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Abstract 

Malat1 is a long-noncoding RNA with critical roles in gene regulation and cancer met ast asis, ho w e v er its functional role in stem cells is largely 
une xplored. We here perf orm a nuclear knockdo wn of Malat1 in mouse embryonic stem cells, causing the de-regulation of 320 genes and 
aberrant splicing of 90 transcripts, some of which potentially affecting the translated protein sequence. We find evidence that Malat1 directly 
interacts with gene bodies and aberrantly spliced transcripts, and that it locates upstream of down-regulated genes at their putative enhancer 
regions, in agreement with functional genomics data. Consistent with this, we find these genes affected at both e x on and intron le v els, sug- 
gesting that they are transcriptionally regulated by Malat1. Besides, the down-regulated genes are regulated by specific transcription factors and 
bear both activating and repressive chromatin marks, suggesting that some of them might be regulated by bivalent promoters. We propose a 
model in which Malat1 facilitates the transcription of genes involved in chromatid dynamics and mitosis in one pathway, and affects the splicing 
of transcripts that are themselves involved in RNA processing in a distinct pathw a y . Lastly , we compare our findings with Malat1 perturbation 
studies performed in other cell systems and in vivo . 
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omplex gene regulation is critical for multicellular organ-
sms, as the expression of thousands of genes need to be in-
ependently patterned across hundreds of distinct cell types.
he combination of transcriptional and post-transcriptional
egulation is important for exponentially increasing the reg-
latory complexity. Much regulation is conferred directly by
roteins such as transcription factors and RNA-binding pro-
eins, but regulatory RNAs also play key roles. With the com-
letion of the ENCODE consortium effort, it has become clear
hat the human genome harbors tens of thousands of pro-
essed transcripts that have little or no protein coding capabil-
ty ( 1 ). These long non-coding RNAs (lncRNAs) are defined
s RNA molecules with a length of more than 200 nucleotides
hat do not encode proteins ( 2 ). Initially, it was believed that
hese long non-coding RNAs are transcriptional noise ( 3 ) but
umerous studies have shown that many of these transcripts
ave complex expression patterns ( 4 ), play important roles in
ellular processes ( 5 ), and their dysfunction can mediate differ-
nt diseases ( 6 ). They have been demonstrated to play critical
egulatory roles in gene expression, chromatin organization,
s well as cellular processes in the cytoplasm ( 7 ). Many of the
ranscripts resemble mRNAs in that they are transcribed by
NA polymerase II and bear 5 

′ methyl-guanosine caps and 3 

′ 

oly(A) tails ( 7 ). 
Metastasis Associated Lung Adenocarcinoma Transcript 1

Malat1), also known as Nuclear Enriched Abundant Tran-
cript 2 (NEAT2), is one of the most well-studied lncRNAs.
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Malat1 has become widely recognized in recent years as a
result of its widespread expression, abundance, and appar-
ent importance in a variety of molecular mechanisms and
diseases. This lncRNA, which spans approximately 8 kb
on human chromosome 11, is highly conserved in sequence
across species, suggesting fundamental functions ( 8 ). Malat1
is mainly located in nuclear speckles and regulates differ-
ent physiological and pathological processes by playing criti-
cal roles in diverse molecular processes, including alternative
splicing, transcriptional regulation, and epigenetic control of
gene expression ( 9 ). Alternative splicing is typically controlled
by proteins known as serine / arginine-rich (SR) proteins in eu-
karyotic cells ( 10 ). Malat1 interacts with SR proteins to stabi-
lize them and facilitate splicing ( 11 ), substantially affecting the
precision and effectiveness of alternative splicing in eukary-
otic cells. Furthermore, it has also been found that Malat1—
like many other lncRNAs—is highly concentrated in the chro-
matin fraction, suggesting its involvement in the control of
gene transcription ( 12 ,13 ). It has been shown that Malat1
can regulate gene expression by interacting with specific tran-
scription factors and transcriptional repressors. For exam-
ple, the interaction of Malat1 with SP1 and nuclear p65 / p50
transcription factors affect the expression of LTBP3 and NF-
κB regulated genes respectively ( 14 ,15 ). Finally, Malat1 is
also capable of regulating the epigenetic landscape by inter-
acting with different proteins such as EZH2, Suv39h1 and
DBC1, affecting the expression of downstream genes
( 16–19 ). 
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Extensive research has been conducted on Malat1 to de-
termine its role and implications in cancer progression and
metastasis in patients, in mouse, and in cell migration studies
in various cancer types ( 20 ,21 ). However, although Malat1 is
highly abundant in mouse embryonic stem cells, no previous
studies have investigated the impact of Malat1 perturbation
in these cells. The advantage of using embryonic stem cells
over other cell types is their ability to achieve relatively pure
populations of undifferentiated cells after molecular and bio-
chemical interventions due to their stable genome and high
amenability to genome modifications ( 22 ). In addition, these
cells can differentiate into a variety of other cell types and
can undergo directed differentiation ( 22 ,23 ), making them
an important model system for studying molecular mecha-
nisms underlying embryogenesis. Examining the roles of es-
sential factors such as Malat1 within this unique cellular con-
text becomes especially relevant, given the importance of this
lncRNA in gene expression regulation, contributing to a better
understanding of Malat1’s roles in processes related to early
development and embryogenesis. 

In this study, we apply LNA GapmeR antisense oligonu-
cleotides to knock down Malat1 in the nucleus of mouse em-
bryonic stem cells. We identify 122 transcripts that are up-
regulated and 198 transcripts that down-regulated as a result
of the perturbation as well as 90 transcripts that have altered
splicing patterns. By overlaying these genes with available
public multi-omics data from mouse embryonic stem cells, we
stratify the transcripts into distinct pathways. Specifically, we
find evidence that Malat1 interacts with enhancer elements of
genes that are transcriptionally activated by Malat1, and that
these genes have functions of mitosis, specifically in chromatid
cohesion and microtubule organization. In addition, we find
that Malat1 directly interacts with the differentially splicing
transcripts at the RNA and DNA level, and that these tar-
gets themselves encode proteins that have functions in RNA
processing. In summary, we apply gene perturbation, tran-
scriptomics and multi-omics integration to propose a model
where Malat1 affects splicing and transcriptional regulation
through two distinct pathways in mouse embryonic stem
cells. 

Materials and methods 

Cell culture and transfection 

Drosha F mouse embryonic stem cell line containing the
tamoxifen-inducible LoxP—exon9—LoxP and a neomycin
selection cassette, was provided by M Chong ( 60 ). Cells
were cultured in serum-free Ndiff227 medium (Cellartis
Takara Bio), supplemented with 1000 U / mL ESGRO mouse
LIF (Millipore), differentiation inhibitors PD0325901 (1 μM)
and CHIR-99021 (3 μM, both from Selleckchem) and
1 × penicillin–streptomycin (Gibco). For cell harvest, cells
treated with Accutase (Sigma) at 37 

◦C for 5 min followed
by centrifugation. Mouse embryonic stem cells were trans-
fected at 60–70% confluence with LNA GapmeRs using Lipo-
fectamine RNAiMax (Thermo Scientific) according to the
manufacturer’s instructions. Pre-designed Negative control
A (LG00000002-DDA) and mouse Malat1 (LG00000008-
DDA) anti-sense LNA GapmeRs were purchased from Qi-
agen. Cells were grown onto feeder-free 0.1% EmbryoMax
gelatine (Merck Millipore) coated flasks at 37 

◦C in a 5% CO 2

atmosphere and tested negative for mycoplasma. 
RNA sequencing 

Global gene expression was analyzed by RNA sequencing.
Briefly, RNA was isolated from mouse embryonic stem cells 
48h post-transfection with control or anti-MALAT1 GapmeR 

using the Quick-RNA Miniprep Kit (Zymo Research). RNA 

quality was assessed by Agilent RNA 6000 Pico Kit (Agilent 
Technologies). cDNA libraries were prepared using the TruSeq 

Stranded mRNA Library Prep kit (Illumina) and the average 
library size was assessed using the Agilent DNA 1000 Kit (Ag- 
ilent Technologies). Libraries were normalized, pooled, dena- 
tured, and diluted for 80 bp single-end mRNA sequencing 
using Illumina NextSeq500 high-output sequencing. All kits 
were used according to the manufacturer’s instructions. 

Sequence quality control 

The sequence quality of raw sequence data was checked using 
FastQC tool (version 0.11.9). The per-base sequence quality 
showed very good quality calls thus we included all reads in 

downstream analyses. 

Read mapping and counting 

The mouse genome assembly (GRCm38.p6) was indexed us- 
ing the STAR alignment tool (version 2.7). STAR –runMode 
genomeGenerate –genomeFastaFiles GRCm38.p6.genome.fa 
–sjdbGTFfile gencode.vM25.annotation.gtf –sjdbOverhang 
79. Reads were then mapped to the mouse genome using the 
same tool. STAR –genomeDir –readFilesIn raw_reads.fastq –
outFilterMultimapNmax 1 –outSAMtype BAM SortedByCo- 
ordinate. The quantification of the RNA-seq data was per- 
formed using featureCounts (version 2.0). featureCounts -s 
0 -t -g -a gencode.vM25.annotation.gtf -M -O –fraction –
maxMOp 1000 -o output.txt input.bam. The -t option in 

featureCounts was specified based on the exon and intron 

level quantification. In order to quantify reads based on in- 
trons, a custom annotation file was generated from the origi- 
nal mouse annotation file using the makeEISAgtfs script from 

the EISAcompR package ( 61 ) available at https://github.com/ 
emarmolsanchez/EISAcompR . 

Differential gene expression analysis 

DESeq2 package (version 1.36) in R was used for performing 
differential gene expression analysis. Normalized read count 
filters were applied to only keep genes if at least half of the 
samples meet 50 and 25 counts at the exon and intron levels,
respectively. The P -value cutoff of 0.01 was used to identify 
differentially expressed genes. 

Alternative splicing analysis 

W e used rMA TS tool (version 4.1) to detect differential al- 
ternative splicing events. Bam files of the control and knock- 
down samples were used as the main inputs for the tool to 

operate the analysis. rmats.py –b1 b1_input –b2 b2_input –
gtf gencode.vM25.annotation.gtf -t single –readLength 80 –
variable-read-length. We retrieved all significant (FDR < 0.05) 
retained intron events from the final output that considers 
both Junction and Exon counts ( RI.MATS.JCEC.txt ). No ex- 
tra filters were applied. 

Frameshift analysis 

Retained intron lengths were extracted from the 
RI.MATS.JCEC.txt file (upstreamEE + 1 and downstreamES 

https://github.com/emarmolsanchez/EISAcompR
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s reported). Next, the farthest 5p and 3p coordinates were
etermined for each gene based on the information available
n the annotation file, considering all available transcripts
or each gene. Subsequently, the midpoint positions of the
etained introns were calculated. For standardization, the 5p
oordinates were adjusted based on the gene strand, setting
hem to 1. Moreover, the distances between the 3p location
nd the 5p location as well as the distance between the
etained intron midpoint position and the 5p location were
omputed. Finally, the retained intron events were catego-
ized as ‘5p’ or ‘3p’ based on their proximity to the respective
ranscripts ends. If the retained intron midpoint position
as close to the 5p end (RI midpoint position < midpoint
osition of the gene), it was considered as ‘5p’. Conversely,
f the retained intron midpoint position was close to the 3p
nd (RI midpoint position > midpoint position of the gene),
t was labeled as ‘3p’. 

ene ontology analysis 

o analysis was performed using the R package Clusterpro-
ler (version 4.4). To select GO terms that pass a signif-
cant cutoff, P -values were adjusted using the Benjamini—
ochberg method. Only top 5 GO terms with a P -

alue and q-value less than 0.05 are shown as cnet plots.
rg.Mm.eg.db was used as the background for the enrichment
nalyses. 

F enrichment analysis 

he public chromatin immunoprecipitation with massively
arallel DNA sequencing (ChIP-seq) data was used to identify
ranscription factor and cofactor targets. Transcription factor
ists were obtained from the Cistrome database ( 44 ) using the
pecies ‘Mus musculus’ and the biological source ‘Embryonic
tem Cell’. Only sets that reached four out of the six qual-
ty scores listed were considered. The target rank was estab-
ished using the assigned score and the top 300 targets of each
ranscription factor were considered in this analysis. After in-
ersecting these targets with the deregulated and alternatively
pliced genes, the number of remaining targets for each TF
as calculated. The binomial test was used to calculate the
robability of a set of targets being targeted by a specific TF.
or the hypothesized probability of success in this test, we as-
umed that 300 genes are targeted by TFs out of 20000 genes
n mice. To select the enriched TF candidates, the calculated
 -values were adjusted using the Bonferroni method. The ad-

usted P -value cutoff of 0.05 was used to identify enriched
Fs. 

NA half-life measurements 

he half-life measurements used in our analysis were de-
ived from a previously published study ( 42 ). We specifi-
ally used the half-life measurements of the MC1 cell line
129S6 / SvEvTac) to maintain consistency with our cell line,
hich was derived from the 129Sv mouse strain. The plot was

enerated by intersecting our differentially expressed and RI
enes with the half-life measurements of the MC1-LIF+ con-
ition from the mentioned study. The background genes con-
ained all genes reported in the MC1-LIF+ condition, exclud-
ng our differentially expressed and RI genes. P -values were
alculated using the Wilcoxon rank sum test. 
TSS analysis 

Malat1-chromatin interaction data from the RADICL-seq
study ( 39 ) were used to calculate the maximum distance from
the TSS and TES of the group of genes of interest. Only in-
teractions of the 1F A and 2F A datasets that were observed in
four or more replicates in the RADICL-seq study were con-
sidered. The TSS and TES information of genes was retrieved
using the same annotation file used in the RADICL-seq study
(vM14). Distances were calculated considering if the Malat1
target gene is on the positive strand ( interaction position—TSS
or TES ) or the negative strand ( TSS or TES—interaction po-
sition ). The final distribution plot was made considering only
the distances that were 200 kb upstream or downstream of
TSS and TES. 

Epigenetic mark analysis 

We retrieved the histone mark signals (GSM2417080,
GSM2417100, GSM2417096, GSM2417108) for the mouse
embryonic stem cells from the published study ( 47 ). These
data were used to have a single value for each gene that
represents the power of the epigenetic marks. For this pur-
pose, wig files were converted to bed files using the bedops
tool (version 2.4). wig2bed –zero-indexed < input.wig > out-
put.bed . These bed files were intersected with the bed for-
mat of NCBI37 / mm9 gtf (this genome version was used in
the study mentioned above) to retrieve regions that cover our
genes of interest using bedtools (version 2.30). bedtools inter-
sect -a gencode.vM1.annotation.bed -b input.bed -wo > out-
put.csv . The total sum of the peak values was calculated for
each gene using the intersection output files. The background
genes were set using our original count matrices at the ex-
onic and intronic levels. To have the background genes, we
applied the same filtering steps performed for the exonic and
intronic read counts in the differential gene expression analy-
ses and then we excluded the deregulated genes from this set.
The Wilcoxon rank sum test was used to compare the distribu-
tion of the epigenetic marks between the deregulated groups
and the background genes. 

Results 

Nuclear knockdown of Malat1 transcript with LNA 

GapmeRs 

To gain insights into the functions of Malat1 in mouse embry-
onic stem cells, we performed a knock-down of this transcript
(Figure 1 ). Importantly, since Malat1 is known to play impor-
tant roles in the nucleus, we used anti-sense oligonucleotide
LNA GapmeRs for the knockdown (Materials and Meth-
ods), since this RNaseH-mediated method efficiently targets
nuclear transcripts ( 24 ). We performed the perturbation ex-
periment using GapmeRs targeting Malat1 and a control se-
quence in three replicates. Each of the samples was then
subjected to high-throughput RNA sequencing using a pro-
tocol that enriches for mRNA transcripts (Materials and
Methods). 

Malat1 affects abundances of hundreds of 
transcripts in mouse embryonic stem cells 

Given the importance of lncRNAs in gene regulation at both
the transcriptional and post-transcriptional level ( 9 ), we in-
vestigated the effect of Malat1 perturbation on gene expres-
sion in mouse embryonic stem cells as measured by sequenc-
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Figure 1. Ov ervie w of the e xperiment al approach and comput ational analy ses. Malat1 w as knock ed do wn using LNA-GapmeRs, f ollo w ed b y 
RNA-sequencing analysis with three replicates in the control condition and three replicates in the knockdown condition. Computational analyses were 
then performed on the RNA-seq data to detect differentially expressed genes, differentially spliced transcripts, functional pathway enrichment and to 
intersect the data with a v ailable complementary functional genomics resources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ing (above). We performed the analysis at two levels: at the
level of sequenced RNAs mapping to exons, to study the ef-
fect on mature transcripts; and at the level of sequences map-
ping to introns, as a proxy to estimate the effect on nascent
transcription (i.e. the pre-mRNA level before splicing ( 25 ),
Supplementary Tables S1 and S2 ). Differential gene expression
analyses revealed significant deregulation in mRNA transcript
abundance, with 81 genes being up-regulated and 172 genes
being down-regulated when exonic sequence - corresponding
to spliced transcripts - were considered (Figure 2 A, Materi-
als and Methods). Among the genes that were de-regulated
were Cdc7 , which plays a role in embryonic stem cell dif-
ferentiation ( 26 ); Gsc , functioning as a transcription factor
during early stages of development ( 27 ); Dpp4 (also known
as CD26 ), involved in cell surface receptor interactions rel-
evant to immune responses and cell signaling ( 28 ); Cep250 ,
an essential component of the centrosome; and Smc1b , a key
constituent of the cohesin complex that is pivotal for chro-
mosome segregation ( 29 ). As expected, we found the Malat1
transcript itself to be significantly and substantially down-
regulated as a result of the applied knockdown (Figure 2 A,
left). 

Since Malat1 can regulate genes at the transcriptional level,
we also investigated differentially expressed genes based on
their intronic sequences. Recently transcribed pre-mRNAs
still harbor the intronic segments before their removal dur-
ing splicing ( 25 ), and thus reads mapping to introns could be
used as a proxy to detect alterations in ongoing transcription.
While most of our detected sequences were exonic, we did
detect substantial amounts of intronic sequence in our mea-
surements by RNA-seq ( Supplementary Figures S1 and S2 ).
In total, we found 47 genes to be up-regulated and 40 genes
to be down-regulated when considering intronic sequences
only (Figure 2 A, right). Among the genes that were deregu-
lated at the intronic levels were Magi1 , implicated in cell ad-
hesion and signaling ( 30 ); Fgf17 , involved in developmental
processes ( 31 ); Ptprg , known for its role in important process
such as cell growth and differentiation ( 32 ); Cxxc5 , associated
with cell proliferation, differentiation, and apoptosis ( 33 ); and
Rbfox3 , involved in the regulation of alternative splicing of
specific pre-mRNA molecules ( 34 ). Subsequently, we analyzed
the functions of genes which were altered after knockdown of
Malat1. Our results revealed that the deregulated genes in-
cluded mostly protein-coding genes, as well as several non-
coding RNAs, including lncRNAs such as Eprn which aids in
the transition of embryonic stem cells from a naive pluripo-
tent to a more differentiated state, and also Xist ( 35 ,36 ) (Fig- 
ure 2 B). Importantly, we found that genes that are down- 
regulated at the exonic level also tend to be down-regulated 

at the intronic level (Figure 2 C, Supplementary Figure S3 ).
The same holds for up-regulated genes. We, therefore, con- 
cluded that these genes are all transcriptionally regulated 

by Malat1 but are individually more or less robustly iden- 
tified as being deregulated at either the exonic or intronic 
level. For this reason, we pooled the genes that were down- 
regulated at either the exonic or intronic level and considered 

them as one set of 198 non-redundant genes, and similarly 
for the 122 up-regulated genes (Figure 2 C, Supplementary 
Table S3 ). In summary, we find evidence that Malat1 sig- 
nificantly and substantially alters the transcript levels of 
hundreds of protein-coding genes in mouse embryonic stem 

cells. 

Malat1 perturbation is associated with altered 

intron retention 

Given the central role of Malat1 in splicing, we evaluated the 
impact of reduced expression of Malat1 on splicing events.
We applied the dedicated software MATS to identify introns 
that undergo differential splicing as a result of Malat1 pertur- 
bation (Methods). The software reported 231 unique genes 
with splicing instances, distributed among five different types 
of events (Skipped Exon; Alternative 5 

′ Splice Site; Alterna- 
tive 3 

′ Splice Site; Mutually Exclusive Exons; and Retained 

Intron). However, when we performed computational control 
experiments by swapping control and knockdown samples,
we found that only the intron retention events were enriched 

relative to permuted controls, suggesting that only these types 
of events are reliably reported (Figure 3 A). In total, we found 

96 instances of intron retention (in 90 unique genes), with 

80 being retained in the control condition and 16 being re- 
tained in the knockdown (Figure 3 B, Supplementary Table S3 ,
Supplementary Add. Data S1 ). Since more introns are re- 
tained in the control than in the knockdown condition, this 
suggests that Malat1 predominantly facilitates intron reten- 
tion - rather than intron removal - in mouse embryonic stem 

cells. We found that transcripts with retained introns (RI) 
did not significantly overlap with the deregulated transcripts 
(above) and also that they did not by themselves display 
any evidence of deregulation at the whole-transcript level 
( Supplementary Figure S4 ), suggesting that the differentially 
spliced and differentially expressed transcripts are affected by 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
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alat1 through distinct pathways (Figure 3 C). Among the
ranscripts that retain introns, we find transcripts involved in
 variety of cellular functions and signaling pathways, includ-
ng centrosome-related activities (for instance gene Cep192 ,
igure 3 B), spindle assembly, acting as a molecular scaffold in-
uencing ERK activity (for instance Wdr83 ), blastocyst devel-
pment, protein localization and spliceosome assembly. Inter-
stingly, most of the introns that are retained either in the con-
rol condition (54 / 80, Figure 3 D) or in the knockdown con-
ition (13 / 16, Supplementary Figure S5 ) would not preserve
he open reading frame, suggesting that their inclusion could
isrupt production of a functional protein. However, based on
ur findings, most of frameshifts (34 / 54) in the control group
ake place near the 3 

′ end of the transcripts. This observation
uggests that these retained introns may not all affect the over-
ll protein structure, impairing their functionality (Figure 3 D).
ost of the introns that would not cause a frameshift how-

ver introduce stop-codons towards the end of the open read-
ng frame-frame, which would likely result in slightly trun-
ated proteins ( Supplementary Figure S6 ). We do not find
ny evidence that the amino acids translated from the introns
ould be biased towards hydrophobic residues, which could

arget them to proteasomal degradation ( Supplementary 
igure S7 ). In summary, we find evidence that Malat1 af-
ects the splicing of close to one hundred transcripts in
ouse embryonic stem cells, and that translation of these in-

rons could disrupt or attenuate the production of functional
roteins. 
 

Transcripts perturbed by Malat1 knockdown have 

roles in mitosis and in mRNA processing 

In the following, we will investigate three groups of genes that
are affected by Malat1: (i) genes that are down-regulated; (ii)
genes that are up-regulated and (iii) genes that retain or lose
introns (henceforth referred to as the ‘RI’ genes) upon Malat1
perturbation. The putative functions of each of the three af-
fected sets of genes were identified by Gene Ontology (GO)
analysis (Materials and Methods). The results of the GO anal-
ysis revealed that the down-regulated genes were significantly
enriched in several biological processes, such as the regulation
of mRNA processing and involvement in mitotic processes, in-
cluding sister chromatid cohesion, microtubule organization,
and recombinational repair (Figure 4 A). However, we did not
observe any change in expression of cell-cycle stage marker
genes upon the Malat1 knock-down, as might be expected
if our experiment had caused substantial cell cycle perturba-
tion ( Supplementary Figure S8 ). The RI group was mainly en-
riched in RNA splicing, mRNA processing, cell growth, and
non-membrane-bound organelle assembly (Figure 4 B). On the
contrary, the set of up-regulated genes did not appear to be
enriched in any particular functions (not shown). In the next
step, we aimed to investigate whether there were any poten-
tial networks of functional couplings or associations among
the altered genes in each of the three gene sets. To this end, we
performed network analyses using FunCoup ( 37 ). With this
analysis, we again found coherent networks only among the
genes of the down-regulated and RI groups, but not among the

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
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Effect of RIs on coding potential
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Figure 3. Transcripts with splice alterations upon Malat1 loss of function. ( A ) The bar plot shows the number of unique genes under different splicing 
conditions, including the normal comparison (3 control versus 3 knockdown samples) and the permutation controls, where samples of control or 
knockdown are randomly exchanged. The first two bars represent the number of differentially expressed genes at both the exon and intron levels, for 
reference. ( B ) Sashimi plots showing retained intron (RI) events, with numbers indicating the count of inclusion-supporting reads (IJC) located above the 
retained introns, and the count of splicing-supporting reads (SJC) positioned below the retained introns. The calculated RI ratios are derived by dividing 
the total sum of splicing-supporting reads by the total sum of inclusion-supporting reads. P -values were calculated using the Fischer’s exact test. ( C ) 
Venn diagrams show the overlapping genes among the differentially expressed genes and the genes with retained introns. P -values were calculated 
using the hypergeometric distribution. ( D ) The bar plot shows the number of introns that are retained in the presence of Malat1, distinguishing between 
introns whose inclusion would cause a frameshift in the coding sequence and introns that would not cause a frameshift. The colors in the plot indicate 
the relative location of retained introns with respect to the 5-prime or 3-prime end of the transcript, with the 5-prime introns more likely to disrupt the 
translated protein sequence. Statistical significance was performed using the chi-square test. 
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orthogonal datasets (RADICL-Seq and RAP–RNA). P -values were calculated using the hypergeometric distribution. 
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enes of the up-regulated group ( Supplementary Figures S9 -
11 ). Focusing on the top nodes of the networks in the down-
egulated group ( Sdha, Dlg1, Apc, Ogt, Plcg1 and Ptprg ), we
oncluded that the overall network could be related to stem
ell vitality and control of cell division, which is consistent
ith our functional GO analyses for the same group of genes.

n the case of the RI group, the top nodes ( Ipo7, Sf3b1, Hn-
nph1 and Gtpbp4 ) were related to essential cellular processes
hat occur within the nucleus, such as RNA splicing and mod-
fication as also found in the GO analysis. Although there
s evidence that Malat1 is involved in mammalian immunity
 38 ), we did not observe any related GO terms (n.s.), how-
ver we did observe specific individual genes in the down-
egulated group that have putative functions related to im-
unity ( Supplementary Figure S12 ). In summary, we find that

he down-regulated genes appear to be involved in chromatid
ynamics and mitosis, while the genes whose transcripts are
ifferentially spliced (RI genes) themselves have functions in
RNA processing. 

alat1 directly interacts with transcripts that are 

ifferentially spliced upon perturbation 

revious studies have applied genomics methods to show that
he Malat1 transcript directly interacts with chromatin and
various mRNAs in mouse embryonic stem cells ( 39 ,40 ). Using
the RADICL-seq method, RNA and DNA molecules were lig-
ated together and sequenced in an unbiased approach, yielding
a transcriptome-wide and genome-wide map of RNA–DNA
interactions ( 39 ). In a different study applying the RAP–RNA
method, Malat1 was isolated using antisense purification and
transcripts interacting with that lncRNA were identified us-
ing sequencing ( 40 ). We therefore re-analyzed these public ge-
nomics data to investigate if the genes we find to be affected
by Malat1 knockdown directly interact with Malat1 at the
DNA or RNA level. We first intersected each of our three
sets of genes with the RADICL-seq data (Materials and Meth-
ods). We found that the RI genes are significantly enriched in
interactions with Malat1, suggesting that this lncRNA is di-
rectly interacting with these genes at the chromatin level (Fig-
ure 4 C). In contrast, there was no significant interaction be-
tween Malat1 and either the up- or down-regulated genes. We
next re-analyzed the RAP–RNA data and found that the RI
transcripts are also significantly enriched in interactions with
Malat1, suggesting that the lncRNA binds to these transcripts
(Figure 4 D). Again, we found no significant interaction be-
tween the down- or up-regulated transcripts and Malat1. In
summary, we find evidence that Malat1 directly interacts with
transcripts whose splicing is altered upon Malat1 perturba-
tion at the RNA level and right at the site of transcription. 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
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Half-life profiles of transcripts affected by Malat1 

perturbation 

LncRNAs have been described to interact with mRNAs and
influence their half-lives. One way in which lncRNAs can do
this is by promoting the stabilization or decay of mRNAs
by specific base-pairing patterns ( 41 ). In light of this, we in-
vestigated the steady-state half-lives of the transcripts that
were affected by the Malat1 perturbation in mouse embry-
onic stem cells using available data ( 42 ) (Materials and Meth-
ods). We observed that the transcripts of up-regulated genes
show longer half-lives relative to background transcripts
( Supplementary Figure S13 ), even when normalizing for their
expression level ( Supplementary Figures S14 and S15 ). In con-
trast, the down-regulated genes and the genes with retained
introns did not exhibit any significant differences. Based on
these observations, we cannot infer that Malat1 directly in-
fluences the stability of the transcripts, since it is possible that
different sets of transcripts have distinct half-lives as a result of
their functions—for instance the specific transcripts that have
functions in mitosis might be relatively short-lived. However,
the influence of Malat1 on the stability of these transcripts
could be the focus of future studies. 

Evidence that specific perturbed genes are 

transcriptionally regulated by Malat1 

Given that Malat1 has been shown to regulate gene expression
both transcriptionally and post-transcriptionally, we sought
to determine which level of transcriptional regulation is af-
fected in the three groups of genes when Malat1 expression is
knocked down. Thus, we examined the gene expression fold
change measures of the down-regulated, up-regulated, and RI
groups at the exon and intron levels (Figure 5 A). Interestingly,
we found that the down-regulated genes decrease in expres-
sion at both the exon and intron level to comparable degrees.
Similarly, the up-regulated genes increase in expression at both
the exon and intron levels. This suggests that the perturbation
happens at the transcriptional level, since perturbation that af-
fects only spliced transcripts would only be observable at the
exonic but not intronic level. As expected, the RI transcripts
did not substantially increase or decrease overall at either the
exonic or intronic level, consistent with only specific exonic
structures being affected (Figure 5 A). Our findings confirm
that Malat1 can influence specific genes at the transcriptional
level in mouse embryonic stem cells. 

Malat1 localizes upstream of genes that are 

down-regulated upon Malat1 perturbation 

Given that we find that Malat1 regulates specific genes at the
transcriptional level, we looked to available functional ge-
nomics data to understand the mode of regulation. Studies
have indicated that Malat1 interacts with active chromatin
sites, primarily in promoter regions and over gene bodies,
suggesting its direct involvement in transcriptional regulation
( 12 ). Therefore, we reanalyzed public RNA–DNA (RADICL-
seq) interaction data to identify where Malat1 is binding in the
gene bodies of our three groups of genes (Materials and Meth-
ods). We found that Malat1 distributed relatively evenly over
the bodies of the up-regulated and RI genes (Figure 5 B). For
the RI genes, this would be expected if Malat1 is affecting co-
transcriptional splicing of introns while the nascent transcript
is still located at the gene bodies ( 43 ). In contrast, Malat1
tended to bind upstream of the gene bodies of the down-
regulated genes (Figure 5 B), with a mean distance of ∼27 000 

nucleotides upstream of the transcription start site. This could 

be consistent with Malat1 binding upstream regulatory re- 
gions such as enhancer sites. In summary, we find that Malat1 

binds the RI group genes in the gene bodies, while it tends 
to bind down-regulated genes upstream, possibly at enhancer 
sites. 

Perturbed genes are enriched for binding sites for 
specific transcription factors and repressors 

As previously mentioned, Malat1 has been described to fur- 
ther regulate transcription through interaction with transcrip- 
tional activators and repressors. Therefore, to investigate if 
each of the three groups of genes were enriched in binding 
sites for specific transcription factors, we studied 172 dis- 
tinct transcription factors for which mouse embryonic stem 

cells ChIP-seq data were available in the Cistrome database 
( 44 ) (Materials and Methods). Based on the top 300 ranked 

target genes of each of these transcription factors, our anal- 
ysis showed the enrichment of distinct transcription factors 
for each set of our genes (Table 1 ). For the down-regulated 

genes, the CBX8 transcriptional repressor was enriched. This 
transcription factor is part of the PRC1-like complex that is 
required to maintain the transcriptionally repressive state of 
many genes. In the case of the up-regulated genes we observed 

SALL1 as an enriched protein factor that is involved in tran- 
scriptional repression. There were several transcription fac- 
tors that target the genes showing RI. For this group, we found 

six enriched transcription factors (EZH2, KAT8, LEO1, TBP,
RARA and USP7) that are involved in both transcriptional 
repression and activation (Table 1 ). Similarly, it has been pro- 
posed that Malat1 can interact with the RNA-binding protein 

Nucleolin in nuclear speckles ( 45 ), and consistent with this 
we find a significant enrichment of Nucleolin binding motifs 
in down-regulated transcripts and in transcripts with retained 

introns ( Supplementary Figure S16 ). In summary, we find sev- 
eral transcription factors and repressors that are enriched in 

binding sites in the three groups of genes. 

Down-regulated genes are enriched for both 

activating and repressive chromatin marks 

Our findings indicate that Malat1 plays a role in both upreg- 
ulating and downregulating the expression of specific tran- 
scripts, with distinctive differences in its binding positions in 

these genes (see above). Previous studies have reported that 
Malat1 can interact with the Polycomb repressive complex 

2 (PRC2) and promote the repressive H3K27me3 mark ( 46 ).
Therefore, to investigate if there are differences in chromatin 

marks between our groups of genes, we analyzed the steady- 
state profiles of four histone marks for these genes. ChIP-Seq 

data for the active (H3K27ac, H3K36me3, H3K4me3) and 

repressive (H3K27me3) chromatin marks in mouse embry- 
onic stem cells were retrieved from a previously published 

dataset ( 47 ). Our analysis revealed that the down-regulated 

group showed enrichment in all chromatin marks compared 

to the background and up-regulated genes (Figure 5 C), sug- 
gesting that some of the genes may have bivalent chromatin 

marks, which are commonly found in embryonic stem cells 
and help to maintain their pluripotency ( 48 ). Although it is 
well-established that Malat1 can interact with the PRC2 com- 
plex to promote the repressive H3K27me3 mark on gene bod- 
ies, we did not observe an enrichment of the up-regulated 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae045#supplementary-data
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Figure 5. Evidence of transcriptional regulation by Malat1. ( A ) Violin plot showing the gene expression change levels of the altered genes at the e x on and 
intron le v els. Each group is represented b y a distinct color. ( B ) Densit y plot presenting the distribution of the dist ance bet ween Malat1-chromatin 
interaction positions and transcriptional start sites (TSS; Methods). ( C ) Violin plot representing the distribution of the four different chromatin marks for 
the background, up-regulated, and down-regulated genes (A = activating mark; R = repressive mark). 

Table 1. Transcription factors enriched in binding to promoter regions of 
perturbed genes 

TF Function Targeting group 

CBX8 A key component of a Polycomb 
group (PcG) complex, essential for 
maintaining the transcriptionally 
repressive state of numerous genes 

Down-regulated 

EZH2 A Polycomb group (PcG) protein, it 
catalyzes the methylation of ‘Lys-9’ 
(H3K9me) and ‘Lys-27’ (H3K27me) 
on histone H3, leading to 
transcriptional repression of the target 
gene 

RI 

KAT8 A histone acetyltransferase that may 
be involved in transcriptional 
activation 

RI 

LEO1 A PAF1 complex component, plays 
multiple roles in development, 
maintenance of embryonic stem cell 
pluripotency, and transcriptional 
elongation 

RI 

TBP Serves a central role in the 
DNA-binding multiprotein factor 
TFIID 

RI 

RARA A nuclear retinoic acid receptor, the 
encoded protein, retinoic acid 
receptor alpha, regulates transcription 
in a ligand-dependent manner 

RI 

USP7 This protein deubiquitinates different 
target proteins and plays important 
roles in DNA damage, cell growth, 
and apoptosis 

RI 

SALL1 A transcription factor involved in 
embryonic development 

Up-regulated 
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enes for this mark. However, the up-regulated genes were de-
leted in the active H3K36me3 and H3K4me3 marks relative
o background genes (Figure 5 C). In summary, we find that the
own-regulated genes are enriched for both activating and re-
ressive chromatin marks, while the up-regulated genes are
epleted for some activating marks. 
Comparison to previous Malat1 perturbation 

studies 

Given that we find evidence that Malat1 has functions re-
lated to mitosis (Figure 4 A) and mRNA processing (Figure
4 B), we set out to compare our results with previous perturba-
tion studies. Upon Malat1 constitutive genetic deletion in mice
( 49 ), the authors found that the development of mice was not
visibly disrupted and the only clear transcriptomic effect in
liver and brain was that relatively few transcripts changed in
steady-state levels in the absence of Malat1. The transcripts
that changed in expression in the mouse brain were associ-
ated with extracellular structure organization, which may be
related to the well-described role of Malat1 in cell migration
and cancer ( 20 ). The lack of clear developmental phenotypes
and strong transcriptomic effect in this study may be due to re-
dundant regulatory systems during development (see Discus-
sion below). Interestingly, transcripts related to extracellular
structure organization have also been found to show intron re-
tention or to decrease in expression in cell lines upon Malat1
repression, specifically in HeLa cells (from our functional term
analyses of these published data, ( 50 )) and in human lung
adenocarcinoma cells ( 51 ). In other cell lines, transcripts re-
lated to chromosome segregation and mitosis were found to
be down-regulated in response to Malat1 knockdowns, specif-
ically in mouse cultured hippocampal neurons ( 52 ) and in hu-
man lung fibroblasts ( 53 ). This is similar to what we observe
in mouse embryonic stem cells (Figure 4 A). In summary, we
find that the functions of Malat1 in chromosome dynamics
have also been described in previous loss-of-function experi-
ments. Malat1 roles in cell migration has also been described
in several previous studies, although we do not observe this in
mouse embryonic stem cells. It appears that Malat1 may have
both cell-specific and more ubiquitous functions. 

Discussion 

In this study, we investigated the impact of the Malat1
lncRNA on gene expression and splicing in mouse embryonic
stem cells using a nuclear knock-down system. Our results
revealed that 198 genes—including Malat1—were down-
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Model: Malat1 affects transcription and splicing through two distinct pathways in mouse embryonic stem cells

Regulation of splicing
and RNA processing 
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Figure 6. Model of Malat1 functions in mouse embryonic stem cells through two distinct pathways. In the first pathway, Malat1 interacts with putative 
enhancer regions upstream of the target genes, facilitating transcription of genes in v olv ed in mitosis – specifically in chromatid dynamics, microtubule 
organization and recombinational repair. In the second pathw a y, Malat1 interacts directly with gene bodies and nascent transcripts to inhibit splicing of 
specific introns. These target transcripts themselves have functions in regulation of splicing and RNA processing, suggesting a possible feedback 
mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

regulated and 122 genes were up-regulated, while 80 introns
were spliced out and 16 introns were aberrantly retained
upon Malat1 loss of function. While there seemed to be an
avoidance of splicing alterations that would change coding
sequence, there was a subset of retained introns that would af-
fect the translated protein sequence. We found that the down-
regulated genes are enriched in functions related to chromatid
cohesion, microtubule organization, and recombinational re-
pair, while genes with retained introns are enriched in func-
tions related to RNA splicing, mRNA processing, cell growth,
and non-membrane-bound organelle assembly. We find evi-
dence that Malat1 directly interacts with gene bodies and tran-
scripts of the targets that retain introns, and that Malat1 binds
upstream of genes that are down-regulated, at putative en-
hancer sites. Consistent with binding at enhancer regions, we
find that genes that are down-regulated are affected at both
exon and intron level, suggesting that they are regulated by
Malat1 transcriptionally. The groups of down-regulated genes
and genes with retained introns are both affected by specific
groups of transcription factors, and the down-regulated genes
are enriched for both activating and repressive marks, suggest-
ing that some may be bivalent ‘poised’ genes. Lastly, we have
made a systematic comparison of de-regulated genes and their
functional terms with previous Malat1 perturbation studies,
finding both similarities and differences. 

Based on our findings, we propose a model in which Malat1
affects transcription and splicing through two distinct path-
ways (Figure 6 ). In the first pathway (Figure 6 , right), Malat1
interacts with enhancer regions and putative protein fac-
tors to facilitate transcription of genes involved in mitosis—
specifically in chromatid dynamics, microtubule organization
and recombinational repair. In the second pathway (Figure 6 ,
left), Malat1 interacts directly with gene bodies and nascent
transcripts to inhibit splicing of specific introns. The targeted
transcripts interestingly themselves have functions in regula-
tion of splicing and RNA processing, suggesting a possible
feedback mechanism: when Malat1 is abundant, it will in-
hibit splicing of transcripts that are themselves translated to
splicing factors. In contrast, when Malat1 is lowly expressed,
these transcripts will undergo splicing, thus increasing pro-
duction of splicing factors and facilitating global RNA pro-
cessing. While this model is consistent with our observations,
more studies will be needed to test its validity and scope. 

An important part of our study here is the integration of
public RADICL-seq and RAP-RNA data, which allows us to
detect direct interactions between Malat1 and DNA and RNA
targets, giving both information about enrichment of such in-
teractions and also the positions of the interactions relative to 

gene bodies. While the RAP-RNA data analyzed only yields 
information about Malat1 – since that particular transcript 
was isolated using antisense purification—the RADICL-seq 

data yields unbiased information about transcriptome-wide 
and genome-wide RNA-DNA interactions. Thus, these spe- 
cific datasets could be used to profile interactions also of other 
lncRNAs and regulatory RNAs. While it is not certain that 
the interactions detected are direct physical interactions—they 
could for instance also be mediated by proteins—they do pro- 
vide evidence that the detected molecules have been in rela- 
tively close proximity in the nucleus. 

While we in our model above suggest how Malat1 regu- 
lates the genes that were down-regulated or had altered splic- 
ing patterns in our perturbation experiment, we do not in- 
clude the up-regulated genes in our model. For these genes, we 
did not find any enrichment in functional terms, nor did we 
find any evidence for direct interaction with Malat1 at either 
the DNA or RNA level. It seems plausible that most of these 
genes are up-regulated as a result of secondary effects—that 
Malat1 knockdown perturbs the expression of one or more 
other regulators, that might in turn cause the upregulation 

of these genes in a cascading manner. Considering the abil- 
ity of Malat1 to regulate the epigenetic landscape ( 16–19 ,54 ),
it is conceivable that the up-regulated genes could be a con- 
sequence of the loss of repressive marks or even the gain of 
activating marks, given that these genes are in a steady-state 
condition depleted in activating marks (Figure 5 C). 

Connected with this, we measured RNA changes 48 hours 
after the knockdown by LNA GapmeRs. Shorter or longer 
waiting times would likely have resulted in somewhat differ- 
ent lists of perturbed genes, as some changes might not yet be 
observable at the level of steady-state RNAs, or some changes 
might have returned to an equilibrium state. Still, we did ob- 
serve two groups of perturbed genes that each have distinct 
functions and where their interaction with Malat1 is sup- 
ported by omics data. Another limitation of our study is that 
we used steady-state data for transcript half-lives and chro- 
matin marks rather than measure changes before and after the 
Malat1 perturbation. This could be the focus of future studies.
Although we have integrated omics data from several sources,
it is important to highlight that these data were all obtained 

from mouse embryonic stem cells, which facilitates the direct 
comparison across data modalities. 

Based on multiple lines of evidence ( 12 , 14 , 50 , 52 ) Malat1
has a function in regulating gene expression and alternative 
splicing, however other studies conducted with Malat1 knock- 
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ut animal models ( 49 ,55 ) show that Malat1 is not essen-
ial for normal physiology and development. Consistent with
tudies conducted in other cell lines, we find that Malat1
as roles in transcriptional regulation and intron retention
n mouse embryonic stem cells. This raises the question: why
oes Malat1 clearly have regulatory functions in mouse em-
ryonic stem cells, yet lacks critical importance for overall
ouse development and normal physiological processes? One

xplanation could be that there is functional redundancy for
alat1 RNA ( 12 ,49 ) where molecular function of a gene is

ubstituted by a second gene as it is for many other RNAs ( 56 ).
nother explanation could be that there exist compensatory
echanisms for specific important transcriptional and post-

ranscriptional processes ( 57 ) for Malat1 in knockout mice
s it has been described for other genes ( 57–59 ). These ap-
arently contradictory findings confirm that functional redun-
ancy or compensatory mechanisms of Malat1 are underex-
lored and the significance of mouse knockout models cannot
e underestimated in addressing these intricate questions. 
Taken together, while previous studies have indicated that
alat1 is not critical for mouse development, our study ex-

lores the role of Malat1 in gene expression and splicing
ithin mouse embryonic stem cells, revealing its specific reg-
latory functions in this cellular context. This investigation
olds significant importance as it allows us to identify altered
enes and biological properties resulting from Malat1 knock-
own in these cells, providing valuable insights into its sig-
ificance in stem cell biology. Considering the pivotal role of
mbryonic stem cells in developmental biology and disease re-
earch, our study offers essential and relevant insights into the
elevance of Malat1 in these critical fields and our work signif-
cantly advances our understanding of Malat1-mediated gene
egulation in stem cells, thereby opening new doors for further
esearch and potential therapeutic applications. 
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