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ABSTRACT

Human metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a nuclear long noncoding RNA (lncRNA) that
is highly overexpressed inmany cancer tissues and plays important roles in tumor progression andmetastasis. TheMALAT1
primary transcript contains evolutionarily conserved structural elements in its 3′′′′′-terminal region: a triple helix forming el-
ement called element for nuclear expression (ENE) and a downstream tRNA-like structure called mascRNA. Instead of be-
ing polyadenylated, mature MALAT1 is generated by recognition and processing of the mascRNA by RNase P. A
genomically encoded A-rich tract at the new 3′′′′′ end of MALAT1, which is generated upon RNase P cleavage, forms a triple
helical structure with the upstream ENE. Triplex formation is vital for stabilization of the mature transcript and for subse-
quent accumulation and oncogenic activity of MALAT1. Here, we demonstrate that efficient 3′′′′′-endmaturation of MALAT1
is dependent on an interaction between the A-rich tract and the mascRNA 3′′′′′ trailer. Using mutational analyses of cell-
based reporter accumulation, we show that an extended mascRNA acceptor stem and formation of a single bulged A
5′′′′′ to the RNase P cleavage site are required for efficient maturation of the nascentMALAT1 3′′′′′ end. Our results should ben-
efit the development of therapeutic approaches to cancer through targeting MALAT1.
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INTRODUCTION

Eukaryotic genomes encode thousands of long noncoding
RNAs (lncRNAs) that are emerging as important players in
a wide range of cellular processes (Statello et al. 2021). It is
estimated that there are ∼18,000 lncRNA human genes. A
growing fraction of them is directly linked to various dis-
eases including cancer (Ali et al. 2018; Frankish et al.
2019; Statello et al. 2021). Metastasis-associated lung ad-
enocarcinoma transcript 1 (MALAT1), also known as nucle-
ar-enriched abundant transcript 2 (NEAT2), is one of the
most extensively studied nuclear-localized lncRNAs
(Wilusz 2016; Arun et al. 2020). MALAT1 is strongly up-reg-
ulated in a broad spectrum of tumor types and is consid-
ered oncogenic in breast, lung, liver and many other
cancers (Lin et al. 2007; Gutschner et al. 2013). Because
of accumulating evidence that MALAT1 plays a critical
role in the progression and metastasis of numerous can-
cers, it is being actively studied as a potential therapeutic
target (Arun et al. 2016, 2018; Lin et al. 2018; Pan et al.
2020).

Although the 3′ ends of most lncRNAs are formed
through canonical cleavage and polyadenylation,
MALAT1 3′-endmaturation is carried out by RNase P cleav-
age ∼0.4 kb upstream of the classical cleavage and poly-
adenylation site (Wilusz et al. 2008). Highly conserved
RNA structural elements residing in the 3′-proximal region
of MALAT1 allowed identification of MALAT1 homologs in
other vertebrates (Zhang et al. 2017). These structural ele-
ments are: (i) an element for nuclear expression (ENE),
which is a U-rich internal loop flanked by double
helices (Conrad and Steitz 2005), and (ii) a tRNA-like struc-
ture called MALAT1-associated small cytoplasmic RNA
(mascRNA) (Wilusz et al. 2008). In addition, an A-rich tract
is located between the ENE and mascRNA. Upon RNase
P cleavage, the released 3′-genomically encoded A-rich
tract forms a blunt-ended triple helix structure with the
ENE motif, which stabilizes MALAT1 by shielding its
3′ end from exonucleolytic degradation (Brown et al.
2014). Unlike mature MALAT1, which is nuclear,
mascRNA localizes to the cytoplasm (Wilusz et al. 2008).
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Without 3′-end maturation and release of the A-rich tract,
MALAT1 cannot accumulate to high abundance inside
the cell (Brown et al. 2012). Maturation of the MALAT1
3′ end and formation of the triple helix structure not only
stabilize the transcript but also up-regulate translation in
a GFP expression system (Wilusz et al. 2012).
Previous studies have demonstrated that enzymes in-

volved in tRNA biogenesis, including RNase P, RNase Z,
and CCA-adding enzymes, are responsible for the matura-
tion and processing of both the MALAT1 3′ end and the
mascRNA (Wilusz et al. 2008; Kuhn et al. 2015). First,
RNase P cleavage occurs downstream from the A-rich tract,

followed by RNase Z cleavage, which cuts off themascRNA
3′-trailer sequence (Wilusz et al. 2008). Despite little se-
quence conservation in the majority of the MALAT1 se-
quence, the triple helix forming region and mascRNA are
highly conserved across vertebrate species (Quinn and
Chang 2016; Zhang et al. 2017). In addition, the 7 nt of
the mascRNA 3′ trailer, which is removed by RNase Z and
is absent from the processed mascRNA, are highly con-
served among vertebrates (Fig. 1A). Yet, 3′-trailer sequenc-
es in tRNAs are generally not conserved, nor are they a
major determinant of substrate recognition by mammalian
RNase Z (Nashimoto 2000).
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FIGURE 1. 3′-terminal region of the nascent MALAT1 contains evolutionarily conserved sequences that are predicted to interact before 3′-end
maturation. (A) mascRNA is located immediately downstream from the MALAT1 A-rich tract (boxed in purple). A 7-nt long mascRNA 3′ trailer
(boxed in black), which is highly conserved among vertebrates, is fully complementary to the A-rich tract. (B) Schematic of the intronless β-globin
reporter construct containing a cytomegalovirus promoter, a human βΔ1,2 gene, and a bovine growth hormone poly(A) site (BGH pA). In ENE-
containing reporters, the ENE (green), the A-rich tract (purple), and the mascRNA (black) are inserted upstream of the poly(A) site. The RNase P
cleavage site is marked by an arrowhead. (C ) Schematic of theMALAT1 ENE+A-rich tract shows the triple helical structure formed at the 3′ end of
mature MALAT1. The U-rich internal loops are in green and the A-rich tract is in purple. (D) The humanmascRNA is predicted to fold into a tRNA-
like structure with an extended acceptor stem that is formed through base-pairing interactions between the upstream A-rich tract and the down-
streammascRNA 3′ trailer. A single A residue is predicted to bulge immediately upstream of the RNase P cleavage site. Nucleotides targeted for
mutagenesis are outlined in red boxes. InC andD, nucleotide 8343 of the humanMALAT1 is indicated. (E) Northern blots probed for β-globin and
control neomycin resistance (NeoR) transcripts (top) were quantitated by normalizing the β-globin signals to those of NeoR (bottom). Reporter
accumulation with the wild-type MALAT1 ENE+A-rich tract +mascRNA was set at 1. Relative accumulation was the average of at least three in-
dependent experiments± SD.
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The possible involvement of the mascRNA 3′ trailer in
MALAT1 maturation has not been carefully explored.
Here, we show that the conserved portion of the mascRNA
3′ trailer interacts with sequences 3′ to the A-rich tract, ex-
plaining coevolution of these regions. We investigated a
series of mutations using a cellular intronless β-globin
(βΔ1,2) reporter assay to demonstrate that base-pairing in-
teractions between the A-rich tract and the mascRNA 3′

trailer are required for efficientMALAT1 3′-endmaturation,
subsequently enabling cellular accumulation of the report-
er RNA. Our results suggest that therapeutic interventions
could target MALAT1 3′-end maturation through prevent-
ing the interaction between the A-rich tract and the
mascRNA 3′ trailer.

RESULTS AND DISCUSSION

We first investigated the contribution of the mascRNA 3′-
trailer sequence to enhancing the cellular accumulation
of βΔ1,2 reporters containing MALAT1 ENE+A-rich tract
+mascRNA sequence upstream of the poly(A) site (Fig.
1B–D). The wild-type (WT) construct contains an 11-nucle-
otide (UUGCUUUGACU) mascRNA 3′-trailer sequence.
Inclusion of the MALAT1 ENE+A-rich tract +mascRNA in
the 3′ untranslated region of the reporter mRNA enabled
its accumulation in HEK293T cells (Fig. 1E), which has
been shown to result from formation of an RNA with a 3′-
blunt ended triplex structure (Fig. 1C; Brown et al. 2014).
When only the first 7 nt of the mascRNA 3′ trailer, which
are highly conserved among vertebrates and are fully com-
plementary to part of the A-rich tract (Fig. 1D), were mutat-
ed or deleted, reporter transcript accumulation dropped
more than fivefold (Fig. 1E, lanes 3–4). In contrast, we ob-
served no significant change in reporter accumulation
upon deletion of the noncomplementary region of the
3′-trailer sequence (Fig. 1E, lane 5).

Since all tested mascRNA mutants contain the same
MALAT1 ENE+A-rich tract sequence, observed differenc-
es in the accumulation of the reporter transcript could be
due to differing efficiencies of processingmascRNAbyRN-
ase P, which liberates the 3′ end of the A-rich tract. Predict-
ed secondary structures of different mascRNAmutants are
shown in Supplemental Figure S1. We further examined
the contribution of the 3′ trailer to reporter accumulation
by inserting a sequence (see Ins in Fig. 1D) downstream
from the 3′ trailer that should sequester the trailer strand
by forming an exceptionally stable tetraloop with a long
stem (Supplemental Fig. S1; Chen and Garcia 2013). For-
mation of a stable tetraloop should prevent the 3′ trailer
from interacting with the A-rich tract. Despite the presence
of the wild-type 3′ trailer in Ins, recruitment of the 3′ trailer
into a stable tetraloop resulted in a reduction in the accu-
mulation of the reporter transcript comparable to that of
the Mut1 and Del1 mutants (Fig. 1E, lanes 3, 4 and 6). It
was previously demonstrated that formation of hairpin-

like structures involving a pre-tRNA 3′ trailer and its down-
stream sequence has no negative effect on pre-tRNA pro-
cessing reactions (Levinger et al. 1998). Moreover, it was
observed that the sequence of the 3′ trailer of pre-tRNA
has no effect on the substrate specificity or cleavage kinet-
ics of RNaseP (Hsieh et al. 2009). Therefore, our results sug-
gest that although mascRNA is processed by the same set
of enzymes as pre-tRNAs (Wilusz et al. 2008), themascRNA
3′ trailer plays an important role in efficient maturation of
the MALAT1 3′ end. Unlike tRNAs, which lack sequence
conservation in their leader and trailer sequences (Nashi-
moto et al. 1999), the 7 nt of the 3′ trailer proximal to the
3′ end of mascRNA exhibit high sequence conservation
among vertebrates (Fig. 1A), supporting biological
significance.

Next, we asked whether the accumulation of reporter
transcripts containing a mutated MALAT1 triplex can be
regulated by formation of a predicted mascRNA extend-
ed stem through interaction of the A-rich tract with the
3′ trailer (Fig. 2A,B). Previous studies demonstrated that
deletion of a single A nucleotide at the 3′ end of the
MALAT1 A-rich tract (ΔA mutant) resulted in an ∼10-fold
decrease in the level of the βΔ1,2 reporter transcript
(Fig. 2C, lane 3; Brown et al. 2012). Such a dramatic effect
was suggested to be due to the lack of a paired 3′ termi-
nus at the triplex–duplex junction and subsequent desta-
bilization of the triplex motif (Brown et al. 2012). As shown
in Figure 2B, the extended stem is predicted to form a sin-
gle bulged A immediately upstream of the RNase P cleav-
age site. The βΔ1,2 reporters used in this study and earlier
ones (Brown et al. 2012, 2014) all contained the same
mascRNA carrying the 3′-trailer sequence shown in Figure
1D. The ΔA mutant mascRNA is predicted to form a long
acceptor stem with no bulged nucleotide (Supplemental
Fig. S2, structure 3). Therefore, deletion of a single U nu-
cleotide from the 3′ trailer of the ΔA mutant (called the
ΔA–ΔU mutant) should restore formation of a bulged A
upstream of the RNase P cleavage site (Supplemental
Fig. S2, structure 4). Indeed, the ΔA–ΔU mutant showed
significantly higher reporter accumulation than that of
the ΔA mutant (Fig. 2C, lane 4). To further investigate
the importance of the formation of an extended stem
with a bulged nucleotide between the MALAT1 A-rich
tract and the mascRNA 3′ trailer, we added a single U
to the mascRNA 3′ trailer, which is expected to prevent
formation of the bulged A upstream of the RNase P cleav-
age site (Supplemental Fig. S2, structure 5). Formation of
a continuous long acceptor stem resulted in a substantial
reduction in the accumulation of this reporter, despite its
potential to form the wild-type MALAT1 triplex motif (Fig.
2C, lane 5). These results strongly suggest that the A-rich
tract forms base-pairing interactions with the 3′ trailer, cre-
ating a bulged A nucleotide upstream of the RNase P
cleavage site that greatly enhances production of the ma-
ture MALAT1.
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To further investigate the contribution of the base-pair-
ing interactions between the MALAT1 A-rich tract and the
mascRNA 3′ trailer to the generation of a correct 3′ end
and thereby a functional triplex, we introduced mutations
intoother regionsof the triplexA-rich tract and intopredict-
ed complementary nucleotides in the 3′ trailer (Fig. 2A,B),
including (i) C of the C-G Watson–Crick base pair separat-
ing the two stacks of base triples in the triple helical struc-
ture (blue box), (ii) A of a U•A-U base triple in the lower
stack of base triples (black box), and (iii) G of the C•G-C tri-
ple (magenta box). As shown in Figure 2C (lanes 7–8), re-
duction in the accumulation of the reporter transcript
caused by the C-G to G-C mutation was rescued by a com-
pensatory mutation in the 3′ trailer that restores its predict-
ed base-pairing interaction with the A-rich tract. The same
compensatorymutation in the 3′ trailer (G toCmutation) re-
duced accumulation of the reporter transcript containing
the wild-typeMALAT1 triplex to ∼55% (Fig. 2C, lane 9). In-
terestingly, none of themutations in the U•A-U triple locat-
ed in themiddle of the lower stack of triples in theMALAT1
triplex structure (Fig. 2A, boxed in black) or in the comple-
mentary U nucleotide in the mascRNA 3′ trailer (Fig. 2B
boxed in black) yielded a substantial change in reporter ac-
cumulation (Fig. 2C, lanes 10–12). These results are in
agreementwith a previousmutational studyusing βΔ1,2 re-
porter assays (Brown et al. 2012), which showed that muta-
tions in a U•A-U base triple located in the upper triplex
region (triplex II in Supplemental Fig. S3A) invariably

have more deleterious effects compared to the same
type ofmutations located in the lower triplex region (triplex
I in Supplemental Fig. S3A). Exceptions are those mutants
that maintain the wild-type base-pairing interactions be-
tween the A-rich tract and mascRNA 3′ trailer (Supplemen-
tal Fig. S3). Finally, we investigated the effect of changing
the order of the C•G-C triplet and C-G doublet on reporter
accumulation. Inversion resulted in ∼50% drop (Fig. 2C,
lane 13), which is consistent with previously reported data
(Brown et al. 2014). As predicted, compensatory mutations
in the 3′ trailer ofmascRNA recover the accumulation of the
reporter containing the inverted C•G-C triplet and C-G
doublet (Fig. 2C, lane 14), further supporting interaction
between the A-rich tract and the 3′ trailer of mascRNA. To-
gether, these observations suggest that formation of a
tRNA-like structure with an extended stem formed by the
A-rich tract and the 3′ trailer of mascRNA, as well as a
bulged A located immediately upstream of the RNase P
cleavage site, are important for the accumulation of report-
er transcripts containing the MALAT1 triplex.
To gain further insight into the contribution of the inter-

action between the A-rich tract and the 3′ trailer of
mascRNA to the 3′ processing by RNase P of MALAT1 in
the reporter transcript, wegenerated a series of intron-con-
taining β-globin (β-WT) reporters by inserting either the
wild-type or a mutant MALAT1 ENE+A-rich tract +
mascRNA into the 3′-UTR (Fig. 3A,B) and assaying β-globin
transcript accumulation and 3′-end processing in human

BA C

FIGURE 2. Functional significance of the predicted base-pairing interaction between the A-rich tract and the mascRNA 3′ trailer. Schematic di-
agrams show the 3′-terminal triple helix structure of mature MALAT1 (A) and the mascRNA tRNA-like structure with its predicted extended ac-
ceptor stem in the MALAT1 precursor (B). Colored boxes outline the nucleotides mutated in this study. (C ) Northern blot analysis of β-globin
and NeoR transcripts (top) and quantitation (bottom) were carried out as in Figure 1E. Wild-type (black) and mutated (red) nucleotides are shown
in colored boxes as in A and B. The Δ symbol represents a nucleotide deletion. Relative accumulations, which are normalized relative to the wild-
type construct, are the average of at least three independent experiments± SD.
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HEK293T cells via northern blot analysis. While the intron-
less β-globin transcript is retained in the nucleus and de-
graded unless stabilized by triplex forming elements, the
β-WT reporter transcript is exported to the cytoplasm and
accumulates to levels detectable by northern blot (Collis
et al. 1990; Conrad and Steitz 2005). Reporter transcripts
that are processed by RNase P are expected to appear as
sharp bands. In contrast, unprocessed reporter transcripts
should become polyadenylated and appear as diffuse
bands migrating slower than processed bands. Therefore,
we used the β-WT reporter to investigate mutants that
might be deficient in 3′-end processing by RNase P. In
Mut2 (Fig. 3B) the acceptor stemofmascRNA is completely
disrupted andexpected to abolish the formationof a tRNA-
like structure. Therefore, Mut2 provides a negative control
for 3′-end processing by RNase P (Wilusz et al. 2008). Mut2
was unable to stabilize the βΔ1,2 reporter transcript (Fig.
3C, lane 3), consistent with previous observations (Brown
et al. 2012; Zong et al. 2016). As shown in Figure 3C, lane
4, the β-WT reporter transcript containing the wild-type

MALAT1 ENE+A-rich tract +mascRNA accumulated as
two different isomers: (i) an isomer that comigrates with
the RNase P-processed intronless reporter transcript
(Brown et al. 2012) produced by the βΔ1,2 reporter system,
and (ii) an isomer (upper band) that migrates more slowly.
The appearance of the band corresponding to each isomer
is sharp, suggesting that they are not polyadenylated. The
accumulation of the two isomers was drastically decreased
in the ΔAmutant (Fig. 3C, lane 5), while a third isomer (mid-
dle band) accumulated as an intense smeary band.
Restorationof thebulgedA in theΔA–ΔUmutant recovered
wild-type processing activity (Fig. 3C, lane 6). Consistently,
addition of an extra U to the mascRNA 3′ trailer, which is
predicted to prevent formation of the bulged A, yielded a
processing pattern resembling the ΔA mutant (Fig. 3C,
lane 7). To identify the different RNA isomers produced
by the β-WT reporter variants in Figure 3, we probed the
northern blots with DNA probes targeting the second
β-globin intron or the region between the RNase P cleav-
age site and the poly(A) signal. DNA oligonucleotides

B

A C

FIGURE 3. Predicted base-pairing interactions between the A-rich tract and themascRNA 3′ trailer contribute to the 3′-endmaturation of report-
er transcripts. (A) Schematics of the intron-containing β-globin (β-WT) reporter constructs with or without theMALAT1 ENE (green), the A-rich tract
(purple), and the mascRNA (black). Introns are represented by black lines; exons are represented by gray boxes; the RNase P cleavage site in the
wild-typeMALAT1 is marked by an arrowhead. (B) Predicted tRNA-like secondary structure for mascRNAwith an extended acceptor stem formed
by the A-rich tract (purple) and themascRNA 3′ trailer. Boxed nucleotides weremutated. Mut2 was created fromMut1 bymutating the additional
nucleotides shown in the acceptor stem. (C ) Northern blot analysis of β-globin and NeoR RNAs (top) and quantitation (bottom) examined the ef-
fect of the extended stem on reporter transcript maturation. Disruption of the extended stem or elimination of the bulged nucleotide upstream of
the RNase P cleavage site abolished efficient maturation of the reporter transcript. Maturation efficiency is the ratio of the cleaved to uncleaved
transcripts normalized to the wild-type ratio. Cleaved transcripts are the sharp β-globin bands (top and the bottom), while uncleaved transcripts
are the more diffuse polyadenylated β-globin bands appearing in themiddle. Representative data are the average of at least three independent
experiments± SD.
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targeting the second intron detected only the upper band
(Supplemental Fig. S4A,B), whereas DNA probes specific
to the region downstream from the RNase P cleavage site
hybridized only to the middle band (Supplemental Fig.
S4A,C). These data suggest that RNase P processing
does not occur efficiently in the absence of the bulged A
(Supplemental Fig. S2, structure 3 and 5) resulting in the
formation of a polyadenylated transcript (Fig. 3C, lanes 5
and 7).
Mismatched nucleotides and bulges at position −1 pre-

ceding the mature tRNA 5′ end have been reported to be
important for efficient processing of yeast pre-tRNAs that
contain >6-bp extensions of the acceptor stem formed by
complementarity between the 5′-leader and 3′-trailer se-
quences (Lee et al. 1997). Additionally, examination of hu-
man pre-tRNA sequences revealed the presence of −1/+1
bulges or internal loops in the majority of pre-tRNA se-
quences possessing extended acceptor stems (Gogakos
et al. 2017). Therefore, our finding that a bulged A in the
MALAT1-mascRNA sequence is required for efficient
RNase P processing is consistent with earlier findings.
Apparently, continuous and strong coaxial extension of
the acceptor stem of mascRNA in the ΔA and+U mutants
(Supplemental Fig. S2, structure 3 and 5) negatively affects
mascRNA recognition and subsequent processing by
RNase P, consistent with previous tRNA studies (Ziehler
et al. 2000; Marvin et al. 2011). Moreover, disruption or
lack of mRNA polyadenylation has been reported to result
in decreased terminal intron removal (Niwa and Berget
1991; Cooke et al. 1999; Rigo and Martinson 2008).
Therefore, formation of the intron-containing β-globin tran-
script by the reporter that contains the wild-type MALAT1-
mascRNA is consistent with efficient RNase P processing,
which precedes polyadenylation and results in ablation of
the poly(A) signal. Finally, our results demonstrate that dis-
ruption of base-pairing interactions between the A-rich
tract and the 3′ trailer in the Mut1 and Del1 mutants reduc-
es RNase P processing, resulting in the formation of the
polyadenylated isomer (Fig. 3C, lanes 8–9).
Our data demonstrate that disruption of the extended

acceptor stem and/or bulged nucleotide upstream of the
RNase P cleavage site hamper robust maturation of the na-
scent MALAT1 3′ end and should result in lower level of
mascRNA as well. Thus, we tested Mut1, Del1, Del2, Ins,
ΔA, and ΔA-ΔU mutants for the accumulation of mascRNA
using northern blot analysis (Supplemental Figs. S5, S6).
Accumulation of the βΔ1,2 reporter transcript changes pro-
portionally with changes in the level of mascRNA
(Supplemental Fig. S6B). Therefore, northern blots probed
for mascRNA provide direct evidence and confirm that the
observed reduction in the level of reporter transcript is
caused by inhibition of RNase P cleavage and inefficient
3′-end maturation of MALAT1.
Formation of 3′-blunt-ended triplex structures is oneway

to protect the extreme 3′ end of an RNA transcript from

rapid deadenylation-dependent decay in vivo. 3′-blunt-
ended triple helices can be formed through a steric mech-
anism (Torabi et al. 2021a,b) or by fixing the register of the
3′ end so that it does not extend beyond the triplex (Brown
et al. 2014). The latter mechanism is used in MALAT1, re-
lying on the intervening GC dinucleotides in the A-rich
tract. Participation of the GC dinucleotide in the C•G-C
base triple and the C-G base pair results in formation of
a blunt-ended structure by fixing the register of the A-
rich tract (Fig. 1C; Brown et al. 2014). Our data suggest
yet another function for the GC dinucleotides in the A-
rich tract, which impacts robust maturation of the nascent
MALAT1 3′ end. Formation of an extended stem with a
bulged nucleotide between the MALAT1 A-rich tract and
the mascRNA 3′ trailer depends on the presence of the
GC dinucleotides in the A-rich tract and 3′ trailer, respec-
tively (Fig. 1D). It has been shown previously that substitu-
tion of the C•G-C triple with a U•A-U triple and the C-G
doublet with an A-U doublet in the MALAT1 triplex (all
U/A mutant) results in approximately fivefold reduction in
the accumulation of the reporter transcript (Brown et al.
2012). As shown in Supplemental Figure S7, compensato-
ry mutations in themascRNA 3′ trailer of the all U/Amutant
does not confer rescue (relative activity: 23±3% versus 24
±2%). Although the compensatory mutations are expect-
ed to restore base-pairing interactions between the
A-rich tract and the mascRNA 3′ trailer, they cannot imple-
ment formation of the bulged nucleotide upstream of the
RNase P cleavage site. Therefore, our data suggest that
the GC dinucleotides are required not only for forming a
blunt-ended triplex in the mature MALAT1 but also for
the precise alignment of the A-rich tract with the
mascRNA 3′ trailer to force formation of the bulged A
near the RNase P cleavage site.
Overall, our data argue that extension of the acceptor

stemofmascRNA is required for efficient 3′-endprocessing
of MALAT1. Similar interactions are predicted to form be-
tween the A-rich tract of MENβ, which is a lncRNA contain-
ing a 3′-end triplex-formingmotif (Brownet al. 2012;Wilusz
et al. 2012), and the 3′ trailer of its downstream tRNA-like
structure (menRNA) (Supplemental Fig. S8; Sunwoo et al.
2009). Although a 5-bp extension of an acceptor stem
was shown to enhance the apparent cleavage rate by yeast
RNase P (Hsieh et al. 2009), a recent cryo-EM structure of
yeast RNase P complexed with a tRNA precursor suggests
that the 3′ trailer is single-stranded in a catalytically active
form of the complex (Lan et al. 2018). We speculate that
RNase P-dependent processing and maturation of triple
helical structures such as MALAT1 require interactions be-
yond formation of the acceptor stemof the tRNA-like struc-
tures. Formation of the additional stem formed between
the A-rich tract and the mascRNA 3′ trailer may enhance
folding of a tRNA-like structure while preventing the pre-
mature formation of the triple helix prior to the action of
RNase P. This conclusion is in agreement with earlier
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molecular dynamic simulations predicting formation of a
partially folded ENE structure that is independent of the
A-rich tract before triple helix formation (Yonkunas and
Baird 2019). The exact mechanism by which extension of
the acceptor stems in tRNA-like structures contributes to
human RNase P cleavage remains unclear. Yet, base-pair-
ing interactions between the A-rich tract and the
mascRNA 3′ trailer does explain why RNase P cleavage oc-
curs temporally before RNase Z cleavage: formation of a
double-stranded structure involving the 3′ trailer is known
to inhibit the activity of RNase Z (Nashimoto et al. 1999).

In conclusion, our data suggest that efficient processing
of the MALAT1 3′ end by human RNase P requires exten-
sion of the acceptor stem of mascRNA and the presence
of a bulged A 5′ to the cleavage site. Recently, an antisense
oligonucleotide (ASO)-based strategy has proved promis-
ing for targeting MALAT1 and inhibition of breast and
lung cancer progression in animal models (Arun et al.
2016; Gong et al. 2019). Based on our results, we propose
that inhibiting MALAT1 maturation by targeting the 3′ re-
gion of mascRNA (including the 3′-trailer sequence) using
ASOs may provide efficient knockdown of this lncRNA.
Consistently, it was previously shown that targeting the 3′

region ofmascRNAwith ASOs efficiently inhibits mascRNA
biogenesis (Wilusz et al. 2008). Therefore, our findingsmay
benefit therapeutic interventions targeting MALAT1.

MATERIALS AND METHODS

Plasmids construction and mutagenesis

The intronless (βΔ1,2) and intron-containing (β-WT) β-globin plas-
mids use pcDNA3 as the vector. These plasmids contain a human
β-globin gene flanked by an upstream cytomegalovirus promoter
and a downstream bovine growth hormone polyadenylation sig-
nal (Conrad and Steitz 2005). The sequence of the MALAT1
ENE+A-rich tract +mascRNA was inserted into an ApaI site in
the 3′-untranlated region of the β-globin gene using a standard
restriction enzyme digestion and ligation protocol. Nucleotide
deletions, insertions or substitutions were introduced into the
ENE-containing constructs using standard PCR-basedmutagene-
sis methods.

Cell culture, transfection, and northern blots

Human embryonic kidney cells (HEK293T) were grown at 37°C
and 5% CO2 in Dulbecco’s modified Eagle medium supplement-
ed with 10% heat-inactivated fetal bovine serum, 1% penicillin/
streptomycin, and 2 mM L-glutamine. HEK293T cells were trans-
fected with 0.5 µg β-globin reporter and 1.5 µg pBluescript plas-
mid using Mirus TransIT-293 according to the manufacturer’s
protocol. Cells were harvested ∼40 h after transfection and RNA
was isolated using TRIzol reagent (Life Technologies). Up to 10
µg of total RNA for each sample was separated on a 1.4%–1.8%
agarose/6.5% formaldehyde gel. To analyze mascRNA levels,
RNA samples were resolved on a gradient urea PAGE (4.5% top

part and 12% bottom part). Northern blot analyses and the se-
quence of the oligonucleotides used to probe for NeoR and β-glo-
bin transcripts were described previously (Torabi et al. 2021b). To
detect β-globin transcripts containing intron 1, blots were probed
using three DNA probes spanning this intron: 5′-GTCTCCT
TAAACCTGTCTTGTAACCT-3′, 5′-GAGTCTTCTCTGTCTCCAC
ATGC-3′ and 5′-GGAAAATAGACCAATAGGCAGAGAG-3′. To
probe for β-globin transcripts containing intron 2, blots were
probed using three DNA probes spanning intron 2: 5′-GGAGATT
ATGAATATGCAAATAAGCACACA-3′, 5′-GAGGTATGAACATG
ATTAGCAAAAGGG-3′ and 5′-GTTATTCTTTAGAATGGTGCAA
AGAGGC-3′. DNA probes specific to the region 12 to 162 nucle-
otides downstream from the RNase P cleavage site, which detect
only β-globin transcripts containing the unprocessed MALAT1 3′

end, include: 5′-GAGGGGCAAACAACAGATGGCTGG-3′, 5′-GC
TGATCAGCGAGCTCTAGCATTTA-3′ and 5′-GTCCTGGAAACC
AGGAGTGCCAA-3′. All DNA probes were 5′ 32P-labeled by T4
polynucleotide kinase in the presence of [γ32P]ATP before use.
Bands were detected using a Storm 860 (GE Healthcare), and
quantitated using ImageQuant software.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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