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ABSTRACT

Long noncoding RNAs (lncRNAs) are rapidly evolving and thus typically poorly conserved in their sequences. How these
sequence differences affect the characteristics and potential functions of lncRNAs with shared synteny remains unclear.
Here we show that the syntenically conserved lncRNA Firre displays distinct expression and localization patterns in human
and mouse. Single molecule RNA FISH reveals that in a range of cell lines, mouse Firre (mFirre) is predominantly nuclear,
while human FIRRE (hFIRRE) is distributed between the cytoplasm and nucleus. This localization pattern is maintained in
human/mouse hybrid cells expressing both human and mouse Firre, implying that the localization of the lncRNA is species
autonomous. We find that the majority of hFIRRE transcripts in the cytoplasm are comprised of isoforms that are enriched
in RRD repeats. We furthermore determine that in various tissues, mFirre is more highly expressed than its human coun-
terpart. Our data illustrate that the rapid evolution of syntenic lncRNAs can lead to variations in lncRNA localization and
abundance, which in turn may result in disparate lncRNA functions even in closely related species.
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INTRODUCTION

Pervasive transcription of mammalian genomes produces
thousands of lncRNAs that are rapidly evolving and there-
fore usually poorly conserved at the sequence level (Pang
et al. 2006). However, as an attestation to their functional
relevance, evolutionary conservation of lncRNAs can be
found at other levels, including structure and synteny
(Diederichs 2014; Ulitsky 2016; Ross et al. 2021).
LncRNAs with the same secondary or tertiary structure
can exert identical molecular functions despite divergent
nucleotide sequences (Smith et al. 2013). In contrast,
lncRNAs expressed from syntenically conserved regions,
in which the lncRNA gene locus is embedded in the same
chromosomal context with identical neighboring genes,
may differ in both sequence and structure. Hundreds of
syntenic lncRNA loci have been identified across verte-
brates, in which the respective transcript can be similar or
entirely disparate in function (Hezroni et al. 2015).

The function of a lncRNA is commonly tied to its subcel-
lular localization. In contrast tomRNAs that are typically en-
riched in the cytoplasm in order to get translated, lncRNAs
can be found virtually throughout the cell, and therefore
can act in a wide range of cellular processes. Nuclear
lncRNAs, for instance, have been described as regulating
transcription, chromatin architecture, chromatin remodel-
ing, and nuclear bodies (Yao et al. 2019). Cytoplasmic
lncRNAs, on the other hand, have been implicated in the
control of translation, mRNA turnover, and post-transla-
tional modifications (Yao et al. 2019). Ultimately, the sub-
cellular localization of a lncRNA will be defined by its
sequence motifs and its interactions with various factors
in trans. Several characteristics of lncRNAs have been
linked to their increased nuclear compartmentalization, in-
cluding their inefficient splicing, intron retention, facilitat-
ed association with nuclear RNA-binding proteins, and
tethering to chromatin or the nuclear lamina (Derrien
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et al. 2012;Miyagawa et al. 2012; Chen et al. 2016;Mele et
al. 2017; Azam et al. 2019; Dumbovic et al. 2021; Statello
et al. 2021). Short RNAmotifs that guide nuclear retention,
such as cytosine-rich elements, have been identified by
mutagenesis analyses and high-throughput screening ap-
proaches (Zhang et al. 2014; Lubelsky and Ulitsky 2018;
Shukla et al. 2018). The presence of such motifs alone or
their combinatorial enrichment in a larger sequence
context could potentially initiate the binding of nuclear
factors—directly through their primary sequence, by
harboring specific RNA modifications, or by forming high-
er-order structures—and thus enrich a lncRNA in the
nucleus.
Another critical aspect for the role of a lncRNA in the cell

is its abundance.As opposed tomRNAs,many lncRNAs are
on average lowly expressed with a high degree of tissue-
specificity, although notable exceptions exist (Cabili et al.
2011;Derrien et al. 2012).While somemolecular processes
may require only a fewmolecules (e.g., linc-p21, Dimitrova
et al. 2014; Groff et al. 2016), others depend on several
hundred transcripts per cell (e.g., NORAD, Lee et al.
2016). Importantly, lncRNAexpression has tobe fine-tuned
to ensure the stoichiometry of molecular interactions in cis
and in trans, for example when recruiting chromatin modi-
fiers to different genomic loci (Rinn et al. 2007; Wang et al.
2011), sequestering proteins (Wu et al. 2016) or competing
for miRNA binding (Cesana et al. 2011; Salmena et al.
2011).
The Firre locus is syntenically conservedbetween human

and mouse, and its duplication has been associated with
developmental disorders (Abe et al. 2014; Ha et al. 2019;
Miolo et al. 2020). In mFirre loss- and gain-of-function
mousemodels,mFirrewas shown tomodulate lymphogen-
esis as well as the inflammatory response (Lewandowski
et al. 2019). Interestingly, several lines of evidence point
to exclusively nuclear roles ofmFirre, including the regula-
tion of H3K27me3 (Yang et al. 2015; Fang et al. 2020) and
the organization of nuclear architecture (Hacisuleyman
et al. 2014; Darrow et al. 2016; Barutcu et al. 2018; Bonora
et al. 2018; Froberg et al. 2018; Kriz et al. 2021). Indeed,
single-molecule RNA fluorescence in situ hybridization
(smRNAFISH) demonstrates anuclear localizationofmFirre
in mouse cells (Hacisuleyman et al. 2014; Bergmann et al.
2015; Lewandowski et al. 2019). However, the subcellular
localization of hFIRRE has not conclusively been shown,
and a direct comparison between human and mouse Firre
in termsof localization andabundance as an approximation
of the lncRNA’s function is lacking.
In this study we focused on Firre to determine if syntenic

lncRNA loci that lack sequence conservation have similar
properties across an array of human and mouse cell lines
and tissues. Using smRNA FISH and computational analy-
ses, we observe a difference in localization and abundance
between human and mouse Firre. Specifically, we detect
that mFirre is localized in the nucleus, while hFIRRE is

both nuclear and cytoplasmic, a property that we show is
sequence intrinsic.We find that the cytoplasmicpopulation
of hFIRRE transcripts is enriched in local repeating RNAdo-
mains (RRDs). In all tissues examined,mFirre is more abun-
dant than hFIRRE. Further promoter analysis revealed
surprisingly similar transcription factor (TF) binding site
(TFBS) instances between human and mouse Firre despite
highly divergent promoter sequences. Collectively, our
study highlights important differences in localization and
expression of human and mouse Firre, suggesting the po-
tential for distinct functionalities of a syntenically conserved
lncRNA.

RESULTS

Firre lncRNA subcellular localization differs in human
and mouse cells

At the sequence level, the lncRNA Firre is poorly conserved
in mammals. Multiple-sequence-alignment analyses of the
gene locus and its repeats suggest an ectopic evolutionary
event in the primate lineage that conserves the sequence
of Firre only in primates. Conversely, Firre is syntenically
conserved across the mammalian clade—yet lacks
sequence conservation (Hacisuleyman et al. 2016). For
example, the Firre locus is syntenically conserved on the
X-chromosome in human and mouse (Fig. 1A). This level
of conservationopens thepossibility thatFirreadopteddis-
tinct functions in these species. To investigate this hypoth-
esis, we set out to study the localization of Firre as an
indicator of its function in human and mouse cells. For
this purpose, we performed smRNA FISH using probes tar-
geting Firre exons. To ensure the specificity of the FISH sig-
nal, we applied a very stringent probe design algorithm
that dismisses anyprobe sequenceswith apotential to sub-
stantially cross-hybridize with non-Firre transcripts. The
specificity of mouse and human probes was confirmed in
Firre knockout mouse ES cells and in human foreskin fibro-
blast cells that do not express hFIRRE, respectively
(Supplemental Fig. S1A,B).We then quantified the number
of nuclear and cytoplasmic Firre FISH signals in human iPS
and mouse ES cells. We foundmFirre to be exclusively en-
riched in the nucleus of mouse ES cells; however, hFIRRE
RNAwasdetected inboth thenucleus andcytoplasmof hu-
man iPS cells (Fig. 1B,C; Supplemental Fig. S1C,D). In both
human and mouse stem cells, Firre showed cell-to-cell var-
iability in expression levels, with cells expressing between
five to over a hundred molecules. On average, Firre dis-
played a higher expression in mouse ES cells (on average,
34 molecules) than in human iPS cells (on average, 19 mol-
ecules, Fig. 1B,C; Supplemental Fig. S1C,D).
We next wanted to investigate if this disparate localiza-

tion and expression pattern between human and mouse
was consistent in other cell types. For this purpose, we se-
lected a set of human and mouse cell lines and performed
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smRNA FISH staining for Firre. Quantitative analysis re-
vealed that similarly to mouse ES cells,mFirrewas predom-
inantly to exclusively nuclear in all investigated mouse cell
lines (3T3, C2C12, and RAW264.7, Fig. 1D; Supplemental

Fig. S1C). Conversely, in human cell lines (HEK293T, K562,
and HCT116), hFIRRE was localized to both the nucleus
and the cytoplasm (Fig. 1E; Supplemental Fig. S1D), in ac-
cordancewith ourobservations in human iPS cells. Although

A

B D

C E

FIGURE 1. Firre is predominantly nuclear in mouse but not in human cells. (A) Schematic depicting the human and mouse Firre locus (red) and
their neighboring coding genes that are shared (blue) and species-specific (gray). (B–E) Maximum intensity projections of Firre smRNA FISH on
mouse ES cells (B), human iPS cells (C ), mouse 3T3, C2C12, and RAW264.7 cell lines (D), and human HEK293T, K562, and HCT116 cell lines (E).
Below, quantification of Firre FISH signals in the nucleus and cytoplasm of each cell line. Nuclei are stained with Hoechst (blue), Firre exon in gray.
Scale bar is 5 µm. Data are mean and non-outlier range of quantified cells.
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the total number of Firremolecules in human (on average, 6
nuclear and4 cytoplasmic) andmouse cell lines (on average,
10 nuclear and 0.6 cytoplasmic) was comparable, con-
sidering the well described nuclear functions ofmFirre, it is
important to note that the mouse cell lines on average pos-
sessed more nuclear Firre than the human cell lines (Sup-
plemental Fig. S1C,D). As the cytoplasmic FISH signal
can be observed in four human cell lines of diverse cellular
contexts but not in human foreskin fibroblasts (Supple-
mental Fig. S1B), it can be concluded that cross-hybridiza-
tion to an off-target RNAwith the quantified abundance of
<10 molecules per cell is unlikely and that cytoplasmic
hFIRRE is specifically detected. Abundance levels as deter-
mined by smRNA FISH are largely in good agreement
with publicly available RNA-seq data of human and mouse
Firreexpression levels in the investigated cell lines (Supple-
mental Fig. S1E,F). Of note, as stem cells tend to express
more genes and more isoforms of each gene compared
to differentiated cells, their TPM values might be underes-
timating Firre expression levels in relation to the other cell
lines (Ramalho-Santos et al. 2002; Pritsker et al. 2005; Wu
et al. 2010). In summary, we show that the Firre lncRNA ex-
hibits a different subcellular localization in human and
mouse cells, with hFIRRE being both nuclear and cytoplas-
mic andmFirre being predominantly nuclear.

The differential localization of human and mouse
Firre lncRNA is sequence-driven

Wenext wanted to understandwhether the distinct subcel-
lular localization of human and mouse Firre is dependent
on their RNA sequence or cellular factors. To this end, we
analyzed the subcellular distribution of human and mouse
Firre within the same cellular context. We performed the
analysis on a human/mouse hybrid cell line that carries a
single human X-chromosome in an otherwise mouse cell
background (Fig. 2A). We reasoned that if the differences
in the subcellular localization of human and mouse Firre
are driven by species-specific cellular environments and
not by the sequence, human andmouse Firrewould adopt
equivalent subcellular distributions in the same cellular
context.On theother hand, bothRNAswill adopt their spe-
cies-specific distribution if the difference is driven by their
sequence. RNA-seq confirmed that the hybrid cell line ex-
pressed both hFIRRE and mFirre and that within the same
cellular context mFirre is expressed more abundantly
than hFIRRE (Fig. 2B). Of note, since ∼90% of the cells re-
tain the humanX-chromosome, bulk RNA-seqwill underes-
timate the expression levels of hFIRRE compared tomFirre.
In order to precisely dissect the subcellular localization of
human and mouse Firre in the same cellular context, we

A

C

B

FIGURE 2. Firre lncRNA localization is driven by its sequence. (A) Schematic showing a human/mouse somatic cell hybrid that harbors a human
X-chromosome in a mouse cell background. (B) RNA-seq analysis ofmFirre and hFIRRE expression in hybrid cells. Libraries were prepared using
poly(A) enrichment or ribosomal RNA depletion. Data are mean and non-outlier range of three biological replicates. (C ) Maximum intensity pro-
jections of smRNA-FISH for hFIRRE and mFirre on hybrid cells. Nuclei are stained with Hoechst (blue), mFirre exon in magenta, hFIRRE exon in
green. Scale bar is 5 µm. (D) Quantification of nuclear and cytoplasmic FISH signals corresponding tomFirre and hFIRRE in hybrid cells. Data are
mean and non-outlier range of quantified cells.
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performed human andmouse Firre smRNAFISH andquan-
tified the number of hFIRRE andmFirre signals in the nucle-
us and cytoplasmof cells endogenously coexpressing both
transcripts. Interestingly, while mFirre was exclusively nu-
clear as observed in other mouse cells, hFIRRE localized
to both nuclear and cytoplasmic compartments (on aver-
age, 61% nuclear and 39% cytoplasmic) (Fig. 2C,D). This
shows that in a mouse background, where all mFirre tran-
scripts are retained in the nucleus, hFIRRE can be exported
to the cytoplasm, and adopt its subcellular localization that
was prevalent in the human cell lines. Collectively, these re-
sults show that the localization of human andmouse Firre is
dependent on their sequence.

hFIRRE encodes an RRD-enriched, cytoplasmic
isoform in human cells

Although the Firre locus is poorly conserved at the se-
quence level in mammals, a commonality across species
is the enrichment of the local repeat RRD (Hacisuleyman
et al. 2014). In both species, the RRD is enriched in Firre ex-
ons. While mouse RRDs are highly conserved (on average,
91% to 99% conservation between individual repeats), hu-
man RRDs share lower similarity and have higher sequence
variability between repeat units (62% to 89%) (Supplemen-
tal Fig. S2A,B). These repeats are transcribed into the ma-
ture Firre lncRNA (Fig. 3A,B). We designed probes
specific to human and mouse RRD and costained with
exonprobes. Inmouse ES cells, RRD andexon signal coloc-
alize (on average, 91%), showing that the vast majority of
mFirre RNA molecules contain RRDs (Fig. 3C). Interesting-
ly, smRNA FISH on other mouse cell types revealed the ex-
istence of an isoform that is enriched in RRD (on average,
35% and 25% in 3T3 and C2C12 cells, respectively). In
both 3T3 and C2C12 cells, the RRD-enriched isoform is re-
tained in the nucleus. Contrary to mouse, hFIRRE is tran-
scribed into an RRD-enriched transcript that is mostly
localized in the cytoplasm of human iPS cells (on average,
54% of all cytoplasmic hFIRRE) (Fig. 3D). This is also ob-
served in HEK293T and K562 cells, where the RRD-en-
riched isoform is abundantly expressed in the cytoplasm
(on average, 65% and 81%, respectively, of all cytoplasmic
hFIRRE) (Fig. 3D). Of note, we confirm that the RRD probes
specifically detect nuclear mFirre as well as nuclear-cyto-
plasmic hFIRRE, thus validating the differential localization
of human andmouse Firrewith an independent FISHprobe
set (Supplemental Fig. S1A,B).

To understand the transcript isoforms that constitute nu-
clear and cytoplasmic hFIRRE, we analyzed publicly avail-
able RNA-seq data for nuclear and cytoplasmic K562 cell
fractions. The hFIRRE locus is annotated in GENCODE
v38 to encode 17 isoforms that are comprised of either
zero, four, five, or six RRD-containing exons (Fig. 3E). We
quantified reads over the 17 hFIRRE isoforms using Salmon
(Patro et al. 2017), obtaining abundance estimates for all 17

isoforms in the combinedcell fractions (TPM>0).We found
that isoforms containing RRDs display higher expression
levels in cytoplasmic fractions than isoforms devoid of
RRDs (Fig. 3F). Interestingly, a small isoform (753 bp) is
the most abundant hFIRRE transcript (Fig. 3F). This small
isoform is comprised mostly of RRD-containing exons
(87%) and—consistentwith our smRNAFISH results—is en-
riched in the cytoplasm. Finally, we noticed that in the nu-
cleus there are RRD-free isoforms that are more abundant
than RRD-containing isoforms (Fig. 3F).

Compared tomouse, the hFIRRE locus is enriched in oth-
er repeat types, mostly transposons (Fig. 3A,B; Supple-
mental Fig. S2C). One of those repeats is a full-length,
primate-specific HERV-H within intron 10. We thus aimed
to determine whether HERV-H is transcribed into a
compartment-specific hFIRRE isoform. To test this, we
designed smRNA FISH probes against HERV-H and ana-
lyzed its localization relative to the hFIRRE transcription
site (colocalization with intron signal) and spliced hFIRRE
(exon only). Results show that HERV-H RNA is highly ex-
pressed and predominantly nuclear, but does not form a
part of unspliced or mature hFIRRE (on average, 6% of
all hFIRRE RNA molecules colocalize with HERV-H RNA)
(Fig. 3G,H; Supplemental Fig. S2D). Some of the HERV-H
RNA is in close proximity to the hFIRRE active transcription
site, which cannot be explained by random positioning
(on average, 0.78 µm for the hFIRRE locus, compared to
1.15 µm for the non-HERV-H-containing hTUG1 locus)
(Fig. 3I; Supplemental Fig. S2E). In summary, our data
show that the hFIRRE locus produces isoforms enriched in
the RRD motif that are predominant in the cytoplasm. Fur-
thermore, the hFIRRE locus harbors an HERV-H element
that is transcribed but not part of the hFIRRE transcript.

Firre is more highly expressed in mouse than in
human tissues

To determine whether Firre expression levels differ global-
ly between human and mouse, we analyzed Firre expres-
sion in 102 human and 286 mouse RNA-seq data sets
across 123 unique tissues. Retrieving RNA-seq expression
levels for Firre from the EMBL-EBI Expression Atlas (Papa-
theodorou et al. 2020), we found thatmFirre is more abun-
dant than hFIRRE. This is the case when considering the
average expression levels across all tissues (19.6 TPM for
mFirre and 2.8 TPM for hFIRRE) as well as when comparing
matching tissues between mouse and human (Fig. 4A,B).

We hypothesized that the observed abundance differ-
ences could be driven by cross-species changes in the reg-
ulatory potential of Firre’s promoter. To test this
hypothesis, we aimed to analyze the similarity of TFBS oc-
currences in Firre’s promoter relative to other syntenic
lncRNA promoters across the two species. To this end,
we identified all syntenically conserved lncRNAs (n=
3705 pairs) as those that are flanked by the same
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FIGURE 3. The cytoplasmic human FIRRE transcript is an RRD-enriched isoform. (A,B) Schematic showing the hFIRRE (A) andmFirre locus (B) as
well as the location of local (RRD) and global (SINE, LINE, LTR) repeats. The positions of Firre exon and RRDFISHprobes are indicated in relation to
the gene and its main transcript isoform. (C,D) Maximum intensity projections of smRNA-FISH for Firre exon and RRD onmouse ES cells, 3T3 and
C2C12 (C ) as well as human iPS cells, HEK293T and K562 (D). Below, quantifications of FISH signals show the number of exon-only (Ex), RRD-only
(R), and colocalized exon-RRD spots (Co). Nuclei are stained with Hoechst (blue), Firre exon in green, RRD in magenta. Scale bar is 5 µm. Data are
mean and non-outlier range of quantified cells. (E) Transcript lengths of hFIRRE isoforms with different numbers of RRD-containing exons.
(F ) RNA-seq analysis of hFIRRE isoform expression levels in different K562 fractions based on their fraction of RRD-free (RRD-) and RRD-containing
exons (RRD+). The asterisk denotes the short, RRD-enriched isoform shown in E. (G,H) Maximum intensity projections of smRNA FISH of HERV-H
transcripts and hFIRRE intron (highlighted by arrows,G) or hFIRRE exon (H) on human iPS cells. Nuclei are stained with Hoechst (blue), HERV-H in
magenta, hFIRRE intron and exon in green. Scale bar is 5 µm. (I ) Density plot of the distance between hFIRRE and hTUG1 intron to their closest
HERV-H transcript. The dashed line indicates the mean distance. (∗∗∗) P=3.9×10−9, two-tailed Student’s t-test.
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orthologous protein coding genes in the human and
mouse genomes. We defined promoter regions by over-
lapping the candidate cis-regulatory elements (cCREs) de-
fined by the ENCODE SCREEN project with the
GENCODE-defined transcription start sites (TSSs) (Frankish
et al. 2019; The ENCODE Project Consortium et al. 2020).
For each promoter sequence, we predicted unique TFBS
instances via FIMO using motifs from the HOCOMOCO
v11 motif database with the subset of orthologous TFs
that have known motifs in both human and mouse (n=

317). With a unique set of TFBS instances for all mouse
and human syntenic lncRNA promoters at hand, we next
computed the extent to which TFBSs were in common be-
tween syntenic lncRNA promoter pairs. We observed that
while most promoter pairs have zero TFBSs in common (n
=1246; 34% of the pairs), Firre’s promoter exhibits a signif-
icant overlap in TFBS instances (hypergeometric P-value
<1.4 ×10−9; Fig. 4C). More globally, Firre exhibits stronger
preservation of TFBS instances thanmost syntenic promot-
ers (83rd percentile; Wilcoxon P-value < 2.2 ×10−16).

A

C

E

F

D

B

FIGURE 4. Firre displays higher expression levels in mouse than in human tissues. (A) Ranked expression levels of Firre in mouse (red) and human
(black) tissues. (B) Heat map showing expression of Firre in a range of human and mouse tissues. (C ) Venn diagram indicating common transcrip-
tion factor binding sites (TFBSs) in human andmouse Firrepromoters. (D) Histogram representing the similarity of TFBSs for all pairs of syntenically
conserved lncRNAs in human and mouse. The position of Firre (83rd percentile) and other syntenic lncRNA pairs is highlighted. (E,F ) Schematic
showing transcription factors with motif instances at each site for mouse (E) and human Firre promoter regions (F ). Shared transcription factors are
highlighted in red. Note that the mFirre promoter is annotated as proximal enhancer in the ENCODE SCREEN cCRE annotation.
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Considering the caveat that TSSs are poorly annotated for
many lncRNAs, we note that Firre has a larger TFBS overlap
thanMalat1,Xist,Neat1,Norad, andotherwell studiedand
annotated lncRNAs (Fig. 4D–F). This is surprising consider-
ing that the Firre promoter has very low primary sequence
conservation between human and mouse (46% sequence
identity). Curiously, in human the promoter region is anno-
tated as such, yet in mouse the promoter region is annotat-
ed as a proximal enhancer (ENCODE SCREEN cCRE
annotation; human cCRE: EH38E2768830, mouse cCRE:
EM10E0926021). Together, we show that human and
mouse Firre are expressed at vastly different levels, even
though the TFBS instances are largely preserved between
human and mouse Firre promoters.

DISCUSSION

The molecular function of a lncRNA, or for that matter that
of any coding or noncoding RNA, strongly depends on its
subcellular localization and expression level. As lncRNA
sequences are rapidly evolving, it becomes prudent to
consider diverging localizations and abundances even in
closely related species when examining lncRNA function.
In this study, we analyzed the localization and expression

of the lncRNA Firre in mouse and human.With Firre, we se-
lected a lncRNA that is conserved at the synteny but not at
the sequence level, reasoning that this could be a premise
for a potential functional divergence between the investi-
gated species. Indeed, we observed that the localization
of Firre differs in mouse and human cells, where mFirre
was highly enriched in the nucleus, and hFIRRE was both
nuclear and cytoplasmic. Whereas the nuclear functions
of mFirre have been well characterized (Hacisuleyman et
al. 2014; Yang et al. 2015; Darrow et al. 2016; Barutcu et
al. 2018; Bonora et al. 2018; Froberg et al. 2018; Fang
et al. 2020; Kriz et al. 2021), the molecular functions of
hFIRRE, especially with respect to its cytoplasmic localiza-
tion, are unknown. Translational profiling has not identified
hFIRRE to associatewith ribosomes (vanHeeschet al. 2014,
2019; Carlevaro-Fita et al. 2016), rendering it unlikelyof be-
ing translated or regulating the translation of other RNAs.
Moreover, there is no evidence of an open reading frame
that contains compensatory mutations throughout evolu-
tion by PhyloCSF. It therefore remains tempting to specu-
late about the functions of hFIRRE outside of the nucleus,
particularly regarding its implications in disease, where it
is frequently duplicated or overexpressed (Abe et al.
2014; Ha et al. 2019; Shi et al. 2019; Miolo et al. 2020;
Wang et al. 2021).
The differential localization of mFirre and hFIRRE was

maintained in human/mouse hybrid cells. In this cell line,
hFIRRE is ectopically expressed from a human X-chromo-
some, while mFirre is expressed endogenously from the
mousegenome.A fractionofhFIRRE translocated to the cy-
toplasm, butmFirre remained in the nucleus. This observa-

tion argues for a sequence-intrinsic mechanism of Firre
localization that is, for instance, different from the one not-
ed for the syntenically conserved lncRNA FAST (Guo et al.
2020). In humanandmouse stemcells,FASTwasdescribed
to localize differently depending on the expression of the
splicing factor PPIE. In human stem cells that express
PPIE at low levels, hFAST is spliced and exported to the cy-
toplasm. mFAST, on the other hand, is retained in the nu-
cleus of mouse stem cells, because PPIE inhibits mFAST
splicing and thus prevents its nuclear export (Guo et al.
2020). A trans-factor such as PPIE did not influence the hu-
man-specific localization of hFIRRE in the human/mouse
hybrid cells, and hFIRRE and mFirre localized differently
in the same mouse cell background as they would in their
native environment.
In search of the sequence determinant for Firre’s differ-

ential localization, we observed that the cytoplasmic iso-
forms of hFIRRE in human cells were enriched in RRDs.
We recently reportedon the evolutionof local repeatswith-
in the Firre locus, including the exonic RRD (Hacisuleyman
et al. 2016).Weobserved that a single RRDacts as a nuclear
retention signal (Hacisuleyman et al. 2016). However, the
existence of cytoplasmic hFIRRE isoforms enriched in
RRDs in our smRNA FISH experiments highlights the im-
portance of considering the full-length context of an
RNA.Whether one ormore RRD copies serve as a cytoplas-
mic localization signal, confer more stability to the tran-
script in the cytoplasm, or the cytoplasmic hFIRRE
isoforms lack a nuclear retention signal remains to be
determined.
Even though Firre expression levels were comparable

between mouse and human cell lines, they vastly differed
in tissues, with mFirre being more abundant than hFIRRE.
Surprisingly, these abundance differences cannot be read-
ily explained by differences in promoter motifs, as Firre has
one of the most similar TFBS overlaps across syntenic
lncRNA promoters in human and mouse. The relationship
between TF binding to the magnitude and context of tran-
scription is not understood well enough to conclude that a
high TFBS similarity would lead to a similar expression pat-
tern. Alternative explanations for Firre’s different expres-
sion patterns between the two species include higher
chromatin accessibility at the mouse promoter for TFs to
bind, the existence of a stronger enhancer region for
mFirre, or a higher stability of mFirre RNA.
This study provides insights into the functional diver-

gence of the syntenically conserved lncRNA Firre by ex-
amining its localization and expression in human and
mouse. The possibility of a conserved lncRNA adopting
distinct characteristics in different species warrants cau-
tion when applying findings from mouse models to hu-
man physiology. Firre thus represents an example that
highlights the rapidly evolving nature of lncRNAs that
can generate different functional outputs in closely relat-
ed species.
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MATERIALS AND METHODS

Cells

HEK293T, K562, HCT116, BJ, 3T3, C2C12, and RAW264.7 cells
were obtained fromATCCand cultured according toATCCguide-
lines at 37°C and 5% CO2. The human/mouse somatic cell hybrid
(Coriell, GM10324) was cultured in DMEM (Thermo Fisher Scien-
tific, 11965092) supplemented with 10% FCS (MilliporeSigma,
F8067), 1× GlutaMAX supplement (Thermo Fisher Scientific,
35050061), 4× 10−7 M aminopterin (MilliporeSigma, A3411-
10MG), 1×10−4 M hypoxanthine (MilliporeSigma, H9636-1G),
and 1.6×10−5 M thymidine (MilliporeSigma, T1895-1G) at 37°C
and 7.5% CO2. Human iPS cells were cultured on vitronectin
(Thermo Fisher Scientific, A14700) in Essential 8 Flex medium
with E8 supplement (Thermo Fisher Scientific, A2858501) at
37°C and 5% CO2. Mouse ES cells were maintained on 0.1%
gelatin (MilliporeSigma, ES-006-B) in KnockOut DMEM (Thermo
Fisher Scientific, 10829018) supplemented with 12.5% FCS (Milli-
poreSigma, ES-009-B), 1× GlutaMAX supplement (Thermo Fisher
Scientific, 35050061), 1×nonessential amino acids (ThermoFisher
Scientific, 11140050), 100 U/mL penicillin/streptomycin (Thermo
Fisher Scientific, 15140122), 100 µM 2-mercaptoethanol (Thermo
Fisher Scientific, 31350010), 1 µM PD0325901 (MilliporeSigma,
PZ0162-5MG), 3 µM CHIR99021 (MilliporeSigma, SML1046-
5MG), and 100 U/mL LIF (MilliporeSigma, ESG1107) at 37°C and
7.5%CO2. All cells were routinely tested for mycoplasma contam-
ination by PCR.

smRNA FISH

Oligonucleotides targeting human and mouse Firre exon, intron,
RRD, human TUG1 intron (Dumbovic et al. 2021), and HERV-H
were designed with the Stellaris RNA FISH probe designer
(LGC Biosearch Technologies, version 4.2), labeled with Quasar
570 or Quasar 670, and produced by LGC Biosearch Technolo-
gies. Probe sequences are provided in Supplemental Table S1.

Cells were seededonglass coverslips coatedwith 0.01%poly-L-
lysine (MilliporeSigma, P4707-50ML), vitronectin (human iPS cells)
or gelatin (mouse ES cells). For the suspension cell line K562, all
the steps were performed in an Eppendorf tube with brief centri-
fugation at 300g for 5 min between the steps. Cover glasses
were washed twice with PBS, fixed in 3.7% formaldehyde in PBS
for 10 min at room temperature, and washed again twice with
PBS. Cover glasses were immersed in 70% ethanol at 4°C for at
least 1 h and then washed with 1 ml of wash buffer A (LGC
Biosearch Technologies, SMF-WA1-60) supplemented with 10%
deionized formamide (Thermo Fisher Scientific, 4440753) at
room temperature for 5 min. Cells were hybridized with 80 µL of
hybridization buffer (LGC Biosearch Technologies, SMF-HB1-10)
supplemented with 10% deionized formamide containing the
FISHprobes at a 1:100 dilution (stock 12.5 µM in TE buffer) in a hu-
mid chamber at 37°C overnight for up to 16 h. The next day, cells
were washed with 1 mL of wash buffer A supplemented with 10%
deionized formamide at 37°C for 30 min and stained with wash
buffer A supplemented with 10% deionized formamide contain-
ing 10 µg/mL Hoechst 33342 (Thermo Fisher Scientific, H3570)
at 37°C for 30 min. Cover glasses were washed with 1 mL of
wash buffer B (LGC Biosearch Technologies, SMF-WB1-20) at

room temperature for 5 min, equilibrated 5 min in base glucose
buffer (2× SSC, 0.4% glucose solution, 20 mM Tris pH 8.0 in
RNase-freeH2O), and then incubated 5min in base glucose buffer
supplemented with a 1:100 dilution of glucose oxidase (stock 3.7
mg/mL) and catalase (stock 4 mg/mL). Coverslips were mounted
with ProLong Glass Antifade Mountant (Thermo Fisher Scientific,
P36984) on a glass slide, and left to curate at 4°C overnight before
proceeding to image acquisition.

Microscopy and image analysis

Image acquisition was performed using a DeltaVision Elite wide-
field microscope with an Olympus UPlanSApo 100×/1.40-numer-
ical aperture oil objective lens and a PCO Edge sCMOS camera.
Z-stacks of 200 nm step size were acquired. Images were decon-
volved with the built-in DeltaVision SoftWoRx Imaging software
and maximum intensity projections were created using ImageJ/
Fiji. FISH spots were quantified manually using ImageJ/Fiji,
wherein the brightness and contrast of each channel were adjust-
ed. Imaris image analysis software (Bitplane) was used to calculate
the distance between FISH spots.

RNA-seq library preparation

Total RNA from human/mouse hybrid cells was extracted with the
Maxwell LEV SimplyRNA Purification kit (Promega, AS1280) with
DNase I treatment. RNA quality was assessed with the
Bioanalyzer 2100 (Agilent). One microgram of total RNAwas sub-
jected to poly(A)-RNA enrichment and library preparationwith the
KAPA mRNA HyperPrep kit (Roche) or ribosomal RNA depletion
with the KAPA RNAHyperPrep with RiboErase kit (Roche), and se-
quencedon Illumina’sNextSeqplatformusinga75-bppaired-end
strategy.

RNA-seq analysis

RNA-seq expression abundance measurements were retrieved
from the EBI Expression Atlas (https://www.ebi.ac.uk/gxa/home;
date of retrieval: April 12, 2021) for 102 human experiments and
286 mouse experiments. Firre RNA-seq abundance measure-
ments for cell lines that were used for smRNA FISH were retrieved
from RefineBio for the experimental accession numbers listed in
Supplemental Table S2 (Lee et al. 2020). RNA-seq from K562 sub-
fractions was retrieved fromENCODE (The ENCODEProject Con-
sortium 2012) (accession numbers: ENCSR040YBR, ENCSR038
WEK, ENCSR885DVH, ENCSR860DWK, ENCSR696YIB), aligned
to hg38 and quantified using GENCODE v38 annotations using
nf-core/rnaseq v3.2 with the “star_salmon” aligner (Ewels et al.
2020). RRD transcript analysis was performed by overlapping
RRD positions with the hFIRRE exons annotated in GENCODE
v38 and plotting the transcript abundance estimations calculated
by salmon v1.4 (Patro et al. 2017). RNA-seq for the human/mouse
hybrid cell line was aligned and quantified with nf-core/rnaseq
v1.4.2. Thegenomic sequence for humanchrX andcorresponding
gene annotations (hg38; GENCODE v38) were appended to the
mouse genome and annotation file, respectively (mm39; GEN-
CODEM27), and gene level abundance estimations from Salmon
v0.14.1 were plotted for Firre.
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Promoter analysis

Syntenic pairs of lncRNAs were calculated according to Hezroni
et al. (2015). Promoter regions were defined by overlapping the
candidate cis-regulatory elements (cCREs) defined by the
ENCODE SCREEN project with the GENCODE-defined TSSs
(versionsM25 for mouse and v38 for human). Sequences for these
promoter regions were extracted from mm10 and hg38, respec-
tively. Motifs were retrieved from HOCOMOCO Core v11 and fil-
tered to contain only TFs that have an ortholog with a motif in
human and mouse (n=317 motifs). TFBS instances were deter-
mined using the FIMO tool from the MEME suite (v5.1.1). To
find unique instances of TFBS within each promoter, significant
motif matches (Q-value <0.05) were de-duplicated by dropping
motif matches corresponding to the same TF that largely over-
lapped (>50% overlap). The extent of TFBS instance overlap be-
tween a pair of syntenic lncRNAswas calculated using themultiset
Jaccard index/Ruzicka similarity index to account for multiple mo-
tif instances within each promoter.

DATA DEPOSITION

RNA-seq files acquired for the hybrid cell line expression analysis
have been deposited at Gene Expression Omnibus under acces-
sion number GSE186876.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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