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Introduction 

 

The revolution of regulatory noncoding RNAs 

At the beginning of our century, the results of the human 

genome project highlighted the complexity of our genome. What 

emerged was that the fraction of the genome that is informative is 

higher than we expected. Subsequent analysis revealed that the vast 

majority of informative sequences does not encode for proteins. 

Indeed against a total of 62.1% of the human genome covered by 

processed transcript (74.7% by primary transcripts), exons of protein-

coding genes cover only the 2.94% of the genome1. From an 

evolutionary point of view, the genome size is in close relationship 

with coding potential in prokaryotes, which have haploid genomes 

primarily composed by protein-coding sequences (˜88%). Conversely 

in eukaryotes a correlation lacks between protein-coding gene number 

and organismal complexity. These observations are likely explained 

by the evolution of a more sophisticated architecture to control gene 

expression that includes the expansion of non-coding regulatory 

RNAs (ncRNAs)3. Thus we should clearly reassess the centrality of 

protein-coding RNAs in favor of non-coding ones.  

Non-coding RNAs with fundamental functions within cells are 

known since the discovery of the first transfer RNA (tRNA)4 and 

comprise also ribosomal RNAs (rRNAs). Nonetheless the interest 

toward non-coding RNAs with regulatory functions arose with the 

discovery of the first human micro-RNA, let-75. In order to apply a 
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theoretical framework to the transcriptome, regulatory ncRNAs are 

usually classified based on their dimension: “small” ncRNAs being 

less than 200 nucleotides in length and “long” or “large” ncRNAs 

(lncRNAs) ranging from more than 200 to tens of thousands 

nucleotides (table 1). 

 

	
  
Table 1 - Main classes and functions of mammalian ncRNAs6. 

	
  
Further complicating the picture, lncRNAs seem to be the 

preferred substrate for the generation of small RNAs7. Both classes 

can be further classified according to their position relative to known 

sequences of the genome, like in the case of promoter-associated 

(PASRs) or transcription initiation small RNAs (tiRNAs) and so on. 

In particular, long non-coding RNAs are usually classified relative to 

neighboring protein-coding genes. They can be defined as “sense” if 

they are transcribed from the same strand of the protein-coding gene 

or “antisense” if the opposite is true. They can be “divergent” if their 

promoter and the one of the coding transcript are in close proximity 

and located in a head to head fashion. They can be “exonic” or 

“intronic” if they overlap one or more exons, or an intron of the 
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protein-coding gene respectively. Instead they can be “intergenic” if 

they lie within a sequence between two protein-coding genes (figure 

1).  

 

	
  
Figure 1 - LncRNAs (orange) classification respect to neighbouring coding regions (green)8. 

	
  
This last category can be better defined as long “intervening” 

non-coding RNAs (lincRNAs), giving that the DNA that codify for 

these ncRNAs is per se a gene. In this thesis we will focus on this last 

category, which is probably the most studied given that the location of 

these lncRNAs avoids complications deriving from the overlap with 

other genes. The majority of known lincRNAs is generated by the 

same transcriptional machinery of mRNAs. This means that 

transcribed lincRNAs genomic sequences are marked by RNA 

polymerase II occupancy and histone modifications, such as 

H3K4me3 at promoters and H3K36me3 within gene bodies, that are 

shared with active protein-coding genes9. They are capped by 

methylguanosine at their 5’, spliced and polyadenylated, even if the 

widespread representation of this last property among known 

lincRNAs could be partially due to the RNA sequencing strategies 

used for their identification10, 11. Indeed, broader analysis identified 
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about 39% of lncRNAs to have at least one of the six most common 

poly(A) motifs, compared to 51% for coding transcripts1. These 

properties imply that there are few distinctive biochemical features 

that allow the distinction of lincRNAs from protein-coding mRNAs. 

Among them, lncRNAs have unusual exon structure, with mostly 2-5 

exons. Intriguingly, lincRNAs are significantly more likely to overlap 

repetitive elements and particularly RNA-derived transposable 

elements (TEs). These last account for about 30% of human lncRNAs 

nucleotides, often in proximity of their transcriptional start site (TSS), 

which could suggest that TEs could be important drivers of lncRNAs 

evolution. Nonetheless, the main difference between lincRNAs and 

protein-coding genes relies by definition in their coding potential: 

lncRNAs does not possess open reading frames (ORFs), as evaluated 

based on: the conservation of ORFs codons12, ORFs length, the 

presence of known protein domains, in vitro translation13, 14 and 

ribosome footprinting assays15, 16. However these conceptual 

constraints are terribly artificial: short, noncanonical peptides have 

been found to arise from small ORFs within ncRNA17, 18, 19, 20; 

lincRNAs genes can also codify for proteins and have a double 

function21 and ultimately, the coding potential does not necessarily 

exclude a function as RNA also for known mRNAs22. Evolution 

makes boundaries between coding and non-coding genes fainter, as 

ncRNAs can evolve by pseudogenization. This event can follow the 

disruption of the ancestral ORF, but not of the untranslated regulatory 

regions (UTRs) in protein-coding genes duplicates23 or can arise 

without duplication, but from co-option of ancestral genes to different, 

non-coding functions24. The boundary between coding and non-
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coding is even less defined when ncRNAs arise from joining of 

coding and non-coding exons through alternative splicing25, 26, from 

untranslated regions of mRNAs27, 28, or from the opposite strand of the 

overlapping protein-coding gene29. Strikingly, more than a half of 

protein coding genes in mammals have a complementary noncoding 

transcript30. These findings further challenge our “linear” model of the 

genome, prompting a re-evaluation of current dogma and genes 

definitions. Genomic regions indeed are far more complex than 

previously thought: genes can be used for different purposes and 

different functional elements can co-locate intermingling coding and 

non-coding regions.  

The interest toward lincRNAs has been rapidly growing and 

their expressions have been quantitated in many different tissues and 

cell types by high-throughput sequencing (RNA-seq). These efforts 

retrieved catalogues with little overlap, so that the number of known 

lincRNAs is still growing, in contrast with the number of known 

protein-coding genes that has been remarkably stable over years. 

Indeed, lincRNAs are far more cell-specific than mRNAs, generally 

less but also more dynamically expressed at various differentiation 

stages. As mentioned before, such tissue-specificity has been linked to 

the enrichment of transposable elements in proximity to lincRNAs 

TSS31, 32. 

These unique properties hint to lincRNAs involvement as fine 

tuners in cell fate determination, maintenance of cell identity33, 

pluripotency34, commitment and differentiation35, 36, as demonstrated 

in many examples. Also lincRNAs are functionally involved in cell 
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growth37, apoptosis38, development39, imprinting40 and dosage 

compensation41 in almost every cellular context (figure 2).  

 

	
  
Figure 2 - Regulation of mammalian cell differentiation by lncRNAs42. 

	
  
LincRNAs act in these fundamental processes interacting with 

chromatin or DNA modifiers and transcription factors modulating 

gene expression; competing with microRNAs acting as sponges; 

modulating subcellular trafficking, translation, splicing, post-

transcriptional modifications and likely through many other 

mechanisms still to be discovered (figure 3 and table 2, 3). 
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Figure 3 - Mechanisms of lncRNAs function42.	
  

	
  

	
  

	
  

Table 2 - LncRNAs-mediated regulation of proteins2 
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Table 3 - LncRNAs-mediated regulation of gene expression2 
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LincRNAs exert these roles thanks to their intrinsic propensity 

to fold into thermodynamically stable secondary and higher orders 

structures that function as interaction modules. Each module can fold 

independently from another, forming bonds at the level of Watson-

Crick, Hoogstein and ribose face43, 44. These RNAs can rapidly shift 

between diverse stable structural conformation, allowing allosteric 

transitions that can act as switches in response to environmental 

stimuli. They are also processed faster than mRNA, given that they 

must not be translated, allowing a rapid response to signals. 

LincRNAs can also be regulated via more than a hundred different 

nucleotide modifications, like in the case of tRNAs, rRNAs and 

snoRNAs45, 46, that modulate their function and probably their 

structure. RNAs can generate multiple modules within their structure, 

allowing the interaction with multiple players, the reception of 

multiple stimuli and the generation of multiple outputs. The pairing 

required is extremely flexible, such as in the case of microRNAs, and 

allows mismatches, bulges and wobblings47. Many of these interaction 

modules derive from repetitive elements, such as transposons that 

took advantage of the fewer constraints that lincRNAs sequences have 

compared to protein coding genes1, 48. Indeed, lncRNAs rate of 

sequence evolution is higher relative to protein coding genes, even if 

these transcripts exhibit in any case evolutionary signatures of 

functionality. They evolved under modest but detectable selective 

pressure, accumulating fewer substitutions than neutrally evolving 

sequences49, 50. Likely, conservation of relatively small units of 

lncRNAs sequences (estimated to be less than 5%) could be sufficient 

to preserve their function, considering the already mentioned modular 
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structure51. This could be the reason why actual evolutionary tools fail 

to detect low level and scattered selective constraint within these 

loci51. 

Through such a plastic and versatile structure, lincRNAs can 

exert their functions binding to proteins, other RNAs52 and probably 

also DNA, even if there is still little evidence on the existence of 

DNA:RNA triplex53, 54. In particular, lincRNAs can act as scaffolds, 

bridging together different molecules in a coordinated hub, like in the 

case of NEAT1: a highly abundant lncRNA that controls sequestration 

of proteins involved in the formation of paraspeckles, nuclear domains 

associated with mRNA retention and pathologically enriched in 

influenza and herpes viruses infections55, 56. LincRNA can also act as 

guides, recruiting proteins at specific loci: this has been hypothesized 

in the case of recombination events that mediate genetic diversity in 

developing lymphocytes as class switch (CSR) and V(D)J 

recombinations that seem to be mediated by sense and antisense 

transcripts that dictates the locations of combinatorial events57, 58, 59. 

Again lincRNAs can act as control devices or riboswitches in 

response to extracellular stimuli. For example, they can act as decoys, 

precluding pre-existing interactions such as GAS-5 RNA that detach 

glucocorticoid receptor from its responsive elements in conditions of 

growth-arrest60, 61 (figure 4). 
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Figure	
   4	
   -­‐	
   The versatile and modular structure of lncRNAs allows them to act as: (a) 
allosteric inhibitors, preventing proteins from binding or detaching them from interactors 
(decoy); (b) scaffolds, binding multiple proteins; (c) guides, recruiting proteins62. 
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Nonetheless, the regulatory potential of lincRNAs has been 

better characterized in the context of the epigenetic regulation of 

transcription that ultimately defines the cell transcriptome. 

 

Epigenetics roles for long noncoding RNAs 

Histones and DNA modifications together with the 

tridimensional chromosomes conformation within the nucleus define, 

at least in part, the epigenetic landscape of the cell. This extremely 

dynamic context modulates gene expression and dictates the final 

transcriptional output in response to environmental stimuli. By 

definition, these modifications are then propagated throughout cell 

divisions. This process is important in every moment of cell life, but 

particularly during differentiation. Indeed, every cell within our body 

harbor the same genome, but every cell acquires a particular 

phenotype according to intrinsic and extrinsic clues that ultimately 

defines its epigenome and therefore its fate during differentiation. 

Epigenetics also defines to what extent this fate can be irreversible or 

plastic. 

Human lymphocytes are an interesting model system for 

understanding the basis of cell fate specification and plasticity. Indeed, 

although traditionally the broad range of effector lymphocytes has 

been referred to as constituted by distinct lineages, it has become 

increasingly clear that these cells also have notable features of 

plasticity. Differentiation of naïve cells into specific helper subsets 

requires the integration of extrinsic cues that converge into cell-

intrinsic changes in the epigenetic landscape on the genome. The 
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interest within the field has been focused on the regulation of 

prototypical cytokine genes for each subset such as Ifng gene for TH1 

or Il-4 for TH2 CD4+ lymphocytes. Much work has been done in both 

cases to define the complex genetic structure of these loci and the cis 

regulatory elements bound by transcription factors and chromatin 

modifiers promoting or repressing their transcription63, 64, 65, 66, 67. The 

importance of the setting of epigenetic memory at these fundamental 

loci has been underlined also by treatment with DNA methylation 

inhibitors68, 69 or histones deacetylases inhibitors70, 71, 72 and by 

deletion of DNA methyltransferases73, 74, 75, which caused 

respectively: constitutive production of IFN-γ, enhanced production of 

both TH1 and TH2 prototypic cytokines and inability to activate the 

proper expression pattern of cytokines. The same is true for deletion 

of components of Trithorax group  (TrxG) or Polycomb repressive 

complex (PRC) that dictates active or repressive epigenetic marks at 

fundamental loci for proper T helper cell differentiation, such as Il-4, 

Il-5, Il-13 and Gata376, 77, 78, 79, 80, 81. The pattern of chromatin marks is 

conventional for signature cytokines: active marks are present at 

prototypical cytokines whereas repressive marks restrain the 

expression of antagonistic molecules. However master regulators and 

other transcription factors usually referred to as definers of lineage-

specific identity are characterized by bivalent poised domains, in 

which both active and repressive chromatin marks are present82, 83. 

This histone epigenetic status is peculiar also to promoters in 

embryonic stem cells, where it poises the expression of key 

developmental genes thus allowing their timely activation in presence 

of differentiative signals and concomitantly precluding expression in 
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their absence84. Indeed, while the expression of master transcription 

factor is quite rapid, cell divisions are required for cytokine loci to 

become accessible or conversely repressed85, 86. GATA3 and T-

bet/STAT proteins initiate the epigenetic changes at IFN-γ and IL-4 

loci that follow the initial activation of naïve T cells and 

differentiation toward TH1 and TH2 cell fate. These observations 

imply that T helper cells harbor both clear-cut and plastic epigenetic 

marks. Nonetheless we must consider that even epigenetically clearly 

defined cytokines genes can be expressed or repressed in unexpected 

context, as reported in TH1 cells converted in IL-4-producing cells 

during strong TH2-polarizing helminth infections87 or stable TH1/ TH2 

hybrid cells derived after parasite infections88. Therefore other players 

must be involved to define the degree of plasticity of lymphocytes in 

response to these ever-changing environmental conditions. 

LincRNAs have been linked to epigenetic control of gene 

expression since the first studies regarding the well-known Xist 

transcript, involved in X chromosome inactivation in eutherians. 

Many other lincRNAs have been associated to chromatin or DNA 

modifiers and even transcription factors, thanks to specific 

mechanistic studies or high-througput screenings89, 90, 91, 92. This 

interplay can be observed across a broad range of eukaryotic 

organisms, suggesting that the epigenetic role of lincRNAs is 

conserved, even if their mere sequence conservation is often limited. 

It seems that lincRNAs could act as scaffolds, physically associating 

with proteins that modify chromatin either activating or repressing 

gene expression. Thanks to the already discussed structural properties 

of RNA, lincRNAs could organize multiple players in spatially and 
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temporally concerted actions91. Not only: thanks to their ability to 

base pair with other nucleic acids, they could recruit these modifiers at 

specific loci, therefore conferring them specificity of action52. This 

property has been an unsolved question, given that chromatin 

modifiers do not possess intrinsic bias toward consensus sequences, at 

least in mammals, while in Drosophila these 'docking sites' are well 

defined93, 94. Interestingly, while many of these enzymes lack DNA 

binding properties, they instead possess RNA binding motifs95, 96, 97. 

The majority of reported lincRNAs are linked to repression of 

gene transcription, in particular by interacting with Polycomb Group 

(PcG) proteins. The first examples of a direct interaction with 

Polycomb Repressive Complex 2 (PRC2) are the already mentioned 

Xist98 and Kcnq1ot1, expressed only in the mammalian paternal 

chromosome and involved in the silencing of 8-10 protein-coding 

genes99. In both these cases, lincRNAs are strictly required for the 

enrichment of PRC2-associated proteins and for the trimethylation of 

the lysine 27 of histone H3 at specific loci. Furthermore, lincRNAs 

have been found to act as scaffolds and modulate PcG bodies: foci of 

PcG proteins are aggregated rather then dispersed in nuclei100, 101, 102. 

Indeed, NEAT2 and TUG1 promote relocation of growth-control 

genes at these subnuclear structures in response to mitogenic signal, 

therefore likely facilitating the concerted repression/activation of the 

transcription units103.  Many other protein complexes have been found 

to interact with lincRNAs, the majority targeting histones, either 

methylases or demethylases, but other involved in DNA methylation. 

Indeed lincRNAs can bind proteins part of the Thritorax Group 

(TrxG)36, 104, 105, 106, 107, that antagonize PcG-mediated silencing108, 109. 
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Interestingly, an antisense lncRNA has been recently involved in 

recruiting a regulator of DNA demethylation at a specific promoter110. 

This process remains still largely unknown, being referred to as 

passive for a long time and only recently associated to active 

enzymatic reactions, via TET family of methylcytosine 

dioxygenases111, 112. Even in this case, one of the unsolved questions 

has been how locus-specificity can be achieved. Particularly, DNA 

demethylation is often restricted to few dinucleotides at the TSS. 

Though, the precise mechanism though which lncRNAs could direct 

DNA or chromatin modification has never been described. Indeed in 

all reported examples, correlations have been described between 

lincRNA-modifiers associations and loss of modification after 

lincRNA gene silencing. LincRNAs are supposed to confer binding 

specificity to modifiers and recruiting them either in cis or in trans 

(figure 5). In the first case, lincRNAs could act directly on sites where 

they are synthesized without needing to leave DNA. The current 

hypothesis suggests that the 5’ region of the nascent transcript could 

bind proteins while the 3’ is transcriptionally lagging, being still 

tethered to chromatin by RNA polymerase113. This model is 

particularly intriguing as through this mechanism lincRNAs could 

exert an allele-specific effect, like in the well-studied case of Xist. In 

trans regulation is instead achieved when lincRNAs act modulating 

genes across great distances or even on different chromosomes114.  
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Figure 5 - Models of nuclear lncRNAs function with examples115.	
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Regarding this dichotomy, we must underline once again its 

artificiality. Indeed chromosomes fold into complex, three-

dimensional territories together with specialized subnuclear bodies. 

These foci are enriched for proteins that are part of the transcriptional 

or splicing machinery and for regulators of these processes116, 117. 

These structures are not static, but on the contrary large-scale 

chromosomal repositioning is observed in response to environmental 

stimuli or during differentiation, that is dependent on the active 

remodeling of the nucleoskeleton118, 119, 120, 121. The dynamic folding 

of the genome into higher order structure encompasses loci belonging 

to the same chromosome, even hundreds of kilobases apart, or 

different ones, bringing together regions that are distant if we consider 

the genome as linear. Therefore in this context, is extremely difficult 

to discern what regulations are in cis or in trans, especially when they 

involve long distance interactions. Intriguingly, lincRNAs have been 

found that regulate the formation of subnuclear structures, such as 

NEAT1, required for paraspeckles nucleation122. LncRNAs can also 

affect directly the three-dimensional organization of chromosomes 

enhancing the function of proteins involved in looping formation, like 

the insulator protein CTCF123. There are also many examples of 

lincRNAs involved in three-dimensional local chromatin looping that 

brings together the ncRNA gene with the region that it regulates 

within the same chromosome36, 124, 125 (figure 6). Recently, a lincRNA 

called Firre has been shown to recruit specific gene loci located on 

different chromosomes, acting as a docking station for organizing 

trans-chromosomal associations. Consistently, genetic deletion of 

Firre leads to a loss of proximity of several trans-interactions126. A 
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peculiar type of lincRNA has been described that is transcribed from 

enhancer regions (eRNAs or activating lincRNAs: ncRNA-a). Classic 

enhancer elements therefore likely act through transcription of these 

lincRNAs that upregulates expression at promoters via the recruitment 

of Mediator complex124, 127. Finally, there is increasing evidence that 

even promoters could be transcribed128, producing lincRNAs probably 

involved in the enhancer-promoter loop that was hypothesized years 

ago but never fully resolved129. 

 

	
  
Figure 6 - LncRNAs can shape 3D nuclear structure130. 

 

Recently, the idea that lincRNAs could act as guides, and 

particularly as PRC2-recruiters, has been discussed. In vitro binding 

assays revealed a promiscuous RNA-binding activity by PRC2. 

Correlative analysis reveal that the fraction of EZH2-associated 

transcripts in WT compared to EZH2-/- cells correlates positively with 

active genes and negatively to repressed ones. ChIP-seq highlights 

that RNA-associated-PRC2 is never deposited to promoter regions of 

active genes though there is a small fraction of genes enriched both 

for EZH2 and H3K36me3 or H3K4me3 marks, in absence of 

H3K27me3. These observations led to the “junk-mail” hypothesis that 
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promiscuous RNA binding by PRC2 allows the identification of 

spurious transcription derived from not fully silenced genes, already 

partially decorated by H3K27me3. This could allow PRC2 to restore 

the repression. Conversely, if these genes are decorated by active 

marks (H3K4me3 and H3K36me3), RNA-mediated PRC2 binding to 

nucleosome could be inhibited and therefore the expression 

maintained131. These results are in line with a re-evaluation of PRC2 

binding pattern, especially in embryonic stem-cells132, 133. Nonetheless, 

these genome-wide correlation studies should not necessarily be 

regarded to as in conflict with previously mentioned functional studies 

neither in the case of PRC2 nor with other RNA-interactors. Indeed, 

the broad snapshot they depict could fail to appreciate functional 

relationships reported in specific cases. Another recent study indeed 

goes into details regarding RNA binding efficiencies of the key 

components of PRC2. It seems that while EZH2 alone is able to bind 

RNA in a nonselective fashion, the PRC2 complex as a whole clearly 

discriminates between specific and nonspecific RNAs. Interestingly, 

binding of RNA to PRC2 reduces its methyltransferase activity while 

JARID2 can negatively modulate the interaction, increasing the 

catalytic activity of the complex134. Conversely, another paper gives a 

hint indicating JARID2 as the recruiter of PRC2 via lncRNAs 

binding135. Recently another paper identifies a novel player that 

regulates PRC2 activity: ATRX is a high-affinity RNA-binding 

protein that directly interacts with Xist RNA to promote the loading of 

PRC2 in vivo. The loss of ATRX leads to a global redistribution of 

PRC2 and a derepression of repressed genes136. These highly debated 

studies highlights once again the impact that lncRNAs have on the 
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entire genome. The comprehension of the mechanisms that regulate 

the recruitment of chromatin remodeling complexes by lncRNAs as 

well as the other fundamental roles they play is therefore of key 

importance. 

 

Long noncoding RNAs in the immune system 

The immune system is an extraordinary context for the study 

of the role of lincRNAs in differentiation. Indeed, upon antigen 

stimuli, naïve CD4+ T cells differentiate into distinct T helper subsets 

that were traditionally referred as lineages and defined by a prototypic 

set of expressed cytokines and master transcription factors (TFs). 

Recently this relative simple scenario, although useful, has been 

subjected to debate. CD4+ T cells demonstrated to exhibit substantial 

plasticity and it has become increasingly clear that they can change 

the pattern of cytokines and transcription factors according to the 

milieu they encounter through their life137. Not only, in some cases 

they can concomitantly express other cytokines and transcription 

factors together with their prototypical set. Best examples include IL-

10, once thought to specifically identify TH2 and now known to be 

produced also by TH1, Tregs and TH17 cells138 and IFN-γ, the classic 

TH1 cytokine, frequently released by TH17 cells simultaneously with 

IL17139, 140. Regarding master transcription factors, Tregs can express 

Foxp3 (their prototypical TF), but also RORγt (Th17 TF) and 

Runx3141, 142, 143 and Tfh cells can differentiate from Foxp3 positive 

cells also expressing Bcl6 (their specific TF)144, 145. In this context, 

lincRNAs have a fundamental role in governing flexibility and 
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plasticity or maintenance of cell identity, together with lineage-

specific transcription factors and other ncRNAs. In particular, what is 

emerging from literature is that ncRNAs typically act as fine-tuners of 

fate choices and this seems to be true not only in the immune system. 

Nonetheless, in the case of CD4+ T cell subsets that are specified but 

not fully determined, subtle changes in extrinsic signals can 

reverberate through responsive ncRNAs inducing changes that alter 

cell phenotype8, 146, 147. Usually, the stability of lineage identity is 

achieved through the implementation and inheritance of epigenetic 

modification, but as mentioned before lincRNAs can act directly on 

histone and DNA modifiers redefining this context. Conversely, 

lincRNAs can also buffer this situation in other conditions, acting as 

maintainers of cell identity. In the cellular system, lincRNAs can be 

regarded as minor nodes in a huge interconnected network148: they 

usually interact with few other players. This condition allows them to 

be more flexible and sensitive to variations without disrupting the 

whole network integrity149. This is true both in a very short period, as 

cells can easily and rapidly adapt to environment, and also in long 

evolutionary periods, as lincRNAs are among the fastest evolving 

sequences in the genome49, 150, 151, 152. Conversely, master transcription 

regulators can be referred as highly connected hubs, which confers 

robustness to the network. Indeed very few protein-coding genes have 

been lost from worms to human and mutations are most often 

pathological153, 154. 

Several single-case or genome-wide studies on lincRNAs in 

the murine immune system are now available in literature, whereas 
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only few studies have been conducted until now in the human context 

(table 4).  
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Table 4 - LncRNAs and immune response155. 

 

Nonetheless there are significant differences between 

experimental animal models and human, both regarding immunologic 

responses156 and ncRNAs157, 158. In particular, lincRNAs are really 

fast-evolving elements as demonstrated by the fact that over 80% of 

the human lncRNAs that arose in the primate lineage, only 3% are 

conserved across tetrapods and most mammalian lncRNAs lack 

known orthologs outside vertebrates159. In detail, even between mouse 

and human, lncRNAs are poorly conserved160, 161, 162. Despite their 

rapid evolution, lncRNAs are selected more than neutral sequences 
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and in particular more than intergenic regions, but significantly less 

than mRNAs50, 159, 163. It must be underlined that the conservation rate 

reported could be overestimated: substitution rates are derived from 

whole-genome alignment and based on the assumption that even 

segment of homologies imply that that segment belongs to the same 

RNA class, but this is not necessarily the case. Indeed it could be that 

in another genome context that lncRNA gene segment is transcribed 

and processed as part of a protein-coding RNA164. A striking example 

is Hotair that is involved in the regulation of the highly conserved 

cluster of Hox genes36. The human lincRNA is conserved in the 

mouse genome165, nonetheless only the 3’ region is effectively part of 

the murine homolog152. Taking into account these considerations, it is 

of crucial importance to study lincRNAs specifically within the 

human in immune system, but this field is still poorly addressed. The 

majority of the studies focused on the innate immune system166, 167, 168 

or analysed pathological situations, such as cancer-related lncRNAs169, 

170 or responses to specific infections171, 172, 173, 174, mostly in mice. The 

first functional study focused on the adaptive immune system, and in 

particular on TH1 and TH2 lymphocytes, involved a lincRNA that is 

selectively expressed in TH1 cells via Stat4 and T-bet, both in mouse 

and human. It participates in the induction of IFN-γ expression strictly 

in response to TH1 differentiation program and not in other cellular 

contexts. These results highlight once again the complexity of the 

gene expression regulatory network and the specificity of action of 

lincRNAs175. Another paper found a lincRNA specifically expressed 

in primary TH2, instead, and hypothesized its coregulation with 

GATA3176. GAS-5 is degraded in optimal growth conditions, but it 
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accumulates contributing to growth arrest in starving conditions61. In 

this situation it competes with glucocorticoid receptors (GR) DNA-

binding sequences, suppressing GR-mediated transcription177. Broader 

studies have been performed on the CD8+ T cell transcriptome178, and 

recently on CD4+ T lymphocytes179, but still on mice models. In B 

cells, chromatin remodeling associated with V(D)J recombination has 

been potentially linked to a widespread antisense intergenic 

transcription that occurs in the variable (V) region of the 

immunoglobulin heavy chain (Igh) locus180, 181. So far no studies have 

been published that performed a deep transcriptomic analysis on 

human primary lymphocytes from healthy donors, identifying 

lncRNAs fundamental for differentiation processes. These few 

examples are just clues of the importance that lincRNA could have 

also for the proper function of the human immune system and prompt 

to a deeper analysis of their role in this particularly intriguing context.  
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Scope of the thesis 

In this thesis we investigated the transcriptome of human 

lymphocytes and in particular the expression of specific long 

intergenic non-coding RNAs (lincRNAs) expressed by thirteen 

lymphocytes subsets. We focused our attention on a TH1-specific 

lincRNA that we called linc-MAF-4 due to its proximity to MAF gene. 

We provided evidences of the role of linc-MAF-4 in the maintenance 

of TH1 cell identity via an epigenetic-mediated MAF dowregulation. 
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Abstract 

 

Long non-coding-RNAs are emerging as important regulators of 

cellular functions but little is known on their role in human immune 

system. Here we investigated long intergenic non-coding-RNAs 

(lincRNAs) in thirteen T and B lymphocyte subsets by RNA-seq analysis 

and de-novo transcriptome reconstruction. Over five hundred new 

lincRNAs were identified and lincRNAs signatures were described. 

Expression of linc-MAF-4, a chromatin associated TH1 specific lincRNA, 

was found to anti-correlate with MAF, a TH2 associated transcription 

factor. Linc-MAF-4 down-regulation skews T cell differentiation toward 

TH2. We identified a long-distance interaction between linc-MAF-4 and 

MAF genomic regions, where linc-MAF-4 associates with LSD1 and 

EZH2, suggesting linc-MAF-4 regulated MAF transcription by chromatin 

modifiers recruitment. Our results demonstrate a key role of lincRNAs in 

T lymphocyte differentiation. 
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Introduction  

 

Lymphocytes enable us to fight and survive infections, but are 

also major drivers of immune-mediated diseases, such as allergy and 

autoimmunity. These different type of immune responses are mostly 

coordinated by distinct CD4+ T cell subsets through signals delivered 

both by cytokines and by cell-to-cell contacts1. Development and 

differentiation programs of CD4+ T lymphocytes subsets with distinct 

effector functions have been extensively studied in terms of signalling 

pathways and transcriptional networks, and a certain degree of functional 

plasticity between different subsets has been recently established2. Indeed, 

CD4+ T cell subset flexibility in the expression of genes coding for 

cytokines and transcription factors allows the immune system to 

dynamically adapt to the many challenges it faces3. As CD4+ T 

lymphocyte subsets are no longer considered stable and terminally 

differentiated cell lineages, the question arises as to how lymphocyte 

phenotype and functions can be modulated and whether these new 

findings offer new therapeutic opportunities. 

Besides the well-established role of transcription factors as 

instructive signals for cell differentiation toward a given lineage, other 

cues, such as epigenetic modifications, can regulate maintenance of 

cellular states4. In this context non-coding RNAs (ncRNAs) are emerging 

as a new regulatory layer impacting on both the development and the 

functioning of the immune system5, 6. Among the several classes of 

ncRNAs that play a specific role in lymphocyte biology, microRNAs are 
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the best-characterized7, 8, 9, 10, 11, 12. As to long intergenic non-coding 

RNAs (lincRNAs), although thousands of them have been identified in 

the mammalian genome by bioinformatics analyses of transcriptomic 

data13, 14, their functional characterization is still largely incomplete. The 

functional studies performed so far have shown that lincRNAs contribute 

to the control of cell differentiation and to the maintenance of cell identity 

through different modes of action15. Nuclear lincRNAs act mainly 

through their association with chromatin-modifying complexes16, 17, 18. 

Whereas, cytoplasmic lincRNAs can modulate translational control19 and 

transcripts stability20 directly by base pairing with specific targets or 

indirectly as competing endogenous RNAs21, 22, 23. Few examples of 

functional lincRNAs have been recently described in the mouse immune 

system. A broad analysis performed by interrogating naïve and memory 

CD8+ cells purified from mouse spleen with a custom array of lincRNAs 

reported the identification of 96 lymphoid-specific lincRNAs and 

suggested a role for lincRNAs in lymphocyte differentiation and 

activation24. The lincRNA NeST has been found to be downregulated 

during lymphocyte activation in a reciprocal manner to IFN-g and to 

control susceptibility to Theiler’s virus and Salmonella infection in mice 

through epigenetic regulation of the IFN-g locus25, 26. More recently, 

mouse lincRNA-Cox2 has been reported to be induced downstream Toll-

like receptor signalling and to mediate the activation and repression of 

distinct sets of immune target genes involved in inflammatory responses27. 

Another study on mouse thymocytes and mature peripheral T cells 

allowed the identification of lincRNAs with specific cell expression 
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pattern during T cell differentiation and of a CD4+ TH2 specific lincRNA 

- LincR-Ccr2-5’AS - involved in the regulation of CD4+ TH2 

lymphocytes migration28. Although these studies highlight the relevance 

of lincRNAs in regulating immune responses, a thorough analysis of their 

expression profile and functional role in the human immune system is still 

lacking. 

The present study is based on a RNA-seq analysis of thirteen 

highly purified primary human lymphocytes subsets. We performed a de 

novo transcriptome reconstruction, and discovered over five hundred new 

long intergenic non-coding RNAs (lincRNAs). We identified several 

lymphocyte subset-specific lincRNAs signatures, and found that linc-

MAF-4, a chromatin associated CD4+ TH1 specific lincRNA, correlates 

inversely with the transcription factor MAF and that its down-regulation 

skews CD4+ T cell differentiation toward TH2 phenotype.  

We provide the first comprehensive inventory of human 

lymphocytes lincRNAs and demonstrate that lincRNAs can be key to 

lymphocyte differentiation. This resource will likely help a better 

definition of lincRNAs role in lymphocytes differentiation, plasticity and 

effector functions.  
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Results 

 

LincRNAs identify human lymphocyte subsets better than protein 

coding genes  

To assess lincRNA expression in human primary lymphocytes, 

RNA was extracted from thirteen lymphocyte cell subsets (Table 1) 

purified from peripheral blood mononuclear cells (PBMCs) of five 

healthy donors12. The polyadenylated RNA fraction was then analysed by 

paired-end RNA sequencing obtaining about 1.7 billion mapped reads. In 

order to enrich for transcripts deriving from “bona fide” active genes we 

applied an expression threshold (“0.21” FPKM) defined through the 

integration of RNAseq and chromatin state ENCODE project data29. We 

found a total of 31,902 expressed genes (including both protein coding 

and non coding genes) in the 13 subsets (Table 1 and Supplementary Fig. 

1a), of which 4,201 were lincRNAs annotated in public resources13, 30 

(Fig. 1a). In order to identify novel lincRNAs expressed in primary 

human lymphocytes, we used three de novo transcriptome reconstruction 

strategies that are based on the combination of two different sequence 

mappers, TopHat and Star31, 32, with two different tools for de novo 

transcripts assembly, Cufflinks and Trinity33, 34. LincRNAs were 

identified within the newly described transcripts exploiting the following 

process: i) selection of transcripts longer than 200 nucleotides and 

multiexonic, which did not overlap with protein coding genes (thus 

counting out unreliable single-exon fragments assembled from RNA-seq); 

ii) exclusion of transcripts that contain a conserved protein-coding region 
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and transcripts with ORFs that contain protein domains catalogued in 

Pfam protein family database35; iii) exploitation of PhyloCSF, a 

comparative genomics method that assesses multispecies nucleotide 

sequence alignment based on a formal statistical comparison of 

phylogenetic codon models36, which efficiently identifies non-coding 

RNAs as demonstrated by ribosome profiling experiments37. Finally we 

defined a stringent de novo lincRNA set including those genes for which 

at least one lincRNA isoform was reconstructed by two assemblers out of 

three. Through this conservatively multi-layered analysis we identified 

563 novel lincRNAs genes, increasing by 11.8% the number of lincRNAs 

expressed in human lymphocytes. The different classes of RNAs are 

evenly distributed among different lymphocytes subsets (Supplementary 

Fig. 1b) and the ratio of already annotated and newly identified lincRNAs 

is similar across different chromosomes (Supplementary Fig. 1c) and 

across various lymphocyte subsets (Supplementary Fig. 1d). As 

previously observed in different cell types13, 33, also in human 

lymphocytes lincRNAs are generally expressed at lower levels than 

protein coding genes (Supplementary Fig. 1e). However, when transcripts 

were divided based on their expression in cell-specific and non specific 

(Supplementary Fig. 1f), we found that cell specific lincRNAs and cell 

specific protein coding genes, display similar expression levels 

(Supplementary Fig. 1e-g). 

Lymphocytes subsets display very different migratory abilities and 

effector functions, yet they are very closely related from the 

differentiation point of view. As lincRNAs are generally more tissue 
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specific than protein coding genes13, 38, we assessed the lymphocyte cell-

subset specificity of lincRNAs. We therefore classified genes according 

to their expression profiles by unsupervised K-means clustering and 

found that lincRNAs are defined by 15 clusters and protein coding genes 

by 24 clusters (Fig. 1b and Supplementary Fig. 1h). Remarkably, the 

percentage of genes assigned to the clusters specific for the different 

lymphocyte subsets is higher for lincRNAs (71%) than for protein coding 

genes (34%) (Fig.  1c). This superiority stands out even when lincRNAs 

are compared with membrane receptor coding genes (40%) (Fig. 1d), 

which are generally considered the most accurate markers of different 

lymphocyte subsets. Similar results were obtained also using the heuristic 

expression threshold of FPKM>1 (Supplementary Fig. 1i). 

Altogether, based on RNA-seq analyses of highly purified primary 

T and B lymphocyte subsets, we provide a comprehensive landscape of 

lincRNAs expression in human lymphocytes. Exploiting a de novo 

transcriptome reconstruction we discovered 563 new lincRNAs, and 

found that lincRNAs are very effective in marking lymphocyte cell 

identity.  

 

Identification of lincRNA expression signatures of human 

lymphocyte subsets 

Next, we interrogated our dataset for the presence of lincRNAs 

signatures in the different lymphocyte subsets. We therefore looked for 

lincRNAs differentially expressed (p<0.05; non-parametric Kruskal-
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Wallis test) that had more than 2.5 fold expression difference in a given 

cell subset compared to all the other subsets and that were expressed in at 

least 3 out of 5 individuals and found 172 lincRNAs that met these 

criteria (Fig. 2a and Supplementary Fig. 2b-m). We integrated the human 

transcriptome database with our newly identified transcripts and thus 

created a new reference to assess more thoroughly expression of new 

transcripts, in other human tissues. Looking at lincRNAs signatures in a 

panel of sixteen human tissues (Human BodyMap 2.0 project) we found 

that lymphocytes signature lincRNAs are not only very poorly expressed 

in non-lymphoid tissues  (Fig. 2a), but also that most signature lincRNAs 

are not detectable even in lymphoid tissues. These findings underscore 

the importance of assessing expression of lincRNAs (as well as of any 

highly cell-specific transcripts) in purified primary cells rather than in 

total tissues where a given cell-subset-specific transcript is diluted by the 

transcripts of all the other cell types of the tissue. 

It is important to note that, the newly identified lincRNAs defined 

as signatures are more expressed (Fig. 2c) and more cell-specific 

(Supplementary Fig. 2b-m) than the already annotated lincRNAs defined 

as signatures. The representative data in Fig. 2b refer to the CD4+ TH1 cell 

subset; similar results were obtained for all the other subsets 

(Supplementary Fig. 2b-m). 

Finally, to confirm and extend our signature data, we assessed the 

expression of CD4+ TH1 lincRNAs by RT-qPCR in a new set of 

independent samples of primary human CD4+ naïve, Treg and TH1 cells, as 

well as in naïve CD4+ T cells that were activated in vitro and induced to 
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differentiate toward TH1 or TH2 cells. Specific subset expression was 

confirmed for 90% of the CD4+ TH1 signature lincRNAs (Fig. 2d). 

Moreover, 90% of CD4+ TH1 signature lincRNAs that are expressed in 

resting CD4+ TH1 cells purified ex vivo, are highly expressed also in naïve 

CD4+ T cells differentiated under TH1 polarizing conditions in vitro, 

whereas they are poorly expressed in naïve CD4+ T cells that are 

differentiated towards TH2 in vitro (Fig. 2e). As a corollary to these 

findings, we observed by RNA-seq that CD4+ naïve signature lincRNAs 

are mostly down-regulated during differentiation towards TH0 cells in 

vitro, when TH1, TH2 and TH17 signature lincRNAs are mostly up-

regulated (Supplementary Fig. 2a). 

Taken together our data demonstrate that lincRNAs provide 

excellent signatures of human lymphocyte subsets, and suggest that 

human CD4+ T lymphocytes acquire most of their memory specific 

lincRNAs signatures during their activation-driven differentiation from 

naïve to memory cells. 
 

Linc-MAF-4 downregulation skews CD4+ T cell differentiation 

towards TH2  

As lincRNAs have been reported to influence the expression of 

neighbouring genes25, 26, 28, 39, we asked whether protein coding genes 

proximal to lymphocytes signature lincRNAs were involved in key cell-

functions. To this purpose we used the FatiGO tool from the Babelomics 

suite for functional enrichment analysis40 and found that protein coding 

genes neighbouring to signature lincRNAs are enriched for Gene 
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Ontology terms strongly correlated with lymphocyte T cell activation (Fig. 

3a), pointing to a possible role of signature lincRNAs in important 

lymphocyte functions. In order to obtain proof of concept of this 

hypothesis, we chose to characterize in depth linc-MAF-4 (also referred 

to as linc-MAF-2 in LNCipedia database http://www.lncipedia.org41), a 

TH1 signature lincRNA, localized 139.5 Kb upstream of the MAF gene. 

MAF encodes a transcription factor involved in TH2 differentiation42, 

which is also required for the efficient development of TH17 cells43 and 

controls IL4 transcription in CD4+ T follicular helper cells44. Our 

sequencing data showed that high expression of linc-MAF-4 correlates 

with low levels of MAF transcript in CD4+ TH1 cells, conversely TH2 

cells have low expression levels of linc-MAF-4 and high levels of MAF 

transcript. The anti-correlation of expression between lincRNAs and their 

neighbouring genes is not a common feature of all lincRNAs (13, 16), and it 

is probably restricted to a limited number of cis-acting lincRNAs. This 

observation is confirmed also in our dataset (data not shown). Moreover, 

no correlation is observed between the expression linc-MAF-4 and its 

proximal upstream protein coding genes: CDYL2 and DYNLRB2 

(Supplementary Fig. 3a).  

The same inverse relation between linc-MAF-4 and MAF is 

observed when naïve CD4+ T cells are differentiated in vitro towards TH1 

or TH2 cells. In details, Fig. 3b shows that in T lymphocytes 

differentiating towards TH1 cells, MAF transcript increases up to day 3 

and then drops. Conversely, linc-MAF-4 is poorly expressed for the first 

three days but then increases progressively. In CD4+ T lymphocytes 
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differentiating towards TH2 cells, we found the opposite situation, both 

MAF transcript and protein levels increase constantly up to day 8 while 

Iinc-MAF4 remains constantly low (Fig. 3b and Supplementary Fig. 3c), 

similarly to what observed in CD4+ T lymphocytes differentiating 

towards TH17 cells (Supplementary Fig. 3d). 

We further characterized MAF transcriptional regulation by 

looking at H3K4 tri-methylation (H3K4me3) level and RNA polymerase 

II occupancy at MAF promoter region in TH1 and TH2 cells. Consistent 

with a higher active transcription of MAF in CD4+ TH2 cells, we found 

that H3K4me3 levels in TH2 cells are greater than in TH1 cells and that 

RNA polymerase II binding at MAF promoter is higher in TH2 than in 

TH1 cells (Fig. 3c). Intriguingly, linc-MAF-4 knock-down in activated 

CD4+ naïve T cells leads to MAF increased expression (Fig. 3e and 

Supplementary Fig. 3e). All the above results indicate that modulation of 

MAF transcription in T cells depends on tuning of its promoter setting, 

and suggest a direct involvement of linc-MAF-4 in the regulation of MAF 

transcriptional levels.  

We then assessed the overall impact of linc-MAF-4 knock-down 

on CD4+ T cell differentiation by performing transcriptome profiling and 

Gene Set Enrichment Analysis (GSEA). We defined as reference Gene-

Sets the genes upregulated in CD4+ naïve T cells differentiated in vitro 

towards TH1 or TH2 types (Supplementary Table 1). We found that the 

CD4+ TH2 gene set is enriched for genes that are overexpressed in linc-

MAF-4 knock-down cells, whereas the CD4+ TH1 gene set is depleted of 

these same genes (Fig. 3f). Concordant with these findings, the 
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expression of GATA3 and IL4, two genes characteristic of TH2 cells, is 

increased after linc-MAF-4 knock-down (Fig. 3g and Supplementary 

Fig.3e).  

Taken together these results demonstrate that linc-MAF-4 down 

regulation contributes to the skewing of CD4+ T cells differentiation 

towards TH2. 
 

Epigenetic regulation of MAF transcription by linc-MAF-4 

Since linc-MAF-4 gene maps in relative proximity (139.5 Kb) to 

MAF gene we asked whether linc-MAF-4 can down-regulate MAF 

transcription, and, we investigated whether their genomic regions could 

physically interact. Chromosome conformation capture (3C) analysis was 

exploited to determine relative crosslinking frequencies among regions of 

interest. We tested the conformation of the linc-MAF-4 - MAF genomic 

region in differentiated CD4+ TH1 cells. A common reverse primer 

mapping within the MAF promoter region, was used in combination with 

a set of primers spanning the locus, and interactions were analysed by 

PCR. Specific interactions between MAF promoter and 5’ and 3’ end 

regions of linc-MAF-4 were detected (Fig. 4a,b and Supplementary Fig. 

4a), indicating the existence of an in cis chromatin looping conformation 

that brings linc-MAF-4 in close proximity to MAF promoter. Interestingly, 

the subcellular fractionation of in vitro differentiated CD4+ TH1 

lymphocytes revealed a strong enrichment of linc-MAF-4 in the 

chromatin fraction (Fig. 4c). Because other chromatin-associated 

lincRNAs regulate neighbouring genes by recruiting specific chromatin 
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remodellers, we tested in RNA immunoprecipitation (RIP) assays the 

interaction of linc-MAF-4 with different chromatin modifiers, including 

activators and repressors (data not shown), and found a specific 

enrichment of linc-MAF-4 in the immunoprecipitates of two repressors, 

EZH2 and LSD1 (Fig. 4d and Supplementary Fig. 4b). In agreement with 

these findings, we found that linc-MAF-4 knock-down in activated CD4+ 

naïve T cells reduces both EZH2 and LSD1 levels and correlates with the 

reduction of EZH2 enzymatic activity at MAF promoter as demonstrated 

by the H3K27me3 reduction at this locus (Fig. 4e). Remarkably, 

H3K27me3 levels were reduced neither at MYOD1 promoter region (a 

known target of EZH2) nor at a region within the chromatin loop between 

linc-MAF-4 and MAF marked by H3K27me3 (Supplementary Fig. 4c). 

Altogether, these results demonstrate that there is a long distance 

interaction between linc-MAF-4 and MAF genomic regions, through 

which linc-MAF-4 could act as a scaffold to recruit both EZH2 and LSD1 

and modulate the enzymatic activity of EZH2 on MAF promoter, thus 

regulating its transcription (Fig. 4f). 
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Discussion 

Mammalian genomes encode more long non-coding RNAs than 

previously thought16, 45 and the number of lincRNAs playing a role in 

cellular processes steadily grows. As there are relatively few examples of 

functional long non-coding RNAs in the immune system24, 25, 26, 27, 28, with 

the present study we depict a comprehensive landscape of lincRNAs 

expression in thirteen subsets of human primary lymphocytes. Moreover, 

we identified a lincRNA (linc-MAF-4) that appear to play a key role in 

CD4+ T helper cell differentiation. 

 LincRNAs have been reported to have high tissue specificity13 

and our study of lincRNAs expression in highly pure primary human 

lymphocyte provides an added value because it allows the identification 

of lincRNAs whose expression is restricted to a given lymphocyte cell 

subset. Interestingly, we found that lincRNAs define the cellular identity 

better than protein coding genes, even than surface receptor coding genes 

that are generally considered the most precise markers of lymphocytes 

subsets. Due to their specificity of expression, human lymphocytes 

lincRNAs that are not yet annotated in public resources would have not 

been identified without performing de novo transcriptome reconstruction. 

Indeed by exploiting three different de novo strategies we identified 563 

novel lincRNAs and increased by 11.8% the number of lincRNAs 

expressed in human lymphocytes. As our conservative analysis was 

limited to thirteen cellular subsets, one may wonder how many novel 

lincRNAs could be identified by transcriptome analysis of all of the 

several hundreds human cell types.  
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We Compared our data with previous analyses of lincRNAs 

expression in mouse immune system28 exploiting the LNCipedia database 

(http://www.lncipedia.org 41) and we found that 51% of the human 

lincRNA signatures are conserved in mouse, that is similar to the overall 

conservation between human and mouse lincRNAs (60%). However 

further studies will be necessary to asses that also their function is 

conserved. 

Based on our findings, signature lincRNAs might be exploited to 

discriminate and differentiate at the molecular level those cell subsets that 

cannot be distinguished easily based on cell surface markers because of 

their cellular heterogeneity, such as CD4+ regulatory T cells (Treg cells). 

Furthermore, most lincRNA signatures defined for each of the thirteen 

lymphocytes subsets are not detected in human lymphoid tissues that 

include all the lymphocyte subsets we analyzed. Indeed, to get the best 

out of the enormous molecular resolution achievable with Next-

Generation-Sequencing one should perform transcriptomic studies on 

single cells, or at least on functionally homogenous cell subsets. As 

lincRNAs expression in a tissue is averaged across all the cell types 

composing that tissue, a transcriptome analysis on unseparated tissue-

derived cells will result in an underestimation both of the expression of a 

cell specific lincRNA and of its functional relevance.  

The lincRNAs role in differentiation has been described in 

different cell types17, 20, 23, 46, 47. In the mouse immune system it has been 

found that lincRNAs expression changes during naïve to memory CD8+ T 

cell differentiation24 and during naïve CD4+ T cells differentiation into 
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distinct helper T cell lineages28.  We show in human primary lymphocytes 

that activation induced differentiation of CD4+ naïve T cells is associated 

with increased expression of lincRNAs belonging to the CD4+ TH1 

signature suggesting that upregulation of TH1 lincRNAs is part of the cell 

differentiation transcriptional program. Indeed, linc-MAF-4, one of the 

TH1 signature lincRNA, is poorly expressed in TH2 cells and its 

experimental downregulation skews differentiating T helper cells toward 

a TH2 transcription profile. We have found that linc-MAF-4 regulates 

transcription exploiting a chromatin loop that brings its genomic region 

close to the promoter of MAF gene. We propose that the chromatin 

organization of this region allows linc-MAF-4 transcript to recruit both 

EZH2 and LSD1 and modulate the enzymatic activity of EZH2 negatively 

regulating MAF transcription with a mechanism of action similar to that 

shown for the lincRNAs HOTAIR48 and MEG3 49. We therefore provide 

a mechanistic proof of concept that lincRNAs can be important regulators 

of CD4+ T-cell differentiation. Given the number of specific lincRNAs 

expressed in the different lymphocytes subsets, it can be postulated that 

many other lincRNAs might contribute to cell differentiation and to the 

definition of cell identity in human lymphocytes. 

These findings and the high cell specificity of lincRNAs suggest 

lincRNAs as novel and highly specific molecular targets for the 

development of new therapies for diseases (e.g. autoimmunity, allergy, 

and cancer) in which altered CD4+ T-cell functions play a pathogenic role. 
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Online Methods 

 

Purification of primary immunological cell subsets 
Buffy-coated blood of healthy donors was obtained from the Ospedale 

Maggiore in Milan and peripheral blood mononuclear cells were isolated 

by Ficoll-hypaque density gradient centrifugation. The ethical committee 

of Istituto di Ricovero e Cura a Carattere Scientifico Policlinico Ospedale 

Maggiore approved the use of PBMCs from healthy donors for research 

purposes, and informed consent was obtained from subjects. Human blood 

primary lymphocyte subsets were purified >95% by cell sorting using 

different combinations of surface markers (Table 1). For in vitro 

differentiation experiments resting naïve CD4+ T cells were purified 

>95% by negative selection with magnetic beads with the isolation kit for 

human CD4+ Naïve T cells of Miltenyi and stimulated with Dynabeads 

Human T-Activator CD3/CD28 (Life Technologies). IL-2 was added at 

20 IU/ml (Novartis). TH1 polarization was initiated with 10 ng/ml IL12 

(R&D Systems) and TH2 neutralizing antibody anti-IL4 (2 mg/ml). TH2 

polarization was induced by activation with  Phytohaemagglutinin, PHA 

(4mg/mL) in the presence of IL-4 (R&D Systems) (10 ng/ml), and 

neutralizing antibodies to IFN-γ (2 mg/ml) and anti-IL12 (2 mg/ml). For 

GATA-3 and c-Maf intracellular staining, cells were harvested and then 

fixed for 30 min in Fixation/permeabilisation  Buffer (Ebioscience) at 4°C. 

Cells were stained with antibodies anti-GATA-3 (BD bioscience) and 

anti-c-Maf (Ebioscience) in washing buffer for 30 min at 4°C. Cells were 
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then washed two times, resuspended in FACS washing buffer and 

analysed by flow cytometry. 

 

RNA isolation and RNA sequencing 

Total RNA was isolated using mirVana Isolation Kit. Libraries for 

Illumina sequencing were constructed from 100 ng of total RNA with the 

Illumina TruSeq RNA Sample Preparation Kit v2 (Set A). The generated 

libraries were loaded on to the cBot (Illumina) for clustering on a HiSeq 

Flow Cell v3. The flow cell was then sequenced using a HiScanSQ 

(Illumina). A paired-end (2×101) run was performed using the SBS Kit 

v3 (Illumina). Real-time analysis and base calling was performed using 

the HiSeq Control Software Version 1.5 (Illumina). 

 

RNA-seq and publicly available datasets  
RNA-seq data representative of 13 lymphocyte populations were 

collected for transcriptome reconstruction. Five biological replicates were 

analyzed for all populations except for CD8+ TCM and B CD5+ (four 

samples). The whole dataset was aligned to GRCh37 (Genome Reference 

Consortium Human Build 37) with TopHat v.1.4.132 for a total of over 1.7 

billions mapped paired-end reads (30 million reads per sample on 

average). These data were also mapped with the aligner STAR v.2.2.031. 

RNA-seq datasets of 16 human tissues belonging to the Illumina Human 

BodyMap 2.0 project (ArrayExpress accession no. E-MTAB-513) were 

mapped following the same criteria.  
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Reference annotation 
An initial custom reference annotation of unique, non-redundant 

transcripts was built by integrating the Ensembl database (version 67 

from May 2012) with the lincRNAs identified by Cabili et al. 2011 using 

Cuffcompare v.2.1.133. The annotated human lincRNAs were extracted 

from Ensembl using BioMart v.67 and subset by gene biotype ‘lincRNA’  

(5,804 genes). Other classes of genes were integrated in the annotation: 

the list of protein coding genes  (21,976 genes), the receptors genes 

collection defined in BioMart under GO term GO:000487 (2,043 genes 

with receptor activity function) and the class of genes involved in 

metabolic processes corresponding to GO term GO:0008152 (7,756 

genes). Hence, the complete reference annotation consisted of 195,392 

transcripts that referred to 62,641 genes, 11,170 of which are non-

redundant lincRNA genes. 

 

De novo genome-based transcripts reconstruction 
A comprehensive catalogue of lincRNAs specifically expressed in human 

lymphocyte subsets was generated using a de novo genome-based 

transcripts reconstruction procedure with three different approaches. Two 

aligners were used: TopHat v.1.4.1 and STAR v. 2.2.0. The de novo 

transcriptome assembly was performed on the aligned sequences (samples 

of the same population were concatenated into one “population 

alignment“) generated by STAR and TopHat using Cufflinks v. 2.1.1 with 

reference annotation to guide the assembly (-g option) coupled with 

multi-read (-u option) and fragment bias correction (-b option) to improve 
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the accuracy of transcripts abundance estimates. With this method, about 

30,000-50,000 new transcripts were identified in each lymphocyte 

population. The third approach employed the genome-guided Trinity 

software (http://pasa.sourceforge.net/#A_ComprehensiveTranscriptome), 

which generates novel transcripts performing a local assembly on 

previously mapped reads from specific location. The Trinity50 default 

aligner was substituted with STAR. Each candidate transcript was then 

processed using the PASA pipeline, which reconstructs the complete 

transcript and gene structures, resolving incongruences derived from 

transcript misalignments and alternatively splices events, refining the 

reference annotation when there are enough evidences and proposing new 

transcripts and genes in case no previous annotation can explain the new 

data. 

 

Novel lincRNA genes identification  
Annotated transcripts and new isoforms of known genes were discarded, 

retaining only novel genes and their isoforms located in intergenic 

position. In order to filter out artifactual transcripts due to transcriptional 

noise or low polymerase fidelity, only multi-exonic transcripts longer 

than 200 bases were retained. Then, the HMMER3 algorithm35 was run 

for each transcript in order to identify occurrences of any protein family 

domain documented in the Pfam database (release 26; used both PfamA 

and PfamB). All six possible frames were considered for the analysis, and 

the matching transcripts were excluded from the final catalogue. 



	
   73	
  

The coding potential for all the remaining transcripts was then evaluated 

using PhyloCSF (phylogenetic codon substitution frequency)36 

(PhyloCSF was run on a multiple sequence alignment of 29 mammalian 

genomes (in MAF format) 

(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/multiz46way/) to 

obtain the best scoring ORF greater than 29 aminoacids across all three 

reading frames. To efficiently access the multialignment files (MAF) the 

bio-maf (https://github.com/csw/bioruby-maf) Ruby biogem51 was 

employed. This library provides indexed and sequential access to MAF 

data, as well as performing fast manipulations on it and writing modified 

MAF files. Transcripts with at least one open reading frame with a 

PhyloCSF score greater than 100 were excluded from the final catalogue. 

The PhyloCSF score threshold of 100 was determined by Cabili et al. 

2011 to optimize specificity and sensitivity when classifying coding and 

non coding transcripts annotated in RefSeq (RefSeq coding and RefSeq 

lincRNAs). PhyloCSF score =100 corresponds to a false negative rate of 

6% for coding genes (i.e., 6% of coding genes are classified as non-

coding) and a false positive rate of ~10% (i.e., 9.5% of noncoding 

transcripts are classified as coding). 

 

De novo data integration 

Duplicates among the transcripts identified with the same de novo method 

were resolved using Cuffcompare v2.1.1. In the same way, the resulting 

three datasets were further merged to generate a non-redundant atlas of 

lincRNAs in human lymphocytes and only genes identified by at least 2 
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out of 3 software were considered.  A unique name was given to each 

newly identified lincRNA gene composed by the prefix “linc-” followed 

by the Ensembl gene name of the nearest protein coding gene 

(irrespective of the strand). The additional designation “up” or “down” 

defines the location of the lincRNA with respect to the sense of 

transcription of the nearest protein coding gene. In addition, either “sense” 

or “antisense” was added to describe the concordance of transcription 

between the lincRNA and its nearest coding gene. A numerical counter 

only of newly identified lincRNAs related to the same protein coding 

gene is added as suffix (such as ‘linc-geneX-(up|down)-

(sense|antisense)_#n’). This final non-redundant catalogue of newly 

identified lincRNAs includes 4,666 new transcripts referring to 3,005 new 

genes.   

 

LincRNA signatures definition 

A differential expression analysis among the thirteen cell subsets profiled 

was performed using Cuffdiff v.2.1.1. This analysis was run using --

multi-read-correction (-u option) and upper quartile normalization (--

library-norm-method quartile) to improve robustness of differential 

expression calls for less abundant genes and transcripts. Only genes 

expressed over 0.21 FPKM 29were considered in the downstream 

analysis  to filter out genes that are merely by-products of leaky gene 

expression, sequencing errors, and/or off-target read mapping. After 

adding a pseudo-count of 1 to the raw FPKM (fragments per kilobases of 

exons per million fragments mapped) for each gene, applying log2 
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transformation and Z-score normalization, K-means clustering with 

Euclidean metric was performed on lincRNAs expression values using 

MultiExperiment Viewer v.4.6 tool. The same procedure was then applied 

to the expression values of protein coding, metabolic and receptors genes. 

The Silhouette function52 was used to select an appropriate K (number of 

clusters). A K ranging from 13 to 60 was tested, and the value associated 

with the highest Silhouette score for each class of genes was selected. The 

number of clusters that maximizes the Silhouette score is 15 for lincRNA 

(Supplementary Figure 1h), 24 for protein coding genes and 23 and 36 for 

receptors and metabolic genes respectively. The centroid-expression 

profile of each cluster was then evaluated in order to associate each 

cluster to a single cellular population (Figure 1).  

In order to select specifically expressed lincRNA genes, K-means results 

were subsequently intersected with the JS score, a cell-specificity 

measure based on Jensen–Shannon divergence  and only the genes 

assigned to the same cellular population by both techniques were retained 

for further analysis. The estimation procedure for the JS score was 

adapted by building a reference model composed of 13 cell subsets. For 

the selected lincRNAs, the intrapopulation consistency among different 

samples was subsequently evaluated to minimize the biological 

variability: only genes expressed in at least 3/5 (or 3/4 replicates for CD8+ 

CM and CD5+ B) of the profiled samples whose maximal expression value 

was >2.5 fold compared to all other lymphocyte subsets were considered. 

Finally, non-parametric Kruskal-Wallis test was applied to select only 

lincRNA genes with a significant difference across the medians of the 
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different lymphocyte populations: a p-value lower than 0.05 was 

considered and the lincRNA genes that meet these selection criteria 

were selected as signature genes. 

 

Gene Ontology Enrichment Analysis 

A Gene Ontology (GO) enrichment analysis was performed for biological 

process terms associated with protein coding genes that are proximal to 

lincRNA signatures at genomic level. For each lincRNA signature, the 

proximal protein- coding gene was selected regardless of the sense of 

transcription. FatiGO tool of Babelomics suite (version 4.3.0) was used to 

identify the enriched GO terms of the 158 protein coding genes (input 

list). All protein coding genes that are expressed in lymphocyte subsets 

(19,246 genes) (except the genes proximal to a lincRNA signature gene 

[input list]) defined the background list. Only GO terms with adjusted 

pvalue lower than 0.01 were considered (10 GO terms). Moreover, we 

performed a gene ontology semantic similarity analysis on the 51 GO 

terms with adjusted pvalue lower than 0.1 resulting from previous 

analysis using G-SESAME tool. This analysis provides as a result a 

symmetric matrix where each value represents a similarity score between 

GO term pairs. Then, we carried out a hierarchical clustering based on 

semantic similarity matrix to group together all GO terms with common 

GO parent.  
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Naïve CD4+ T cells siRNA transfection 
Activated CD4+ naïve T Cells, were transfected with 300 nM FITC-

labelled- linc-MAF-4 siRNA or FITC-labelled-AllStars negative control 

(Qiagen) with Lipofectamine 2000 (Life Technologies) according to the 

manufacturer protocol. FITC positive cells were sorted and lysated 72 

hours post transfection. See Supplementary Table 2 for siRNAs 

sequences. 

 

Gene Expression Analysis 

Gene expression analysis of transfected activated CD4+ naive cells was 

performed with Illumina Direct Hybridization Assays according to the 

standard protocol (Illumina). Total RNA was isolated, quality controlled 

and quantified as described above; for each sample 500 ng of total RNA 

were reverse transcribed according to the Illumina TotalPrep RNA 

Amplification kit (AMIL1791 - LifeTechnologies) and cRNA was 

generated by in vitro transcription (14 hours). Hybridization was 

performed according to the standard Illumina protocol on Illumina 

HumanHT-12 v4 Expression BeadChip arrays (BD-103-0204 - Illumina). 

Scanning was performed on an Illumina HiScanSQ System and data were 

processed with Genome Studio; arrays were quantile normalized, with no 

background subtraction, and average signals were calculated on gene-

level data for genes whose detection p-value was lower than 0.001 in at 

least one of the cohorts considered.  
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GSEA (Gene Set Enrichment Analysis) 

GSEA is a statistical methodology used to evaluate whether a given gene 

set is significantly enriched in a list of gene markers ranked by their 

correlation with a phenotype of interest. In order to evaluate this degree 

of 'enrichment', the software calculates an enrichment score (ES) by 

moving down the ranked list, i.e., increasing the value of the sum if the 

marker is included in the gene set and decreasing this value if the marker 

is not in the gene set. The value of the increase depends on the gene-

phenotype correlation. GSEA was performed comparing gene expression 

data obtained from activated CD4+ naïve T cells transfected with linc-

MAF-4 siRNAs vs. control siRNAs. The experimentally generated 

dataset from the in vitro differentiated cells (in TH1 or TH2 polarizing 

conditions respectively) derived from CD4+ naïve T cells of the same 

donors where linc-MAF-4 down-regulation was performed, were used to 

construct reference gene sets for TH1 and a TH2 cells. RNA for gene 

expression analysis of TH1 and TH2 differentiating cells was collected 72 

hours  after activation (i.e., the same time-point of RNA collection in the 

linc-MAF-4 downregulation experiments) but a fraction of cells was 

further differentiated up to day 8 to assess IFN-g and IL-13 production by 

TH1 and TH2 cells. The TH1 and TH2 datasets were ranked as log2 ratios of 

the expression values for each gene in the two conditions (TH1/TH2), and 

the most upregulated/downregulated genes (having log2 ratios ranging 

from |3| to |0.6|) were assigned to the TH1 and TH2 reference sets 

respectively. 
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Genes from the TH1 gene list which were downregulated in a TH1 vs. 

control-siRNA comparison and genes from the TH2 gene list which were 

downregulated in a TH2 vs. control-siRNA comparison were filtered out, 

obtaining a TH1-specific gene set (74 genes) and a TH2-specific gene set  

(141 genes) (Supplementary Table 1). GSEA was then performed on the 

linc-MAF-4 specific siRNA vs. control siRNA dataset. The metric used 

for the analysis is the log2 Ratio of Classes, with 1,000 gene set 

permutations for significance testing.  

 

RT-qPCR Analysis 

For reverse transcription, equal amounts of DNA-free RNA (500 ng) 

were reverse-transcribed with SuperScript III (LifeTechnologies) 

following the suggested conditions. Diluted cDNA was then used as input 

for RT-qPCR to assess MAF (Hs00193519_m1), IL4 (Hs00174122_m1), 

GATA3 (Hs01651755_m1), TBX21 (Hs00203436_m1), RORC 

(Hs01076119_m1), IL17 (Hs00174383_m1), Linc00339 

(Hs04331223_m1), Malat1 (Hs01910177_s1), RNU2.1 (Hs03023892_g1) 

and GAPDH (Hs02758991_g1) gene expression levels with Inventoried 

TaqMan Gene Expression assays (LifeTechnologies) were used. For 

assessment of linc-MAF-4 and validation of CD4+ TH1 signature 

lincRNAs specific primers were designed and 2.5 mg of CD4+ TH1, Treg 

or naive cells RNA were used for reverse transcription with SuperScript 

III (LifeTechnologies). RT-qPCR was performed on diluted cDNA with 

PowerSyberGreen (LifeTechnologies) and specificity of the amplified 

products was monitored by performing melting curves at the end of each 
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amplification reaction. The primers used in qPCR are listed in 

Supplementary Table 2. 

 

Cell fractionation 

In vitro differentiated TH1 cells were resuspended in RLN1 buffer (50 

mM Tris-HCl pH 8, 140 mM NaCl; 1.5 mM MgCl2, 0.5% NP-40) 

supplemented with SUPERase�In (Ambion) for 10 minutes on ice. After 

a centrifugation at 300g for 2 minutes, the supernatant was collected as 

the cytoplasmic fraction. The pellet was resuspended in RLN2 buffer (50 

mM Tris-HCl pH 8, 500 mM NaCl, 1.5 mM MgCl2, 0.5% NP-40) 

supplemented with RNase inhibitors for 10 minutes on ice. Chromatin 

was pelletted at maximum speed for 3 minutes. The supernatant 

represents the nuclear fraction. All the fractions were resuspended in 

TRIzol (Ambion) to 1 ml and RNA was extracted following the standard 

protocol. 

 

RNA immunoprecipitation (RIP) 

In vitro differentiated TH1 cells were UV-crosslinked at 400 mJ/cm2 in 

ice-cold D-PBS and then pelleted at 1350 g for 5 minutes. The pellet was 

resuspended in ice-cold lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 

0.5% NP-40) supplemented with 0.5 mM 𝛽-mercaptoethanol, Protease 

Inhibitor Cocktail Tablets cOmplete, EDTA-free (Roche) and 

SUPERase�In (Ambion) and left rocking at 4°C until the lysis is 

complete. Debris was centrifuged at 13000 g for 10’. The lysate was 

precleared with Dynabeads® Protein G (Novex®) for 30 minutes at 4°C 
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and then incubated for 2 hours with 7 mg of antibodies specific for EZH2 

(Active Motif - 39875); LSD1 (Abcam – ab17721), or HA (Santa Cruz) 

as mock control. The lysate was coupled with Dynabeads® Protein G 

(Novex®) for 1 hour at 4°C. Immunoprecipitates were washed for five 

times with lysis buffer. RNA was then extracted following mirVana 

miRNA Isolation Kit (Ambion) protocol. Levels of Linc-MAF-4 or of the 

negative controls b-actin, RNU2.1 and a region upstream the TSS of linc-

MAF-4 (linc-MAF-4 control) were assed by RT-qPCR. 

 

Chromatin Immunoprecipitation analysis (ChIP) 

In vitro differentiated TH1 and TH2 cells were crosslinked in their medium 

with 1/10 of fresh formaldehyde solution (50 mM Hepes-KOH pH 7.5, 

100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 11% formaldehyde) for 12 

minutes. Then they were treated with 1/10 of 1.25 M glycine for 5 

minutes and centrifuged at 1350 g for 5 minutes at 4°C. Cell membranes 

were lysated in LB1 (50 mM Hepes-KOH pH 7.5, 10 mM NaCl, 1 mM 

EDTA, 10% glycerol, 0.5% NP-40 and 0.25% Triton X-100) 

supplemented with Protease Inhibitor Cocktail Tablets cOmplete, EDTA-

free (Roche) and Phenylmethanesulfonyl fluoride (Sigma) at 4°C. Nuclei 

were pelletted at 1350 g for 5 minutes at 4°C and washed in LB2 (10 mM 

Tris-HCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA) 

supplemented protease inhibitors. Nuclei were again pelleted at 1350 g 

for 5 minutes at 4°C and resuspended with a syringe in 200 𝜇l LB3 (10 

mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 

0.1% Na-deoxycholate, 0.5% N-lauroylscarcosine) supplemented with 
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protease inhibitors. Cell debris were pelleted at 20000 g for 10 minutes at 

4°C and a ChIP was set up in LB3 supplemented with 1% Triton X-100, 

protease inhibitors and antibodies against H3K4me3, H3K27me3 

(Millipore), RNA polymerase II STD repeat YSPTSPS, LSD1 (Abcam), 

EZH2 (Active Motif) or no antibody (as negative control) o/n at 4°C. The 

day after Dynabeads® Protein G (Novex®) were added at left at 4°C 

rocking for 2 hours. Then the beads were washed twice with Low salt 

wash buffer (0.1% SDS, 2 mM EDTA, 1% Triton X-100, 20 mM Tris-

HCl pH 8.0, 150 mM NaCl) and with High salt wash buffer (0.1% SDS, 2 

mM EDTA, 1% Triton X-100, 20 mM Tris-HCl pH 8.0, 500 mM NaCl). 

Histones IPs were also washed with a LiCl solution (250 mM LiCl, 1% 

NP-40, 1 mM EDTA, 10 mM Tris-HCl pH 8.0). All samples were finally 

washed with 50 mM NaCl in 1X TE. Elution was performed o/n at 65°C 

in 50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS. Samples were 

treated with 0.02 𝜇g/𝜇l RNase A (Sigma) for 2 hours at 37 °C and with 

0.04 𝜇g/𝜇l proteinase K (Sigma) for 2 hours at 55°C. DNA was purified 

with phenol/chloroform extraction.  

 

Chromosome Conformation Capture (3C) 

For 3C analysis cells were crosslinked and digested as described for 

ChIP53. Nuclei were resuspended in 500 𝜇l of 1.2X NEB3 buffer (New 

England BioLabs) with 0.3% SDS and incubated at 37°C for 1h and then 

with 2% Triton X-100 for another 1h. Digestion was performed with 

800U of BglII (New England BioLabs) o/n at 37°C shaking. Digestion 

was checked loading digested and undigested controls on a 0.6% agarose 
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gel. Then the sample was incubated with 1.6% SDS for 25 minutes at 

65°C and with 1.15X ligation buffer (New England BioLabs) and 1% 

Triton X-100 for 1 hour at 37°C. Ligation was performed with 1000U of 

T4 DNA ligase (New England BioLabs) for 8 hours at 16°C and at room 

temperature for 30 minutes. DNA was purified with phenol-chloroform 

extraction after RNase A (Sigma) and Proteinase K (Sigma) digestion. As 

controls, BACs corresponding to the region of interested were digested 

with 100U BglII in NEB3 buffer in 50 𝜇l o/n at 37°C. Then fragments 

were ligated with 400U T4 DNA ligase o/n at room temperature in 40 𝜇l. 

PCR products amplified with GoTaq Flexi (Promega) for BACs and 

samples were run on 2.5% agarose gels and quantified with ImageJ 

software. Primers are listed in Supplementary Table 3. 

 
Accession numbers 

ArrayExpress accession: E-MTAB-2319  

Reviewer account:  Username: Reviewer_E-MTAB-2319 
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Figure and Table Legends 

 
Table 1. Purification and RNA-sequencing of human primary 

lymphocyte subsets 

Purity achieved (mean ± SD) by sorting 13 human lymphocyte subsets 

(isolated from peripheral blood lymphocytes) by various surface marker 

combinations (sorting phenotype) and number of expressed genes 

(FPKM> 0.21). Cells were sorted from 4-5 different individuals for each 

lymphocyte subset and RNA sequencing carried out for each sample 

separately.  

 

Figure 1. Identification of lincRNAs expressed in human lymphocyte 

subsets 

(a) RNA-seq data generated from 63 lymphocyte samples were processed 

according to two different strategies: quantification of lincRNAs already 

annotated in public resources and de novo Genome Based Transcripts 

Reconstruction for the quantification of new lincRNAs expressed in 

human lymphocytes. Three methods for the identification of new 

transcripts were adopted: Reference Annotation Based assembly by 

Cufflinks with two different aligners (TopHat and STAR) and an 

approach that integrates Trinity and PASA software. Only transcripts 

reconstructed by at least two assemblers were considered. Novel 

transcripts were filtered with a computational analysis pipeline to select 

for lincRNAs. The number of lincRNA genes and transcripts identified in 

lymphocytes subsets is indicated. 
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(b) Expression profiles of lincRNA and protein coding genes across 13 

human lymphocyte subsets according to K-Means clusters definition. The 

black line represents the mean expression of the genes belonging to the 

same cluster. The peaks of expression profiles refer to the populations 

reported in legend according to numbering. 

(c) Specificity of lincRNAs and protein coding genes. Rows and columns 

are ordered based on a K-Means clustering of lincRNAs and protein 

coding genes across 13 human lymphocyte populations. Colour intensity 

represents the Z-score log2-normalized raw FPKM counts estimated by 

Cufflinks. 79% of lincRNAs genes and 39% of protein coding genes are 

assigned to specific clusters. See also Supplementary Fig. 1h. 

(d) As in (c), performed on receptors and metabolic processes genes. 
 

Figure 2. Definition of lincRNA signatures in human lymphocyte 

subsets 

(a) Heatmap of normalized expression values of lymphocytes signature 

lincRNAs selected on the basis of fold change (>2.5 with respect to all the 

other subsets), intrapopulation consistency (expressed in at least 3 out of 

5 samples) and non parametric Kruskal-Wallis test (pval < 0.05). 

Signature lincRNAs relative expression values were calculated as log2 

ratios between lymphocyte subsets and a panel of human lymphoid and 

non lymphoid tissues of the Human BodyMap 2.0 project  (See also 

Supplementary Fig. 2b-m). 

(b) CD4+ TH1 signature lincRNAs extracted from panel (A). The barcode 

on the left indicates already annotated lincRNAs (white) and newly 
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described lincRNAs (brick red). For newly described lincRNAs name, ‘S’ 

and ‘AS’ indicates  ‘sense’ and ‘antisense’ respectively. 

(c) Average expression levels of already annotated (white) and newly 

described (brick red) lincRNAs in human lymphocyte subsets and 

lymphoid or non-lymphoid human tissues. 

(d) Validation of TH1 signature lincRNAs expression by RT-qPCR on 

primary CD4+ naïve, TH1 and Treg cells sorted from PBMC of healthy 

donors (average of three independent experiments ± SEM). 

(e) RT-qPCR analysis of TH1 signature lincRNAs expression in a time 

course of CD4+ naïve T cells differentiated in TH1 and TH2 polarizing 

conditions presented as relative quantity (RQ) relative to time zero 

(average of three independent experiments). 

 

Figure 3. Linc-MAF-4 contributes to TH1 cell differentiation. 

(a) Gene Ontology (GO) semantic similarity matrix of protein coding 

genes proximal to lincRNA signatures. The semantic similarity scores for 

all GO term pairs were clustered using hierarchical clustering method. On 

the right of the matrix a bar plot of the adjusted p-values for each GO 

term is reported. Red bars represent GO terms that are significantly 

enriched in Gene Ontology analysis. Common ancestor is reported for 

each cluster. 

(b) Expression of linc-MAF-4 and MAF assessed at different time points 

by RT-qPCR in activated CD4+ naïve T cells differentiated in TH1 or TH2 

polarizing conditions (average of four technical replicates ± SEM). See 

also Supplementary Fig. 3c. 
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(c) ChIP-qPCR analysis of H3K4me3 and RNA polymerase II occupancy 

at MAF locus in CD4+ naïve T cells differentiated in TH1 or TH2 

polarizing conditions at day 8 post activation. Enrichment is a percentage 

of input (average of at least 5 independent experiments ± SEM). One-

tailed t-test * p < 0.05. 

(d) As in (c) at IFNG locus as control (average of at least 10 independent 

experiments ± SEM). One-tailed t-test * p < 0.05; ** p < 0.01. 

(e) Linc-MAF-4 and MAF expression levels determined by RT-qPCR in 

activated CD4+ naïve T cells (in the absence of polarizing cytokines) and 

transfected at the same time with linc-MAF-4 siRNA (black) or ctrl 

siRNA (white). Transcripts expression was detected 72 hours post 

transfection (average of six independent experiments ± SEM). One-tailed 

t-test ** p < 0.01; * p < 0.05.  

(f) Results of GSEA (Gene Set Enrichment Analysis) performed on gene 

expression data obtained from siRNA mediated knock-down of linc-

MAF-4 in activated CD4 naïve T cells. Activation and transfection 

conditions were as in (e). The red and blue line represent the observed 

enrichment score profile of genes in the linc-MAF-4 / ctrl siRNA treated 

cells compared to the CD4 TH1 and TH2 reference gene sets respectively 

(average of four independent experiments). Nominal p-val <0.05 

(g) GATA3 and IL4 expression levels determined by RT-qPCR in 

activated CD4+ naïve T cells transfected with linc-MAF-4 siRNA (black) 

or ctrl siRNA (white) (average of six independent experiments ± SEM). 

One-tailed t-test ** p < 0.01; * p < 0.05. 
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Figure 4. Epigenetic characterization of linc-MAF4/MAF genomic 

locus 

 (a) Schematic representation of the region analyzed by 3C. The M1 

primer, located near the 5’-end of MAF, was used as bait. Primers 

spanning the region between linc-MAF-4 and MAF were tested for 

interaction. 3C results show the relative frequency of interaction between 

MAF 5’-end and linc-MAF-4 5’- (L7 primer) and 3’- (L12 primer) ends in 

CD4+ naïve T cells differentiated in TH1 polarizing conditions (day 8) 

(average of three independent experiments ± SEM). (b) Sequencing 

results with pertaining electropherograms and BLAST alignments for 

M1-L7 and M1-L12 amplicons.  

(c) Relative abundance of linc-MAF-4 transcript in cytoplasm, nucleus 

and chromatin in CD4+ naïve T cells differentiated in TH1 polarizing 

conditions (day 8). Linc-00339, Malat1 and RNU2.1 were used 

respectively as cytoplasmic, nuclear and chromatin-associated controls 

(average of three independent experiments ± SEM). 

(d) RIP assay for LSD1 and EZH2 in CD4+ naïve T cells differentiated in 

TH1 polarizing conditions (day 8). The enrichment of linc-MAF-4 is 

relative to mock. β-actin, RNU2.1 and a region upstream the TSS of linc-

MAF-4 were chosen as controls (average of six independent experiments 

± SEM). The statistical significance was determined with ANOVA and 

Dunnet post-hoc test: *p<0.05; **p<0.01. 

(e) ChIP-qPCR analysis of EZH2, H3K27me3 and LSD1 occupancy at 

MAF locus in activated CD4+ naïve T cells transfected with linc-MAF-4 
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siRNA (black) or ctrl siRNA (white) (average of at least three 

independent experiments ± SEM). One-tailed t-test * p < 0.05. 

 (f) Model for linc-MAF-4-mediated MAF repression in TH1 lymphocytes. 

When linc-MAF-4 is expressed, it recruits chromatin remodelers (i.e. 

LSD1 and EZH2) at MAF 5’-end, taking advantage of a DNA loop that 

brings in close proximity linc-MAF-4 5’- and 3’- end and MAF 5’-end. 

This event causes the downregulation of MAF transcription and enforces 

TH1 cell fate, contrasting TH2 differentiation. 
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Subset Purity (%) Sorting phenotype Genes 

CD4+ naïve 99,8 ± 0,1 CD4+ CCR7+ CD45RA+ CD45RO- 20061 

CD4+ TH1 99,9 ± 0,05 CD4+ CXCR3+ 20855 

CD4+ TH2 99,7 ± 0,3 CD4+ CRTH2+ CXCR3- 19623 

CD4+ TH17 99,1 ± 1 CD4+ CCR6+ CD161+ CXCR3- 20959 

CD4+ Treg 99,0 ± 0,8 CD4+ CD127- CD25+ 21435 

CD4+ TCM 98,4 ± 2,8 CD4+ CCR7+ CD45RA- CD45RO+ 20600 

CD4+ TEM 95,4 ± 5,5 CD4+ CCR7- CD45RA- CD45RO+ 19800 

CD8+ TCM 98,3 ± 0,8 CD8+ CCR7+ CD45RA- CD45RO+ 20901 

CD8+ TEM 96,8 ± 0,9 CD8+ CCR7- CD45RA- CD45RO+ 21813 

CD8+ naïve 99,3 ± 0,2 CD8+ CCR7+ CD45RA+ CD45RO- 20611 

B naïve 99,9 ± 0,1 CD19+ CD5- CD27- 21692 

B memory 99,1 ± 0,8 CD19+ CD5- CD27+ 21239 

B CD5+ 99,1 ± 0,8 CD19+ CD5+ 22499 
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Supplementary Figure 1

Supplementary Figure 1. LincRNAs distribution and specificity in primary human lymphocytes subsets

(a) Bar plot of expressed genes across a panel of 13 lymphocyte subsets. Average expression (± sdev) of the samples for each subset is 
reported.
(b) Stacked barplots of expressed genes percentages according to their biotype (protein coding, lincRNAs, pseudogenes, non-coding 
genes and other) across the analyzed human lymphocyte subsets.
(c) Distribution of newly described (striped) and already annotated (black) lincRNAs in all human chromosomes.
(d) Distribution of expressed newly described (striped) and already annotated (black) lincRNAs across the analyzed human lymphocyte 
subsets.
(e) Boxplots of gene expression values of lincRNA (blue) and protein coding genes (red) on either the whole dataset (global expression) or 
on a dataset filtered according to the specificity score (specific expression, Maximal JS score > 0.4).
(f) The density distribution of JS score for cell-specific receptor genes (black line) was fitted to a log-normal distribution (dotted red line). In 
order to derive a threshold for the cell-specificity score, we calculated the JS score value corresponding to one standard deviation away 
from the mean value of the fitted distribution (0.27). As a reference, the JS density distribution for the metabolic genes is reported (green 
line).
(g) Density distributions of maximal expression values of lincRNAs (blue area plot) and protein coding genes (red line), divided according 
to cellular specificity (maximal JS score < 0.4 or JS score > 0.4).
(h) Silhouette scores (y-axis) are reported as a function of K (x-axis), the number of clusters used to partition the gene expression dataset 
of lincRNA genes. The average Silhouette value was calculated by taking the average of each clusters's average Si. In the graph Si data 
are reported for lincRNAs genes, for which the highest Si value (implying better clustering of the data) is 15.
(i) Specificity of lincRNAs and protein coding genes (FPKM >1) by K-Means clustering across 13 human lymphocyte populations. Colour 
intensity represents the Z-score log2-normalized raw FPKM counts estimated by Cufflinks. 
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Supplementary Figure 2. LincRNA signatures in human lymphocyte subsets

(a) CD4+ naïve, TH1, TH2 and TH17 signature lincRNAs trends in CD4+ naïve T cells differentiated in TH0 conditions. RNA was collected at different time points during 
CD4+ naïve T cells differentiation and RNA-seq experiments were peformed. Thin lines represent the trends of each signature lincRNA. Bold lines represent the 
average trend of all signature lincRNAs for each subset. Data are represented as a  log2 normalized ratio between each time point and the relative time 0. 
(b-m) Heatmaps of signature lincRNAs expression for each lymphocytes subset. The barcode on the left indicates already annotated lincRNAs (white) and newly 
described lincRNAs (brick red). For each lincRNA gene id, locus, strand prediction and number of isoforms are also reported. Right panel represents signature 
lincRNAs relative expression values in a panel of 16 human tissues (Human BodyMap 2.0 project).
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Supplementary Figure 3

Supplementary Figure 3.

(a) Expression levels (FPKM) of linc-MAF-4 and its neighboring protein coding genes DYNLRB2 and CDYL2 in CD4+ T cell subsets
(b) Expression of TBX21 an GATA3 in activated CD4+ naïve T cells differentiated in TH1 or TH2 polarizing conditions assessed at different 
time points by RT-qPCR (average of four independent experiments ± SEM).
(c) Expression of linc-MAF-4 and MAF assessed at different time points by RT-qPCR in activated CD4+ naïve T cells differentiated in TH1, 
TH2 and TH0 polarizing conditions. Barplot of the percentage of c-Maf positive cells determined by intracellular staining at different time 
points is also shown (average of four independent experiments ± SEM)
(d) CD4+ naïve T cells differentiated in TH17 polarizing conditions according to Kleinewietfeld et al.(Nature 2013; 496, 518). Upper panels: 
intracellular staining of IL-17 and CCR6 protein expression at day 8 of differentiation (data are representative of four independent 
experiments) Lower panels: linc-MAF-4, MAF, RORC and IL17 transcript levels assessed at different time points by RT-qPCR (average of 
four independent experiments ± SEM).
(e) Test of linc-MAF-4 siRNAs in CD4+ naïve T cells. Four siRNA sequences were transfected independently in activated CD4+ naïve T 
cells and linc-MAF-4, MAF, GATA3 and IL4 transcript levels were assessed by RT-qPCR at day 3 post-transfection and activation (average 
of five independent experiments ± SEM)
(f) Intracellular staining of c-Maf and GATA-3 in naive CD4+ T cells stimulated with anti-CD3 and anti-CD28 and transfected with a contorl 
siRNA or linc-MAF-4 siRNA assessed at day 4 post-transfection and activation. Data are representative of five independent experiments.
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Supplementary Figure 4. Chromosome conformation capture on in vitro differentiated CD4+ TH1 cells.
 
(a) 2.5% agarose gel of the experimental triplicate used for 3C followed by BAC controls amplified with different primers that span the 
region between linc-MAF-4 and MAF
(b) Validation of anti-LSD1 and EZH2 antibodies used in RIP assay. LSD1 and EZH2 immunoprecipitets specifically retrieve HOTAIR RNA 
in HeLa cells as shown by Tsai et al. Science 329, 689 (2010). RNU2.1 and a region upstream the TSS of linc-MAF-4 were used as 
negative controls
(c) ChIP-qPCR analysis of EZH2 and H3K27me3 at MYOD1 locus, of H3K27me3 at a control region within the chromatin loop and of 
LSD1 at beta-actin locus in activated CD4+ naïve T cells transfected with linc-MAF-4 siRNA (black) or ctrl siRNA (white) (average of at 
least three independent experiments ± SEM)
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VALIDATION PRIMERS 

PRIMER ID TARGET SEQUENCE (5’-> 3’) 
linc-MAF-4 F XLOC_012017 GGCTACGTCTCCATTGTTT 

linc-MAF-4 R XLOC_012017 TGGTGTTTGGGATCATTTGT 

T4F ENSG00000241558 CTGTGGGTGACCAGCATCAT 

T4R ENSG00000241558 CAGCAGGCAGTGAGGACAG 

T5F4 ENSG00000255094 CCAGATACAGAGAAGCCACAGATG 

T5R ENSG00000255094 GCAGTCATTCTTGAATTGCTGTTA 

T6F ENSG00000257860 TTTCATGGTGAGGGAGAATGG 

T6R ENSG00000257860 CTGGGTCTTGCCTCTTAATGT 

T8F2 INGMG_000772 AGCCTGGGCTTTGGAGTC 

T8R3 INGMG_000772 GGCTTTGCCAGGATCTCACA 

T13F2 XLOC_008683 CGCACAGGAGAACACTCAA 

T13R2 XLOC_008683 CACTGATGGCAATGCTCAC 

T14F2 XLOC_013818 CCTTGGAAATGTTGCGGTAT 

T14R2 XLOC_013818 AATTACCCTGGATGGCTTCA 

T16F2 INGMG_000808 AACTGGATCTGAGGCAGATG 

T16R3 INGMG_000808 GTAGCACAGGGACACAATTA 

T17F2 INGMG_001099 AGTCTCCAGGTGGCTTCT 

T17R INGMG_001099 CTCCTTCTGCTGCCATGTAA 

T18F2 INGMG_002122 CCACCATGCTCATTCTCCATT 

T18R2 INGMG_002122 CTTGTCCCTCTTCCAGCATTT 

T21F2 ENSG00000234535 GAAATGCCAATGAAGCAGAAAG 

T21R2 ENSG00000234535 GTGCAAAGAATAGGAGGTTTGA 

T24F1 XLOC_002906 GTTATCTGTTGCCAGTTGTT 

T24R1 XLOC_002906 ACCTCTGCTTATTGCTGATT 

T25F4 XLOC_004086 GAGAGTCTGGCTCTGTTGTC 

T25R4 XLOC_004086 GCCTGTACTCCCAGCTATTC 

T27F1 ENSG00000253988 ACATGGATGCAGCTGGAG 

T27R1 ENSG00000253988 TGAGAACATGCCTTTCTTGG 

T28F4 XLOC_013498 TACAGCCTCCACCTATTGATT 

T28R4 XLOC_013498 ATGGCTTACAGGTAGGAGTTT 

T30F3 XLOC_012199 CTGGGTGAACACTGTCTAA 

T30R3 XLOC_012199 GCTCAGAGTAAACGGCTAA 

T31F1 XLOC_011294 TCGTGTGGGTGAGGAGAA 

T31R1 XLOC_011294 AGTGTAGGAGGGCAGTGT 

T32F1 XLOC_009643 TCCAAGACACTGAGTGATTT 

T32R1 XLOC_009643 GCAACAACGGATTTGTCAAG 

T33F1 ENSG00000259849 ACCCTCCAGCATGTGTTC 

T33R1 ENSG00000259849 CTCCCATTCTGGGCACTT 

N1F XLOC_010212 CTTGGCTGTGGAACCCAGAT 

N1R XLOC_010212 AGCCTCCGTTTACAAACTGGAA 

N3F ENSG00000226137 TGTCCCGACGCATTTACAGA 

N3R ENSG00000226137 AGGCAAGCAGTCAGGTTCC 

N8F INGMG_000894 ATAGGCGGGTAAATGTGGAC 

N8R INGMG_000894 TCTCAAAGGCCTAGGAATTGG 

N10F INGMG_002461 TGTGAACCTGTGGAGGATCT 

N10R INGMG_002461 CTTCAGGCAACATAGCCATTT 
 



 

siRNA 

siRNA ID TARGET SEQUENCE (5’-> 3’) 
T2_si1 XLOC_012017 GGACCAACCTCTTGTCTTA 
T2_si2 XLOC_012017 GTACTGCAAAGGTCTAATA 
T2_si3 XLOC_012017 CCGCATACTTTCAGACTTT 
T2_si4 XLOC_012017 GCTTGAACTCACAAAGAAA 
 

ChIP PRIMERS 

PRIMER ID TARGET SEQUENCE (5’-> 3’) REFERENCE 

GAS1f MAF-promoter TTAAGTGCAGTGCTATAAAGTTGTT Rani et al., 2011 

GAS1r MAF-promoter GGGGAAGACCATTCTGAAGTG Rani et al., 2011 

IFNgf IFNγ-promoter AAATACCAGCAGCCAGAGGA 

IFNgr IFNγ-promoter AGCTGATCAGGTCCAAAGGA 

ILCRf Internal loop control region TGAGCAGAGAAAGTGCATAG  

ILCRr Internal loop control region TCACAGGCATTCTTTGTACC  

MyoD1f MyoD1 5’ regulatory region ACGTGCAGATTTAGATGGAG  

MyoD1r MyoD1 5’ regulatory region ATCGGAGATTGCTGCTAAAG  

ACTBcf ACTB-promoter AAAGAGCGAGAGCGAGAT  

ACTBcr ACTB-promoter AACGCCAAAACTCTCCCT  
 

3C PRIMERS 

PRIMER ID SEQUENCE (5’-> 3’) 

M1 GCAGAACTCGCCTAATGG 

L1 TGATTAATGCTGGGTAAAGG 

L2 TTCAGCCTTTGTTTTTCTCC 

L3 GGTCTTCAATTACAATAGCC 

L4 CCAATTGGAAGTCTGAAGGC 

L5 ACTGCCCTTCAAGTCCTTGC 

L6 ACAGGGAGAGCTGACCTTTG 

L7 ATTGAAAGCCATGTTTTTAAG 

L8 ACTGCATGGCATTTGTCTGG 

L9 CCTTTTTCGCTAGTAGAGCC 

L10 TCTCTGGCTGACAGTCTACC 

L11 GTACAGCAGCCTCCACAAAG 

L12 ATACATATTGGGAGGCCTGGAA 

L13 GCTGCAAATCTTGGGATTGG 

L14 GCTGAGGTCACAGAGCTAGG 

L15 TGCAGGCTCCAAAATAAACC 

L16 AGTACAGTAGGCCTCCTTTC 

L17 TTTGGGTGTTCTGGGATCTG 

L18 TGCCTATGAGTGCTACTGAG 

L19 AGGCCCTGCAATATGCACAC 

L20 TCCAGCCAGGGCATCCAATC 

L21 ACACCCACCAACTTTATTGG 

L22 ATAGCGCTGTCTGTGTCTAC 

L23 CCCTATCAGCCTGATTTGAG 

L24 AGGCCAAACGTAGTGGGTTC 



 

RIP PRIMERS 

PRIMER ID TARGET SEQUENCE (5’-> 3’) REFERENCE 
Actin_sy-F2 β-actin CATCCTCACCCTGAAGTACC  
Actin_sy-R2 β-actin CACGCAGCTCATTGTAGAAG  
LincM_pr-F1 linc-MAF-4 (control) AGGTCATGAGGCAGAGGAGA  
LincM_pr-R1 linc-MAF-4 (control) TCCCTTTGGGAGGTAAAACC  
HOTAIR/H2-F HOTAIR/H2 GGTAGAAAAAGCAACCACGAAGC Tsai et al., 2010 
HOTAIR/H2-R HOTAIR/H2 ACATAAACCTCTGTCTGTGAGTGCC Tsai et al., 2010 
 



Additional considerations for de novo genome-based transcripts 

reconstruction 

Three different approaches were adopted to define a new catalog of lincRNA 

specifically expressed in human lymphocyte subsets. These approaches are 

based on the application of two different mappers TopHat v.1.4.1 (Trapnell et 

al. 2009) and STAR v. 2.2.0 (Dobin et al. 2012) and two tools for new 

transcripts reconstruction: Cufflinks v. 2.1.1 (Trapnell et al. 2010)  and Trinity 

(Grabherr et al. 2011) . 

TopHat was used in combination with Cuffilinks, while STAR mapper both 

with Cufflinks and Trinity. 

TopHat is a spliced read mapper that detects splice sites ab initio by 

identifying reads that span exon junctions. The pipeline is divided into two 

steps: mapping of all reads to the reference genome using 

Bowtie  (Langmead et al. 2009), an ultra-fast short-read mapping program. 

Then TopHat assembles the mapped reads extracting the sequences and 

inferring them to be a putative exons while the reads that do not map are set 

aside (unmapped reads). These reads are afterwards indexed and aligned to 

potential splice junction that are sequences flanking potential donor/acceptor 

splice sites within neighbouring regions. 

STAR is the RNA-seq aligner used by the ENCODE Project and is designed 

to align the non-contiguous sequences directly to the reference genome 

making this software faster than other RNA-seq aligners. Initially STAR 

searches for each read the maximum mappable length and the matches to 

the genome create a lot of seeds. If the read comprises a splice junction, the 

search is repeated for the unmapped portions of the read. The sequential 

application of the search of maximum read match to the genome only to the 

unmapped portion of the reads makes STAR extremely fast. Later the 

software builds alignments of the read sequence clustering the seeds within a 

genomic window defined. All these seeds are stitched together according to a 

local alignment scoring scheme and the stitched combination with highest 

score is chosen as the best alignment of a read.  

The number of mapped reads are similar between both aligners for all 

samples analyzed. 



These two tools were used because they map reads over exon/intron 

junctions, which is a critical feature when aligning RNA-seq reads to a 

reference genome. Moreover, by improving alignment precision and 

sensitivity, exon junctions and splicing events are better defined in the 

reconstruction of new transcripts.  

The alignments generated by STAR and TopHat were then considered as 

input for software that perform identification of new transcripts. Samples 

belonging to the same population were concatenated into one “population 

alignment” to improve coverage depth. Cufflinks v. 2.1.1 and Trinity were both 

evaluated for this purpose. Cufflinks, which uses a mapping-first approach, 

first aligns all the reads to a reference genome and then merges sequences 

with overlapping alignment, spanning splice junctions with paired-end reads. 

To identify a set of novel transcripts expressed in human lymphocyte subsets, 

a reference annotation is considered to guide the assembly (-g option, RABT 

assembly) coupled with multi-read (-u option) and fragment bias correction (-b 

option) to improve the accuracy of transcripts abundance estimates. 

The third approach exploits STAR in combination with the genome-guided 

Trinity software. To address the computational complexity of assembling the 

human transcriptome by de novo approach, Trinity uses a specifc pipeline 

named “Genome-guided Trinity” combined with the Program to Assemble 

Spliced Alignments (PASA). The pipeline has two major steps.  

The first uses the “Genome-guided Trinity” where reads are initially aligned to 

the genome and partitioned according to locus, followed by the “classic” 

Trinity de novo transcriptome assembly at each locus. In particular, the Trinity 

default aligner (GSNAP) was substituted with STAR which performs better in 

terms of accuracy and computing time. The “Genome-guided Trinity” was 

used with the paramenters suggested in the main documentation and the 

input alignments were generated using STAR with the default parameters. 

The second phase of the pipeline runs PASA having in input all the putative 

transcripts generated by the first step above. Initially PASA maps transcripts 

and aligns them to the reference  genome; in this case we customized PASA 

to use START for long reads. STAR required to be customized changing the 

variables “MAX_READ_LENGTH = 100.000” inside the file “IncludeDefine.h” 

and recompiled from source code using “make STARlong” which makes 



available the “COMPILE_FOR_LONG_READS” option. The resulting 

alignments were validated as nearly perfect with an identity of 95% and 

percentage of transcript length of about 90% (default PASA’s parameters). 

The valid transcript alignments are clustered based on genome mapping 

location and assembled into gene structures; those alignment assemblies 

which are located in the same locus with a significant overlap and are 

predicted to be on the same strand  are clustered together. Finally, comparing 

the provided annotation with the clusters, PASA reconstructs the complete 

transcript and gene structures, resolving incongruencies, refining the 

reference annotation when there are enough evidences and proposing new 

transcripts and genes in case any previous annotation can explain the new 

data. 

 

K- means clustering of gene expression patterns: the Silhouette 

function 

 

For the clusters presented in this paper K=16 was used for lincRNA genes 

after optimizing the selection of K to minimize the distances of data within 

clusters while maximizing the distance between clusters using a Silhouette 

function (Rousseeuw 1987). 

Briefly, K-means clustering was used with different values of K 

(k=13,14..20..40). For each run, the Silhouette function was calculated on 

each gene’s expression pattern   : 

  (  )   
 (  )   (  )

        )     ))
 

where: 

 (  )              )                  ), where cx  is the cluster to which 

ei was assigned.  (  ) corresponds to the average dissimilarity between   and 

all other points of the cluster to which   belongs 

and: 

 (  )                    )                       ) 

 (  ) can be seen as the dissimilarity between   and its “neighbor” cluster, 

i.e., the nearest one to which it does not belong 



 

The Silhouette graph (shown in Supplementary  Figure 1h) reports the optimal 

number of clusters (bins) that the K-means algorithm needs in order to 

categorize the dataset in a reliable and reproducible way (when the algorithm 

reaches convergence). The    ) function calculates for each datum   (in our 

case the expression profile of a single gene) the average dissimilarity with all 

other data within the same cluster, and confronts these results with the lowest 

average dissimilarity of   (the 'neighbouring cluster') to any other cluster which 

  is not a member. The final Silhouette score is averaged over all data points 

in the dataset, and reported in the aforementioned graph (Supplementary  

Figure 1h). 

 

Specificity score of gene expression patterns: Jensen-Shannon 

divergence 

 

The clustering results were integrated with an entropy-based methodology 

that assigns a cell-specificity score to each gene based on Jensen–Shannon 

divergence (Trapnell et al., 2010). 

The JS divergence of two discrete probability distributions   ,   , is defined to 

be: 

        )   (
     

 
)  

    )      )

 
 

where   is the entropy of a discrete probability distribution: 

            )         and  ∑      
    

   )   ∑         )

 

   

 

Relying on the theorem that the square root of the JS divergence is a metric 

(Fuglede and Topsoe 2004), the distance between two expression patterns, 

   and    ,       
      

 ), was defined as  

        
    )  √        ) 

  

This metric quantifies the similarity between a transcript's expression pattern 

and another predefined pattern that represent an extreme case in which a 

http://genesdev.cshlp.org/content/25/18/1915.long#ref-14


transcript is expressed in only one condition. In our case we built a reference 

model composed of 13 cell subsets. Then, the JS method captures the shape 

of the distribution and the general trend of expression assigning a gene X to 

the population for whom it appears to be more specific. The integration of 

these two approaches has the power to group gene expression profiles 

according to their cell-specificity. 

 

In order to define a JS score threshold that roughly identifies specifically 

expressed genes, a log-normal fitting was performed on the JS score density 

distribution of receptor genes (Supplementary Fig. 1f), that are generally 

considered the most precise markers of lymphocytes subsets. The metabolic 

genes density distribution (the non-specific counterpart) is reported as 

reference. 

The threshold value for the JS score was calculated by considering one 

standard deviation away from the mean of the fitted distribution (0.4). 

The value corresponding to one standard deviation away (0.4) from the mean 

of the fitted distribution (0.27) was used as a threshold to define a specific 

expression. 
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Conclusions and perspectives in translational medicine 
 

Long non-coding RNAs act as fine tuners of cellular functions 

throughout the human body. Here we provided a clear example of a 

lincRNA with a key fundamental function for the proper human 

immune system differentiation. 

Given these observations, it is not surprising that lncRNAs 

altered expression has been linked to many different pathologies (table 

5). Indeed association signals in complex diseases often derive from 

non-coding regions of the genome. Genome-wide association studies 

(GWAS) have revealed a large number of genetic variants in lncRNA 

genes related to diseases1. Studies showed that single nucleotide 

polymorphisms (SNPs) also serve as biomarkers for diagnosis and 

prognosis2, 3, 4, 5.  

The involvement of lncRNAs in diseases related to immune 

system remains more elusive, reflecting our poor knowledge of this 

field. Crohn’s disease (CD) and ulcerative colitis were associated to 

the gene LLRK2 in a GWAS study. This sequence is part of a complex 

that includes the lncRNA repressor of NFAT6. Similarly, lncRNA 

DQ786243 was found to be upregulated in the blood of patients with 

CD and to be related with the expression of CREB, a regulator of 

FoxP3. Therefore this lncRNA is likely to be involved in 

inflammation control and CD pathogenesis7. Recently a genome-wide 

association study showed that the expression profiles of lncRNAs 

associated with autoimmune and immune-related diseases (AIDs) 

predict cell type specificity better than AID protein-coding genes8. 
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Table 5 - Characterized lncRNAs with potential role in human diseases 

	
  
There are now many examples in literature of the beneficial 

effect of the therapeutical modulation of lncRNAs. ANRIL (also 

known as CDKN2B-AS1) is an antisense lncRNA overexpressed in 

prostate cancer. Loss of its expression is associated with a reduction in 

cellular lifespan and its downregulation increases the expression of the 

neighboring tumor suppressor genes INK4A and INK4B9. Similarly, 

the well-known lncRNA HOTAIR is found to be overexpressed in a 
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variety of primary and metastatic tumor and its expression levels are 

correlates with a worse prognosis10, 11, 12. Once again, its suppression 

promotes apoptosis under proapoptotic stimuli13. LncRNAs have also 

been related to normal and disease processes of the nervous system, 

such as Alzeheimer’s14, 15 and Huntington’s diseases16. Intriguingly, 

microsatellite expansions, common in neurological disorders, 

generates antisense transcription17, 18, 19. Recently, the pathological 

expansion of the D4Z4 repeats in facioscapulohumeral muscular 

dystrophy proved to be the condition for the transcription of a 

chromatin-associated lncRNA that causes upregulation of gene 

transcription in the locus20.  

Long noncoding RNAs could also be useful novel biomarkers 

for diagnosis, prognosis and prediction of response to therapies. 

PCA3/DD3 was originally discovered in a differential display analysis 

comparing normal and tumor prostate cancer21 and it is characterized 

by an increased and unique expression in tumors. Particularly, it is 

expressed in early-stage tumors and detectable in urine. In clinical 

trials it proved to be as powerful as classic prostate-specific antigen 

biomarkers22, 23. 

Targeting lncRNAs could be particularly useful when 

upregulation of gene expression is needed, for example of tumor 

suppressors, neuroprotective growth factors, proteins or transcription 

factors whose deficient or reduced expression is often related with 

Mendelian monogenic disorders. In these cases, traditional therapies 

such as peptides administration or enzyme replacement are not 

curative, but conversely require lifelong administration. Even recent 

viral vectors-mediated therapies have some drawback, including the 
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short-lived nature of the treatment24, immune response activation25, 

toxicity26, 27 and insertional mutagenesis28, 29, 30. Targeting lncRNAs 

could expand the druggable portion of the genome and elicit more 

specific consequences in response to a less invasive treatment. Indeed, 

lncRNAs have higher cell specificity than protein coding genes; act on 

a restrict set of targets in a selected subpopulation of cells; exert a 

direct regulation on gene expression through the modulation of 

chromatin modifications and are less expressed than common protein-

coding genes, therefore being easier to target and modulate. This last 

property should not be interpreted as a diminished efficacy of the 

therapy. As mentioned before, lncRNAs even if less expressed can 

have profound effects in cellular biochemistry. Indeed, oncogenic 

lncRNAs such as CCAT2 have demonstrated not only to promote 

oncogenic activity and induce chromosomal instability, but also to 

regulate the expression of key developmental genes such as MYC, 

involved in the WNT signaling network31. Targeting these lncRNAs is 

likely to have a broad effect on cancer-associated pathways. 

LncRNAs can be targeted by traditional siRNA treatments, 

even though many of the described lncRNAs are enriched in the 

nucleus, where they may be less accessible. Also, an extensive 

secondary structure or repetitive nucleotide sequence could be 

unfavourable for an optimal siRNA design. Therefore antisense 

oligonucleotides have been introduced, having some advantages over 

siRNAs: they act independently to the RISC machinery, they are 

characterized by higher specificity and fewer off-target effects32. This 

strategy was used to target MALAT1 function thus blocking 

metastatic events in a lung cancer mouse model33. In 2005 an 
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approach was proposed to target natural antisense transcripts 

(NATs)34 through antagoNATs35, 36: single-stranded oligonucleotides 

designed to block the interactions between NATs and their sense 

mRNA and or to degrade the antisense transcript. This class of 

transcripts is particularly interesting given that it has been estimated 

that approximately one-third of protein-coding genes are regulated by 

NATs37. Recently antagoNATs have been modified to improve their 

stability, for example through the introduction of locked nucleic acids 

(LNAs) within their structure38. This approach proved to be highly 

specific and capable of inducing locus-specific regulation without 

perturbing control genes, even in proximity to the target35, 39, 40. 

Ribozymes or deozyribozymes (hammerhead ribozymes) were also 

used for targeting shorter lncRNAs characterized by an extensive 

secondary structure. These molecules bind to a complementary target 

sequence catalyzing the cleavage of the RNA region flanking the 

pairing site32. Other approaches involve the use of synthetic hairpin-

structured RNA molecules that mimic the target lncRNA, acting as 

competitors for its function. LncRNAs with these properties are 

already known: GAS5 inhibit the interaction of the glucocorticoid 

receptor with DNA promoters acting through a specific hairpin-

structure41. 

Targeting of different noncoding molecules can often be 

combined, as some of the effects mediated by microRNAs-mediated 

therapies can be attributed to the targeting of their downstream 

lncRNAs. For example, miR-155 was shown to directly target the 

transcribed ultraconserved region 160 (T-UCR 160)42. Again, 

competing endogenous RNAs (ceRNAs) can compete for microRNAs 
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binding therefore inhibiting their binding to targets43. In particular, the 

tumor suppressor gene PTEN and the lncRNA PTENP1 are targeted 

by the same set of microRNAs. Therefore if PTENP1 expression 

decreases, more microRNAs are available to target PTEN, that 

becomes downregualted, thus generating pro-tumorigenic effects44. 

Similarly, circular RNAs (circRNAs) have attracted much attention 

because they bind and sequester miRNAs, derepressing mRNA 

genes45. 

Today many companies in the USA are investigating these 

therapeutic approaches involving lncRNAs37. Of course, these 

technologies share some drawbacks with the already-mentioned 

classical therapeutic strategies, such as toxicity and pro-inflammatory 

properties that are intrinsic to oligonucleotides-mediated approaches46, 

47, 48. Off-target effects could also be possible and it is therefore 

important to use stringent controls to evaluate alterations in the 

expression of genes other than the intended one38, 49. Safe and efficient 

in vivo delivery is another crucial hurdle that lncRNA targeting 

technologies have in common with oligonucleotide-based therapies. 

Systemic delivery by intravenous treatment was approved by the US 

Food and Drug Administration (FDA) for a NAT targeting the 

apolipoprotein B, but denied by the Europeaan Medicines Agency 

panel50 due to potential adverse effect. Targeted or highly localized 

delivery was used to treat the central nervous system (CNS) with 

relative success51, 52, 53, 54, 55, especially through the intrathecal route56, 

57. Acting on chemical modifications58 or using various delivery 

approaches (viral or non-viral vectors) can help to decrease immune 

activation and to achieve a proper dosing control of treatments47. 
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Notably, a major advantage of antagoNATs is their ability to be 

administered systemically without requirement for any delivery 

vehicles38, 49. 

The immune system is particularly interesting for lncRNAs-

mediated therapies. Indeed, lymphocytes are characterized by an 

extreme flexibility and plasticity. This property ensures a proper 

immune response to different external clues and challenges, in a way 

that is certainly advantageous in terms of host defense. Conversely 

though lymphocytes are also major players in mediating autoimmune 

and allergic diseases. The failure to generate a proper differentiation 

signaling cascade can indeed lead to diseases: dominant negative 

STAT3 mutations characterize the hyperimmunoglobulin E syndrome 

(Job’s syndrome), due to the failure to differentiate T lymphocytes 

into TH17 cells59, 60. Indeed, IL-6 and IL-23 both signal through 

STAT3 driving TH17 differentiation together with IL-1 and TGF-β. 

Similarly, gain-of-function mutation involving STAT1 causes primary 

immunodeficiency such as the chronic mucocutaneous candidiasis 

again characterized by an impaired TH17 generation, being STAT1 an 

important negative regulator of TH17 differentiation61. Thus the proper 

balancing between the different lymphocytes subsets is of key 

importance to ensure protection against infections, hypo- or hyper-

immune responses syndromes. We must not forget, though, that the 

picture is not so easy. The plasticity of T cell differentiation emerges 

also in case of pathologies. For example, it is now well appreciated 

that IgE is a central player in the pathophysiology of allergies and 

asthma62, 63. The generation of B cells producing this immunoglobulin 

is triggered by IL-4, but now is clear that also TFH cells are 
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fundamental for providing B-cell help in germinal centers64, 65. The 

prototypical cytokine for TFH cells is not IL-4, but IL-21. Nonetheless, 

these cells are able to produce also IFN-γ, IL-4, IL-17 and IL-1065, 66, 

67. Thus, it is clear that lymphocytes provide host defense and generate 

immune-mediated diseases by attaining multiple distinct fates even 

after their initial differentiation, thanks to their intrinsic plasticity. In 

this context we can envision therapies to modulate the balance 

between effector lymphocytes reprogramming already differentiated 

cells, thanks to the exploitation of their peculiar plasticity through 

lncRNAs-mediated therapies. Indeed, given that lncRNAs act as fine-

tuners of cell differentiation, we could modulate the differentiation 

network acting through lncRNAs. This strategy could have the already 

mentioned advantages and could act in a less invasive and more 

specific way. Indeed, given that lncRNAs are not major hubs within 

cell networks, their overexpression or downregulation would cause a 

more physiological cascade with minor perturbations if compared to 

the overexpression or downregulation of a key regulatory hub such as 

a master gene. Strategies like this could help us in the modulation of 

TH1-TH2 balance during allergic responses or could decrease Treg 

differentiation counteracting Treg mediated inhibition of immune 

responses at tumor sites, just to give an example. 

Thus understanding the mechanisms of function of lncRNAs in 

driving the differentiation events in the human immune system, like in 

our case, is of central importance for the identification of novel and 

more specific therapeutic targets for immune-related diseases. 
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