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ABSTRACT 

Long non-coding RNAs are a very versatile class of 
molecules that can have important roles in regulating 

a cells function, including regulating other genes on 

the transcriptional level. One of these mechanisms 

is that RNA can directly interact with DNA thereby 

recruiting additional components such as proteins 

to these sites via an RNA:dsDNA triplex formation. 
We genetically deleted the triplex forming sequence 

( FendrrBox ) from the lncRNA Fendrr in mice and 

found that this FendrrBox is partially required for 
Fendrr function in vivo . We found that the loss of 
the triplex forming site in developing lungs causes 

a dysregulation of gene programs associated with 

lung fibrosis. A set of these genes contain a triplex 

site directly at their promoter and are expressed in 

lung fibroblasts. We biophysically confirmed the for- 
mation of an RNA:dsDNA triplex with target promot- 
ers in vitro . We found that Fendrr with the Wnt sig- 
nalling pathway regulates these genes, implicating 

that Fendrr synergizes with Wnt signalling in lung 

fibrosis. 

GRAPHICAL ABSTRACT 

INTRODUCTION 

The number of loci in mammalian genomes, which pro- 
duce 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 r eferr ed 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 con- 
served on the syntenic level and some even on the transcript 
le v el. One of the syntenic conserved lncRNAs is the Fendrr 
gene, di v ergently e xpressed from the essential transcription 
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factor coding gene Foxf1 . Both genes have been implicated 

in various de v elopmental processes ( 3–5 ) and particularly 

in heart and lung de v elopment ( 6–9 ). 
The mouse Fendrr and its human orthologue ( FENDRR ) 

seem to have opposing functions on fibrosis in heart and 

lung tissue, indica ting tha t secondary cues such as acti v e 
signalling pathways might be r equir ed. In a transverse aor- 
tic constriction (TAC) mouse model, Fendrr was upregu- 
lated in heart tissue. Loss of Fendrr RNA via an siRNA 

approach alleviated fibrosis induced by TAC, demonstrat- 
ing a pr o-fibr otic function for Fendrr in the heart ( 10 ). In 

contrast, in humans with Idiopathic Pulmonary Fibrosis 
(IPF) and in mice with b leomy cin-induced pulmonary fi- 
brosis, the Fendrr / FENDRR RNA was downregulated ( 11 ). 
In addition, depletion of FENDRR increases cellular senes- 
cence of human lung fibrob lasts. Ov ere xpression of human 

FENDRR in mice reduced b leomy cin-induced lung fibrosis, 
re v ealing an anti-apoptotic function of FENDRR in lungs. 
Mor eover, this r esult also suggests some conservation of 
mouse and human Fendrr / FENDRR in this process ( 11 ). 

In the lung, FENDRR is a potential target for interven- 
tion to counteract fibrosis. The analysis of its function in 

this process and how target genes are regulated is of interest 
to de v elop RN A-based thera pies ( 12 ). LncRN As can exert 
their function on gene regulation via many different mech- 
anisms ( 13 ). One mechanism is that the RNA is tethered to 

genomic DNA either by base-pairing or by RN A:dsDN A 

triplex f ormation in volving 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 de v eloping mouse lung and r equir e the triplex 

forming RN A element, w hich we termed the FendrrBox . 
The gene network that is regulated by Fendrr and r equir es 
the FendrrBox element is associated with extracellular ma- 
trix deployment and with lung fibrosis. We have confirmed 

that the expression of these genes is dependent on the pres- 
ence of the full-length Fendrr and the FendrrBox specifically, 
in conjunction with acti v e Wnt signalling. This indicates 
that Fendrr and particularly its FendrrBox element is likely 

to play a role in Wnt-dependent lung fibrosis. 

MATERIALS AND METHODS 

Culturing of mouse ES cells 

The mouse embryonic stem cells (mESC) were either cul- 
tured in feeder free 2i media or on feeder cells (mitomycin 

inacti vated SWISS embryonic fibrob lasts) containing LIF1 

(1000 U / ml). 2i media: 1:1 Neurobasal (Gibco #21103049) 
:F12 / DMEM (Gibco #12634-010), 2 mM L -glutamine 
(Gibco), 1x Penicillin / Streptomycin (100 × penicillin (5000 

U / ml) / streptomycin (5000 ug / ml), Sigma #P4458-100ML, 
2 mM glutamine (100 × GlutaMAX ™ Supplement, Gibco 

#35050-038), 1 × non-essential amino acids (100 × MEM 

NEAA, Gibco #11140-035), 1 × sodium pyruvate (100 ×, 
Gibco, #11360-039), 0.5 × B-27 supplement, serum-free 
(Gibco #17504-044), 0.5 × N-2 supplement (Gibco # 

17502-048), gl yco gen synthase kinase 3 inhibitor (GSK- 
Inhibitor, Sigma, #SML1046-25MG), MAP-kinase in- 
hibitor (MEK-Inhibitor Sigma, #PZ0162), 1000 U / ml 
Murine Leukemia Inhibitory Factor ESGRO (10 

7 LIF, 

Chemicon #ESG1107), ES-serum media: knockout Dul- 
becco’ s modified Eagle’ s medium (DMEM Gibco#10829- 
018), ES cell tested fetal calf serum (FCS), 2 mM glutamine, 
1 × penicillin / streptomycin, 1 × non-essential amino acids, 
110 nM ß-Mercaptoethanol, 1 × nucleoside (100x Chemi- 
con #ES-008D), 1000 U / ml LIF1. 

The cells were split with TrypLE Express (1 ×, Gibco 

#12605–010) and the reaction was stopped with the 
same amount of phospha te-buf fered saline (PBS Gibco 

#100100239) followed by centrifugation at 1000 rpm for 
5min. The cells were frozen in the appropriate media con- 
taining 10% dimethyl sulfoxide (DMSO, Sigma Aldrich 

#D5879). To minimize any effect of the 2i ( 15 ) on the 
de v elopmental potential mESC were only kept in 2i for 
the antibiotic selection after tr ansient tr ansfection with 

CRISPR / Cas9 or mini gene integration and DNA genera- 
tion for genotyping. At all other times cells were maintained 

on ES-Serum media on feeder cells. 

Generation of transgenic or CRISPR / cas9 edited mESC 

Guide RNAs were designed, using the crispr.mit.edu 

w e bsite with the nickase option. The following, top- 
scoring guide RNAs were selected and cloned into 

pX330 (Addgene, #42230) plasmid to allow for transient 
puromycin selection after transfection. The sgRNAs 
used for the deletion of the FendrrBox ar e upstr eam(L): 
TCAGGCAA CA CTCA CTGGA C, downstream(R): 
GGGAA GACATGGGGGA GTAA. Wild-type F1G4 

cells were transiently transfected with 2 �g / mL puromycin 

(Gibco, #10130127) for 2 days and 1 �g / ml puromycin 

f or 1 da y. Single mESC clones were picked 7–8 days after 
transfection and plated onto 96-well synthemax (Sigma, 
#CLS3535) coa ted pla tes and screened for genomic DNA 

deletion by PCR using primers outside of the deletion 

region. 

Genotyping of Fendrr 3xpA / 3xpA and Fendrr em7Phg / em7Phg tis- 
sues 

The REDExtract-N-Amp ™ Tissue PCR Kit (Merck, 
XNAT) was used for genotyping for all tissue explants. 
Genotyping of FendrrNull ( Fendrr 3xpA / 3xpA ) embryos 
with the three primers: Fendrr3xpA F1: GCGCTCC- 
CCA CTCA CGTTCC, Fendrr3xpA Ra1: AGGTTC- 
CTT CACAAAGAT CCCAAGC, genoNCrna Ra4: 
AA GATGGGGAACCGA GAATCCAAA G that will 
generate a 696bp band in wild type and a 371bp band 

when the 3xpA allele is present. Genotyping of FendrrBox 

( Fendrr em7Phg / em7Phg ) embryo tissues with: FendrrBox F2: 
ATGCTTCCAA GGAA GGA CGG , FendrrBox R2: 
CTT GACGCCAAGCTCCT GTA tha t genera te a 602bp 

product in wild type and a 503bp product when the 
FendrrBox is missing. 

Culturing of NIH3T3 cells 

NIH3T3 cells were cultured in DMEM (Gibco #11960- 
044) containing 10% Bovine Serum (Fisher Scientific 
#11510526), 1% GlutaMAX ™ (Gibco #35050–038) and 

1% Penicillin-Streptomycin (Sigma Aldrich #P4458). For 
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the experiment, the cells were detached using Trypsin- 
EDTA (Gibco #25300-054). The reaction was stopped by 

adding double the amount of fresh media followed by cen- 
trifuga tion a t 1000 rpm for 4 min. The pellet was resus- 
pended in fresh medium and counted using a Chemometec 
NucleoCounter NC-200 Automated Cell Counter (Wotol 
#2194080-18). 0.15 × 10 

6 cells were seeded per well (Greiner 
Bio-One ™ #657160). 

Generation of CRISPR / cas9 edited NIH3T3 cells 

The same sgRNAs for deletion of the FendrrBox as 
used in the mESCs were used for the NIH3T3 cells 
(upstr eam(L): T CAGGCAA CA CTCA CTGGA C, down- 
stream(R): GGGAA GACATGGGGGA GTAA). The sgR- 
NAs were cloned into an expression plasmid for two sgR- 
NAs (addgene #100708). For selection purposes a CMV- 
mScarlet was inserted using the EcoRI restriction site. The 
plasmid was co-transfected into NIH3T3 cells with a Cas9- 
GFP plasmid (addgene #78311) as described above (1:3 

Cas9 to sgRNA ratio). 48h after transfection the cells 
were detached and resuspended in DPBS containing 2mM 

EDTA (Invitrogen #AM9260G) and 2% bovine serum 

(Fisher Scientific #11510526). The cell suspension was 
passed through a 70 �m cell strainer (Corning ™ #10788201) 
to obtain a single cell solution. GFP and mScarlet double- 
fluorescent single cells were sorted into 96-well plate using 

the FACSAria ™ Fusion Flow Cytometer (BD Biosciences) 
to obtain clonal cultures. Genotyping was conducted as de- 
scribed abov e. Positi v e clones harbouring the deletion of the 
FendrrBox were expanded and used for further experiments. 
The mutant cells were maintained and treated similar to 

wild type NIH3T3 cells. 

Culturing of MLg cells 

MLg cells were cultured in DMEM (Gibco #11960-044) 
containing 10% Fetal Bovine Serum (PAN Biotech #P30- 
3300), 1% GlutaMAX ™ (Gibco #35050–038) and 1% 

Penicillin-Streptomycin (Sigma Aldrich #P4458). For the 
experiment, the cells were handled and pr epar ed as de- 
scribed above for NIH3T3 cells. 

CRISPR-activation of fendrr and treatment of NIH3T3 cells 

Three guide RNAs targeting the Fendrr promoter were de- 
signed using the crispor .tefor .net w e bsite ( 16 ). Fendrr sg1: 
GGCCTCCGACGCTGCGCGCC, Fendrr sg2: 
TCAA CGTAAA CA CGTTCCGG , Fendrr sg3: AGTTG- 
GCCT GAT GCCCCTAT. A non-specific guide RNA 

ctrl sg: GGGT CTT CGA GAA GACCT served as control. 
The guide RNAs were cloned into the sgRNA(MS2) 
plasmid (addgene #61424). The CRISPR SAM plasmid 

(pRP[Exp]-Puro-CAG-dCAS9-VP64:T2A:MS2-p65- 
HSF1) was a gift from Mohamed Nemir from the 
Experimental Cardiology Unit Department of Medicine 
Uni v ersity of Lausanne Medical School. 

For transfection, Lipofectamine 3000 (Invitrogen 

#L3000001) was used following the manufacturer’s guide- 
lines. Briefly, 1 �g total plasmid DNA (1:3 SAM to gRNA 

ratio) was diluted in Opti-MEM (Gibco #31985062) and 

mixed with p3000 rea gent. Lipofectamine rea gent was 
diluted in Opti-MEM and subsequently added to the DNA 

mixture. During the incubation the cells were washed 

with DPBS (Gibco #14190250) and provided with fresh 

Opti-MEM. Transfection mix was added to the cells and 

incubated for 4 h at 37 

◦C. After the incubation, the media 

was changed with full media containing FGF (10 ng / ml 
bFGF, Sigma Aldrich #F0291; 25 ng / ml rhFGF, R&D 

Systems #345-FG), BMP-4 (40 ng / ml, R&D Systems 
#5020-BP-010) or CHIR99021 (3 �M, Stemcell #72052). 
The treatment was replenished by changing media af- 
ter 24 h, cells were harvested for RNA isolation after 
48 h. 

Lung pr epar ation and RNA isolation 

Staged embryo lungs were dissected from uteri into PBS 

and kept on ice in M2 media (Merck, M7167-50ML) until 
further processing. For direct RNA isolation the lung tis- 
sue was transferred into Precellys beads CK14 tubes (VWR, 
10144–554) containing 1ml 900 �l Qiazol (Qiagen, #79306) 
and directly processed with a Bertin Minilys personal ho- 
mogenizer. To remove the DNA 100 �l gDNA Eliminator 
solution was added and 180 �l Chloroform (AppliChem, 
#A3633) to separate the phases. The extraction mixture was 
centrifuge at full speed, 4 

◦C for 15 min. The aqueous phase 
was mixed with the same amount of 70% ethanol and trans- 
ferred to a micro or mini column depending of the amount 
of tissue and cells. The RNA was subsequently purified with 

the Qiagen RNAeasy Plus Min Kit (Qiagen, #74136) ac- 
cording to the manufacturer’s manual. Remaining tissue 
from the same embryos was used for genotyping to select 
homozygous mutants. 

Lung ex vivo culture 

The lung culture was adopted from a previous published 

protocol ( 17 ). Lungs were dissected from the E12.5 staged 

embryos in ice-cold PBS containing 0.5% FCS. Lungs 
were then placed in holding medium: Leibovitz’s L-15 

Medium (ThermoFisher Scientific, 11415064) containing 

1 × Corning ™ MITO + Serum Extender (Fisher scien- 
tific, 10787521) and 1 × Pen / Strep. Explant media (Ad- 
vanced DMEM / F12 (ThermoFisher Scientific, 12634010), 
5 × Corning ™ MITO + Serum Extender, 1 × Pen / Strep, 10% 

FCS) was placed into a 6-well tissue culture dish (0.8–1.0 

ml) and the 6-well plate fitted with Falcon ™ Cell Culture 
Inserts with 8 um pore size (Fisher Scientific, 08-771-20). 
The lungs were transferred from the holding medium onto 

the membrane with a sterile razor blade and 5–10 ul of hold- 
ing media to keep the lungs wet. Cells were cultured at 37 

◦C 

with an atmospheric CO 2 of 7.5%. After the indicated time 
the lungs were removed from the membrane and RNA iso- 
lated as described above. 

Generation of mouse embryos from mESCs 

All animal procedures were conducted as approved by lo- 
cal authorities (LAGeSo Berlin) under the license number 
G0368 / 08. Embryos were generated by tetraploid morula 

aggregation of embryonic stem cells as described in ( 18 ). 
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SWISS mice were used for either wild-type donor (to gener- 
ate tetraploid morula) or transgenic recipient host (as fos- 
ter mothers for transgenic mutant embryos). All transgenic 
embryos and mESC lines were initially on a hybrid F1G4 

(C57Bl6 / 129S6) background and backcrossed se v en times 
to C57Bl6J for the preparations of embryonic lungs. The 
study is reported in accordance with ARRIVE guidelines 
( https://arri v eguidelines.org/ ). 

Real-time quantitative PCR analysis 

Quantitati v e PCR (qPCR) analysis was carried out on a 

StepOnePlus ™ Real-Time PCR System (Life Technologies) 
using Fast SYBR ™ Green Master Mix (ThermoFisher 
Scientific #4385612). RNA le v els were normalized to 

housekeeping gene. Quantification was calculated using the 
�� Ct method ( 19 ). Rpl10 served as housekeeping control 
gene for qPCR. The primer concentration for single a single 
reaction was 250nM. Error bars indicate the standard error 
from biological replicates, each consisting of technical trip- 
licates. The Oligonucleotides for the qPCRs are as follows: 
Emp2 qPCR fw:GCTTCTCTGCTGACCTCTGG, 
Emp2 qPCR rv:CGAACCT CT CT CCCT GCTT G, 
Serpinb6b qPCR fw:ATAAGCGTCTCCTCAGCCCT, 
Serpinb6b qPCR rv:CTTTTCCCCGAAGAGCCTGT, 
Trim16 qPCR fw:CCA CA CCAGGAGAACAGCAA,Tr 
im16 qPCR rv:AGGTCCAACTGCATA CA CCG,Fn1 q 

PCR fw:GAGTAGACCCCAGGCACCTA,Fn1 qPC 

R rv:GTGTGCT CT CCTGGTTCTCC,Akr1c14 qPCR f 
w:TGGTCACTTCATCCCTGCAC,Akr1c14 qPCR r 
v:GCCTGGCCTACTT CCTCTT C,Ager qPCR fw:TG 

GTCAGAACATCACAGCCC,Ager qPCR rv:CATTGG 

GGA GGATTCGA GCC,Fendrr qPCR fw:CTGCCCGT 

GTGGTTATAATG,Fendrr qPCR rv:TGACT CT CAA 

GTGGGTGCTG,Foxf1 qPCR fw:CAAAA CAGTCA C 

AACGGGCC,Foxf1 qPCR rv:GCCTCACCTCACAT 

CACACA,Rpl10 qPCR fw:GCTCCACCCTTTCCAT 

GTCA,Rpl10 qPCR rv:T GCAACTTGGTTCGGAT G 

GA. 

T riplex pr ediction 

To calculate Fendrr triplex targets, deregulated (DE) genes 
from FendrrNull and FendrrBox RNA-Seq output were in- 
tersected and RN A-DN A triplex forming potential of the 
shar ed genes wer e calculated with Triplex Domain Finder 
(TDF) algorithm ( 20 ). The command was executed with 

promotertest option and –organism = mm10. The rest of 
the options were set to the default settings. 

CD spectroscopy and melting curve analysis 

Circular dichroism (CD) spectra were acquired on a Jasco 

J-810 spectropolarimeter. The measur ements wer e r ecorded 

from 210 to 320 nm at 25 

◦C using 1 cm path length quartz 
cuvette. CD spectra wer e r ecorded on 8 �M samples of each 

DNA duplex and RNA:dsDNA triplex in 20 mM LiOAc, 
10 mM MgCl 2 , pH 5.5. For the RN A:dsDN A triplex an 

excess of 5 eq. RNA was used. By hybridization DNA du- 
plex and RN A:dsDN A triplex were f ormed. Theref ore, the 

complementary DNA strands were incubated at 95 

◦C for 
5 min and afterwards cooled down to room temperature. 
For the triplex formation RNA was added to the DNA 

duplex and incuba ted a t 60 

◦C for 1 h and then cooled 

down to room temperature ( 21 ). The sequences used are 
listed below. Spectra were acquired with 8 scans and the 
data was smoothed with Savitzky-Golay filters. Observed 

ellipticities recorded in millidegree (mdeg) were converted 

to molar ellipticity [ �] = deg × cm 

2 × dmol -1 . Melting 

curves wer e acquir ed at constant wavelength using a tem- 
per ature r ate of 1 

◦C / min in a range from 5 

◦C to 95 

◦C. 
All melting temperature data was converted to normalized 

ellipticity and evaluated by the following equation using 

SigmaPlot 12.5: 

f 
a (

1 + exp 

(
−a 

( x −x0 ) 
b 

)) + 

c (
1 + exp 

(
−a 

( x −x2 ) 
d 

))

The RNA and DNA oligos used her e wer e: Fendrr: UC 

UUCUCUCUCCUCUCUUCUCCCUCCCCUC (30 nt), 
Emp2 (GA-rich): A GGAGAGAGAGGA GA GA GGGGA 

GAGAGGGG (30 nt), Emp2 (CT-rich): CCCCT CT C 

T CCCCTCTCTCCT CT CT CT CCT (30 nt), Foxf1 (GA- 
rich): CCGAGCCGGGA GGAGGA GGAGGA GCAGG 

A GGGGAGGGAGGGGA GGGGGCT (50 nt), Foxf1 

(CT-rich): AGCCCCCTCCCCT CCCT CCCCTCCTGCT 

CCT CCTCCT CCTCCCGGCT CGG (50 nt), Serpin6B 

(CT-rich): CCCCCTCTT CCTCTT CT CTTCTTTCC, Ser- 
pin6B (GA-rich): GGAAA GAAGAGAA GA GGAA GA G 

GGGG, Ager (CT-rich): CCCACCACCCTCTTCACTCC 

C, Ager (GA-rich): GGGAGTGAA GA GGGTGGTGG 

G, Trim16 (CT-rich): CCT CCCCCT CCCCTT CT CT CTA 

CTCC, Trim16 (GA-rich): GGA GTAGAGAGAA GGG 

GAGGGGGAGG, Akr1c14 (CT-rich): TCTTCCCCTT 

CCTTACT CT CT CTTCT, Akr1c14 (GA-rich): AGAAGA 

GAGAGTAAGGAAGGGGAAGA, Fn1 (CT-rich): GT 

CCGACTCCTCCCGCCCCTCC, Fn1 (GA-rich): GGAG 

GGGCGGGAGGAGTCGGAC. 

Sequencing and analysis of RNA-seq 

RNA was treated to deplete rRNA using Ribo-Minus tech- 
nology. Libraries were prepared from purified RNA using 

ScriptSeq ™ v2 and were sequenced on an Illumina HiSeq 

platform. We obtained 60 million pair ed-end r eads of 50 bp 

length. Read mapping was done with STAR aligner using 

default settings with the option –outSAMtype BAM Sort- 
edByCoordinate ( 22 ) with default settings. For known tran- 
script models we used GRCm38.100 Ensembl annotations 
downloaded from Ensembl repository ( 23 ). Counting reads 
over gene model was carried out using GenomicFeatures 
Bioconductor package ( 24 ). The aligned reads were anal- 
ysed with custom R scripts in order to obtain gene expres- 
sion measures. For normalization of read counts and iden- 
tification of differentially expressed genes we used DESeq2 

with Padj < 0.01 cutoff ( 25 ). GO term and KEGG pathways 
were analysed using g:Profiler ( 26 ) and metascape ( 27 ). The 
data are deposited to GEO and can be downloaded under 
the accession number GSE186703. 

https://arriveguidelines.org/
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Figure 1. Position and r equir ement of the FendrrBox for survival. ( A ) Schematic of the Fendrr locus and the localization of the DNA interacting region 
( FendrrBox ) in exon six. The localization of the gRNA binding sites (grey arrows) are indicated and the resulting deletion of 99bp, including the FendrrBox , 
in the genome tha t genera tes the Fendrr em7PhG / em7PhG allele ( FendrrBox ). Genotyping of biopsies from embryos of the different genotypes. ( B ) Embryos 
and ( C ) life animals were generated by tetraploid aggregation and the surviving animals counted. *** P > 0.0001 by log-rank (Mantel–Cox) test. 

RESULTS 

The FendrrBox region is partially required for Fendrr RNA 

function 

We estab lished pre viously that the long non-coding RNA 

Fendrr is an essential lncRNA transcript in early heart de- 
velopment in the murine embryo ( 3 ). In addition, the Fendrr 
locus was shown to play a role in lung de v elopment ( 7 ). 
Expression profiling of pathological human lungs re v ealed 

that FENDRR is dysregulated in disease settings ( 28 ). In 

the second to last exon of the murine Fendrr lncRNA tran- 
script 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 ( 29 ). To address if 
this region is required for Fendrr function, we deleted this 
F endrrBox ( F endrr em7Phg / em7Phg ) in mouse embryonic stem 

cells (mESCs) (Figure 1 A). We generated embryos from 

these mESCs and compared them to the Fendrr null pheno- 
type (Figure 1 B). The FendrrNull ( Fendrr 3xpA / 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 mu- 
tants, which survi v ed longer, displayed an onset of lethal- 
ity later during de v elopment (E16.5) and some embryos 
survi v ed until short before birth. The surviving embryos 
of the FendrrBox mutants were born and displayed an in- 
creased postnatal lethality (Figure 1 C). Thus, FendrrBox 

mutants exhibit an incomplete genetic penetrance for sur- 
vival compared to the fully penetrant FendrrNull mutation. 

This shows that the FendrrBox element is most likely par- 
tially r equir ed for Fendrr function in embryo de v elopment 
and for postnatal survival, while the full Fendrr transcript is 
essential. 

Gene expression in FendrrNull and FendrrBox mutant devel- 
oping lungs 

Gi v en the involv ement of Fendrr in lung de v elopment ( 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 de v eloping lungs 
to identify Fendrr target genes. Howe v er, when we collected 

the lungs from surviving embryos of the E14.5 stage, we did 

not identify any significant d ysregula tion of genes, neither 
in the FendrrNull nor in the FendrrBox mutant lungs (Sup- 
plementary Figure S1). One explanation could be that those 
embryos that survi v ed compensated for the mutation with 

no detectable difference in gene regulation. To circumvent 
this issue, we collected embryonic lungs from E12.5 stage 
embry os, bef ore the time point that any lethality occurs and 

cultivated the lung explants ex vivo under defined condi- 
tions. After 5 days of cultivation, some lungs from all phe- 
notypes detached from the supporting membrane. Hence, 
we chose to analyse 4 day cultivated lungs (corresponding 

then to E16.5) (Figure 2 A). When we compared expres- 
sion between wild type, FendrrNull and FendrrBox mutant 
E16.5 ex vivo lungs we found 119 genes deregulated (DE) 
in FendrrNull and 183 genes in FendrrBox mutant lungs 



6232 Nucleic Acids Research, 2023, Vol. 51, No. 12 

Figure 2. Expression profiling of Fendrr mutant lungs in ex vivo de v elopment. ( A ) Representati v e images from a time course of ex vivo de v eloping lungs 
from the indicated genotype. The last time point r epr esenting E16.5 of embryonic de v elopment is the endpoint and lungs were used for expression profiling. 
( B ) Volcano plot r epr esentation of der egulated genes in the two Fendrr m utants determined by RN A-seq of two biolo gical replica tes. ( C ) Hea tmap of all 
242 deregulated genes of both Fendrr mutants compared to wild type. The GO terms of the either up- or downregulated gene clusters are gi v en in the box 
as determined by clusterProfiler bioconductor package ( 43 ). ( D ) Venn diagram of the individually deregulated genes and the overlap in the two different 
Fendrr mutants. Pathway analysis performed by wikiPathaways ( 44 ) is gi v en for each DE genes cluster. ( E ) Log 2 fold change scatter plot of the 60 DE genes 
shared between FendrrBox and FendrrNull . The correlation coefficient between the log 2 fold change is calculated using Pearson correla tion coef ficient test. 
Blue and red indica te tha t genes are upregulated and downregulated in both mutants, respecti v el y, w hereas gray indicates that the genes are changing in 
either mutant. 
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compared to wild type (Figure 2 B). When we analysed the 
GO terms of downregulated genes in both Fendrr mutants 
we found mainly genes involved in lung and respiratory 

system de v elopment, as well as cell-cell contact organiza- 
tion and extracellular ma trix organiza tion (Figure 2 C). Up- 
regulated genes in both mutants were mostly associated 

with genome organiza tion, replica tion, and genome regula- 
tion. Overall, 60 genes were commonly d ysregula ted in both 

mutants (Figure 2 D) and in both mutants these genes are 
d ysregula ted in the same direction (Figure 2 E). Moreover, 
separate analysis of FendrrNull and FendrrBo x deregula ted 

genes using the metascape database ( 27 ) identified lung fi- 
brosis as a common pathway in both (Figure 2 D and Sup- 
plementary Figure S2), a major condition of various lung 

diseases, including idiopathic pulmonary fibrosis (IPF). 

Prediction of Fendrr RN A:DsDN A triple x formation at pro- 
moters of DE genes 

It is concei vab le that some of these d ysregula ted genes are 
primary targets of Fendrr and some r epr esent secondary 

targets. To identify which of these d ysregula ted genes in 

Fendrr mutant lungs are likely to be direct targets of Fendrr 
via its triplex forming FendrrBox , we used the Triplex Do- 
main Finder (TDF) algorithm ( 20 ) to identify triplex form- 
ing sites on Fendrr within the promoters of the d ysregula ted 

target genes. The single significant triplex forming site (or 
DBD = DNA Binding Domain) discovered by TDF is the 
FendrrBox (Figures 1 A, 3 A), confirming previous results 
( 3 , 29 ). The TDF algorithm found no significant binding 

of Fendrr to target promoters in either genes e xclusi v e to 

FendrrBox or those e xclusi v e to FendrrNull mutant lungs. 
Howe v er, the TDF algorithm detects a significant (p-value 
0.0004) FendrrBox binding site in promoters of 20 out of 
the 60 target genes from the overlapping gene set of Fendr- 
rBox and FendrrNull mutants (Figure 3 A). We refer to these 
genes as direct FendrrBox target genes and most of these 20 

genes ar e downr egulated in loss of function Fendrr mutants 
(Figure 3 B). When we analysed more closely the GO terms 
associated with these shared genes, we find most terms to be 
associated with cell adhesion and extracellular matrix func- 
tions, a typical hallmark for fibrosis, where collagen and re- 
lated components are deposited from cells (Supplementary 

Figure S2). 

Signalling-dependent regulation by Fendrr 

To functionally test for direct Fendrr targets, we wanted to 

analyse the expression of these 20 genes in fibroblasts. We 
selected MLg and NIH3T3 cells for further anal ysis. Onl y 

6 out of these 20 genes are expressed in both cell lines at a 

le v el comparab le or higher than Foxf1 , a pre viously deter- 
mined target of Fendrr (Supplementary Figure S3). To ac- 
tivate endogenous Fendrr expression, we tested several gR- 
NAs to recruit the dCAS9-SAM transcriptional activator 
complex ( 30 ) to the promoter region of Fendrr . We iden- 
tified three gRNAs (Figure 4 A) that could e xclusi v ely acti- 
vate endogenous Fendrr without significant activation of the 
Foxf1 gene (Figure 4 B), but only in NIH3T3 cells. In MLg 

cells Fendrr could not be activated further, possibly due to 

its already higher e xpression le v el compared to NIH3T3 

Figure 3. Potential direct target genes of Fendrr. ( A ) Triplexes prediction 
analysis of the 60 shared d ysregula ted genes identifies 20 genes with a po- 
tential Fendrr triplex interacting site at their promoter. DBD = DNA Bind- 
ing Domain on RNA, TTS = triple target DNA site. ( B ) List of the 20 
Fendrr target genes that depend on the Fendrr triplex and have a Fendrr 
binding site at their promoter. 

cells. We ther efor e continued working with NIH3T3 cells, 
in w hich specificall y the Fendrr gene could be activated 

to achie v e a 15-fold increase in Fendrr transcript. Upon 

ov er-acti vation of endogenous Fendrr, none of the expressed 

FendrrBox target genes displayed an increase in expression 

(Figure 4 C), as it would be expected as these genes are 
downregulated in Fendrr loss-of-function mutants (Figure 
3 B). We speculated that in addition to ov ere xpression of 
Fendrr , an additional pathway needs to be activated. The 
BMP, FGF and Wnt pathways are known to play an im- 
portant role in lung fibrosis ( 31 , 32 ). We ther efor e activated 

the BMP, FGF and the Wnt-signalling pathways in these 
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Figure 4. Wnt-dependent Fendrr target gene regula tion. ( A ) Schema tic of the Foxf1 and Fendrr promoter region with the indication of the location of the 
3 gRNAs used for specific Fendrr endogenous activation. Sanger sequencing of NIH3T3 and MLg genomic DNA verified absence of mutations in gRNA 

binding sites. ( B ) Expression changes of Fendrr and Foxf1 after Fendrr CRISPRa ( Fendrr SAM ) in MLg and NIH3T3 cells. Note that only in NIH3T3 cells 
upregulation of Fendrr could be detected. ( C ) Fendrr triplex containing Fendrr target genes expressed in NIH3T3 cells after 48 h of Fendrr SAM transfection. 
( D ) Expression changes after 48 h of co-stimulation with FGF. ( E ) Expression changes after 48 h of co-stimulation with BMP-4. ( F ) Expression changes 
after 48 h of co-stimulation of Wnt-signalling. ( G ) Schematic of the generation of NIH3T3 FendrrBox deletion mutants. ( H ) Expression changes of NIH3T3 
FendrrBox deletion mutants upon Fendrr SAM and co-stimulation with Wnt. Each dot r epr esents an independent clone. Expression changes after treatment 
are normalised to untreated cells transfected with control gRNA (set to 1), r epr esented by the dashed line. (D–F, H) Statistics are gi v en when significant 
by t-test analysis. 

fibroblasts (Figure 4 D–F). We found that onl y w hen Wnt 
signalling was acti vated, ov eracti vation of Fendrr could in- 
crease the expression of nearly all the expressed FendrrBox 

target genes (Figure 4 F). To investiga te FendrrBo x depen- 
dence of this ef fect, we genera ted NIH3T3 clonal cell lines 
that harbour the same FendrrBox deletion as the mice. We 
co-transfected Cas9-GFP and gRNA-mScarlet and sorted 

single double fluorescent cells (Figure 4 G). We generated 

se v en homozygous FendrrBox mutant NIH3T3 cell lines 
and selected fiv e clonal cell lines that grew with the same 
characteristics as the parental NIH3T3 cell line. In contrast 
to the wild type cells, no difference in expression change 

after the treatment between the control and Fendrr over- 
activation could be detected in these independent clones 
(Figure 4 H). Hence, Wnt signalling-dependent Fendrr ac- 
tivation r equir es the FendrrBox element. This places the 
lncRNA Fendrr as a direct co-activator of Wnt-signalling 

in fibroblasts to regulate fibrosis-related genes. 

Biophysical RN A:DsDN A triple x characterization 

We further wanted to verify that the FendrrBox does form 

triplexes and used CD spectroscopy and thermal melting 

analysis to confirm triplex formation on the identified target 
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Figur e 5. Fendrr RN A:dsDN A triplex formation ca pacity with target genes. Circular dichroism (CD) spectra (left graph) and Thermal melting (TM) (right 
graph) of the FendrrBox RNA with the target dsDNA elements (in red) and the dsDNAs alone (in black). RNA sequence and DNA sequences used are 
indica ted. Wa tson–Crick base pairing is indicated with | and the Hoogsteen base pairing is indicated with •. ( A ) CD spectra and TM curves of a negati v e 
( TGF �2) and a positi v e ( Foxf1 ) DNA promoter region measured at 298 K. Triplex is indicated by strong negati v e peak in CD around 210–240 nm and two 
melting points in TM curve. (B ) The four target genes Emp2 , Serpin6b , Ager and Trim16 exhibit triplex formation in CD and in the TM analysis. 

genes. We incubated an RNA oligonucleotide correspond- 
ing to the FendrrBox with dsDNA that was shown previ- 
ously to form triplexes with RNA. We used the dsDNA el- 
ement of the TGF β2 promoter that was shown previously 

to form a triplex with the lncRNA Meg3 ( 33 ) as a negati v e 
control for the FendrrBox interaction and Foxf1 as the posi- 
ti v e control ( 29 ) . Both CD spectra presented typical features 
for interaction including an increased peak at ∼280 nm and 

a transition at ∼260 nm (Figure 5 A). A slight negati v e peak 

at ∼240 nm and a positi v e peak at ∼220 nm ( 34 , 35 ) was 
only detectable in the presence of the Foxf1 promoter ele- 
ment (Figure 5 A). In addition, we performed thermal melt- 

ing assays to obtain the temperatures for T m 

(DNA duplex) 
and T m 

(RN A:dsDN A). While the melting temperature of 
the dsDNA from the TGF β2 element was not altered by 

the addition of the FendrrBox RNA, the presence of the 
RNA with the Foxf1 triplex binding element dsDNA gave a 

clear biphasic melting curve. This is a unique feature of the 
triplex that we were able to characterize, which results from 

the dissociation of the weaker Hoogsteen base pairs at the 
first melting point, followed by the melting of the Watson- 
Crick base pairs at the higher melting transition (Figure 5 A, 
right). We investigated all potential triplex binding elements 
in the promoters of direct target genes analysed before and 
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found clear peaks at ∼220 nm (Figure 5 B and Supplemen- 
tary Figure S4). Together with the presence of the clear shift 
of the T m 

(RN A:dsDN A) over the T m 

(DN A duplex), this 
demonstra tes tha t the FendrrBo x can form indeed triplexes 
with the previously identified target genes. 

DISCUSSION 

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

mouse embryo ( 3 , 29 ). As Fendrr can also bind to histone 
modifying complexes, it is assumed that Fendrr directs these 
complexes to its target genes. Howe v er, that the FendrrBox 

might be the recruiting element was so far only supported by 

a biochemical approach that showed binding of the Fendr- 
rBox 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 homozy- 
gous postnatal mice to stop breathing within 5 h after birth 

( 7 ). These mice also allowed for tracing Fendrr expression 

to the pulmonary mesenchyme, to which also vascular en- 
dothelial cells and fibroblasts belong. At the E14.5 stage 
FendrrLacZ mutant mice exhibited hypoplastic lungs. Our 
ex vivo analysis of lungs from our specific Fendrr mutants 
confirmed the involvement of Fendrr in lung development. 
Here w e show ed for the first time tha t the FendrrBo x is a t 
least partially r equir ed for in vivo functions of Fendrr and 

identified se v eral, potential direct target genes of Fendrr in 

lung de v elopment. Moreov er, the analysis of the dysregu- 
lated genes in the two different mouse mutant lungs indi- 
ca tes, tha t specifically Fendrr in the fibroblast might play an 

important role. 
Studying embryonic de v elopment of the lung and its 

comparison to idiopathic lung fibrosis (IPF) in the adult 
lung has re v ealed that many of the same gene networks 
are in place to regulate both processes ( 36 ). A multitude of 
dif ferent signalling pa thway are implica ted in IPF ( 32 ). A 

prime example for an important pathway in IPF is the Wnt 
signalling pathway ( 37 ) and, in particular, increased Wnt 
signalling is associated with IPF and, hence, inhibition of 
Wnt signalling counteracts fibrosis ( 38 ). While the contri- 
bution of de v elopmental signalling pathways to IPF is well 
understood, the contribution of lncRNAs in IPF is just be- 
ginning to be addressed ( 39 ). In humans, it was shown that 
in IPF patients FENDRR is reduced in lung tissue ( 11 ). In- 
triguingly, in single cell RNA-seq approaches from human 

lung explants, FENDRR is highly expressed in vascular en- 
dothelial (VE) cells, but also significantly expressed in fi- 
brob lasts ( 40 ). Moreov er, FENDRR e xpression increases in 

both VE cells and fibroblasts in IPF ( 40 , 41 ). It was shown 

recently, that Fendrr can regulate �-catenin le v els in lung 

fibroblasts ( 42 ). Our data support that Wnt signalling to- 
gether with Fendrr is involved in target gene regulation and 

that Fendrr is a positi v e co-regulator of Wnt signalling in 

fibroblasts. This is in contrasts to the role of Fendrr in the 
precursor cells of the heart, the lateral plate mesoderm. Loss 
of Fendrr function results in the upregulation of Fendrr tar- 
get genes, establishing that Fendrr is a suppressor of gene 
expression. The fact that Fendrr can exhibit opposite effects 

on transcription, as either a suppressor or an activator, de- 
pending on the cell type, demonstrates the intricate interac- 
tions between lncRNAs and signalling pathways, providing 

deeper insight into the multifaceted roles of lncRNA in cel- 
lular functions. 
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