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INTRODUCTION 

The number of loci in mammalian genomes that produce RNA that do not code for proteins is higher 

than the number of loci that produce protein coding RNAs (1,2). These non-protein coding RNAs are 

commonly referred to long non-coding RNAs (lncRNAs) if their transcript length exceeds 200 

nucleotides. Many of these lncRNA loci are not conserved across species. However, some loci are 

conserved on the syntenic level and some even on the transcript level. One of the syntenic conserved 

lncRNAs is the Fendrr gene, divergently expressed from the essential transcription factor coding gene 

Foxf1. Both genes have been implicated in various developmental processes (3-5) and particularly in 

heart and lung development (6-9). 

The Fendrr lncRNA was shown to be involved in several pathogeneses with fibrotic phenotypes. In a 

transverse aortic constriction (TAC) mouse model, Fendrr was upregulated in heart tissue. Loss of 

Fendrr RNA via an siRNA approach alleviated fibrosis induced by TAC, demonstrating a pro-fibrotic 

function for Fendrr in the heart (10). In contrast, in humans with Idiopathic Pulmonary Fibrosis (IPF) and 

in mice with bleomycin-induced pulmonary fibrosis, the Fendrr/FENDRR RNA was downregulated (11). 

In addition, depletion of FENDRR increases cellular senescence of human lung fibroblast. While 

overexpression of human FENDRR in mice reduced bleomycin-induced lung fibrosis, revealing an anti-

apoptotic function of FENDRR in lungs and a conservation of the mouse Fendrr and the human 

FENDRR in this process. Fendrr/FENDRR seems to have opposing functions on fibrosis in heart and 

in lung tissue, indicating that secondary cues such as active signalling pathways might be required. 

In the lung, FENDRR is a potential target for intervention to counteract fibrosis and the analysis of its 

function in this process and how target genes are regulated is of interest to develop RNA-based 

therapies (12). LncRNAs can exert their function on gene regulation via many different mechanisms 

(13). One mechanism is that the RNA is tethered to genomic DNA either by base-pairing or by 

RNA:dsDNA triplex formation involving Hoogsteen base pairing (14). Here, we deleted such a Triplex 

formation site in the Fendrr lncRNA in vivo. We identified genes that are regulated by Fendrr in the 

developing mouse lung and require the triplex forming RNA element, which we termed the FendrrBox. 

The gene network that is regulated by Fendrr and require the FendrrBox element is associated with 

extracellular matrix deployment and with lung fibrosis. We verified that regulation of these genes is 

depending on the presence of full length Fendrr and active Wnt signalling, establishing that Fendrr, and, 

in particular, its FendrrBox element, is involved in Wnt dependent lung fibrosis. 
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RESULTS 

The FendrrBox region is partially required for Fendrr RNA function 

We established previously that the long non-coding RNA Fendrr is an essential lncRNA transcript in 

early heart development in the murine embryo (3). In addition, the Fendrr locus was shown to play a 

role in lung development (7). Expression profiling of pathological human lungs revealed that FENDRR 

is dysregulated in disease settings (16). In the second to last exon of the murine Fendrr lncRNA 

transcript resides a UC-rich low complexity region of 38bp, which can bind to target loci and thereby 

tether the Fendrr lncRNA to the genome of target genes(17). To address if this region is required for 

Fendrr function, we deleted this FendrrBox (Fendrrem7Phg/em7Phg) in mouse embryonic stem cells (mESCs) 

(Figure 1A). We generated embryos from these mESCs and compared them to the Fendrr null 

phenotype (Figure 1B). The FendrrNull (Fendrr3xpA/3xpA) embryos exhibit increased lethality starting at 

the embryonic stage E12.5 and all embryos were dead prior to birth and in the process of resorption 

(3). In contrast, the FendrrBox mutants, which survived longer, displayed an onset of lethality later 

during development (E16.5) and some embryos survived until short before birth. The surviving embryos 

of the FendrrBox mutants were born and displayed an increased postnatal lethality (Figure 1C). This 

demonstrates that the FendrrBox element in the Fendrr RNA is most likely partially required for Fendrr 

function in embryo development and for postnatal survival. 

 

Gene expression in FendrrNull and FendrrBox mutant developing lungs 

Given the involvement of Fendrr in lung development (7) and the involvement of mutations in human 

FENDRR in lung disease (9), we wanted to determine the genes affected by a loss of Fendrr or the 

FendrrBox in developing lungs to identify Fendrr target genes. However, when we collected the lungs 

from surviving embryos of the E14.5 stage we did not identify any significant dysregulation of genes, 

neither in the FendrrNull nor in the FendrrBox mutant lungs (Figure S1). One explanation is that the 

incomplete genetic penetrance of Fendrr mutants results in a compositional bias. Surviving embryos do 

not display any differences in gene regulation and those which did, were lethal and the embryos died 

already. To circumvent this issue, we collected embryonic lungs from E12.5 stage embryos, before the 

timepoint that any lethality occurs and cultivated the lung explants ex vivo under defined conditions. 

After 5 days of cultivation some lungs from all phenotypes detached from the supporting membrane. 

Hence, we choose to analyze 4 day cultivated lungs (corresponding then to E16.5) (Figure 2A). When 

we compared expression between wild type, FendrrNull and FendrrBox mutant E16.5 ex vivo lungs we 

found 119 genes dysregulated in Fendrr null and 183 genes in FendrrBox mutant lungs compared to 

wild type (Figure 2B). When we analysed the GO terms of downregulated genes in both Fendrr mutants 

we found mainly genes involved in lung and respiratory system development, as well as cell-cell contact 

organization and extracellular matrix organization (Figure 2C). Upregulated genes in both mutants were 

mostly associated with genome organization, replication, and genome regulation. Overall, 60 genes 

were commonly dysregulated in both mutants (Figure 2D). Strikingly, these shared dysregulated genes 





Tm1(RNA_short:dsDNA) = 20.9 ± 0.2 °C and a second broad melting transition Tm2(RNA_short:dsDNA) 

around 72 °C and with the Fendrr_long RNA Tm1(RNA_long:dsDNA) = 22.9 ± 0.1 °C and a second 

broad melting transition Tm2(RNA_long:dsDNA) around 75 °C . For the duplex melting temperature 

Tm(DNA duplex) = 68.8 ± 0.1 °C (Figure 3G). The data indicate the triplex forming potential of Fendrr 

RNA with different TDF predicted DNA sequences (Figure 3E, H).  

Signalling dependent regulation by Fendrr 

To functionally test for direct Fendrr targets, we wanted to analyze the expression of these 20 genes in 

NIH3T3 mouse fibroblasts. Only 6 out of these 20 are expressed in this cell line and Fendrr is only very 

lowly expressed. To activate endogenous Fendrr expression we tested several gRNAs to recruit the 

dCAS9-SAM transcriptional activator complex (21) to the promoter region of Fendrr. We identified three 

gRNAs (Figure 4A) that could exclusively activate endogenous Fendrr without significant activation of 

the Foxf1 gene (Figure 4B). Such transfected fibroblasts have a 15-fold increase in Fendrr transcript. 

Upon over activation of endogenous Fendrr, none of the expressed FendrrBox target genes displayed 

an increase in expression (Figure 4C), as it would be expected as these genes are downregulated in 

Fendrr loss-of-function mutants (Figure 3B). We speculated that in addition to overexpression of Fendrr, 

an additional pathway needs to be activated. The BMP, FGF and Wnt pathway are known to play an 

important role in lung fibrosis (22,23). We therefore activated the BMP signalling pathway, FGF-

signalling pathway and the Wnt signalling pathway in these fibroblasts (Figure 4D-F). We found that 

only when Wnt signalling was activated, overactivation of Fendrr could increase the expression of nearly 

all the expressed FendrrBox target genes (Figure 4F). This places the lncRNA Fendrr as a direct co-

activator of Wnt-signalling in fibroblasts and most likely in lung fibrosis. 

 

DISCUSSION 

We showed previously that Fendrr can bind to promoters of target genes in the lateral plate mesoderm 

of the developing mouse embryo (3,17). As Fendrr can also bind to histone modifying complexes, it is 

assumed that Fendrr directs these complexes to its target genes. However, that the FendrrBox might 

be the recruiting element was so far only supported by a biochemical approach that shows binding of 

the FendrrBox RNA element to two target promoters in vitro (3). 

The involvement of Fendrr in lung formation was shown previously, albeit with a completely different 

approach to the removal of Fendrr. The replacement of the full length Fendrr locus by a lacZ coding 

sequence resulted in homozygous postnatal mice to stop breathing within 5h after birth (7). These mice 

also allowed for tracing Fendrr expression to the pulmonary mesenchyme, to which also vascular 

endothelial cells and fibroblasts belong. At the E14.5 stage FendrrLacZ mutant mice exhibit hypoplastic 

lungs. Our ex vivo analysis of lungs from our specific Fendrr mutants confirms the involvement of Fendrr 

in lung development. Here we show for the first time that the FendrrBox is at least partially required for 

in vivo functions of Fendrr and identified several, potential direct target genes of Fendrr in lung 
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