describing a new miRNA knockout, and using that system to 

define novel miR29 binding sites, we wanted to see if there was a phenotype in these 

mice that would help inform which gene targets we might be interested in. It has been 

previously described that miR29 is important for Th1 differentiation in the absence of 

other miRNAs, and in the total miR29 knockout mice, there are demonstrated 
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reductions in Th1 cells and Th17 cells.  We found that consistent with the total 

knockouts, the miR29 conditional knockout CD4 T cells produced significantly less IL17 

in vitro after polarization to IL17 cells in vitro (Fig 5A and B). This reduction in IL17 was 

not limited to Th17 polarized cells. If we polarized cells under different conditions, Th1, 

Th2 or iTreg, we still were able to see reduction in IL17 production, though often 

expression was  very low in the non Th17 conditions.  We also saw the expected 

increase in IFNg in the miR29 knockouts under non-polarizing conditions, however we 

no difference could be seen in the Th1 conditions (Fig 5C). This could be due to the 

strength of the Th1 polarization conditions, and the relatively modest effect of miRNAs.   

We also noticed that there were no significant differences in the amount of 

RORgt expression between the wildtype and knockout T cells (Fig 5D). This was 

surprising due to the increase in IL17 observed, but this, along with the fact that Il17 

was up in the KO under multiple polarizing conditions, suggest that miR29 may dampen 

IL17 expression independently of RORgt.  

To further investigate the role of miR-29 on IL-17 production, we referred to our 

list of ago binding peaks with miR-29 seed sequences that were significantly less 

expressed in the mIR-29 deficient CD4s. We were in fact able to see multiple genes that 

could be contributing the observed phenotype. One of the clearest hits was in the 3’UTR 

of ICOS where we saw a highly bound ago binding peak that was reduced 5 fold in the 

absence of miR-29 (Fig 6A). ICOS has been suggested to be important for TH17 

differentiation through regulation of cMaf and subsequently IL23R expression. We also 

saw a highly differentially expressed peak in the 3’UTRs of Cflar and Sat1b, both of 

which have been previously described to have a role in IL17 regulation (Fig 6B and C). 
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ICOS and Cflar are useful examples of how we can use target prediction in harmony 

with differential peak binding, but there may also be functional targets without canonical 

sites, that can warrant further study to determine functional relevance.  

 

ICOS is directly regulated by miR-29 

While we are interested in many of the genes regulated by miR29 to inhibit IL17, 

we decided to start with a single example to start to piece together the network of 

genes.  We first turned our attention to ICOS, which has yet to be described as a target 

of miR-29, but which has a clear and differentially expressed peak with an 8mer seed in 

its 3’UTR. We wanted to see if we could identify whether ICOS was directly regulated by 

miR-29.  We cloned the predicted miR-29 binding site into the 3’UTR of GFP in a GFP 

expression plasmid. To test the stability of the RNA in the presence of absence of miR-

29, we in vitro transcribed GFP from the plasmid and transfected the RNA directly into 

stimulated miR29 flx/flx CD4-Cre+ or wildtype control CD4 T cells. We used a sequence 

cloned from the identified miR-29 dependent Ago binding ICOS site, as well as a target 

site that had perfect complementarity to the mature miR-29. We also included a 

scrambled version of the ICOS site as a scrambled negative control. All 3 RNA 

templates were combined and transfected together to control for differences in 

transfection efficiency and RNA extraction. After transfection with the RNA, we took 

cells at multiple timepoints and purified out the RNA.  After reverse transcription, we 

performed qPCR specific for our transfected mRNAs. After normalizing to the scrambled 

sequence at each timepoint, we saw that there was a clear reduction in mRNA 

containing either the ICOS site, or the miR29 complementary site very early on at 30 
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minutes after transfection in the WT cells, but not in the miR29 knockout cells. This 

shows that the stability of the GFP RNA containing the ICOS miR-29 binding site was 

dependent of the expression of miR29. 
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Discussion 

MicroRNAs continue to be an extraordinary resource for the mapping and 

discovery of new pathways and interactions, as well as providing a means for subtle 

manipulation of these systems. Hundreds of thousands of miRNA-mRNA interactions 

have been described, predicted and studied with a wide variance of detail. The amount 

of information is very nearly overwhelming and much like the sequencing of the human 

genome, this information does not give us immediate answers. It is important that we 

begin to narrow down this information with careful consideration given to what system or 

cell type we wish to survey for miRNA mRNA interactions.  

HITS-CLIP is a powerful tool for identifying miRNA binding sites actively being 

bound by argonaute with a specific context (Zhang and Darnell, 2011). Indeed, a 

number of other studies have started to do similar work in different contexts.  Initial 

HITS-CLIP studies were conducted on mouse brain tissue, focusing on miR-124 

(Boudreau et al., 2014). Follow up studies included the use of miRNA knockout mice, 

including a study that used activated mouse CD4 T cells to identify hundreds of non-

canonical miR-155 dependent Ago binding sites (Loeb et al., 2012). Other studies have 

focused on cardiac tissue and embryonic stem cells, as well as on schistosomes and 

viral miRNAs (Spengler et al., 2016; Yang Eric Guo, 2015; Zhao et al., 2015).  

In this study, we are looking specifically at miRNA target interactions within the 

context of differentiating CD4 T cells. Our data adds to the growing accumulation of 

miRNA dependent Ago binding sites. 

We also demonstrate a continued need to look beyond the 3’UTR of mRNA 

transcripts when considering important sites for miRNA interactions. There have been a 
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number of improvements considering miRNA sites beyond the 3’UTR. Targetscan used 

to consider only annotated transcripts, but recently was updated to include 3pSeq data 

to extended 3’UTR sequence and allow for rare but potentially meaningful isoforms to 

be considered when searching for miRNA targets. Numerous Ago-Clip-Seq studies 

have identified Ago binding sites outside the 3’UTR, including the 5’UTR and coding 

regions, however searchable databases from these studies rarely include these regions. 

Our datasets do not limit analysis to 3’UTRs, but instead to regions of minimum 

expression.  

We can combine a generic search for miRNA binding sites using only a seed 

sequence as our guide, Targetscan predictions using their sophisticated and robust 

models, with our HITS-CLIP binding data. This allows us to do two things. First, we can 

identify novel binding sites outside of regions commonly surveyed for seed sequences. 

Second, we can pick out miRNA binding sites that have already been predicted to be 

excellent target candidates but also are actively bound by Ago in our specific system. 

We have shown that combining predictions with actively bound sites can greatly enrich 

for targets that are regulated in the presence or absence of a given miRNA.  

 Our study contains a dataset that goes beyond CD4 T cell activation.  We further 

look at Th17 cells differentiated in vitro, as well as the role of miR-29 in repression of IL-

17 expression. MiR-29 is a highly conserved miRNA family highly expressed in CD4 T 

cells, and has been associated with acute myeloid leukemia, fibrosis, and Th1 

differentiation (Liston et al., 2012).  Previous studies focusing on the role of miR-29 in T 

cells have used a knockout mouse, which is complicated by Ifnar dependent thymic 

involution, leading to decreased thymic cellularity (Papadopoulou et al., 2012).  To get 
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around this, we generated T cell specific miR-29ab1 floxed mice.  This allowed us to 

identify increased expression of IL-17 by stimulated CD4 T cells and ask more specific 

questions with our HITS-CLIP and utilize a strength of the technique. Performing HITS-

CLIP on Th17 polarized wildtype and miR-29 deficient CD4 T cells allowed us to identify 

a number of Th17 specific gene targets of miR-29 that only showed up in the context of 

Th17 cells because expression is required for HITS-CLIP capture. This revealed that 

miR-29 hits different pathways at once. While T-bet may be an important miR-29 target 

in Th1 differentiation, targets like ICOS can have effects on Th17 differentiation. It is 

unsurprising that such a highly expressed miRNA can have effects on a number of 

different pathways, but our experiments provide the basis for developing schematics of 

miRNA interactions that change based on the state of the cell.  
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Figure 1: Argonaute HITS-CLIP identifies miRNA target sites actively bound 

during T cell differentiation 

A) In vitro activated CD4 T cells were crosslinked by UV radiation. Ago2 was 

immunoprecipiated from cell lysates and treated with RNAse. After linker ligation and 

gel electrophoresis size selection for argonaute, co-precipitated mRNAs and miRNAs 

were extracted for library prep and sequencing. B) Distribution of reads aligning to 

annotated gene features after miRNA reads were removed based on miRBase 

annotations. C-D) Example of the HITS-CLIP RNAseq. Reads aligning to the GATA3 

3’UTR and the Socs1 3’UTR. Tick marks represent predicted miRNA target sites.  
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Figure 2: Ago HITS-CLIP predicts miRNA regulated target genes in synergy with 

target prediction algorithms 

A) Example of 50nt peak called in 3’UTR of Tet3 with miRNA seed matches highlighted. 

B) Top miRNA families sequenced by seed sequence and percent of total miRNA 

reads. Family names have been shorthanded. C-E)  Cumulative distribution of gene 

expression after transfection of DGCR8-/- CD4 T cells with miR29 mimic vs cells 

transfected with control mimic (C), RNAseq of miR18a-/- CD4 T cells vs wildtype 

controls (D) or RNAseq of miR17~92-/- sorted follicular helper T cells compared to 

wildtype control (E).  Black lines represent the set of genes that have at least one 

predicted miRNA binding site in their 3’UTR. Blue lines represent the set of genes 

containing Targetscan predicted miR29, miR18, and miR19 sites respectively. Red lines 

represent genes containing both the predicted miRNA site, but also contain a peak at 

the same site in the HITS-CLIP data. Pvalues were calculated with a two-sided KS test 

compared to the set of all targeted genes.  
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Figure 3: Ago HITS-CLIP reveals easily missed context specific binding sites 

outside of annotated 3’UTRs. 

Examples of HITS-CLIP peaks identified outside of annotated 3’UTRS. 

A)  Ago binding peaks downstream of the annotated Ago2 3’UTR. B) Ago binding peak 

in exon 15 of smarca5 with a miR-29 8mer target site. C) Tcrb 5kb region in 

chromosome 6 with Ago binding peaks. D) CDF plot showing the set of genes with a 

called binding peak in a coding region that also contain a seed match to miR-29. DE 

gene expression is the same as in Fig 2C  E) Peak in IL4 with a miR24 binding site 

overlapping the 3’UTR and the end of the coding region.  
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Figure 4: Comparative HITS-CLIP with miR29 deficient CD4 T cells reveals miR29 

dependent AGO binding sites 

(A-B) Examples of miR-29 dependent AGO binding peaks in 3’UTRs. (A) 7mer-1a miR-

29 seed site in Zfp36l1 from miR-29abflx/flx CD4-Cre-(blue) and miR-29abflx/flx CD4-Cre+ 

(red). (B) 8mer miR-29 seed site in the Tet3 3’UTR.  

Cumulative distribution of gene expression after transfection of DGCR8-/- CD4 T cells 

with miR29 mimic vs cells transfected with control mimic. The lines represent the set of 

genes that have at least one predicted miRNA binding site in their 3’UTR(black), the set 

of genes containing differentially expressed peaks downregulated in the absence of 

miR-29 either with no seed sequence (red), with a seed sequence (green) or with an 

8mer sequence (blue). Pvalues were calculated with a two-sided KS test compared to 

the set of all targeted genes.  
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Figure 5: In vitro differentiation profile of miR-29ab-1 conditional knockout CD4 T 

cells  

 

CD4 T cells stimulated in vitro for 3 days with anti CD3/28, 2 days rest in IL2 and 

restimulated in PMA/Ionomycin for 4 hours before fixation. A-B) Il-17 expression in cells 

cultured in Th17 polarizing conditioned media. C-D) Expression of IFNg C) and RORgt 

(D) in Th0, Th1, Th2 and Th17 in both miR29flxflx CD4-Cre+ and CD4-Cre- T cells, by 

intracellular cytokine stains.  
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Figure 6 Differential HITS-CLIP targets with known associations with Th17 

differentiation 

(A-C) HITS-CLIP examples of 3’UTR segments from Th17 associated genes with 

differentially expressed peaks between the wildtype and miR-29 deficient CD4 T cells. 

(A) miR-29 8mer site in the 3’UTR of Icos (B) miR-29 8mer site in the 3’UTR of Cflar. 

(C) Non-canonical differentially expressed peak with no miR-29 seed in the 3’UTR of 

Sat1b.  
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Figure 7: ICOS is directly regulated by miR-29 

(A) Generation of mIR-29 reporter constructs was done by cloning either the miR-29 

8mer ICOS target site (see fig6), a scrambled control or miR-29-Exact, a sequence with 

exact miR-29 sequence complementarity, into the 3’UTR of GFP.  After isolation of the 

restriction digested fragment DNA, a T7 promoter sequence was added to the 5’ end by 

PCR and RNA was made by in vitro transcription with T7 polymerase. All three RNA 

constructs were pooled and transfected into miR-29abflx/flx CD4-Cre- and miR-29abflx/flx 

CD4-Cre+ isolated stimulated CD4 T cells. After transfection, cells were washed 

repeatedly and lysed in TRIZOL or rested in vitro for 0.5-4 hours before TRIZOL lysis. 

RNA was exracted for qPCR analysis. (B) GFP expression of cells 4 hours after 

transfection. (C-D) ICOS peak sequence and miR-29-Exact complementary sequence 

RNA timecourse after transfection. Measured by qPCR. Each sample was normalized to 

co-tranfected levels of the scrambled control RNA. (E) Mean fluorescence intensity of 

ICOS measured in day 5 restimulated CD4+ Th0, Th1, Th2, Th17 and iTreg cultures by 

flow cytometry.  
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Chapter 3 
 

ClipPlot: User friendly Clip-Seq graphing 
tool for presentation quality figures  
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Introduction 
 

In recent years, the generation of data has massively increased, testing our 

facilities for data analysis. With the increase in data, comes the challenges of organizing 

the data, visualizing and summarizing the data, and presenting it in a clear and 

understandable format.  

Sequencing data comes in many forms, including RNAseq, whole genome 

sequencing and many of these formats can be distilled into simplified lists of reads per 

gene, as the relative position of the reads in a gene is not nearly as important as the 

presence of the read in the gene at all.  

Crosslinking immunoprecipitation RNA-sequencing (CLIP-Seq) however, greatly 

depends on the position of the reads in a transcript for the analysis.  RNA binding 

proteins (RBPs) are post-transcriptional regulators of mRNA, binding to cis-regulatory 

elements often in 3’ and 5’ untranslated regions (UTRs) and controlling everything from 

capping and splicing to relocation within cellular compartments and inducing 

degradation. CLIP-Seq involves the crosslinking of these proteins to their bound 

mRNAs, digesting unbound RNA, isolating the RPBs of choice, and sequencing the 

bound RNA. A major advantage of this technique is that it allows the identification of 

specific regulatory sequences in the RNA transcript by looking for peaks of sequenced 

and aligned RNA fragments.  

There are a number of tools available for the identification, annotation and 

statistical analysis of these CLIP-Seq RNA peaks, and they are becoming more 

accessible to a lay researcher.  Even visualization of this data has been simplified into 

an easy to use package called the integrated genomics viewer (IGV). IGV and the 



 43 

Santa Cruz Genome Browser have been incredibly powerful tools for CLIP-Seq  for their 

ability to scan genome wide datasets quickly and efficiently, while adding annotations 

and various types of sequencing data in parallel. However a major limitation of these 

tools, is that they lack easy to use export features for generating figure quality plots. 

Currently, CLIP-Seq figures are generated by either screenshots from IGV, heavily 

edited outputs from IGV or the UCSC Genome Browser, or by using custom scripts that 

either go unpublished, or have a high technical barrier to entry.  

Our lab has generated a tool that aims to create an easy to use tool for labs 

working with CLIP-Seq data to create high quality graphics that are easily edited in a 

vector based graphics program.  ClipPlot is an ipython notebook based webapp that can 

be run on a local server and used by all members of a lab simultaneously, requiring only 

the technical expertise of a single user. ClipPlot is designed with ease of use as a 

priority. Track files are placed in a central location, can be in multiple supported 

formats ,and can include annotations such as bed files to denote regions of interest. 

While this is not a replacement for sophisticated visualization tools like IGV, ClipPlot 

provides an easy to use platform for researchers working with CLIP-Seq or RNA-Seq 

data to quickly create presentable and easily manipulated graphics, visualizing the 

shape of sequencing data to defined regions.   

 

Installation 
 

The simplicity of CLIP-Plot installation is that it exists within an IPython Jupyter 

notebook. There are a number of prerequisites that are required for its usage.  These 

include a current version of IPython as well as the Jupyter notebook package. SciPy is 
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required, specifically, stats, numpy and matplotlib.  The software also relies heavily on 

the usage of Samtools for processing of indexed and compressed Bam files.  

Files can be placed in the ClipPlot default folder, which can be changed in the 

defaults.py file. This can also be changed on a per-user basis under the “Defaults” 

accordion button within the notebook itself. File formats supported are Bam (.bam), Bed 

(.bed) and Bigwig (.bw). Bam files must be sorted and include a matched .idx index 

(See pre-processing data section). Users must also supply genome annotations to use 

the gene and transcript identification, which should be placed in the folder Annotations. 

We have included the annotations for the mouse genome, including refseq annotations 

(refseq_names.txt), which can be used in gene selection, as well as for drawing the 

gene annotation track.  

In the current early version of this software, the server can be setup manually by 

placing the notebook in an easily accessible location on a networked computer with 

access to the alignment files. The user can access the host computer by mapping the 

host localhost and port to their own with: 

 

ssh -L localhost:8889:localhost:8889 User@hostaddress 

 

The host computer can start the process in jupyter, using the same port as the user. 

This will create an instance of the notebook that can be accessed remotely, and will 

shut down when the user logs off:  

 

jupyter notebook --port=8889 
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The user can then access the notebook by navigating to: 

 

http://localhost:8889/tree 

 

and using the folder navigation to access the notebook ClipPlotNotebook.ipynb. 

Running the first cell in the notebook will run the ipywidgets based GUI.  

 

Usage 
 
Select Region 

ClipPlot is designed to be used in conjunction with another genomics viewer such 

as IGV or the UCSC Genome Browser, as ClipPlot does not have a way to easily scan 

the genome quickly for areas of interest. The easiest way to frame an area to plot, is to 

identify genomic coordinates of interest in another viewing program and enter those 

coordiantes in the Location box. After entering the Strand, the box GeneID will 

autopopulate. If there is more than one gene at this location, you can choose which one 

you wish to display along with your sequencing data. The RefseqID field will update with 

a list of annotations for that GeneID, which can include splice variants. Only one of 

these can be displayed at a time currently. If you don’t have location data and just want 

to display a gene, you can select Lookup: By GeneID, which will display the 3’UTR of your 

selected gene. You still have the option to pick isoforms in the RefseqID box.  

 

Files 
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 The files displayed are those that were placed in the ClipPlot Default folder and 

include those ending in .bam or .bw. A single file can be selected from the Alignments to 

Use,  or multiple files can be selected using ⌘(Osx) or Ctrl(Win) click. The order in 

which the files are selected are the order in which the tracks will appear when plotted. 

Selected files will also appear in the box Antisense. Files generated in the antisense 

direction can be selected here to insure proper strand specific plotting.  

 For those who are working with AGO-CLIP data, it is often useful to have miRNA 

binding site data. For this reason, we have included the ability to add Targetscan 

annotations to the plots. Selecting Targetscan from the bedfile list, will open up a 

selection of miRNA family from Targetscan. The default file is the included 

Targetscan.bed, and was generated from Targetscan 7.1 mouse, which includes 

regions outside Refseq annotated 3’UTRs. Users can select a single miRNA family from 

this list, or select “All” to show all predicted mIRNA binding sites within the framed 

region.  

 

Formatting 

 A number of different options are available for formatting and can be toggled on 

and off. They are listed and described below: 

 

• BedLabels: Adds labels to each element of the chosen bed file. If multiple bed 

files are chosen, it labels the last one chosen. Future versions will have options 

to change the look of the labels, however currently they are set. 
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• Left To Right: Displays all genes as 5’->3’ regardless of the strand. When this is 

unchecked, graphics will be relative to the genome.  

• Legend: Adds a legend for each track, with the name of the file being shown 

(without path).  

• Stagger Bedtracks: If multiple bedfile regions overlap, instead of being 

combined, they will be offset from each other.  

• Show RefSeq: Toggle to display the Refseq annotation of coding, intronic and 

untranslated regions of the gene selected in the RefseqID box.  

• Shade Bed: Highlight bedtrack regions with a shaded box.  

• Autoscale: Scale each track individually. If this is not selected, all tracks will be 

scaled to the track with the highest maximum.  

• ShowBoundingBox: Toggles display of a box around each of the plots.  

• Scale to RPM: Scales each of the tracks to reads per million. Uses the number 

of reads from each bam file. Utilizes samtools idxstats. 

 

Color Picker 

 Colors can be selected for the tracks. Currently up to 4 colors can be selected, 

and they will be applied to the tracks in the order that they are generated. If more than 4 

tracks are selected, the colors will cycle through the 4 colors selected.  

 

Output Format 
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 The main function of ClipPlot is to create simple high quality graphics for 

presentations and figures. With that in mind, a number of different options are provided 

for the figure output.  

• Xscale: Defines in inches how wide the figure should be. If set to zero, the X 

axis will scale with the size of the region graphed. Users can set this to zero for 

consistency in scale, or specify a number for consistent image size.   

• Font Size: Defines font size used. Default is 12 

• DPI: Dots per inch of output. Default is 300.  

• File Format: Specifies file format. Default is pdf, which is recommended for 

further vector image manipulation in programs like Adobe Illustrator.  

• File Suffix: Files are saved in the format geneid.pdf. Changing the suffix allows 

additions. Example: Setting File Suffix to “_version1” will save the file as 

geneid_version1.pdf. 

• Output Folder: Specifies the folder where the graphic will be saved. The green 

check or red X after the box indicate whether the path provided is recognized by 

the system.  

 

When all settings are chosen, users simply hit the button “Graph” and the plot will 

simultaneously be saved to the output directory and displayed in the browser. If the 

image is not full size, inspection of the image will lead to a full resolution image 

depending on browser limitations (Tested in Chrome on OSX).  
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Limitations and Future Directions 
 

  There are a number of features that are still missing from a program like this, 

some of which are inherent to the design, and others that will be added in a future 

update of the program. The program makes a number of assumptions regarding the 

structure of the input data. Greater flexibility with input formats would be useful in 

deployment to a wider audience.  Another feature that is needed, is the ability to create 

various user profiles. Currently each time a user creates an instance of ClipPlot, all 

settings are reset to default and must be manually entered to get the type of output plot 

desired. This can easily be solved by user detection or selection, and the ability to 

update default settings including file locations for each user individually.  

Reliance on a jupyter notebook is not ideal due to a lack of flexibility, and a 

reliance of running an active instance of the notebook for each individual user. I am 

currently working on adapting this program to a class based method that can be more 

easily adapter to other web based display platforms such as flask and bokeh.  Ideally 

this would provide the flexibility to run ClipPlot without the GUI if preferred.  

Finally, the most useful feature still lacking is the ability to easily scan a region, 

and reframe as needed. This may be outside of the program, as primarily ClipPlot is 

useful for figure generation and not data analysis.  Choosing a frame to graph is best 

done in IGV currently. It may be nice to include this feature in a future iteration of the 

program, but a more immediate solution may be to simply add +10, +1kb, +10kb buttons 

to allow easy regeneration of plots.   
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Figure 1: ClipPlot Figure Generation 

(A) Representation of plot from the Integrated Genomics Viewer of the ICOS 3’UTR with 

HITS-CLIP data from CD4 T cells and an annotated miR-29 target site. (B) ClipPlot 

representation of the same region. 
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Figure 2: Region and file selection 

Interface for selecting region to graph in ClipPlot by geneID or location. Dropdown 

menus for GeneID and RefseqID allow selection of desired isoform. Bedfile selection 

can either accommodate any formatted bedfile, or users can select miRNA binding sites 

from a list. Multiple alignments may be selected in the desired order, and the option to 

graph the antisense strand (antisense to the strand selected at the top) depending on 

sequencing platform used.  
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Figure 3: Display options and output format selection 

Interface for selecting various display options including color of tracks, font size and 

DPI. Users can also change the output format to matplotlib allowed formats.  
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Figure 4: ClipPlot Output 

(A) If a bed file is chosen to be displayed, regions in the bed within the selected range 

will be displayed to assist in site identification if individual bed region labeling is turned 

off. Display name and genomic start and stop positions. (B) Representative ClipPlot 

graph of Tet3 with options selected in Fig3. Contains two HITS-Clip bam tracks from 

wildtype and mIR-29 deficient CD4 T cells. Mir-29 predicted target sites are highlighted 

below.  
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Chapter 4 
 

Discussion, conclusions and future 
directions 
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Conclusion 

 Our work contained in this thesis focuses on the identification and 

characterization of miRNA binding sites in the context of CD4 helper T cell 

differentiation. A large fraction of my work was dedicated to the task of optimizing the 

use of HITS-CLIP for use in our lab and the generation of tools and pipelines for the 

analysis of that data. Using HITS-CLIP, we were able to map thousands of Ago-mRNA 

sites of interactions as well as quantify the miRNAs that were bound by Ago. Dense 

genomic regions of sequenced mRNA allowed us to identify potential miRNA sites of 

binding (peaks) that we combined with target predictions and gene expression analysis 

to further increase confidence in site identification. Analysis of the data was 

accomplished through the use of custom built pipelines and bioinformatic tools. Peak 

visualization was accomplished partially through the use of ClipPlot software. This was 

used to generate figures for the thesis, and allowed other members of the lab network 

access to all HITS-CLIP data, to help them find targets for other miRNAs they were 

studying as well as generation of visualizations for presentations and publications. The 

use of miR-29 CD4 conditional knockout mice provided the opportunity to perform HITS-

CLIP in the presence or absence of the single miRNA miR-29. This revealed differential 

Ago peaks that were dependent on the expression of miR-29, suggesting sites of miR-

29 interaction and possible regulation of the transcript mRNA. The miR-29 deficient T 

cells also revealed a defect in the production of Il-17, which was observed under a 

variety of CD4+T cell subset polarizing conditions, but was most strongly seen in Il-17 

conditions. We were able to identify a number of miR-29 target genes with the potential 

to contribute to the observed phenotype.  One of these genes, ICOS, contained a highly 
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expressed miR-29 dependent Ago binding peak in the 3’UTR. We were able to use 

RNA transfection to observe miR-29 dependent regulation of the isolated target site, 

confirming ICOS as a direct target of miR-29.  

 There are continuing challenges to overcome in the pursuit to create a map of all 

miRNA-mRNA target interactions. Some of this comes from the degenerate sequence 

binding of miRNAs to their target. Less appreciated, is the context the rest of the cellular 

state contributes to the ability of any given miRNA to bind or regulate a target. There are 

many factors that can contribute to the ability of miRNAs to bind. First of all, gene 

expression, while simple, can be overlooked when searching for miRNA binding sites. 

High expression of a gene with multiple copies of a single miRNA binding site, could act 

to sponge miRNA expression, leading to reduce binding elsewhere. Changes in splicing 

can lead to variable levels of different isoforms of the same gene, all with different 

untranslated regions and miRNA binding sites. It is also important to consider that 

changes in expression of RNA binding proteins can change the secondary structure of 

mRNA, reducing or enhancing accessibility to Ago binding and miRNA regulation.   

 A major advantage of HITS-CLIP is the ability to gain experimental evidence of 

Ago binding to mRNA, but there are also limitations. On the flip side of being able to see 

miRNAs that are actively regulating highly expressed genes, it means we are also 

unable to detect miRNA binding sites on lowly expressed or transiently expressed 

transcripts. This can be overcome by utilizing HITS-CLIP in a variety of systems, tissue 

types and conditions. There is also the concern of false positive hits. Ago binding peaks 

may not always mean that miRNAs are binding there, or that it will lead to 

posttranscriptional regulation. By combining HITS-CLIP with bioinformatic predictions, 



 61 

gene expression analysis, and genetic manipulation like knocking out miRNAs, 

confidence in these sites increases, and they can become a powerful tool for deciding 

on targets to investigate.  One of the biggest advantages of working with miRNAs, is 

that finding the macroscopic effects of a miRNA is only one level of what is being 

uncovered. Discovering the targets of that miRNA, allows the discovery of new 

pathways. While the list of possible targets may seem immense, HITS-CLIP can trim 

that down to a list of most likely candidates, as well as identify a few genes that weren’t 

predicted in the first place.  
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T cell–dependent antibody responses are a pillar of adaptive  
immunity; they constitute protective responses to a wide variety of 
pathogens, form the basis of the immunological memory induced by 
the vast majority of effective vaccines and underlie the pathogenesis  
of many autoimmune and allergic disorders1,2. Follicular helper  
T cells (TFH cells) are a subset of CD4+ T cells specialized to provide 
signals that induce the growth, differentiation, immunoglobulin iso-
type switching, affinity maturation and antibody secretion of B cells1. 
They are defined by Bcl-6, a transcriptional repressor that is necessary 
and sufficient to direct TFH cell differentiation3–5, and by abundant 
expression of the chemokine receptor CXCR5 and the immunoregula-
tory receptor PD-1 (ref. 1). TFH cell differentiation begins very early 
in the immune response, coincident with rapid proliferation that 
expands the pool of responding cells. Expression of Bcl-6 is induced 
very early during T cell activation and is further upregulated in 
developing TFH cells6 in conjunction with upregulation of CXCR5 
expression and downregulation of CCR7 expression7. Such changes 
in the expression of homing receptors allow developing TFH cells to 
migrate to the boundary between the T cell zone and B cell follicles of 
secondary lymphoid organs, where they encounter antigen-specific  
B cells1. Continued cognate interactions with antigen-presenting  
B cells in the germinal centers (GCs) of lymphoid follicles further 
polarize TFH cells8 and help to maintain the TFH cell phenotype9. 

Beyond their established role in orchestrating humoral immunity, 
TFH cells and transient TFH-like transition states of activated CD4+ 
T cells have been linked to T helper type 1 (TH1) differentiation10,11 
and the generation of memory helper T cells12,13.

MicroRNAs (miRNAs) have emerged as important regulators 
of many aspects of the differentiation and function of cells of the 
immune system14. The fates of activated helper T cells are very sensi-
tive to precise ‘dosing’ of regulatory factors10 and are therefore subject 
to regulation by the fine-tuning activity of miRNAs. There is some 
evidence that miRNAs regulate the TFH cell gene-expression program5 
and the plasticity of TFH cells15. However, the contribution of miRNAs 
to TFH cell differentiation and function remains largely unknown.

Here we show that global miRNA expression in CD4+ T cells 
was absolutely required for the differentiation of TFH cells in vivo, 
independently of any proliferative defects associated with miRNA 
deficiency. Furthermore, we found that the miR-17~92 cluster was 
particularly important for robust TFH cell responses. In a protein-
immunization model, miR-17~92 contributed to the differentiation of 
an early CXCR5hiBcl-6hi TFH cell population, in part by targeting the 
mRNA that encodes the tumor suppressor PTEN. In a viral infection 
model, miR-17~92 repressed the expression of genes encoding mol-
ecules associated with the function of other helper T cell subsets but 
‘inappropriate’ and not normally expressed in TFH cells. We identified 
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The microRNA cluster miR-17~92 promotes TFH cell 
differentiation and represses subset-inappropriate 
gene expression
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Dimitri de Kouchkovsky4, Oliver Bannard5, Jeffrey A Bluestone4,6, Mehrdad Matloubian2,  
K Mark Ansel1,7 & Lukas T Jeker4,6,7

Follicular helper T cells (TFH cells) are the prototypic helper T cell subset specialized to enable B cells to form germinal centers 
(GCs) and produce high-affinity antibodies. We found that expression of microRNAs (miRNAs) by T cells was essential for TFH 
cell differentiation. More specifically, we show that after immunization of mice with protein, the miRNA cluster miR-17~92 
was critical for robust differentiation and function of TFH cells in a cell-intrinsic manner that occurred regardless of changes in 
proliferation. In a viral infection model, miR-17~92 restrained the expression of genes ‘inappropriate’ to the TFH cell subset, 
including the direct miR-17~92 target Rora. Removal of one Rora allele partially ‘rescued’ the inappropriate gene signature in 
miR-17~92-deficient TFH cells. Our results identify the miR-17~92 cluster as a critical regulator of T cell–dependent antibody 
responses, TFH cell differentiation and the fidelity of the TFH cell gene-expression program.
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and confirmed Rora (which encodes the transcription factor RORα) 
as a direct target of miR-17~92 that contributed to the substantial phe-
notypic changes observed. We conclude that miRNAs are important 
regulators of the differentiation and function of TFH cells.

RESULTS
The differentiation and function of TFH cells requires miRNAs
To investigate the global role of miRNAs in the differentiation 
and function of TFH cells, we obtained naive, congenically marked 
(CD45.2+) CD4+ T cells from mice that are deficient in the miRNA-
biogenesis factor DGCR8 and are thus deficient in miRNAs (CD4-
Cre+Dgcr8fl/fl; called ‘Dgcr8∆/∆’ here), with transgenic expression of 
the OT-II ovalbumin (OVA)-specific T cell antigen receptor (TCR), 
and from their control, miRNA-sufficient (CD4-Cre+Dgcr8+/fl; called 
‘Dgcr8+/∆’ here) OT-II counterparts. We transferred those cells into 
CD45.1+ wild-type recipient mice and subsequently immunized the 
recipients with OVA. Considerably fewer miRNA-deficient OT-II cells 
than control OT-II cells accumulated in the draining lymph nodes 4.5 d  
after immunization (Fig. 1a). Among the remaining Dgcr8∆/∆ OT-II  
cells, the frequency of PD-1hiCXCR5hi TFH cells was much lower 
than that among the transferred control cells (Fig. 1a), whereas the 
frequency of endogenous TFH cells was very similar in both sets of 
recipients (Supplementary Fig. 1a). The diminished generation of 
TFH cells resulted in significantly lower relative and absolute numbers 
of Fas+Bcl-6+ GC B cells (Fig. 1b). Thus, T cell–intrinsic miRNAs 
were critical for TFH cell responses and GC formation.

To distinguish between impaired proliferation and a potential 
intrinsic defect in TFH cell differentiation, we tracked the generation 
of TFH cells according to the number of cell divisions in the adoptive-
transfer model6. The miRNA-deficient OT-II cells proliferated less 
than did their control, miRNA-sufficient (CD4-Cre+Dgcr8+/+; called 
‘Dgcr8+/+’ here) OT-II counterparts (Fig. 1c and Supplementary 
Fig. 1b). Early induction of Bcl-6 expression was similar in  

miRNA-deficient and control cells, as all proliferating cells upregu-
lated Bcl-6 expression (Fig. 1c and Supplementary Fig. 1b, Dgcr8∆/∆ 
versus unimmunized). However, miRNAs were critical for further 
upregulation of Bcl-6 expression in developing TFH cells as they con-
tinued to proliferate (Fig. 1c, Dgcr8∆/∆ versus Dgcr8+/+). In addition, 
miRNA-deficient T cells completely failed to upregulate CXCR5 
expression, sustained abnormally high CCR7 expression, failed to 
accumulate in proximity to B cells at the boundary between the  
T cell and B cell zones and did not enter B cell follicles (Fig. 1c and 
Supplementary Fig. 1b–e). Thus, miRNAs were essential for the  
differentiation and function of TFH cells.

Regulation of TFH cell and GC responses by miR-17~92
Very little is known about the functions of specific miRNAs in TFH 
cells. A published report has proposed that Bcl-6 inhibits miR-17~92 
expression to prevent it from directly repressing CXCR5 expression5, 
which would interfere with T cell migration and inhibit the genera-
tion and function of TFH cells. However, T cell activation induces 
miR-17~92 expression16,17, and overexpression of miR-17~92 in lym-
phocytes leads to a lupus-like autoimmune syndrome with high anti-
body titers, which suggests enhanced TFH cell function18. To directly 
determine whether miR-17~92 inhibits or promotes the generation 
of TFH cells, we infected mice lacking miR-17~92 only in T cells 
(with loxP-flanked alleles encoding miR-17~92 (Mirc1fl/fl) deleted 
by Cre recombinase expressed from the T cell–specific Cd4 promoter 
(CD4-Cre+Mirc1fl/fl); called ‘T17~92∆/∆’ here) or their control coun-
terparts with sufficient miR-17~92 in T cells (CD4-Cre+Mirc1+/+ or 
CD4-Cre−Mirc1fl/fl; collectively called ‘T17~92+/+’ here) with lym-
phocytic choriomeningitis virus (LCMV), Armstrong strain. Infected 
T17~92∆/∆ mice had considerably fewer splenic TFH cells than did 
T17~92+/+ mice and had severe impairment in the generation of 
GC B cells (Fig. 2a). Infected T17~92∆/∆ mice also had overall lower 
spleen cellularity and frequency of activated (CD44hi) T cells than 

Figure 1  T cell–expressed miRNAs are essential 
for the differentiation of TFH cells and induction 
of GC B cells. (a) Flow cytometry of cells from 
draining lymph nodes of wild-type (CD45.1+) 
recipient mice (WT) given adoptive transfer 
of naive Dgcr8+/∆ or Dgcr8∆/∆ OT-II (CD45.2+) 
cells (left margin: donor→recipient), followed 
by subcutaneous immunization of recipients in 
the hind footpads with NP-OVA in the adjuvant 
alum and analysis 4.5 d after immunization 
(left); gated on live CD4+B220− lymphocytes. 
Numbers adjacent to outlined areas indicate  
percent CD45.2+ (OT-II) cells (top right) or 
CD45.2− (host) cells (bottom right) among  
total CD4+ T cells (far left plots) or percent  
PD-1hiCXCR5hi TFH cells among transferred  
OT-II cells (middle left plots). Right, 
quantification of the results at left; each  
symbol represents an individual mouse (n = 5).  
LN, lymph node. (b) Flow cytometry and 
quantification of GC B cells in the draining 
lymph nodes of mice as in a; B cells were  
gated as live CD19+B220+ lymphocytes. 
Numbers above outlined areas indicate 
percent Fas+Bcl-6+ cells. (c) Flow cytometry 
of cells from draining popliteal lymph nodes of wild-type recipient mice given adoptive transfer of naive Dgcr8+/+ or Dgcr8∆/∆ OT-II (CD45.2+) cells 
labeled with the fluorescent dye CellTrace Violet (CTV), followed by no immunization (UI; left) or immunization of recipients in the hind footpads 
with NP-OVA in alum (middle and right) and analysis of the expression of Bcl-6 and CXCR5 at 3.5 d after immunization; OT-II cells were gated as 
live CD45.2+CD4+B220− lymphocytes. NS, not significant; *P < 0.05 and **P < 0.01 (two-tailed nonparametric Mann-Whitney test). Data are 
representative of three (a,b) or five (c) independent experiments (mean and s.e.m. in a,b).
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did T17~92+/+ mice (Supplementary Fig. 2a,b). Although T17~92∆/∆ 
mice also lacked miR-17~92 in cytotoxic CD8+ T cells, which mediate 
LCMV clearance at this stage of disease, viral clearance was similar 
at day 8 after infection in T17~92∆/∆ and T17~92+/+ mice (data not 
shown). Thus, the impaired antiviral TFH response was not an indirect 
consequence of diminished clearance of the virus. Of note, deletion 
of one copy of the miR-17~92 cluster in mice (CD4-Cre+Mirc1+/fl; 
called ‘T17~92+/∆’ here) resulted in an intermediate phenotype (Fig. 
2a and Supplementary Fig. 2a,b).

By using immunization with nitrophenyl (NP)-OVA protein 
as a second, noninfectious model, we confirmed that miR-17~92 
expressed by T cells was required for TFH cell differentiation and was 
indirectly required for the formation of GC B cells (Fig. 2b). Again, 
the deletion of one copy of the miR-17~92 cluster in T17~92+/∆ mice 
resulted in an intermediate phenotype (Fig. 2b). In contrast to results 
obtained with the LCMV model, the cellularity of draining lymph 
nodes and the frequency of activated T cells were similar in T17~92∆/∆ 
and T17~92+/+ mice (Supplementary Fig. 2c,d), which indicated a 
specific defect in the generation of TFH cells. That defect also resulted 
in delayed and significantly lower titers of NP-specific antibody  
(Fig. 2c), and we observed a similar trend for antibody responses 
to LCMV (Supplementary Fig. 2e). In summary, T cell–intrinsic  
miR-17~92 was required for optimal TFH cell and GC responses, 
including the production of antigen-specific antibodies.

Robust TFH cell differentiation depends on miR-17~92
Although overexpression of miRNAs of the miR-17~92 cluster pro-
motes T cell proliferation17–19, adoptively transferred naive OT-II 
cells derived from T17~92∆/∆ donor mice (called ‘17~92∆/∆ OT-II’ 
here) or from T17~92+/∆ donor mice (called ‘17~92+/∆ OT-II’ here) 
had only slightly less proliferation (17~92∆/∆ OT-II) or unchanged 
proliferation (17~92+/∆ OT-II) relative to that of their miR-17~92-
sufficient control counterparts (OT-II cells derived from T17~92+/+ 
donor mice; called ‘17~92+/+ OT-II’ here; Fig. 3a and Supplementary 
Fig. 3a). Polyclonal CD4+ T cells from T17~92∆/∆ mice also pro-
liferated slightly less than control cells from T17~92+/+ mice did 

when activated by costimulation with small amounts of antibody 
to CD28 (anti-CD28) in vitro. However, that defect was overcome 
by an increase in the amount of costimulation with anti-CD28 
(Supplementary Fig. 3b). Thus, the miR-17~92 cluster was largely 
dispensable for T cell proliferation under these conditions, possibly 
due to partial compensation by the closely related miR-106a~363 and 
miR-106b~25 clusters.

In contrast, transferred miR-17~92-deficient (17~92∆/∆ OT-II) 
cell populations had a much lower frequency and total number of 
Bcl-6hiCXCR5+ developing TFH cells (Fig. 3b). Tracking the early 
generation of TFH cells showed a differentiation defect that was inde-
pendent of cell division. Upregulation of the expression of both Bcl-6 
and CXCR5 was impaired in 17~92∆/∆ OT-II cells, which resulted in 
a much smaller proportion of Bcl-6+CXCR5+ developing TFH cells at 
each cell division than among their miR-17~92-sufficient (17~92+/+ 
OT-II) control counterparts (Fig. 3c,d and Supplementary Fig. 3c). 
The defective TFH differentiation of 17~92∆/∆ OT-II cell populations 
was also reflected by their lower frequency of interleukin 21 (IL-21)-
producing cells (Fig. 3e) and much greater frequency of dividing 
CXCR5− cells expressing the high affinity IL-2 receptor α-chain CD25 
(Fig. 3f), which inhibits TFH differentiation20,21. The generation of 
TFH cells was also lower among 17~92+/∆ OT-II cells (Supplementary 
Fig. 3d), which indicated that miRNAs of the miR-17~92 cluster were 
limiting factors for TFH cell differentiation. In summary, 17~92∆/∆ 
CD4+ T cells had a TFH cell–differentiation defect similar to that of 
cells that lack all miRNAs, which emphasized the prominent func-
tional importance of this miRNA cluster.

Overexpression of miR-17~92 promotes TFH cell generation
Consistent with the idea that TFH cell differentiation depends on 
miR-17~92, adoptively transferred OT-II cells overexpressing 
the miR-17~92 cluster in the form of a human transgene (CD4-
Cre+Rosa26-Mirc1tg/tg; called ‘17~92tg/tg’ here) showed enhanced 
generation of TFH cells relative to that of OT-II cells with normal 
expression of miR-17~92, without substantially greater proliferation 
after immunization with NP-OVA (Fig. 4a–d). In unimmunized mice 
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Figure 2  Regulation of TFH cells and GC responses by miR-17~92. (a) Flow cytometry of spleens from T17~92+/+,  
T17~92+/∆ and T17~92∆/∆ mice on day 8 after intraperitoneal infection with LCMV (left). Numbers above outlined  
areas indicate percent PD-1hiCXCR5hi TFH cells among CD4+ T cells (top) or percent Fas+IgDlo GC B cells among  
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left; each symbol represents an individual mouse (n = 12–17). (b) Flow cytometry of cells from draining lymph  
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heterozygous for the miR-17~92-overexpressing transgene only in 
T cells (CD4-Cre+Mirc1tg/+; called ‘T17~92tg/+’ here), the number 
of endogenous polyclonal TFH cells was also much greater in Peyer’s 
patches, with a correspondingly greater abundance of GC B cells, rela-
tive to that of their T17~92+/+ counterparts with normal expression 
of miR-17~92 (Fig. 4e). Although T17~92tg/+ mice had a generally  
greater abundance of total B cell and CD4+ T cell numbers, GC  
B cells and TFH cell populations were ‘preferentially’ expanded. Finally, 
the abundance of CXCR5hiPD-1hiFoxp3+ follicular regulatory T cells 
(Treg cells) correlated with the miR-17~92 ‘dose’, but the abundance of 
polyclonal Treg cells did not (Supplementary Fig. 4), which suggested 
that among all Treg cells, the subset of Treg cells located in GCs (follicu-
lar Treg cells) were particularly sensitive to regulation by miR-17~92. 
Thus, artificially increasing the amount of miR-17~92 enhanced TFH 
cell differentiation, and constitutive overexpression of miR-17~92 led 
to the accumulation of TFH cells.

Repression of Pten by miR-17~92 early in TFH cell differentiation
Pten is reported to be an important target of miR-17~92 that contrib-
utes to miR-17~92-overexpressing disease models of autoimmunity 
and lymphomagenesis18,22,23. We found higher PTEN expression in all 
responding 17~92∆/∆ OT-II cells than in their 17~92+/+ OT-II coun-
terparts at 48 h after immunization of wild-type recipient mice with 
NP-OVA (Supplementary Fig. 5a), and especially in the first few cell 
divisions at later time points (Supplementary Fig. 5b). Conversely, 
17~92tg/tg OT-II cells had lower PTEN expression than did their 
17~92+/+ OT-II counterparts (Supplementary Fig. 5c). To assess the 
functional relevance of miR-17~92-mediated repression of PTEN, 
we limited Pten to one allele. Deletion of one allele of Pten resulted 
in lower PTEN expression (Supplementary Fig. 5d) and partially 
restored induction of the expression of Bcl-6 and CXCR5 in early cell 

divisions of 17~92∆/∆Pten+/∆ OT-II cells (Supplementary Fig. 5e). 
However, 17~92∆/∆Pten+/∆ and 17~92∆/∆Pten+/+ OT-II cell popula-
tions had a similar frequency of Bcl-6+CXCR5+ cells among those 
cells that had proliferated the most (Supplementary Fig. 5e), which 
suggested substantial contributions from additional targets.

Repression of TFH cell–inappropriate genes by miR-17~92
Although the repression of individual miRNA target genes is gen-
erally modest, the aggregate biological effect can be large24,25. To 
obtain a sufficient number of TFH cells for genome-wide transcript 
analysis, we transferred SMARTA CD4+ T cells, which have trans-
genic expression of a LCMV-specific TCR, derived from T17~92+/+ 
donor mice (called ‘17~92+/+ SM’ here) or T17~92∆/∆ donor mice 
(called ‘17~92∆/∆ SM’ here), into wild-type recipient mice, infected 
the recipients with LCMV and then purified donor-derived TFH cells 
for microarray analysis (Fig. 5a). We recovered fewer 17~92∆/∆ SM 
TFH cells than 17~92+/+ SM TFH cells from infected recipient mice 
in this system, which was due to a proportional overall lower abun-
dance of 17~92∆/∆ SM cells (Supplementary Fig. 6). Genome-wide 
transcript analysis showed that as a group, expression of predicted 
mRNA targets26 of each miRNA family in the miR-17~92 cluster was 
derepressed in 17~92∆/∆ SM TFH cells (Fig. 5b). In contrast, expres-
sion of predicted miR-29 targets shown before to be actively repressed 
by miR-29 in T cells19 was unaffected in 17~92∆/∆ SM TFH cells. The 
group of mRNAs with moderately upregulated expression showed 
enrichment for predicted targets of miR-17~92 (Supplementary 
Tables 1 and 2). In addition, 17~92∆/∆ SM TFH cells expressed a 
recognizable set of TFH cell–inappropriate genes, including Ccr6, 
Il1r2, Il1r1, Rora, and Il22 (Fig. 5c and Supplementary Table 1). We 
confirmed higher expression of CCR6 and IL-1R2 protein by flow 
cytometry. Each had high expression in many 17~92∆/∆ SM TFH cells 
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Figure 3  Robust TFH cell differentiation requires  
miR-17~92. (a) Flow cytometry of cells from the  
draining popliteal lymph nodes of wild-type recipient  
mice given adoptive transfer of naive CTV-labeled  
17~92+/+ or 17~92∆/∆ OT-II cells, followed by  
immunization of recipients in the hind footpads  
with NP-OVA in alum and analysis 3.5 d later as  
CTV dilution by the transferred cells (left) and the  
proliferation index (right; each symbol represents  
an individual mouse (n = 7)). (b) Flow cytometry of  
cells from recipient mice as in a; numbers above outlined  
areas indicate percent Bcl-6hiCXCR5hi TFH cells among the transferred cells (left). Right, quantification of the results at left; each symbol represents 
an individual mouse (n = 7). (c) Flow cytometry of dividing OT-II cells from recipient mice as in a, showing the expression kinetics of Bcl-6 and CXCR5 
at 3.5 d after immunization. (d) Frequency of Bcl-6+CXCR5+ cells at each division, among OT-II cells from recipient mice as in a (n = 7). (e) Flow 
cytometry of cells from recipient mice from an experiment similar to that in a (left); numbers in outlined areas indicate percent IL-21-producing  
OT-II cells. Right, quantification of the results at left; each symbol represents an individual mouse (n = 5–6). (f) Flow cytometry of cells from recipient 
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but in only a few CXCR5− 17~92∆/∆ SM non-TFH cells (Fig. 5a,d).  
Most of those non-TFH cells were T-bethi TH1 cells (data not shown). 
We confirmed additional gene dysregulation in TFH cells by quantita-
tive PCR. Il1r1 and Rora were derepressed in 17~92∆/∆ SM TFH cells 
(Fig. 5e). Ex vivo restimulation of 17~92+/+ SM and 17~92∆/∆ SM cells 
also resulted in a greater proportion of IL-22+IL-17A− cells and, to 
a lesser extent, IL-22+IL-17A+ cells, but not a greater proportion of 
cells producing only IL-17A in 17~92∆/∆ SM than in their 17~92+/+ 
SM counterparts (Fig. 5f). Thus, miR-17-92 repressed Ccr6, Il1r2, 
Il1r1, Rora and Il22 during TFH cell differentiation in infection with 
LCMV. However, it remained unclear if those genes were directly 
targeted by miR-17~92 or whether the observed dysregulation was 
an indirect effect.

Rora is a functionally relevant miR-17~92 target
Because the transcription factor RORα (encoded by Rora) is suf-
ficient to induce IL-1R1 expression27 and CCR6 expression28, and 
IL-1R1 expression partially depends on RORα27, we considered the 
possibility that unrestrained RORα expression may have accounted 
for part of the observed subset-inappropriate gene expression in 
17~92∆/∆ SM TFH cells. The 3′ untranslated region of Rora has two 
clusters of predicted miRNA-binding sites, each with four conserved 
miR-17~92-binding sites (Supplementary Fig. 7). Transfection of 
17~92+/+ OT-II and 17~92∆/∆ OT-II cells with luciferase reporter 
constructs showed that endogenous miR-17~92 repressed both clus-
ters, whereas miR-17~92-overexpressing (17~92tg/tg) OT-II cells had 
enhanced repression (Fig. 6a). We isolated the effect of each miRNA 
by transfecting polyclonal miRNA-deficient (Dgcr8∆/∆) CD4+ T cells 
with reporter constructs and individual miRNA mimics. This analysis 
showed perfect correlation between target-site predictions and repres-
sive activity of the corresponding miRNAs (Fig. 6b). We concluded 

that all four miRNA families of the miR-17~92 cluster contributed to 
robust inhibition of Rora expression.

To assess the functional relevance of miR-17~92-mediated repres-
sion of Rora in vivo, we limited Rora to one functional allele by 
intercrossing T17~92∆/∆ SMARTA mice and staggerer mice, which 
have a spontaneously mutated allele (Rorasg) that does not encode a 
functional RORα protein. Rora heterozygosity (Rora+/sg) in 17~92∆/∆ 
SM TFH cells restored Rora mRNA to the abundance observed in 
17~92+/+ SM TFH cells (Supplementary Fig. 8). Adoptive transfer of 
17~92∆/∆Rora+/+ SM cells into wild-type mice, followed by infection 
of the recipients with LCMV, led to higher expression of CCR6 and 
IL-1R2 than that of their 17~92+/+Rora+/+ SM counterparts mainly 
in TFH cells (Fig. 6c), which confirmed our results reported above 
(Fig. 5d). In contrast, many fewer 17~92∆/∆Rora+/sg SM cells than 
17~92∆/∆Rora+/+ SM cells had higher CCR6 expression than that 
of their 17~92+/+Rora+/+ SM counterparts (Fig. 6c). Thus, limiting 
Rora to one functional allele partially restored proper regulation of 
CCR6 despite the absence of miR-17~92. Notably, 17~92+/+Rora+/+ 
SM, 17~92∆/∆Rora+/+ SM and 17~92∆/∆Rora+/sg SM TFH cells showed 
no difference in expression of the closely related transcription factor 
RORγt, which can also induce CCR6 expression (Fig. 6d). Microarray 
experiments also indicated no difference between 17~92+/+ SM and 
17~92∆/∆ SM TFH cells in RORγt expression (data not shown). Thus, 
it is unlikely that RORγt was the driving force behind the dysregulated 
gene signature of 17~92∆/∆ SM TFH cells. IL-1R2 expression was not 
affected by limiting Rora to one functional allele (Fig. 6c). In con-
trast, the frequency of IL-22-producing cells among 17~92∆/∆Rora+/sg 
SM cells was about half that of 17~92∆/∆Rora+/+ SM cells (Fig. 6e). 
We concluded that miR-17~92 was needed to directly repress Rora 
during TFH cell differentiation to prevent subset-inappropriate  
gene expression.
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Figure 4  T cell–intrinsic overexpression of the miR-17~92  
cluster promotes TFH cell differentiation. (a) Flow cytometry  
of cells from wild-type recipient mice given adoptive transfer  
of naive CTV-labeled 17~92+/+ or 17~92tg/tg OT-II cells,  
followed by immunization of recipients in the hind footpads  
with NP-OVA in alum and analysis 3.5 d later as CTV dilution  
by the transferred cells (left) and proliferation index  
(right; each symbol represents an individual mouse (n = 5–7)).  
(b) Flow cytometry of cells from recipient mice as in a; numbers  
above outlined areas indicate percent Bcl-6hiCXCR5hi TFH cells among the transferred  
cells (left). Right, quantification of the results at left; each symbol represents an  
individual mouse (n = 5–7). (c) Flow cytometry of dividing OT-II cells from recipient  
mice as in a, showing the expression kinetics of Bcl-6 and CXCR5 3.5 d after  
immunization. (d) Frequency of Bcl-6+CXCR5+ cells at each division, among  
OT-II cells from recipient mice as in a (n = 5–7). (e) Flow cytometry of cells from  
Peyer’s patches (PP) of 10-week-old, unimmunized T17~92+/+ and T17~92tg/+ mice  
(with an equal number of Peyer’s patches from each mouse, to allow comparison of total  
cellularity (far left)). Numbers above outlined areas (contour plots; middle) indicate PD-1hiCXCR5hi TFH cells among CD19–CD4+ T cells (top) or percent 
Fas+GL7+ GC B cells among CD19+ B cells (bottom). Right, quantification of the results at left; each symbol represents an individual mouse (n = 5).  
*P < 0.05 and **P < 0.01 (two-tailed nonparametric Mann-Whitney test). Data are representative of four independent experiments (a–d) or two 
independent experiments (e; mean and s.e.m. in a,b,d,e).
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DISCUSSION
Better understanding of the genetic programs that regulate the dif-
ferentiation and plasticity of TFH cells might lead to new strategies 
for rational vaccine design and suppression of antibody-mediated 
autoimmune diseases. Major advances delineating important roles 
for Bcl-6 and other proteins have been achieved1. In contrast, very 
little is known about the roles of miRNAs in TFH cell differentiation. 
We found that miRNAs were absolutely critical for the differentiation 
and function of TFH cells and that the miR-17~92 cluster in particu-
lar was required for robust TFH cell responses in a T cell–intrinsic 
manner. Those SMARTA TFH cells that did develop in the absence 
of miR-17~92 failed to suppress the direct target Rora and a ‘suite’  
of other TFH cell–inappropriate genes normally expressed by the  
TH17 and TH22 subsets of helper T cells. We conclude that miR-
17~92 promotes TFH cell differentiation and maintains the fidelity of 
TFH cell identity by repressing non-TFH cell genes both directly and 
indirectly. Together with published studies showing that miR-17~92 
regulates the proliferation and survival of T cells17–19, our findings 
indicate that miR-17~92 constitutes a central coordinator of the fate 
of activated T cells.

The global roles of miRNAs in TFH cell responses have been diffi-
cult to study because of the substantial defects in the survival and pro-
liferation of miRNA-deficient T cells. We overcame that roadblock by 
adoptive transfer of OVA-specific OT-II T cells and by using dilution 
of intravital dye to analyze the early stages of the TFH differentiation 
of miRNA-sufficient and miRNA-deficient cells that had survived 
and divided the same number of times in vivo. This approach showed 

that miRNAs were essential for the earliest steps in the differentiation 
into TFH cells, including upregulation of the expression of Bcl-6 and 
CXCR5, downregulation of the expression of CCR7 and migration 
to sites of interaction with B cells in secondary lymphoid organs. 
Those findings were in contrast to the requirement for miRNAs to 
restrain TH1 differentiation19,29 but were reminiscent of the require-
ment for miRNAs in supporting the differentiation and function of 
Treg cells30–32.

The same transfer system described above showed that miR-17~92 
regulated various activities of T cells that are important for mount-
ing effective humoral immune responses. We found an unexpect-
edly small effect of miR-17~92 on the proliferation of OT-II T cells  
in vivo, but it was required for optimal TFH cell differentiation. Higher 
expression of Pten, a known direct target of miR-17~92 that encodes a 
regulator of TFH cell responses18,33, partially accounted for the defec-
tive generation of TFH cells during the earliest cell divisions. Notably, 
costimulation via CD28 represses PTEN expression34 and induces 
miR-17~92 expression in activated T cells16,35. We speculate that the 
required role of costimulation via CD28 in TFH cell differentiation36 
may be mediated in part by induction of miR-17~92 expression and 
subsequent downregulation of PTEN expression. However, the effect 
of Pten regulation was barely detectable in this system, which indi-
cates important roles for other direct targets of miR-17~92. Cell pro-
liferation and the early induction of Bcl-6 expression that occurs in 
all activated T cells6 was intact in the absence of miR-17~92. Those 
observations indicated that some of the relevant targets must affect 
TFH cell differentiation itself rather than T cell activation in general. 
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Figure 5  Fidelity of the TFH cell gene-expression  
program is enforced by miR-17~92. (a) Flow  
cytometry of splenocytes from wild-type recipient  
mice given adoptive transfer of 17~92+/+ SM and  
17~92∆/∆ SM cells, followed by intraperitoneal  
infection of recipients with LCMV and analysis 5.5 d  
later as PD-1hiCXCR5hi (TFH) cells (right outlined areas)  
and CXCR5− (non-TFH) cells (left outlined areas).  
(b) Genome-wide transcriptome analysis of  
17~92∆/∆ SM and 17~92+/+ SM TFH cells from  
recipient mice as described in a, 5.5 d after  
infection, presented as the log2 value of the  
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significant upregulation or downregulation (raw P value, <0.01); labels in plot  
indicate selected TFH subset–inappropriate genes upregulated in 17~92∆/∆ SM  
TFH cells. (d) Flow cytometry of 17~92+/+ SM and 17~92∆/∆ SM non-TFH and TFH cells  
(gated as in a), assessed 5.5 d after infection of mice as in a (left); bracketed lines  
indicate CCR6+ cells (top row) or IL-1R2+ cells (bottom row). Right, quantification of the results at left; each symbol represents an individual mouse  
(n = 6–7 per genotype). (e) Expression of Il1r1 and Rora in 17~92+/+ SM and 17~92∆/∆ SM TFH cells on day 5.5 in an experiment similar to that in a  
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In contrast, the further upregulation of Bcl-6 expression in dividing 
cells characteristic of TFH cells was considerably blunted, and the 
induction of CXCR5 expression was almost completely abrogated. We 
also observed specific effects on TFH cell differentiation that could 
be distinguished from general activation defects during LCMV infec-
tion. The 17~92∆/∆ SM TFH cells acquired an inappropriate gene-
expression program reminiscent of TH17 or TH22 cells4,37, including 
upregulation of the expression of genes encoding RORα, CCR6 and 
components of the IL-1 pathway (IL-1R1 and IL-1R2), and inducible 
production of IL-22. TH17 and TH22 cells are closely related helper 
T cell subsets with many shared features (such as CCR6 expression) 
but also distinct features38,39. However, 17~92∆/∆ SM TFH cells did 
not convert into RORγt+ and IL-17-producing TH17 cells or become 
proper TH22 cells. Instead, they maintained expression of genes of the 
TFH cell program, including the markers CXCR5, Bcl-6 and PD-1, and 
became a hybrid cell type with molecular features of more than one 
helper T cell subset. We conclude that TFH cells need miR-17~92 to 
repress inappropriate, non–TFH cell gene-expression programs. This 
requirement was selective for TFH cells, as expression of CCR6 and 
IL-1R2 was affected much less in non-TFH cells (which are mostly 
TH1 cells) in the same infected spleens.

We noted that miR-17~92 deficiency did not affect the frequency of 
SMARTA TFH cells but did result in a significantly lower total number 
of both TFH cells and TH1 cells in infected spleens. Thus, infection 
with LCMV, which induces extremely robust T cell population expan-
sion, resulted in a defect in antigen-driven helper T cell proliferation 
in vivo predicted by published in vitro studies18,19, whereas the more 
slowly proliferating OT-II T cells manifested a more selective defect in 

TFH cell differentiation. Polyclonal responses in T17~92∆/∆ mice also 
differed in the magnitude of the defect in the frequency and number 
of TFH cells (affected more during infection with LCMV) and GC  
B cells (affected more after immunization with OVA). Compromised 
function of CD8+ T cells, which also lack miR-17~92 in these mice, 
may indirectly affect these responses, particularly in the case of infec-
tion with LCMV40.

CD4+ helper T cell ‘plasticity’ has garnered considerable attention 
recently. The present models of T cell differentiation suggest that cell 
identity is less rigid than previously thought41. Although Bcl-6 has 
been identified as a subset-defining transcription factor required for 
TFH cell differentiation3–5, it remains controversial whether or not 
TFH cells represent a stable cell lineage1. A new model suggests that 
initial helper T cell differentiation proceeds via a Bcl-6+ pre–helper 
T cell stage with concurrent upregulation of expression of the subset- 
defining transcription factors T-bet, GATA-3 and/or RORγt42. 
According to this model, TH1-, TH2- or TH17-differentiation cues 
downregulate Bcl-6 expression and further upregulate expression  
of the subset-defining factors. In contrast, higher Bcl-6 expression and 
suppression of RORγt, GATA-3 and T-bet yields TFH cells. As con-
comitant expression of competing transcription programs is common, 
repression of genes encoding molecules that lead to alternative cell 
fates is an important requirement during T cell differentiation10,43. 
Individual miRNAs can be powerful enough to shift a cell’s transcrip-
tome to that of a different cell type44, and they maintain the fidelity 
of cell type–specific transcriptomes by repressing genetic programs 
of other cell lineages45. Deficiency in miRNAs induces proinflam-
matory cytokine secretion in Treg cells even when they continue to 
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express the transcription factor Foxp3 (ref. 30). The miRNA miR-10a  
may restrict the plasticity of several subsets of helper T cells, 
including both Treg cells and TFH cells, and may influence TH17 
differentiation15,46. The miRNA miR-29 prevents aberrant activa-
tion of the TH1 program by repressing both T-bet and its homolog 
eomesodermin, which is usually not expressed in CD4+ T cells19.  
In this study, we found that all four miRNA families in the miR-17~92  
cluster targeted Rora to prevent expression of the gene encoding 
CCR6 and other genes associated with TH17 or TH22 cells. Thus, a 
paradigm is emerging in which miRNAs help to define and maintain 
cell identity by repressing alternative gene-expression programs and 
thus effectively limiting the plasticity of differentiating T cells.

Notably, although a dichotomy between the TFH- and TH17- 
differentiation pathways has been proposed4, TH17 cells can acquire 
a TFH cell phenotype under certain conditions in Peyer’s patches47. 
The unexpected identification of Rora as a direct target of miR-17~92 
and of RORα as a functionally relevant contributor to TFH cell– 
inappropriate gene expression suggests that differentiating (pre-)TFH 
cells receive signals that induce Rora transcription but that miR-17~92 
renders such induction inconsequential. Additional studies are needed 
to identify those signals and to determine whether miR-17~92 con-
trols Rora expression in other cell types as well. A ‘lineage-defining’ 
transcription factor has not been identified for TH22 cells, but we 
note that despite their similarity to TH17 cells, human TH22 cells do 
not require RORγt expression37. In line with that, RORγt expression 
was not affected in the hybrid TFH-TH17-TH22 signature we noted 
in 17~92∆/∆ SM TFH cells. Moreover, the heterogeneity of TH17 cells 
poses specific challenges, and certain types of TH17 cells might be 
more closely related to TH22 cells than to conventional TH17 cells39. 
Thus, the distinct functions of RORα and RORγt in differentiating 
T cells might need to be revisited. In addition, it remains uncertain 
whether altered migration, response to cytokines or some other trait 
of RORα-expressing cells limits the differentiation and function of 
TFH cells in vivo. Additional studies are needed to define miR-17~92 
function in the determination of early TFH cell fate and to delineate 
cell-intrinsic effects on the molecular program from secondary effects 
due to altered abilities to sense the environment. Finally, we note 
that our data demonstrated that regulation of RORα only partially 
explained the hybrid gene-expression profile of miR-17~92-deficient 
TFH cells. Additional direct targets relevant to this phenotype must 
exist and remain to be discovered. Nevertheless, our findings indi-
cate that miR-17~92 and Bcl-6 act together to ‘imprint’ and protect 
the identity of developing TFH cells by repressing differentiation into 
alternative T cell subsets.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession code. GEO: microarray data, GSE42760.

Note: Any Supplementary Information and Source Data are available in the  
online version of the paper.
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ONLINE METHODS
Mice. OT-II mice (004194), mice with loxP-flanked alleles encoding  
miR-17~92 (008458), Rosa26-miR-17~92–transgenic mice (008517), Rosa26-
EYFP–transgenic mice (006148) and mice heterozygous for the Rorasg muta-
tion (002651) were from The Jackson Laboratory. CD4-Cre mice (4196) were 
from Taconic. OT-II mice and SMARTA mice48 were crossed with B6.SJL-
Ptprca Pepcb/BoyJ mice (002014) to obtain offspring with congenic alleles 
encoding CD45. Mice with loxP-flanked Dgcr8 alleles49 were provided by 
R. Blelloch. C57BL/6 (The Jackson Laboratory) or congenic B6-LY5.2/Cr 
(National Cancer Institute) mice were used as recipients. Mice with loxP-
flanked Pten alleles have been described50. All experiments were done accord-
ing to the Institutional Animal Care and Use Committee guidelines of the 
University of California, San Francisco.

Adoptive cell transfer, infection and immunization. Cell suspensions from 
spleens and lymph nodes were pre-enriched for OT-II and SMARTA cells with 
a CD4+ negative isolation kit (Invitrogen), and naive T cells (CD4+CD8−CD25− 
CD44loCD62Lhi) were further purified on a FACSAria II (BD Biosciences). 
To obtain true Dgcr8-deficient OT-II cells, naive cells were additionally sorted 
according to expression of a yellow fluorescent protein reporter driven by the 
ubiquitous Rosa26 promoter, in which efficient excision of a loxP-flanked 
stop cassette by Cre recombinase activity driven by the Cd4 promoter results 
in a bright yellow fluorescent signal. For cell proliferation experiments, naive  
T cells were labeled with 5 µM CellTrace Violet (Invitrogen) as described6. NP18-
OVA (18 molecules of nitrophenyl linked to OVA; Biosearch Technologies) was 
mixed with Imject Alum (Pierce) and 5 µg NP18-OVA were injected subcutane-
ously into each hind footpad or 50 µg were injected subcutaneously in the base 
of tail and flank. In some experiments, mice were infected intraperitoneally 
with LCMV, Armstrong strain (2 × 105 plaque-forming units).

Flow cytometry. Spleen and lymph node cells were gently disrupted between 
the frosted ends of microscope slides and single-cell suspensions were filtered 
through fine mesh. TFH cells were stained as described51. Antibodies were as 
follows: anti-CD4 (RM4-5), anti-CD8α (53-6.7), anti-CD19 (1D3), anti-CD25 
(PC61.5), anti-CD45.1 (A20), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-
B220 (RA3-6B2), anti-GL-7, anti-IgD (11-26c), anti-IL-17A (eBio17B7), anti-
IL-22 (1H8PWSR), anti-PD-1 (J43 or RMP1-30) and anti-Foxp3 (FJK-16s; all 
from eBioscience); anti-IL-1R2 (4E2), anti-Fas (Jo2) and anti-CCR6 (140706; 
all from BD Biosciences); and anti-CD45.2 (104; BioLegend). Nonspecific 
binding was blocked with anti-CD16/CD32 (2.4G2; Cell Culture Facility of 
the University of California, San Francisco) plus 2% normal mouse serum and 
2% normal rat serum. Biotinylated anti-CXCR5 (2G8; BD Biosciences) was 
visualized with streptavidin-allophycocyanin (eBioscience) or streptavidin– 
Brilliant Violet 421 (Biolegend). Staining for 30 min at 37 °C with bioti-
nylated anti-CCR7 (4B12; eBioscience) was followed by regular surface 
staining, including streptavidin-allophycocyanin at 4 °C. Monoclonal anti-
body (mAb) to Bcl-6 (K112-91), mAb to PTEN (A2B1) and mAb to RORγt  
(Q31-378) were from BD Biosciences. Intracellular Bcl-6, Foxp3 and RORγt 
were stained with the Foxp3 Staining Set (eBioscience). Cytofix Fixation 
Buffer and Perm Buffer III (BD) were used for intracellular staining of PTEN. 
For intracellular cytokine staining, lymph node or spleen cells were stimulated 
for 4 h with PMA (phorbol 12-myristate 13-acetate) and ionomycin (both 
from Fisher Scientific), with the addition of brefeldin A (Sigma-Aldrich) for 
the final 2 h. Cells were fixed with 4% paraformaldehyde, followed by per-
meabilization with saponin (Sigma-Aldrich). A chimera of mouse IL-21R and 
human crystallizable fragment (IL-21R–Fc; R&D Systems) was detected with 
phycoerythrin-labeled F(ab′)2 fragments specific to the Fc region of human 
IgG (Jackson ImmunoResearch). Samples were acquired on a LSR II cytometer 
(BD Biosciences) and were analyzed with FlowJo software (Tree Star), with 
gating out of doublets as well as non-T cells or non-B cells, where appropriate, 
in a dump channel. Dead cells were excluded with 7-aminoactinomycin D 
(eBioscience) or Fixable Viability Dye eFluor780 (eBioscience).

In vitro costimulation and proliferation assay. Naive T cells from control 
and T17~92∆/∆ mice were activated for 48 h and 72 h in vitro with plate-
bound anti-CD3 (2C11; produced in-house) and anti-CD28 (PV1; pro-
duced in-house). Cells were labeled with CFSE (carboxyfluorescein diacetate  

succinimidyl ester) as described52. Proliferation was analyzed with the pro-
liferation analysis function in FlowJo for Mac V9.2 and higher. To normalize 
for interexperimental differences, we normalized all data to the control in the 
first experiment (defined as a proliferative index of 1).

RNA extraction and quantitative real-time PCR. RNA extraction and quan-
titative PCR analysis of miRNAs was done as described46.

Microarray. Naive SMARTA cells purified by flow cytometry from T17~92+/+ 
or T17~92∆/∆ donor mice were adoptively transferred into wild-type mice. 
Recipients were infected intraperitoneally with LCMV, Armstrong strain, and 
spleens were dissected 5.5 d later. Spleen cells were pooled for each condition 
(n = 3–5 mice) and samples were enriched for CD4+ T cells with a CD4+ 
negative isolation kit (Invitrogen), and congenically marked SMARTA TFH 
cells (7AAD−CD4+CD8−CD19−CXCR5hiPD-1hi) were sorted directly into 
Trizol LS reagent and stored at –80 °C until further processing. RNA from 
four independent experiments was purified with RNeasy columns (Qiagen). 
Sample preparation, labeling and array hybridizations were done accord-
ing to standard protocols from the Shared Microarray Core Facilities of the 
University of California, San Francisco, and Agilent Technologies. Total RNA 
quality was assessed with a Pico Chip on an Agilent 2100 Bioanalyzer (Agilent 
Technologies). RNA was amplified with Sigma whole transcriptome ampli-
fication kits according to the manufacturer’s protocol (Sigma-Aldrich), and 
subsequent labeling of CTP with indocarbocyanine was done with NimbleGen 
one-color labeling kits (Roche-NimbleGen). Indocarbocyanine-labeled cDNA 
was assessed with the Nanodrop ND-8000 (Nanodrop Technologies), and 
equal amounts of indocarbocyanine-labeled target were hybridized to Agilent 
whole-mouse genome 8X60K in-jet arrays. Hybridizations were done for  
17 h, according to the manufacturer’s protocol. Arrays were scanned with the 
Agilent microarray scanner and raw signal intensities were extracted with 
Feature Extraction v10.6 software.

Cloning of the 3′ untranslated region of Rora, T cell transfection and luci-
ferase assay. Two different constructs of the 3′ untranslated region of Rora 
were cloned into the psiCHECK-2 luciferase reporter construct (Promega) 
as described in Supplementary Fig. 7. Primer sequences were: P1 F: 5′-TA
GTAGCTCGAGATGTCGCGCCCGAGCACTTC-3′; P1 R: 5′-TAGTAGGC
GGCCGCAAACAGCAGCATAAATACCTCCCAACG-3′; P2 F: 5′-TAGTA
GCTCGAGCCCCCAAAGTCTTTAACATCCTGA-3′; P2 R: 5′-TAGTAGG
CGGCCGCAGTCAACCATAAGGTGCTTATTACTATTA-3′.) Transfection 
of T cells and luciferase assays were done as described13. CD4+ T cells from 
spleen and lymph nodes were isolated by magnetic bead selection (Dynal) and 
were stimulated with anti-CD3 and anti-CD28. Cells were transfected with 
the Neon electroporation transfection system (Invitrogen). The miRIDIAN 
miRNA mimics miR-17, miR-18a, miR-19a and miR-92a and controls were 
from Dharmacon. Activated CD4+ T cells were transfected with reporter con-
structs, and luciferase activity was measured 24 h after transfection with the 
Dual Luciferase Reporter Assay System (Promega) and a FLUOstar Optima 
plate-reader (BMG Labtech).

Enzyme-linked immunosorbent assay. First, 96-well half-area plates 
(Costar) were coated overnight at 4 °C with 10 µg/ml NP24-BSA (Biosearch 
Technologies) in PBS. Nonspecific binding to plates was blocked with 1% 
BSA in PBS; serial dilutions of serum were incubated at 21 °C; horseradish  
peroxidase–conjugated polyclonal antibody to mouse IgG1 (1070–05; Southern 
Biotech) and Super AquaBlue ELISA Substrate (eBioscience) were used as the 
detection reagents. Absorbance was measured at 410 nm with a FLUOstar 
Optima plate-reader (BMG Labtech). Absolute values were calculated accord-
ing to reference serum from hyperimmunized mice and results are presented 
in arbitrary units. For measurement of LCMV-specific antibodies, plates were 
coated with lysates of LCMV-infected baby hamster kidney cells. After block-
ade of nonspecific binding with 10% FBS in PBS, serially diluted serum was 
added. Horseradish peroxidase–conjugated polyclonal antibody to mouse IgG 
(Southern Biotech) was used as detection antibody, with 3,3′,5,5′-tetramethyl-
benzidine as the substrate. Antibody titers were determined as the reciprocal 
of the dilution that gave an absorbance value (at 450 nm) of more than twofold 
above that of naive control serum.
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Immunohistochemistry. Draining popliteal lymph nodes were dissected, 
embedded in Tissue-Tek optimum cutting temperature compound (Sakura 
Finetek) and ‘flash-frozen’ in liquid nitrogen. Frozen tissues were stored at −80 °C  
until further processing. Cryosections (7 µm in thickness) were air-dried for 
1 h before and after fixation in cold acetone for 10 min, then were rehydrated 
for 10 min in Tris-buffered saline (TBS), pH 7.6, containing 0.1% BSA. Slides 
were stained for 3 h at 20–25 °C in a humidified chamber in TBS containing 
0.1% BSA, 1% normal mouse serum and 1% normal rat serum with a mix-
ture of the following diluted primary antibodies: fluorescein isothiocyanate– 
conjugated anti-CD45.2 (104; Biolegend) and polyclonal goat antibody to 
mouse IgD (GAM/IGD(FC)/7S; Cedarlane Labs). After being washed for  
5 min in TBS, slides were incubated for 1h with cocktails of the following 
secondary reagents in 0.1% BSA in TBS: alkaline phosphatase-conjugated  
mouse antibody to fluorescein isothiocyanate (200-052-037; Jackson 
ImmunoResearch), horseradish peroxidase–conjugated polyclonal donkey anti-
goat (705-035-147; Jackson ImmunoResearch) and streptavidin–horseradish  
peroxidase. Enzyme conjugates were developed with DAB and Fast-blue (both 
from Sigma-Aldrich).

Statistics. Data were analyzed with Prism 5 (GraphPad Software). The two-
tailed non-parametric Mann-Whitney test was used for comparison of two 
unpaired groups. The nonparametric Kruskal-Wallis test was used for com-
parison of three or more unpaired groups, followed by Dunn’s post-hoc test 
for calculation of the P value for each group. Two-way analysis of variance was 
used together with Bonferroni post-hoc tests for comparison of replicates in 
each cell division of CTV-labeled OT-II cells.
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Abstract:  Untranslated regions (UTRs) of RNA transcripts are bound by RNA binding proteins 20 
(RBPs) during constitutive RNA metabolism and gene specific regulatory interactions. 21 
Messenger RNA 3′ UTRs exhibit strong evidence of selection on microRNA binding sites and 22 
other cis-regulatory elements, but the overall pattern of 3′ UTR evolution is largely undescribed. 23 
To understand the evolution of functional elements in 3′ UTRs and their impact on gene 24 
expression, we developed GCLiPP, a biochemical technique for detecting RBP occupancy 25 
transcriptome-wide. Using GCLiPP, we identified >25,000 RBP binding sites in 3′ UTRs of T 26 
lymphocyte mRNAs. We then measured their effects on gene expression using a massively 27 
parallel reporter assay. GC rich regions of 3′ UTRs were highly bound by RBPs, rapidly 28 
evolving, destabilizing of reporter mRNAs, and more likely to be folded in vivo. By reducing 29 
gene expression, these RBP occupied sequences act as a rapidly evolving substrate for gene 30 
regulatory interactions. 31 
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Introduction 33 

The life cycle of protein coding RNA transcripts involves their transcription from DNA, 34 

5! capping, splicing, 3′ polyadenylation, nuclear export, targeting to the correct cellular 35 

77



 2 

compartment, translation and degradation (1–3). RNA binding proteins (RBPs) coordinately 36 

regulate these processes through interaction with RNA cis-regulatory elements, often in the 5′ 37 

and 3′ untranslated regions (UTRs) whose sequences are not constrained by a functional coding 38 

sequence (4). Mammalian genomes encode hundreds of RBPs (5), and mutations in individual 39 

RBPs or even individual binding sites can induce strong developmental, autoimmune and 40 

neurological defects in human patients and mouse models (6–8).  41 

Methods like DNase I hypersensitivity and ATAC-seq that query regulatory element 42 

accessibility and occupancy without prior knowledge of their protein binding partners have 43 

proven remarkably powerful not only for systematic mapping of the genome, but also for 44 

uncovering specific regulatory events and fundamental principles of genome regulation (9–11). 45 

As much as half of the extensive gene expression changes that occur during T cell activation 46 

occur post-transcriptionally (12), and several RBPs are known to be critical determinants of 47 

immune function and homeostasis (6). Yet our understanding of post-transcriptional regulatory 48 

circuits and the evolution of untranslated regions of transcribed genes remain rudimentary, due in 49 

part to a lack of systematic methods for mapping the transcriptome’s cis-regulatory landscape. 50 

Although RBP binding sites are often deeply conserved  and 3′ UTRs are more conserved 51 

than other non-coding sequences in vertebrate genomes (13) , the overall level of 3′ UTR 52 

sequence conservation varies widely between genes and within different regions of the same 53 

gene. Phylogenetic analyses have suggested that conservation and nucleotide composition are 54 

related, with AU-rich 3′ UTRs exhibiting greater conservation than GC-rich 3′ UTRs (14, 15). 55 

The reason for this association remains unclear, as only a small fraction of UTR sequence space 56 

has been functionally annotated and information about RBP occupancy is largely limited to 57 

interrogation by biochemical purification of individual RBPs (16).   58 
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 59 

Results 60 

Transcriptome-wide analysis of RBP occupancy in mouse T cells    61 

To achieve transcriptome-wide RBP binding site profiling, we developed a protocol for 62 

Global Cross-linking Protein Purification (GCLiPP) suitable for use in mammalian cells, and 63 

applied this technique in cultured primary mouse T cells (Figure 1A).  GCLiPP is an adaptation 64 

of previously described biochemical methods for crosslinking purification of all mRNA-RBP 65 

complexes (17–19). The key features of GCLiPP include: crosslinking of endogenous 66 

ribonucleoproteins complexes using high energy UV light (no photo-crosslinkable ribonucleotide 67 

analogues); oligo-dT pulldown prior to biotinylation to enrich for mRNA species; chemical 68 

biotinylation of primary amines using a water soluble reagent with a long, flexible linker; brief 69 

RNase digestion with the guanine specific RNase T1; and on-bead linker ligation with 70 

radiolabeled 3′ linker to facilitate downstream detection of ligated products.  We used the 71 

guanine specific ribonuclease T1 to favor larger average fragment sizes than using an RNA 72 

endonuclease with no nucleotide specificity (such as RNase A).  We hypothesized that this 73 

would facilitate detection of RBP binding to sites in unstructured, GC-poor regions which would 74 

tend to be digested into larger fragments relative to the protein-protected site due to their relative 75 

lack of guanine residues. Sequencing libraries of GCLiPP fragments yielded highly reproducible 76 

patterns in CD4+ and CD8+ T cells (Fig. 1B and 1C), with read coverage strongly enriched 77 

within mature mRNAs and long non-coding RNAs (Figure 1—Figure Supplement 1). 78 

To validate that GCLiPP detects bona fide RBP-occupied sites in cellular RNA, we 79 

examined known regulatory interactions of various functional and structural categories. GCLiPP 80 

recapitulated previously described cis regulatory elements bound by known RBPs (Figures 2 and 81 
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3 and Figure 2—figure supplement 1-5) that mediate constitutive RNA metabolism (Figure 2A 82 

and Figure 2—figure supplement 1), transcript localization (Figure 2B, Figure 2—figure 83 

supplement 2), regulation of gene expression (Fig. 2C and Figure 2—figure supplement 3), and 84 

translation (Figure 2—figure supplement 4), including both structured elements and single-85 

stranded RNA determinants. 86 

 87 

Constitutive mRNA metabolism cis-elements 88 

The canonical polyadenylation signal AAUAAA is a known linear sequence motif that 89 

binds to a number of RBPs in the polyadenylation complex, including CPSF and PABP (20), as 90 

part of constitutive mRNA metabolism. We examined T cell lineage-defining transcripts with 91 

well resolved GCLiPP profiles (due to their high expression levels), including Cd3g (Figure 2A), 92 

Cd3e, Cd4, and Cd8b1 (Figure 2—figure supplement 1). The only canonical polyadenylation 93 

signal sequences in these transcripts were contained within called GCLiPP peaks, often as the 94 

peak with the highest GCLiPP read density in the entire transcript. Interestingly, in the Cd8b1 95 

transcript we could observe direct biochemical evidence for alternative polyadenylation signal 96 

usage (Figure 2—figure supplement 1C), a phenomenon that has previously been described to be 97 

important in activated T cells (21).  GCLiPP peaks appear in multiple canonical polyadenylation 98 

signal sequences in Cd8b1, coincident with clear evidence for both short and long 3′ UTR 99 

isoform usage indicated by lower RNAseq read counts after the initial canonical polyadenylation 100 

signal. A similar pattern was also apparent in Hif1a (Figure 2—figure supplement 1D) and a 101 

number of other highly expressed transcripts. 102 

 103 

 104 
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Transcript subcellular localization elements 105 

Known cis-regulatory elements involved in transcript localization were also represented 106 

by local regions of GCLiPP read density. The Beta-actin “zipcode” element is responsible for 107 

localization of Actb mRNA to the cellular leading edge in chicken embryo fibroblasts (22) and 108 

contains conserved linear sequence elements separated by a variable linker. These conserved 109 

sequence elements are thought to form the RNA/protein contacts in a complex involving the 110 

actin mRNA and the RNA binding protein Igf2bp1 (previously known as Zbp1) where the non-111 

conserved sequence winds around the RBP (23). This sequence corresponds to the center of the 112 

second highest peak of GCLiPP read density in the Actb transcript (Figure 2B). Similarly, peaks 113 

of GCLiPP read density corresponded to perinuclear localization signals in the 3′ UTRs of the 114 

transcripts of Vimentin and Myc as defined previously by sufficiency for perinuclear localization 115 

of heterologous reporter constructs (Figure 2—figure supplement 2) (31, 32).  116 

 117 

Cis-regulatory elements that control mRNA stability and translation 118 

Some RBPs regulate the half-life and/or translation of the mRNAs that they bind. The 119 

mRNA-destabilizing Roquin/Regnase binding site in the 3′ UTR of Ier3 is a straightforward 120 

example of this functional category of RNA/RBP interaction detected as a region of GCLiPP 121 

read density (Figure 2C).  The known mRNA stabilizing iron response elements in the transferrin 122 

receptor (Tfrc) 3′ UTR and ferritin light chain (Ftl) 5′ UTR showed a more complex mode of 123 

detection by GCLiPP. These elements consist of a stereotypic hairpin structure containing the 124 

motif RRCAGUGNYY that binds to a cytoplasmic factor, originally called IRF and now called 125 

Aco1, which stabilizes the transferrin receptor mRNA and inhibits translation of the ferritin 126 

mRNA in low iron conditions (26–28). We compared GCLiPP with transcriptome wide 127 
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measurements of RNA structure from icSHAPE (29) and observed that paired peaks of GCLiPP 128 

read density surrounded exposed, unfolded guanine residues in the loop of this motif (Figure 2—129 

figure supplement 3).  130 

The insertion of the selenium containing amino acid selenocysteine into selenoproteins 131 

represents a unique case of RBP regulation of protein translation. Selenoproteins are redox 132 

enzymes that use selenocysteine at key reactive residues (30, 31). Selenocysteine is encoded by 133 

the stop codon UGA, and this recoding occurs only in mRNAs that contain 3′ UTR cis-134 

regulatory elements (termed SECIS elements) that bind to RBPs that recruit the elongation factor 135 

Eefsec and selenocysteine-tRNA (32, 33). SECIS elements were prominent peaks of GCLiPP 136 

read coverage in selenoprotein mRNAs. For example, the SECIS element (34) in the 3′ UTR of 137 

Gpx4 was entirely covered by GCLiPP reads (Figure 2—supplement 4A). Indeed, a canonical 138 

polyadenylation signal and the full hairpin structure containing the SECIS element account for 139 

essentially all of the GCLiPP reads in the Gpx4 3′ UTR. Comparing transcriptome-wide in vivo 140 

icSHAPE and GCLiPP data suggests that the folded, RBP bound structure is even larger than 141 

that predicted by SECISearch 3, with regions of GCLiPP read density and apposed high and low 142 

icSHAPE signal spanning almost the entire 3′ UTR (Figure 2—figure supplement 4B,C). 143 

icSHAPE also revealed that a conserved stretch of adenines in the apical loop were exposed to 144 

icSHAPE tagging (Figure 2—figure supplement 4D). 145 

 146 

Protein occupancy in non-coding RNAs  147 

GCLiPP also corroborated RBP-RNA interactions in both long and short non-coding 148 

RNAs. For example, we observed GCLiPP read density at Pumilio protein binding sites in the 149 

abundant lncRNA Norad (also known as 2900097C17Rik in mouse and LINC00657 in humans). 150 
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Norad deletion is associated with genomic instability and aneuploidy (35, 36). The lncRNA 151 

functions by sequestering Pumilio family RBPs, reducing their ability to regulate mRNAs that 152 

also contain Pumilio binding sites. We examined Norad for high-scoring linear Pumilio motifs 153 

using a 20 nt position weight matrix previously determined by SELEX experiments using mouse 154 

Pum2 (37). The eight highest scoring motifs containing a canonical UGUA minimal Pumilio 155 

binding sequence marked the regions of greatest RBP occupancy as indicated by GCLiPP read 156 

density in Norad (Figure 3A). 157 

7SK is an  abundant small nuclear (sn)RNA that forms distinct ribonucleoprotein 158 

complexes with several RBP partners. This highly structured non-coding RNA is transcribed by 159 

PolIII and is present in the nucleus of all eukaryotic cells, where it scaffolds a complex between 160 

the PolII regulatory kinase P-TEFb and other RNA binding proteins (38). The entirety of the 161 

7SK RNA is recovered in GCLiPP reads (Figure 3B), with clear regions of higher GCLiPP 162 

coverage corresponding to the conserved structural motifs M1, M7 and M8 (39). This GCLiPP 163 

profile clearly delineates previously identified structural motifs and protein interaction domains.  164 

The M8 stem-loop binds to the 7SK stabilizing protein LaRP7 (40). The key interaction with 165 

P-TefB also occurs through direct or indirect binding at the M8 motif. The M1 and M7 motifs 166 

interact with various hnRNPs (38), and the M3 hairpin binds Hexim proteins that are critical for 167 

transcriptional elongation (41). The apical loops of the M3 and M5 motifs show lower GCLiPP 168 

coverage, presumably due to cleavage of the exposed loops of protein-bound hairpins.  169 

Distinct from these complexes that act near gene promoters, 7SK snRNA also interacts 170 

with the BAF chromatin remodeling complex at enhancers (42). Interestingly, while the Hexim1 171 

binding motif M3 was in a region of low GCLiPP read density, the M1 region of the transcript 172 

adopts an icSHAPE accessible conformation when 7SK is in complex with Hexim1 and had low 173 
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icSHAPE accessibility and high GCLiPP coverage (Figure 3B). Further, the stem of the M7 174 

motif is highly represented in GCLiPP reads, and the loop of this structure represents an area 175 

whose icSHAPE accessibility is higher when 7SK is in association with the BAF complex 176 

(Figure 3—figure supplement 1). These data suggest that the M7 motif may represent a site of 177 

association with BAF. 178 

Taken together, these data provide evidence that GCLiPP read density reflects the 179 

abundance of a wide variety of crosslinked RBP-RNA species in cellular transcripts. GCLiPP 180 

reads are abundantly recovered from interactions between RBPs and single stranded as well as 181 

double stranded RNAs. The single stranded RNA binding sites identified can occur either via 182 

binding to simple linear sequence motifs (such as canonical polyadenylation signals and Pum 183 

motifs) or in more complex structures involving interactions of multiple spatially separated 184 

sequence elements that have specific interactions with RBPs (such as the Actb zipcode). Double 185 

stranded RNA binding events also show several modes of representation in GCLiPP data. Some 186 

small hairpin loops were cloned whole and show large peaks of GCLiPP read abundance (such 187 

as the Roquin binding loop in Ier3). Other structures are more susceptible to RNase T1 digestion 188 

and are typically cloned as two fragments (such as the iron response elements in iron responsive 189 

transcripts) or as many separate fragments of a larger secondary structure (such as SECIS 190 

elements and the 7SK snRNA). 191 

 RBP-RNA interactions identified by GCLiPP occur in 5′ UTRs, coding sequences, 3′ 192 

UTRs and non-coding RNAs. For the purpose of this study, we restricted functional analyses to 193 

3′ UTRs and used 70 nucleotide called peaks of GCLiPP read density to define putative 194 

functional units to test in a heterologous reporter assay of post-transcriptional regulation of gene 195 

expression. The large number of known RBP-RNA interactions of diverse structural types which 196 
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are localized to local peaks of GCLiPP read density give us confidence that a large number of 197 

our called peaks represent a sufficient amount of sequence context to recapitulate the functional 198 

effects of many RNA-RBP interactions.  199 

 200 

Relationship between RBP occupancy in GCLiPP and nucleotide composition 201 

GCLiPP identified thousands of putative cis-regulatory sequences and revealed striking 202 

global relationships between RBP occupancy, nucleotide composition, and evolutionary 203 

sequence conservation in 3′ UTRs. To facilitate functional analysis, we defined ~27000 70 nt 204 

“GCLiPP peaks” of cross-linked 3′ UTR sequence reads and 5000 “conserved voids” that were 205 

absent or very low in GCLiPP but abundantly expressed by mRNA-seq (Figure 4A). Overall, 206 

GCLiPP peaks had much higher GC content than the annotated 3′ UTRs from which they are 207 

derived (Figure 4B, p<10-307,t=50.4, Welch’s two sample t-test), and voids had even lower GC 208 

content (Figure 4B, p<10-307,t=59.3, Welch’s two sample t-test). Consistent with the poor 209 

conservation of GC rich sequences within 3′ UTRs (15), GCLiPP peak GC content negatively 210 

correlated with evolutionary conservation among placental mammals (Figure 4C, t = -76.4, ρ=-211 

0.411). Thus, GC rich sequences are enriched for RBP occupancy despite the fact that they are 212 

not strictly conserved and are often subject to lineage-specific selection.   213 

 214 

Fast-UTR massively parallel reporter assay of GCLiPP defined RBP occupied sites 215 

High-throughput functional analysis further revealed how these features dictate mRNA 216 

stability. We transduced mouse T cells with a retroviral fast-UTR library (43) containing all 217 

27000 GCLiPP peaks, 5000 voids, and 7000 additional control sequences, and inferred the effect 218 

of each insert on mRNA stability from the relative ratios of sequenced amplicons from reverse 219 
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transcribed RNA and genomic DNA templates. As expected, inserts containing seed binding 220 

sequences for highly expressed miRNAs were destabilizing compared with inserts containing 221 

scrambled variants of the same seed sequence (Figure 4—figure supplement 1). An unexpected 222 

and striking pattern in the data set was the strong negative correlation between insert GC content 223 

and fast-UTR mRNA stability (Figure 4D, t = -143.19, ρ=-0.658). For inserts representing 224 

GCLiPP peaks, there was a corresponding positive correlation between fast-UTR mRNA 225 

stability and evolutionary conservation (t = 44.1, ρ=0.260), with stepwise decreases in stability 226 

observed for inserts binned from the most strictly conserved to the most rapidly evolving 227 

sequences (Fig. 4E). For rapidly evolving GCLiPP peaks (examples showing dissimilarity of 228 

sequences between human and mouse shown in Figure 4—supplement 2A), there was only a 229 

modest correlation between the mouse and syntenic human sequence effects on fast-UTR mRNA 230 

stability (Figure 4—figure supplement 2B, t = 6.3, ρ=0.188). However, much of the species-231 

specific differences in destabilizing activity could be explained by changes in GC content 232 

(Figure 4—figure supplement 2C, t =-14.606, ρ=-0.408). These data indicate that acquisition of 233 

GC rich sequences within protein-bound regions of 3′ UTRs confers destabilizing functional 234 

activity. 235 

 236 

Validation of relationship between 3′ UTR GC content and effect on gene expression 237 

 The association between nucleotide composition and effect on gene expression observed 238 

for isolated GCLiPP peaks holds for longer sequences. GC-rich full length 3′ UTRs containing 239 

numerous strong GCLiPP peaks (Cd4, Dusp2, Ier2) reduced reporter luciferase activity, whereas 240 

an AU-rich 3′ UTR with little protein binding (Cnn3) had no effect (Figure 4F). Protein 241 

production was similarly affected in previous experiments with a lentiviral fast-UTR library of 242 
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160 nt human 3′ UTR segments downstream of EGFP (43). FACS-sorted cells with low EGFP 243 

fluorescence harbored 3′ UTR inserts with significantly higher GC content than inserts from cells 244 

with high EGFP expression (Figure 4G, p<10-28, Welch’s two-sample t-test). These inserts also 245 

reduced mRNA half-life (Figure 4H) and lowered steady-state mRNA abundance in three human 246 

cell lines (Fig. 4I). In all of these prior experiments, 3′ UTR GC content strongly correlated with 247 

reduced gene expression (Figure 4—figure supplement 3).  248 

 249 

RNA secondary structure in RBP-occupied regions detected by GCLiPP 250 

RNA folding influences global patterns of RBP occupancy and functional activity. The 251 

predicted folding energy of GCLiPP peaks was significantly lower than that of conserved voids 252 

(Figure 5—figure supplement 1A), as expected since folding energy is strongly correlated with 253 

GC content (Figure 5—figure supplement 1B).  To look for evidence of in vivo folding in RBP 254 

occupied sites genome wide, we compared GCLiPP data from mouse T cells with published 255 

icSHAPE in vivo folding data from mouse ES cells across all transcripts expressed in both cell 256 

types. The predicted secondary structure of individual RBP-bound GC rich GCLiPP peaks 257 

tended to be supported by low icSHAPE signal at nucleotides in predicted folds, immediately 258 

adjacent to icSHAPE tagged nucleotides predicted to be in an accessible loop or bulge (Figure 259 

5A). Conversely, conserved voids of protein binding tended to be GC-poor with higher predicted 260 

folding energies and structures unsupported by icSHAPE profiles. In these sequences, 261 

nucleotides in predicted folds were similarly accessible to icSHAPE tagging as unfolded 262 

nucleotides, indicating that in vivo structure differed from the in silico predicted conformation 263 

(Figure 5B). 264 
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We took advantage of these patterns in the icSHAPE signals of structured and 265 

unstructured sequences to assess the in vivo folding of all GCLiPP peaks and voids. We reasoned 266 

that structures held in a folded conformation in vivo exhibit higher local variability of icSHAPE 267 

signal due to the apposition of minimally tagged (tightly folded) nucleotides and maximally 268 

tagged (bulge, loop or flanking) nucleotides with high icSHAPE accessibility. Therefore, we 269 

examined the standard deviation and multi-modality of icSHAPE signal as a proxy for in vivo 270 

folding within GCLiPP peaks and voids. Consistent with their GC content and predicted folding 271 

energies, GCLiPP voids had lower icSHAPE standard deviations than GCLiPP peaks (Figure 272 

5C). Among these peaks, the most rapidly evolving RBP-occupied sites also had the highest 273 

icSHAPE standard deviations (Figure 5C). A similar pattern held for the dip statistic (a 274 

continuous measurement of multi-modality) computed using Hartigan’s dip test of unimodality 275 

(53) (Figure 5—figure supplement 2). Thus, RBP-occupied sequences identified by GCLiPP are 276 

enriched in structural elements that adopt a folded conformation in vivo. 277 

We identified enriched short structural motifs associated with fast-UTR destabilizing 278 

activity using TEISER (43) (Figure 6A). icSHAPE profiles were concordant with the predicted 279 

structure for most individual examples of these motifs. Maximal or near maximal icSHAPE 280 

tagging occurred at predicted bulge, loop or linear nucleotides near the base of the hairpin, and 281 

minimal tagging was observed at predicted folded nucleotides (Figure 6B). We confirmed the 282 

inhibitory effect of these motifs in T cells transfected with in vitro transcribed reporter mRNAs 283 

linked to short 3′ UTRs containing the exemplary in vivo folded sequences (Figure 6C). The 284 

relationship between structured 3′ UTR elements and inhibition of gene expression was not 285 

entirely dependent on GC content, as better than expected folders were more destabilizing than 286 

poor folders with similar GC content (Figure 5—figure supplement 1C). Thus, linked GCLiPP 287 
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and fast-UTR analyses revealed specific structural motifs associated with gene regulation, and a 288 

global relationship between 3′ UTR sequence structure, protein occupancy, and mRNA stability. 289 

 290 

Evolutionary pressures shape 3′ UTRs differently in distinct classes of genes  291 

Phylogenetic analysis revealed that post-transcriptional regulation shapes vertebrate 3′ 292 

UTR evolution, with purifying selection of GC poor sequences and accelerated lineage-specific 293 

evolution of GC rich RBP binding cis-regulatory regions. GC content and PhyloP scores were 294 

strongly negatively correlated for GCLiPP peaks, but not for a control set of  P300-bound (45) 295 

transcriptional enhancers (Figure 7—figure supplement 1A,B). Rapidly evolving sequence 296 

content (PhyloP <0) also strongly correlated with GC content (Figure 7—figure supplement 297 

1C,D). Overall, 3′ UTRs that exhibit strong evidence of purifying selection have lower GC 298 

content than other 3′ UTRs across nine vertebrate species (Figure 7A). Conversely, 3′ UTRs 299 

exhibiting lineage specific selection have higher GC content across species (Figure 7B). Thus, 300 

across the vertebrate lineage, 3′ UTRs that differ in nucleotide content face different regimes of 301 

selection, with purifying selection on GC poor UTRs and lineage-specific, accelerated evolution 302 

of GC rich UTRs. Furthermore, the biological categories of genes selected under these different 303 

regimes did not appear to be randomly distributed. Genes whose 3′ UTRs exhibit significant 304 

evidence of purifying selection and low GC content are enriched in gene ontology categories 305 

involving body plan development and organ morphogenesis (Figure 7C), whereas genes whose 306 

3′ UTRs are rapidly evolving and GC rich are over-represented among genes related to 307 

inflammation and metabolism (Figure 7D). 308 

 309 

 310 
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Discussion 311 

This study outlines a previously undescribed paradigm that shapes untranslated transcript 312 

sequence throughout vertebrate genomes. By starting with an unbiased biochemical method to 313 

identify RBP occupied sequences in mRNAs, we discovered that RBP occupied sites in 3′ UTRs 314 

tend to have a higher GC content (~48%) than the 3′ UTRs themselves (~43.5%). These GC rich 315 

RBP binding sites tend to be less strictly conserved across vertebrates than less bound, GC poor 316 

regions of 3′ UTRs. Across multiple experiments in primary mouse cells and human cell lines, 317 

we found that these GC rich UTR sequences were associated with lower gene expression as 318 

measured by the steady state mRNA level, amount of protein and half-life of transcripts. In turn, 319 

it appears that the protein bound sequences that are GC rich are more likely to be folded, as 320 

demonstrated both by theoretical local folding energies for the bound and unbound sequences as 321 

well as in vivo measurements of RNA conformation. Across vertebrate 3′ UTRs, there is a 322 

tendency towards purifying selection of GC poor UTRs, whereas GC rich UTRs tend to exhibit 323 

evidence of rapid selection in specific lineages.  324 

Taken together, these results paint a global picture wherein purifying selection winnows 325 

away local regions with high GC content in certain classes of genes. These GC rich regions are 326 

more likely to be folded in vivo and to form a binding site for an RBP, and reduce the amount of 327 

protein produced from a given amount of transcript. When GC rich regions invade the 3′ UTR of 328 

a gene in a specific lineage, they tend to exhibit accelerated evolution.  That is, they become 329 

fixed in the lineage at a rate greater than would be predicted by neutral drift. GC biased gene 330 

conversion may contribute to this phenomenon, favoring the creation of novel post-331 

transcriptional regulatory elements, but it affects only a small portion of vertebrate genomes—332 

approximately 0.3% of the human genome (46). Only 13/1198 (~1.1%) of rapidly evolving 333 
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vertebrate 3′ UTRs we identified in this study overlapped with regions of the human genome 334 

undergoing GC biased gene conversion. 335 

Our results leave unresolved the specific mechanism of regulation of gene expression by 336 

differences in UTR nucleotide composition. In general, our data suggest that GC rich sequences 337 

are more likely to be folded and to be bound by RBPs than GC poor sequences, and that 338 

transcripts containing GC rich UTRs are less stable. However, the effect of individual RBP-339 

binding elements may vary in their native sequence context. Similarly, our experiments do not 340 

resolve whether or how multiple regulatory elements may cooperate or compete to achieve 341 

precise gene regulation. There are several well known examples of RBPs that bind to locally 342 

folded structures and lead to transcript degradation, such as Roquin (47), Regnase (48) and 343 

Staufen (49). Although Roquin and Regnase bind to conserved stereotypic hairpin structures, 344 

Staufen binds promiscuously to tightly folded sequences in 3′ UTRs of transcripts throughout the 345 

genome, typified by runs of guanines base-paired with pyrimidine rich tracts. There may be other 346 

RBPs like Staufen that use promiscuous binding to dsRNA to mediate transcript degradation 347 

(50). However, other RBP interactions with locally folded structures are associated with mRNA 348 

stabilization, such as iron regulatory element binding proteins that stabilize and sequester 349 

mRNAs involved in iron metabolism. A broad regulatory interactome is hinted at by the lack of 350 

known binding partners for active structural motifs that we identified by functional analysis of 351 

GCLiPP peaks. Future work should leverage these data to discover and classify gene regulatory 352 

interactions between cis regulatory sequences and trans acting RBPs.    353 

The general lack of conservation of regulatory motifs suggests that the major selective 354 

pressure on most 3′ UTRs has not been to develop regulatory elements that induce transcript 355 

degradation, but rather to select for sequences associated with longer mRNA stability and 356 
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consequently greater protein production. Highly conserved strongly destabilizing elements such 357 

as canonical AU rich element nonamers (51), the Tnf constitutive decay element and other 358 

conserved Roquin binding loops (47), and CUG repeats bound by CUG binding proteins (52) are 359 

exemplary counterexamples to this general pattern in 3′ UTR evolution (13). These examples are 360 

likely driven by selection for stringent controls on genes whose overexpression is deleterious, 361 

such as inflammatory mediators and proto-oncogenes.  362 

Among RBP-occupied regions detected by GCLiPP, the most strongly destabilizing 363 

sequences tended to be very GC-rich and rapidly evolving, often exhibiting highly divergent 364 

sequences between mouse and human (two vertebrates that are only separated by ~75 million 365 

years from their last common ancestor). For these rapidly evolving sites, species-specific 366 

acquisition of high GC content is associated with acquisition of destabilizing activity. Therefore, 367 

acquisition or loss of high local GC content in UTRs may be a major mechanism for the 368 

diversification of gene expression levels across species. The GC content of synonymous wobble 369 

bases in coding sequences correlates with the GC content of UTRs of the same gene (53), 370 

suggesting that selection on gene expression level may be a strong pressure driving mRNA 371 

sequence variation in general.  372 

The classes of genes that exhibit these patterns of selection are not random, as genes 373 

involved in organismal development exhibited evidence of purifying selection for GC poor 3′ 374 

UTRs, whereas genes involved in metabolism and immune response tended to vary dramatically 375 

in 3′ UTR sequence. Thus, it appears that there are specific classes of genes that are functionally 376 

selected to create a large amount of protein per transcript, and that these genes tend to be 377 

involved in core developmental processes. Other genes are post-transcriptionally constrained by 378 

cis-regulatory elements whose sequences vary between species. These genes likely evolved 379 
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highly tailored expression programs in response to evolutionary pressure to contain pathogens or 380 

metabolize xenobiotics. 381 

 382 

Materials and Methods 383 

Cells 384 

Primary CD4+ and CD8+ mouse T cells were isolated from C57/BL6J peripheral lymph 385 

nodes and spleen using positive and negative selection Dynabeads, respectively, according to the 386 

manufacturer’s instructions (Invitrogen). Cells were stimulated with immobilized biotinylated 387 

anti-CD3 (clone 2C11, 0.25 ug/mL, BioXcell) and anti-CD28 (clone 37.51, 1 ug/mL, BioXcell) 388 

bound to Corning 10 cm cell culture dishes coated with Neutravidin (Thermo) at 10 ug/mL in 389 

PBS for 3 h at 37 degrees C. Cells were left on stimulation for 3 days before being taken off of 390 

stimulation and split into non-coated dishes in T cell medium supplemented with recombinant 391 

human IL-2 (20 U/mL). Th2 cells were polarized in medium containing 1:100 dilution of IL-4 392 

conditioned medium, anti-Ifn-γ (10 ug/mL). CD8 cells were grown in medium containing 10 393 

ng/mL recombinant murine IL-12 (10 ng/mL). T cells were grown in medium as described 394 

previously (54). For re-stimulation, cells were treated with PMA and Ionomycin (20 nM and 1 395 

µM, respectively) for 4 hours before harvest. 396 

 397 

GCLiPP and RNAseq 398 

~100e6 mouse T cells cultured from 3 mice were washed and resuspended in ice cold 399 

PBS and UV crosslinked with a 254 nanometer UV Stratagene crosslinker in three doses of 4000 400 

mJ, 2000 mJ and 2000 mJ, swirling on ice between doses. Cells were pelleted and frozen at -80 401 

degrees C. Thawed pellets were resuspended in 400 µL PXL buffer without SDS (1X PBS with 402 
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0.5% deoxycholate, 0.5% NP-40, Protease inhibitor cocktail) supplemented with 2000 U RNasin 403 

(Promega) and 10 U DNase (Invitrogen). Pellets were incubated at 37 degrees C with shaking for 404 

10 minutes, before pelleting of nuclei and cell debris (17000xg for 5 min). Supernatants were 405 

biotinylated by mixing at room temperature for 30 minutes with 500 µL of 10 mM EZ-Link 406 

NHS- SS-Biotin (Thermo) and 100 µL of 1 M sodium bicarbonate. Supernatants were mixed 407 

with 1 mg of washed oligo-dT beads (New England Biolabs) at room temperature for 30 minutes 408 

and washed 3 times after pulldown with a magnet. Oligo-dT selected RNA was eluted from 409 

beads by heating in poly-A elution buffer (NEB) at 65 degrees C with vigorous shaking for 10 410 

minutes. An aliquot of eluted RNA was treated with proteinase K and saved for RNAseq analysis 411 

by using Illumina  TruSeq Stranded Total RNA Library Prep Kit according to the manufacturer’s 412 

instructions.  413 

The rest of the crosslinked, biotinylated mRNA-RBP  complexes were captured on 250 414 

µL of washed M-280 Streptavidin Dynabeads (Invitrogen) for 30 minutes at 4 degrees C with 415 

rotation. Beads were washed 3X with PBS and resuspended in 40 µL of PBS containing 1000 U 416 

of RNase T1 (Thermo) for 1 m at room temperature. RNase activity was stopped by addition of 417 

concentrated (10%) SDS to a final concentration of 1% SDS and beads were washed 418 

successively in 1X PXL buffer, 5X PXL buffer and twice in PBS. 24 pmol of 3′ radiolabeled 419 

RNA linker was ligated to RBP bound RNA fragments by resuspending beads in 20 µL ligation 420 

buffer containing 10 U T4 RNA Ligase 1 (New England Biolabs) with 20% PEG 8000 at 37 421 

degrees for 3 h. Beads were washed 3X with PBS and free 5′ RNA ends were phosphorylated 422 

with polynucleotide kinase (New England Biolabs). Beads were washed 3X with PBS and 423 

resuspensded in ligation buffer containing 10 U T4 RNA Ligase 1, 50 pmol of 5′ RNA linker and 424 

20% PEG 8000 and incubated at 15 degrees C overnight with intermittent mixing. Beads were 425 
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again washed 3X in PBS and linker ligated RBP binding sites were eluted by treatment with 426 

proteinase K in 20 µL PBS with high speed shaking at 55 degrees C. Beads and supernatant were 427 

mixed 1:1 with bromophenol blue formamide RNA gel loading dye (Thermo) and loaded onto a 428 

15% TBE-Urea denaturing polyacrylamide gel (BioRad). Ligated products with insert were 429 

visualized by autoradiography and compared to a control ligation (19 and 24 nt markers). Gel 430 

slices were crushed and soaked in gel diffusion buffer (0.5 M ammonium acetate; 10 mM 431 

magnesium acetate; 1 mM EDTA, pH 8.0; 0.1% SDS) at 37 degrees for 30 min with high speed 432 

shaking, ethanol precipitated and resuspended in 20 µL of RNase free water. Ligated RNAs were 433 

reverse transcribed with Superscript III reverse transcriptase (Invitrogen) and amplified with Q5 434 

polymerase (New England Biolabs). PCR was monitored using a real time PCR thermal cycler 435 

and amplification was ceased when it ceased to amplify linearly. PCR products were run on a 436 

10% TBE polyacrylamide gel, size selected for an amplicon with the predicted 20-50 bp insert 437 

size to exclude linker dimers, cut from the gel, and gel purified. Cleaned up library DNA was 438 

quantified on a bioanalyzer (Agilent) before being deep sequenced. All GCliPP and RNAseq 439 

sequencing runs were carried out on an Illumina HiSeq 2500 sequencer.  440 

 441 

GCLiPP bioinformatics analysis pipeline 442 

FastQ files were de-multiplexed and trimmed of adapters. Each experiment was 443 

performed on three technical replicates per condition (resting and stimulated) per experiment. 444 

Cloning replicates and experiments were pooled in subsequent analyses.  Trimmed sequence 445 

reads were aligned to the mm10 mouse genome assembly using bowtie2. After alignment, PCR 446 

amplification artifacts were removed by de-duplication using the 2-nt random sequence at the 5′ 447 

end of the 3′ linker using a custom script that counted only a single read containing a unique 448 
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linker sequence and start and end position of alignment per sequenced sample. Custom scripts 449 

were used first to identify 3′ UTRs of expressed genes from RNAseq (expanding 3′ UTRs where 450 

there was clear evidence of expression beyond the refseq defined end) and then to identify peaks 451 

and voids of GCLiPP read density by convolving a normal distribution against a sliding window 452 

of the observed read distribution and looking for local maxima of correlation, with a read depth 453 

above a transcript minimum based on the average read depth in the UTR in GCLiPP and a global 454 

minimum set manually. Peak calling was performed on all data pooled and repeated on data 455 

separated into reads derived from Th2 and CD8 T cells, and all these called peaks were carried 456 

forward into subsequent analyses. Peak names indicate whether they were derived from calling 457 

on combined data, Th2 data or CD8 data. Sequencing data and summaries are available at Gene 458 

Expression Omnibus (accession number GSE94554). No power calculation was performed to 459 

pre-determine sample number. Samples were accumulated until high reproducibility (as assessed 460 

by Pearson correlation of read density at called peaks) between replicates of samples was 461 

observed.   462 

 463 

Fast-UTR vector assembly, library construction and assay 464 

A multiple cloning site consisting of MluI, I-SceI, and PacI was inserted into the 3′ UTR 465 

of the GFP gene in a previously described T cell retroviral microRNA sensor plasmid (54). A 466 

DNA oligonucleotide library consisting of RBP binding sites, voids and control randomers was 467 

synthesized by CustomArray (Bothell, WA). Three sets of randomer control sequences with 468 

different dinucleotide frequency were used, either using a background dinucleotide frequency 469 

that was essentially random (~3000 sequences, all di-nucleotides except for CpG represented 470 

equally, CpG represented at approximately the same frequency as the mouse genome), using the 471 

96



 21 

dinucleotide frequency of the mouse genome (~2000 sequences) or using the dinucleotide 472 

frequency of mouse 3′ UTRs (~2000 sequences). Additionally, we included ~1000 human 473 

syntenic regions for the most rapidly evolving protein binding peaks in mouse 3′ UTRs. These 474 

sequences were determined by using the kentUtils liftover program on a single nucleotide at the 475 

very center of the 70 nt peak, and taking the 70 nucleotides adjacent to the lifted over nucleotide 476 

for mouse peaks where a liftover could successfully be determined.  477 

The library was amplified using Q5 polymerase and a real-time PCR cycler through the 478 

linear range, cleaned up with a PCR cleanup kit (Qiagen), cut with MluI and PacI  and run on a 479 

10% TBE polyacrylamide gel to isolate double cut PCR fragments. The vector fragment was cut 480 

with MluI, I-SceI and PacI and run out on a 1% agarose gel and cleaned up with a gel 481 

purification kit (Qiagen). Both vector and insert were quantified and ligated at a ~10:1 molar 482 

insert:vector ratio using quick ligation kit (New England Biolabs). Ligation mixture was purified 483 

by PCR cleanup kit and electroporated into TG1 electrocompetent bacteria (Lucigen). Colonies 484 

were plated on bioassay plates and plasmid was prepared from pooled colonies scraped from 485 

bioassay plates into LB media. Ecotropic retrovirus was made by transient transfection of 486 

plasmid into Plat-E packaging cells by calcium phosphate method.  Plat-E cells were grown in 487 

complete DMEM supplemented with 5% FBS. After transfection, packaging cells were left with 488 

DNA overnight, then aspirated and incubated with fresh collection media containing 10% fetal 489 

bovine serum and 1X ViralBoost reagent (ALStem). Virus containing supernatant was collected 490 

off cells, mixed with 8 µg/mL polybrene and put onto Day 2 mouse Th2 cells for 6 hours. 491 

Transduced cells were grown until Day 5, washed thrice with PBS and then collected in Trizol 492 

reagent (Thermo). RNA was collected according to the manufacturer’s protocol, but after the 493 

first aqueous phase was removed, the same volume of back-extraction buffer (4M Guanidine 494 
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Thiocyanate, 50 mM Sodium Citrate, 1 M Tris base) was added and re-separated, and DNA 495 

precipitated from the second aqueous phase. RNA was reverse transcribed, and both cDNA and 496 

genomic DNA were used as a template for PCR amplification of fast-UTR inserts. Amplicons 497 

were run on a 2% agarose gel, size selected for the appropriate insert size, and gel extracted. 498 

Cleaned DNA was run on a bioanalyzer (Agilent) before being sequenced on a HiSeq 4000, run 499 

with 50% PhiX spike-in to allow clustering of non-diverse 5′ (vector) ends.  500 

 501 

Fast-UTR data analysis and TEISER analysis 502 

Sequencing reads trimmed of vector sequences and were aligned to the oligonucleotide 503 

library using bowtie2. Each fast-UTR insert was amplified from the oligonucleotide library with 504 

a hexanucleotide random barcode inserted in the 3′ amplification primer. A ratio of RNA reads to 505 

genomic DNA reads was computed for each barcoded insert, and a weighted average of ratios 506 

(weighted by the number of genomic DNA reads, considered to be a proxy for the amount of 507 

expansion of each independently transduced clone). This weighted ratio for each insert was 508 

divided by the ratio for the median insert and this median normalized RNA/DNA ratio (steady 509 

state mRNA level) was used for analysis of insert stability (values < 1 are less stable than the 510 

median insert, >1 more stable). All statistical analyses of fast-UTR sequences were performed 511 

with R programming language (https://www.r-project.org/ ). TEISER structural motif discovery 512 

was performed on GCLiPP peak sequences ranked by their steady state mRNA levels as 513 

previously described (44).  514 

 515 

 516 

 517 
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Reporter assays 518 

 For luciferase assays 3′ UTRs were cloned into the dual luciferase reporter plasmid 519 

psiCHECK-2 (Promega) downstream of the Renilla luciferase stop codon into the XhoI and NotI 520 

sites. Cultures of Th2 cells from three or four mice (biological replicates) were grown in vitro for 521 

4 days and 4e5 cells were transfected in triplicates (technical replicates) with 1 µg of plasmid 522 

DNA. 24 h later firefly and renilla luciferase activity were measured with Dual-Luciferase 523 

Reporter Assay System (Promega) according to manufacturer’s instructions. The mean of 524 

technical replicates was used as the ratio of renilla to firefly for each culture. No power 525 

calculation was performed to pre-determine sample size. Sample size necessary to observe 526 

significant differences in protein production was estimated based on previous reporter assays 527 

evaluating effects of microRNAs. 528 

For protein production assays the Kikume Green Red coding sequence was PCR 529 

amplified from the pCAG-KikGR plasmid (AddGene) with primers designed to add a T7 in vitro 530 

transcription signal to the 5′ end of the coding sequence and a sequence of interest (flanked by 6 531 

U’s on both the 5′ and 3′ sides) to the 3′ end (55). The control poly-U 32 and Tnf constitutive 532 

decay element sequences were from (51) and (47), respectively.  KikGR PCR products were 533 

cleaned up and used as templates for in vitro transcription using the HiScribe T7 ARCA mRNA 534 

Kit with tailing according to the manufacturer’s instructions (New England Biolabs). mRNA 535 

integrity and Poly-A tailing was assessed by agarose gel electrophoresis. Cultures of CD8 cells 536 

from three or for mice were grown in vitro for 3 days and 2e6 cells were transfected with 2 µg of 537 

mRNA for each construct. To measure protein production in a specific time frame Kikume 538 

protein was photoconverted from green to red after 4 h by exposure to violet flashlight for 10 m, 539 

then cultured for another 4 h before being analyzed by flow cytometry. Transfected cells were 540 
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run on an LSRII with a yellow-green laser (BD Biosciences) gated on KikG+ cells and the MFI 541 

of KikR (produced before photoconversion) was determined using Cytobank software 542 

(http://www.cytobank.org).  543 

 544 

icSHAPE and Phylogenetic analyses 545 

Predicted RNA folding energies were computed using the ViennaRNA rnafold program 546 

(http://www.tbi.univie.ac.at/RNA/) (56) and visualized using forna 547 

(http://rna.tbi.univie.ac.at/forna/) (57). For icSHAPE we used a published bigwig file of locally 548 

normalized icSHAPE signal intensity generated in mouse ES cells (29). To measure conservation 549 

of loci in the mouse genome in placental mammals, we used the placental mammal PhyloP 550 

bigwig file from the UCSC genome browser 551 

(http://hgdownload.cse.ucsc.edu/goldenpath/mm10/phyloP60way/). We computed mean PhyloP 552 

scores across given GCLiPP peaks and called P300 enhancer peaks (45) by using custom perl 553 

scripts calling the kentutils bigWigSummary program. A similar script was used to obtain 554 

distributions of icSHAPE signals at selected loci, and Hartigan’s dip test of unimodality was 555 

performed using the R ‘diptest’ package from the CRAN depository (http://cran.r-project.org).  556 

To examine conservation across vertebrate 3′ UTRs we downloaded genomes and  3′ 557 

UTR annotations for nine vertebrate species (Bos taurus, Canis familiaris, Danio rerio, Gallus 558 

gallus, Homo sapiens, Mus musculus, Macaca mulatta, Rattus norvegicus, Xenopus tropicalis) 559 

from UCSC genome browser (https://genome.ucsc.edu/). To avoid aligning non-syntenic 560 

sequences we only used 3′ UTRs for which a single annotated 3′ UTR existed. For genes with 4 561 

or more 3′ UTRs we performed multiple sequence alignments with Clustal Omega 562 

(http://www.ebi.ac.uk/Tools/msa/clustalo/) and computed p-values for conservation or 563 
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acceleration of those multiple sequence alignments using a standard vertebrate phylogenetic 564 

model (vertebrate.mod available at 565 

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/phyloP46way/) using the phyloP program 566 

(http://compgen.cshl.edu/phast/help-pages/phyloP.txt). We used custom perl scripts to score the 567 

GC content of the individual aligned sequences and analyzed the collated data in R. UTRs were 568 

then classified on the basis of whether they exhibited strong evidence (p < 0.001) or weak 569 

evidence (p>0.1) of strict conservation or accelerated evolution. The genes in each of these 570 

categories were then analyzed for biological categories using the Metascape online interface 571 

(http://metascape.org) using the default settings. 572 

 573 

Oligonucleotide and primer sequences 574 

GCLiPP 3′ RNA linker: 5′-NNGUGUCUUUACACAGCUACGGCGUCG-3′ 575 

GCLiPP 5′ RNA linker: 5′-CGACCAGCAUCGACUCAGAAG-3′ 576 

GCLiPP Reverse transcription primer: 5′-577 

CAAGCAGAAGACGGCATACGAGATNNNNNNCGCTAGTGACTGGAGTTCAGACGTGT578 

GCTCTTCCGATCCGACGCCGTAGCTGTGTAAA-3′ (NNNNNN is barcode for 579 

demultiplexing) 580 

GCLiPP 3′ PCR primer: 5′-CAAGCAGAAGACGGCATACGAGAT-3′ 581 

GCLiPP 5′ PCR primer: 5′-582 

AATGATACGGCGACCACCGAGATCTACACTGGTACTCCGACCAGCATCGACTCAGA583 

AG-3′ 584 

Read1seq sequencing primer for GCLiPP: 5′-585 

ACACTGGTACTCCGACCAGCATCGACTCAGAAG-3′ 586 
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Index sequencer primer for GCLiPP: 5′-587 

GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3′ 588 

Fast-UTR amplification forward primer: 5′-CAAGCAGAAGACGGCATACGAGAT NNNNNN 589 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTAGACGCGTAGGTTCAGA-3′ 590 

(NNNNNN is sample barcode for demultiplexing) 591 

Fast-UTR reverse primer: 5′-592 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC593 

T-3′ 594 

 595 

 596 
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 30 

Figure 1. GCLiPP sequencing reveals RNA transcript protein occupancy. (A) GCLiPP 691 

method of global RBP profiling. T cell RNAs are crosslinked to RBPs and lysates are 692 

biotinylated on primary amines. mRNAs are enriched with oligo-dT beads, and RBP protected 693 

sites are digested, captured, sequenced and aligned to the genome. (B) GCLiPP tracks for Th2 694 

and CD8 T cells with peaks of GCLiPP read density indicated; each track represents combined 695 

data from three independent experiments in Th2 and two independent experiments in CD8 T 696 

cells. (C) Normalized GCLiPP read depth (fraction of reads in called peak relative to all GCLiPP 697 

reads in annotated 3′ UTR) in Th2 and CD8 T cells.  ρ represents Pearson correlation.  698 
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Figure 1—figure supplement 1.
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Figure 1—figure supplement 1. Genomic origin of GCLiPP reads. (A) Genomic origin of 714 

aligned GCLiPP reads. (B) Relative coverage of genomic features in GCliPP sequencing reads.  715 
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Figure 2. GCLiPP recapitulates previously described mRNA-RBP interactions. RNAseq 737 

and GCLiPP tracks for (A) Cd3g (B) Actb (C) Ier3. RNAseq track is from resting Th2 cells. 738 

GCLiPP is sum of five experiments, three in Th2 and two in CD8 T cells. Location of known 739 

RBP binding determinants are shown as insets. 740 
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Figure 2—figure supplement 1.
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Figure 2—figure supplement 1. GCLiPP detects RBP binding of canonical polyadenylation 759 

signal. (A-D) RNAseq and GCLiPP read densities, conservation, called GCLiPP peaks and 760 

location of canonical polyadenylation signals (red lines) for indicated genes. 761 
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Figure 2—figure supplement 2
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 34 

Figure 2—figure supplement 2.  GCLiPP detects RBP binding in cis regulatory elements 776 

responsible for localizing Vim and Myc mRNAs. RNAseq read density, GCLiPP read density 777 

and conservation for (A) Vim and (B) Myc transcript. Previously identified regions of 3′ UTR 778 

critical for localization of a reporter to perinuclear area are depicted in purple.  779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

115



Figure 2—figure supplement 3
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 35 

Figure 2—figure supplement 3. Signature of RBP binding to iron responsive elements in 793 

Tfrc and Ftl mRNAs. RNAseq and GCLiPP read densities, icSHAPE tagging in mouse ES cells 794 

and conservation for (A) Transferrin receptor (Tfrc) and (B) ferritin light polypeptide 1 Ftl1. Iron 795 

response element binding motifs are indicated with green (stem) and blue (loop) lines. An 796 

example of IRE structure is shown. 797 
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Figure 2—figure supplement 4
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 36 

Figure 2—figure supplement 4. Pervasive RBP binding in SECIS elements of the 811 

selenoprotein transcript Gpx4 (A) RNAseq and GCLiPP read densities icSHAPE tagging in 812 

mouse ES cells and conservation for the selenoprotein encoding transcript Gpx4.  Predicted 813 

SECIS element is depecting in orange. (B) Inset showing detail. Canonical polyadenylation 814 

signal (AAUAAA) is shown in red. (C) Schematic depiction of SECIS element based on 815 

conserved structural features as predicted by SECISearch. (D) forna predicted structure of SECIS 816 

sequence color coded with icSHAPE signal in mouse ES cells. 817 
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 37 

Figure 3. GCLiPP recapitulates previously described non coding RNA-RBP interactions 829 

(A) RNAseq and GCLiPP read densities and conservation for the Norad lncRNA. Red lines 830 

indicate the top  scoring position weight matrix scores for PUM2 binding motifs containing 831 

UGUA. (B) GCLiPP read densities, icSHAPE tagging in mouse ES cells and conservation of the 832 

7SK non-coding RNA. Location of conserved structural motifs within the gene is shown.  833 
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Figure 3—figure supplement 1
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 38 

Figure 3—figure supplement 1.  Differential RBP binding between structural elements of 846 

Rn7sk non-coding RNA. Schematic depiction of folding of selected conserved structural motifs, 847 

color-coded by GCLiPP read density. Nucleotides with variable icSHAPE upon 848 

immunoprecipitation with antibodies against BAF or Hexim1 are depicted from Flynn et al. 849 

2016. 850 
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Figure 4. RBP occupied sequences are GC rich, rapidly evolving and destabilize reporter 864 

mRNAs. (A) Example calling of GCLiPP peaks and conserved voids in Ctcf. PhyloP measures 865 

conservation across placental mammals. (B) GC content of GCLiPP peaks and conserved voids. 866 

(C) Relationship between GC content and conservation for GCliPP peaks. ρ represents Pearson 867 

correlation. (D) Relationship between GC content and steady state mRNA level in Fast-UTR 868 

reporter assay for GCLiPP peaks. (E) Steady state mRNA level in Fast-UTR of conserved voids 869 

and GCLiPP peaks, binned on placental mammal conservation. (F) Dual luciferase assay 870 

showing renilla luciferase activity relative to firefly luciferase activity, in Th2 cells transfected 871 

with plasmid with indicated 3′ UTR downstream of renilla luciferase gene and control firefly 872 

luciferase gene. A representative experiment using four replicate mice is shown. Mean and 873 

standard error of the mean are indicated by bar graph and error bars, respectively. ***, p < 874 

0.0001 in unpaired t test relative to empty vector. (G) GC content of 3′ UTR inserts of Fast-UTR 875 

library transduced BEAS cells FACS-sorted for high or low GFP fluorescence. (H) mRNA half 876 

life of inserts of high or low protein expressing 3′ UTR inserts from (G) in BEAS cells. (I) 877 

Steady state mRNA level of inserts of high or low protein expressing 3′ UTR inserts from (G) in 878 

three human cell lines. For (G) through (I) p values represent Welch’s unequal variance t-test 879 

between high and low protein expressing inserts. 880 
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 40 

Figure 4—figure supplement 1. Sequences containing highly expressed miRNA seeds have 887 

lower mRNA levels than scrambled controls in Fast-UTR reporter assay. Density plots 888 

showing median normalized steady state mRNA level for all inserts in the fast-UTR library 889 

containing specific miRNA seed sequences or indicated scrambled controls, shown against a 890 

background of all randomer control sequences (A) Let7 seed containing sequences. (B) Mir146 891 

seed containing sequences. (C) Mir19 seed containing sequences. 892 
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Figure 4—figure supplement 2

AAAGGAGTGATATACATG-GAATTGTGCTTGTCTTTTACCTTCCCATACCCCCTTTACACACCAGTACATA

-GGGAAGGGATGTGGACGAGAGTGTTTCGTGTGTGTTGCCTTCCTCCACACCCTTCCCCCAGGACGTCCGC

CTCTGAGCAGTCCCTATGGTCACCCCAAGTAGCTGTACCTCCAGGAGGGACTTTATAGGGCCACAGTGTG--

CCCTGTGTGCGCCCGCCCCAGCCCAGGAGTAGTCTTACC--TCTGAGGAACTTTCTAGATGCAAAGTGTGTA

CACCGCTGCGTTGACCTGCCTTGTC----TTACGGTACACACAGCAATAAAGCCTGGGTTCCGCCCGGTCTCCA

----CATGCTTTAAAATACCTTCACAAGTGAACATTACACACAGAAGTTCATTTGGTTTTCCTTTGTTTTATGG

Higher GC in human (S in mouse to W in human) 

Neutral to GC (W to W or S to S)

Lower GC in human (W in mouse to S in human)

Mouse Chd7

Human Chd7

Mouse Med24

Human Med24

Mouse B4galt5

Human B4galt5

Mouse steady-state mRNA level
(relative to median)

ï�.2

ï�.1

�.�

�.1

�.2

�.3

Human - mouse
GC content 
difference

1

1

Hu
m

an
 s

te
ad

y-
st

at
e 

m
RN

A 
le

ve
l

(re
la

tiv
e 

to
 m

ed
ia

n)

ρ �.1��
B

ï�.3

ï�.2

ï�.1

�.�

�.1

�.2

�.3

1
Human / mouse mRNA stability ratio

Hu
m

an
 - 

m
ou

se
 G

C 
co

nt
en

t d
iff

er
en

ce ρ ��.4

C

Similar GC content
but different sequence

Human - mouse GC
difference

Higher GC content
in human

Higher GC content
in mouse

A
��.3

��.3

128



 41 

Figure 4—figure supplement 2. Changes in GC content between mouse and human protein 909 

binding sites determine mRNA stability in Fast-UTR reporter assay. (A) Example 910 

alignments of rapidly evolving mouse GCLiPP peaks and human syntenic regions showing 911 

higher (Chd7) similar (Med24) or lower (B4galt5) GC content in the mouse sequence. 912 

Correlation between (B) steady state mRNA levels for rapidly evolving mouse GCLiPP peaks 913 

and corresponding human syntenic regions in mouse T cell fast-UTR assay and (C) difference in 914 

GC content between rapidly evolving mouse GCLiPP peaks and syntenic human regions and 915 

ratio of fast-UTR steady state mRNA level for the same.  ρ represents Pearson correlation.  916 

 917 

 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

129



Figure 4—figure supplement 3
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 42 

Figure 4—figure supplement 3. Anticorrelation between GC content and gene expression in 928 

four Fast-UTR experiments in three cell lines.  Correlation between GC content and gene 929 

expression in four fast-UTR experiments in different human cell lines (A) Steady-state mRNA 930 

level in BEAS cells (B) Steady-state mRNA level in Jurkat cells (C) Steady-state mRNA level in 931 

WiDr cells (D) mRNA half-life in BEAS cells. ρ represents Pearson correlation.   932 
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 43 

Figure 4—source data 1. Sequences and data for fast-UTR library members. This table is 946 

associated with Figures 2 and 3, showing all of the GCLiPP peaks, conserved voids, human 947 

syntenic regions and randomer controls that comprised the fast-UTR library shown in Figure 2B-948 

2E. Table columns are defined in the table and include data about the fast-UTR expression, insert 949 

sequence, nucleotide composition, conservation and in vivo folding of each sequence. icSHAPE 950 

standard deviation is associated with Figure 3C.    951 

Figure 4—source data 2. Custom peak calling script. This perl script calls regions of local 952 

GCLiPP read density or conserved areas with low GCLiPP read density but expressed in 953 

RNAseq. 954 

Figure 4—source data 3. Fast-UTR scoring script. This perl script determines the ratio of 955 

RNA to DNA reads for each barcoded insert given an alignment of sequence reads to the library. 956 
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Figure 5. GC rich RBP occupied sequences are folded in vivo. (A) Timm3 locus showing 969 

GCLiPP and conservation tracks; the indicated peak is shown as an inset depicting nucleotide 970 

sequence, icSHAPE signal, GCLiPP read depth and predicted RNA structure. Colors on 971 

predicted structure shows icSHAPE signal intensity. (B) The same data for the Ilf3 locus with 972 

detailing a conserved void, with high icSHAPE signal nucleotides in a predicted hairpin (red 973 

asterisks). (C) Standard deviation of icSHAPE signal across the 70 nucleotides of the indicated 974 

classes of elements. P values represent Welch’s t-tests between the indicated groups 975 
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 45 

Figure 5—figure supplement 1.  Sequences with lower than expected folding energy based 992 

on GC content are associated with lower gene expression. (A) rnafold predicted folding 993 

energies for GCLiPP peaks and conserved voids.  p value represents Welch’s unequal variance t-994 

test. (B) Correlation between GC content and predicted folding energy for GCLiPP peaks. Linear 995 

regression and ~15% outliers above and below regression line.  ρ represents Pearson correlation 996 

(C) Steady-state mRNA level in mouse T cell fast-UTR assay for outliers of folding that are 997 

better or worse than regression. p value represents Welch’s unequal variance t-test. 998 
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 46 

Figure 5—figure supplement 2. Rapidly evolving 3′ UTR segments are more likely to be 1015 

folded in vivo  (A) Hartigan’s dip statistic of multimodality for conserved voids, GCLiPP peaks 1016 

and rapidly evolving GCLiPP peaks. p values represent Welch’s unequal variance t-test for the 1017 

indicated comparisons. (B) Correlation between GCLiPP peak GC content and icSHAPE 1018 

standard deviation. ρ represents Pearson correlation. 1019 
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Figure 6. TEISER identifies in vivo folded 3′ UTR structural motifs that inhibit gene 1037 

expression (A) TEISER analysis identifies structural motifs enriched in destabilizing sequences. 1038 

Columns show enrichment of motifs in deciles of GCLiPP peaks arranged by Fast-UTR steady-1039 

state mRNA level, rows represent individual motifs. (B) Generic motif structures and (C) a 1040 

predicted structure for an example of each motif is depicted with icSHAPE signal indicated by 1041 

color.  (D) TEISER identified motifs lower gene expression. Kikume fluorescent protein 1042 

synthesis in CD8+ T cells transfected with in vitro transcribed mRNAs with the indicated 1043 

sequence inserted downstream of the stop codon. Data represent transfections of a single 1044 

construct into the T cells from a single mouse pooled from 1-4 experiments using three mice 1045 

each, with mean and standard error of the mean are indicated by line and error bars, respectively.  1046 

***, p < 0.0001 in unpaired t test relative to poly-U. 1047 
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Figure 7. Genes with strictly conserved, AT rich 3′ UTRs and rapidly evolving, GC rich 3′ 1060 

UTRs represent different biological categories. (A) Mean GC content of 3′ UTRs across 10 1061 

vertebrate species amongst genes that were found to be strictly conserved in a multiple sequence 1062 

alignment versus other genes or (B) the same data comparing genes that were rapidly evolving in 1063 

a multiple sequence alignment versus other genes. p values represent Welch’s unequal variance 1064 

t-test between genes that exhibit strong evidence of conservation/rapid evolution and those that 1065 

do not. (C) Enriched gene ontology categories for genes with strictly conserved 3′ UTRs or (D) 1066 

rapidly evolving 3′ UTRs. p values are for enrichment of the indicated GO category 1067 
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Figure 7—figure supplement 1
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Figure 7—figure supplement 1. RBP sites have greater selection on GC content than 1083 

enhancers.  (A) and (B) Correlation between GC content and conservation (mean phyloP score) 1084 

for (A) GCLiPP peaks and (B) p300 peaks in Th2 cells. (C) and (D) Correlation between GC 1085 

content and rapid evolution (negative phyloP content) for (C) GCLiPP peaks and (D) p300 peaks 1086 

in Th2 cells. ρ represents Pearson correlation. 1087 
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 50 

Figure 7—source data 1. Summary of vertebrate 3′ UTR multiple alignments. This table is 1105 

associated with Figure 4. This is a list of genes for which enough unambiguous annotated 3′ 1106 

UTRs were found across the 10 vertebrate genomes (at least 4) to perform a multiple alignment. 1107 

For each gene symbol, the number of aligned sequences, mean and standard deviation of GC 1108 

content of aligned sequences, and the –log(p) value for strict conservation and accelerated 1109 

evolution computed by the phyloP program are shown. 1110 

Figure 7—source data 2. Metascape gene list analysis report for genes with strictly 1111 

conserved 3′ UTRs. This table is associated with Figure 4A and C. Metascape report showing 1112 

enriched biological categories of genes with strictly conserved 3′ UTRs across 10 vertebrate 1113 

species. 1114 

Figure 7—source data 3. Metascape gene list analysis report for genes with rapidly 1115 

evolving 3′ UTRs. This table is associated with Figure 4B and D. Metascape report showing 1116 

enriched biological categories of genes with accelerated evolution in 3′ UTRs across 10 1117 

vertebrate species. 1118 
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