Functional analysis of 3’-UTR hairpins supports
a two-tiered model for posttranscriptional regulation
of MAT2A by METTL16
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ABSTRACT

S-adenosylmethionine (SAM) is the methyl donor for nearly all cellular methylation events, so cells need to carefully control
SAM levels. MAT2A encodes the only SAM synthetase expressed in the majority of human cells, and its 3’-UTR has six con-
served regulatory hairpins (hp1-6) that can be methylated by the N6-methyladenosine methyltransferase METTL16. Hp1
begins 8 nt from the stop codon, whereas hp2-6 are clustered further downstream (~800 nt). These hairpins have been
proposed to regulate MAT2A mRNA levels in response to intracellular SAM levels by regulating intron detention of the
last intron of MAT2A and by modulating the stability of the fully spliced mRNA. However, a dissection of these two post-
transcriptional mechanisms has not been previously reported. Using a modular reporter system, we show that hp1
functions primarily when the detained intron is included in the reporter and when that intron has a suboptimal polypyri-
midine tract. In contrast, the hp2-6 cluster modulates mRNA stability independent of the detained intron, although hp1
may make a minor contribution to the regulation of decay as well. Taken with previously published reports, these data sup-
port a two-tiered model for MAT2A posttranscriptional regulation by METTL16 through its interactions with hp1 and hp2-
6. In the upstream tier, hp1 and METTL16 control MAT2A intron detention, whereas the second tier involves METTL16-de-
pendent methylation of hp2-6 to control MAT2A mRNA stability. Thus, cells use a similar set of molecular factors to achieve
considerable complexity in the posttranscriptional regulation of SAM homeostasis.

Keywords: MAT2A; intron detention; mRNA stability; SAM homeostasis; METTL16

INTRODUCTION binds the hairpins and methylates them within the con-
served sequence and structural motif in the hairpin loop
(UACAGARAA; R=A/G; methylated A is underlined)
(Pendleton et al. 2017; Shima et al. 2017; Warda et al.
2017; Doxtader et al. 2018). In addition to the structure
and sequence conservation, the general organization of
the hairpins is also conserved. That is, the UACAGAGA
of the 5'-most hairpin (hp1) begins 141-145 nt from the
3’ splice site of the last intron, and a cluster of hairpins
(hp2-6) resides further downstream (Fig. 1A). Hairpin-inde-
pendent regulation of MAT2A by miRNAs has also been
reported, but here we focus on the roles of the hairpins
(Lo et al. 2013; Tomasi et al. 2017; Simile et al. 2019).
Martinez-Chantar et al. (2003) first reported regulation of

Nearly every cellular process is regulated by the methyla-
tion of biological macromolecules. S-adenosylmethionine
(SAM) is the methyl donor for nearly all of these intracellu-
lar methylation reactions (Walsh et al. 2018). Cells there-
fore carefully control SAM homeostasis by several
mechanisms including posttranscriptional regulation of
the MAT2A gene, which encodes the only SAM synthetase
expressed in most human cells. Previous studies suggest
that cells requlate MAT2A mRNA abundance in response
to intracellular SAM levels at the level of mRNA stability
and by modulating the splicing efficiency of the last intron
of MAT2A (Martinez-Chantar et al. 2003; Pendleton et al.
2017; Shima et al. 2017). In both cases, regulation is gov-

erned by six cis-acting hairpins (hp1-6) in the MAT2A
3’-UTR that are conserved in vertebrates (Fig. 1A). The
Né-methyladenosine (méA) methyltransferase METTL16
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MAT2A mRNA stability by showing that methionine (Met)
depletion increases the half-life of the mRNA. Importantly,
they further demonstrated that the stabilization was not
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FIGURE 1. MAT2A hp1, but not hp2-6, requires the presence of the detained intron to regulate mRNA levels. (A) Full-length gene diagram of
MATZ2A, approximately to scale. Hp1-6 are denoted with red boxes, DI marks the regulated detained intron. (B) Diagrams of the eight p-MAT
reporters used throughout this study (not to scale; Fl, flag-tag). The reporters are driven by a CMV immediate-early promoter and have a bovine
growth hormone poly(A) signal. Asterisks show mutant hairpin sequences in the inset. (C) Representative northern blot data using RNA from
HEK293 cells transfected with the indicated reporters and conditioned in media £Met for 4 h. The mobilities of the detained intron transcript
and mRNA are denoted with DI and m, respectively. (D) Quantification of the B-globin mRNA first normalized to GAPDH then expressed relative
to the B-MAT-WT —Met signal, which was set to one for each replicate. (E) Quantification of the Met responsiveness of each reporter. The same
data used in panel D were compared in —Met to +Met conditions for each construct. (F) Quantification of protein expression from each of the
reporters after overnight incubation with the MAT2A inhibitor AGI-24512. The B-globin signal was first normalized to a cotransfected GFP control,
and the B-MAT-WT values were set to one in each replicate (n = 3). The color scheme is the same as panel D above. (G) Representative western
blots with anti-Flag antibodies to detect B-globin and anti-GFP which served as a cotransfected loading control. The same exposure is shown for
both B-MAT and B-MAT-ADI blots. These experiments were performed using quantitative near-infrared fluorescence western blotting (LI-COR
Odyssey). For panels D-F data are represented as mean + standard deviation (SD). For panel E, the data were analyzed by a two-tailed, unpaired
Student's t-test comparing each value to the matched wild-type control, B-MAT-WT (left) or B-MATADI-WT (right). Significance is annotated as
(*) P<0.05, (**) P<0.01, or (***) P<0.001.

due to Met depletion per se, but rather due to the loss of
SAM that rapidly occurs upon Met starvation. More recent-
ly, the hairpins were shown to control the SAM-responsive-
ness of a luciferase reporter system (Shima et al. 2017). In
addition, the individual hairpins within the hp2-6 cluster
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displayed redundancy in that mutation of at least four of
the five hairpins in the cluster was necessary for the abroga-
tion of SAM-responsiveness. These data suggest that
METTL16 methylates hp2—-6 to target the mRNA for effi-
cient degradation. This model mirrors the “reader—writer”



A two-tiered model for METTL16 regulation of MAT2A

paradigm used by the METTL3-METTL14 complex that is
responsible for producing the vast majority of mRNA
m6bA methylation marks. In this case, the “writer” methyl-
ates mRNAs while the methylation mark targets the tran-
script for degradation through the activity of m6A-
binding “reader” proteins (Shi et al. 2019; Zaccara et al.
2019; Sendinc and Shi 2023).

We previously proposed that splicing of the last intron of
MAT2Ais regulated by a mechanism involving SAM levels,
METTL16, and hp1 (Pendleton etal. 2017, 2018). Our data
suggested that when SAM levels are limiting, METTL16
binds hp1 but cannot methylate it due to lack of SAM.
When bound, the METTL16 promotes splicing of the other-
wise inefficiently spliced “detained” terminal intron. As a
result, more MRNA and MATZ2A protein are produced in re-
sponse to low SAM. When SAM is abundant, methylation of
hp1 is efficient, so the dwell time of METTL16 is too brief
to induce splicing. The MAT2A detained-intron isoform
is subsequently degraded in the nucleus and no new
MAT2A mRNA is generated. Interestingly, the MAT2A ho-
molog in Caenorhabditis elegans is regulated by its
METTL16 homolog, METT-10, in response to SAM by a dif-
ferent mechanism (Mendel et al. 2021; Watabe et al. 2021).
In worms, the 3’ splice site itself is methylated in high SAM
conditions, which in turn inhibits the binding of splicing fac-
tors to the 3’ splice site. Thus, functions for METTL16 as a
splicing regulator and SAM sensor have evolutionary roots
beyond vertebrates.

Models proposing MATZ2A regulation by mRNA stabili-
zation or intron detention are not mutually exclusive. In
fact, previous studies have hinted at separable functions
between hp1 and the hp2-6 cluster, in pre-mRNA splicing
and mRNA stability, respectively (Pendleton et al. 2017;
Shima et al. 2017). Nonetheless, these functions have
not been tested in parallel using the same reporters and
assays. Here, we use a set of modular reporters and cell-
based assays to genetically separate the regulation of in-
tron detention and mRNA stability via hp1 and hp2-6, re-
spectively. Taken alongside previously published reports,
the data can be rationalized by a two-tiered model for
MATZ2A posttranscriptional regulation by METTL16. In
the upstream tier, hp1 and METTL16 control MAT2A in-
tron detention, and, in the downstream tier, METTL16
methylates hp2-6 to control MAT2A mRNA stability, but
hp1 may also contribute to this activity. Thus, METTL16
has interrelated, but distinct, roles in MAT2A regulation
that ensure proper control of SAM homeostasis.

RESULTS
Hp1 activity requires the MAT2A detained intron,
but Hp2-6 activity does not

To first test the separation of functions of hp1 compared to
hp2-6, we examined the effects of mutating either hp1 or

hp2-6 in the context of B-globin reporters that fuse
MAT2A exons 8 and 9 (B-MAT) and either contain or lack
(ADI) the detained intron (Fig. 1B). Each mutated hp con-
tains eight changes to the conserved UACAGARAA se-
quence and one in an invariant C nucleotide 3 bases
downstream from the UACAGARAA that forms base pairs
in the stem (Fig. 1B). We previously demonstrated that
the B-MAT-WT reporter responds to SAM levels similarly
to the endogenous RNA, and we validated that the
mRNA and detained-intron isoforms are predominantly cy-
toplasmic and nuclear reflecting the endogenous tran-
scripts (Bresson et al. 2015; Pendleton et al. 2017;
Supplemental Fig. STA). One day after transfection of these
constructs into HEK293 cells, the media was changed to
media containing or lacking Met for 4 h, cells were harvest-
ed, and RNA was analyzed by northern blot (Fig. 1C). While
the absolute mRNA levels detected were variable between
experiments, two trends were nonetheless apparent. First,
the ADI constructs generally produced more mRNA than
those containing the detained intron, particularly in unin-
duced (+Met) conditions (Fig. 1D; compare dotted to solid
bars). Second, in the induced conditions (—Met), the lowest
expressing reporters contained the detained intron and
had a mutant hp1 (Fig. 1D; solid orange and gray). These
data are consistent with the idea that the hp1 promotes
splicing, an upstream step in MRNA biogenesis.

Distinct roles for hp1 and hp2-6 were further confirmed
when we determined the Met responsiveness of each re-
porter by comparing its mRNA levels in +Met conditions
(Fig. 1E). As expected, mutation of all six hairpins negated
Met responsiveness regardless of the presence of the de-
tained intron (Fig. 1E, gray bars). When the detained intron
was present (solid bars), there was a decrease in Met re-
sponsiveness when either hp1 or hp2-6 was mutated,
even though the former did not reach statistical signifi-
cance. In contrast, in the ADI reporters, mutation of hp2-
6 resulted in a complete loss of Met responsiveness that
was indistinguishable from mutation of all six hairpins
(Fig. 1E, purple and gray dotted bars). Similarly, the ADI
construct with all six wild-type hairpins was indistinguish-
able from the ADI with a mutant hp1 (Fig. 1E, black and or-
ange dotted bars), and these were both approximately
twofold more Met responsive than ADI with either mhp2-
6 or mhp1-6 (Fig. 1E, black and orange dotted bars com-
pared to the purple and gray dotted bars). These data dem-
onstrate separable activities for hp1 and hp2-6. They
further support the idea that hp1 activity is linked to the
presence of the detained intron, while hp2-6 functions
even in the absence of the detained intron.

Next, we tested the effects of hairpin mutations on re-
porter protein production (Fig. 1F,G). Because Met is es-
sential for protein production, we used a MAT2A
inhibitor, AGI-24512, to reduce intracellular SAM levels
and thereby induce MAT2A expression (Kalev et al.
2021). Most importantly, the trends mirrored those

www.rnajournal.org 1727


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079695.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079695.123/-/DC1

Hunter et al.

observed with RNA (compare Fig. 1F with D). Protein accu-
mulation in the hp1 mutants containing the detained intron
was severely diminished (Fig. 1G, solid orange). Important-
ly, this loss of expression was also observed in the hp1-6
mutant (Fig. 1G, solid gray), even though hp2-6 were ro-
bustly induced (Fig. 1G, solid purple). Finally, we tested
the AGI-24512 responsiveness among the reporters (Sup-
plemental Fig. S1B). Although the comparisons were not
statistically significant, B-MAT-WT had the largest dynamic
range, supporting the idea that both components of the
posttranscriptional regulation combine to yield a wide
range of control of gene expression. Overall, these data
show separable roles of hp1 and hp2-6 and further demon-
strate that hp1 activity lies upstream of hp2-6 activity.

Improving MAT2A detained intron splicing negates
the effects of Hp1 on mRNA accumulation

If hp1 primarily promotes MAT2A detained intron splicing,
then increasing the efficiency of splicing should mimic the
effects observed in the ADI reporters. To test this predic-
tion, we first needed to determine which aspects of splicing
are compromised in the MAT2A detained intron. Consen-
sus splice sites contain a polypyrimidine tract (PPT) imme-
diately upstream of the 3’ splice site that recruits the
heterodimeric U2AF complex early in the splicing cycle
(Wilkinson et al. 2019). The PPT in the MAT2A detained in-
tron is interrupted by three purines (Fig. 2A, asterisks). Two
of these purines are contained in a UGUA element that was
previously implicated in regulation, so we focused on these
first (Scarborough et al. 2021). As predicted, changing ei-
ther of these purines to pyrimidines decreased intron
detention (Fig. 2B), while mutating the pyrimidines to pu-
rines increased intron detention over time after Met deple-
tion (Fig. 2C). Similar to the purine mutations in the UGUA,
an A—U mutation at the —7 position relative to the
downstream exon enhances splicing efficiency (Fig. 2A,
D). Together, these data support the hypothesis that inter-
ruption of the PPT in MAT2A detained intron decreases
splicing efficiency.

Consistent with our previous study, mutation of either U
in the detained intron UGUA to C decreased splicing effi-
ciency upon Met depletion (Fig. 2E, CGUA, UGCA).
Because the CFl,, complex component NUDT21 specifi-
cally binds UGUA sequences, and it promotes MAT2A
splicing, we previously interpreted this result as evidence
that this site contributes to CFl,, promotion of MAT2A
splicing (Scarborough et al. 2021). However, neither the
G—A nor the A—G mutation affected splicing even
though they also will abrogate CFl,, binding (Fig. 2E,
UAUA, UGUG; Supplemental Fig. S2B; Yang et al. 2010,
2011). Moreover, the sequence immediately upstream of
the UGUA element in the detained intron is sufficient to re-
duce crosslinking of NUDT21 to an RNA substrate in vitro
presumably by structurally blocking the consensus site
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(Supplemental Fig. S2). These observations are inconsis-
tent with our previous suggestion that binding of CFl, to
the detained intron promotes splicing. Instead, the interac-
tion between CFl,, and the 3’-UTR may be solely responsi-
ble for CFl,'s role in MAT2A splicing (Scarborough et al.
2021). The observed decreased splicing in both U — C mu-
tations reflects a preference of U2AF to bind U over C-con-
taining substrates (Singh et al. 1995; Sickmier et al. 2006;
Jenkins et al. 2013). In any case, the data presented here
strongly support the conclusion that the purine disruption
of the PPT in the detained intron causes suboptimal
splicing.

Next, we generated two A — U mutations in the PPT of
the detained intron to improve splicing efficiency in the
mutant hp1 and hp2-6 B-MAT reporters. We transfected
these reporters and monitored B-globin mRNA and Dl iso-
form levels +Met by northern blot (Fig. 3A). As expected
for the wild-type PPT controls, hp1 mutation caused robust
accumulation of the DI isoform concomitant with strong
decreases in mRNA production, and the hp2-6 mutation
increased uninduced levels of mRNA (Fig. 3A-C, solid
bars). More importantly, strengthening the PPT increased
mRNA from the mutant hpl1 reporter (approximately
four- to ninefold; Fig. 3C, compare orange solid to striped
bars), consistent with its suggested role in promoting the
splicing of an otherwise weak intron. An approximately
twofold increase in mRNA was observed from these re-
porters upon Met depletion due to the activity of the
wild-type copies of hp2-6. Similarly, inclusion of the im-
proved PPT in the hp2-6 mutants led to high levels of
mRNA and no further induction in —Met media (Fig. 3C,
purple striped bars), mirroring the observations in the
ADl reporters (Fig. 1E). While splicing was considerably im-
proved in the mhp1/MutPPT reporter compared to the
mhp1/WtPPT reporter, low levels of intron detention
were still observed that were not clearly visible in the
mhp2-6/MutPPT reporters (Fig. 3A,B). This suggests that
splicing of the intron remains somewhat compromised in
the double PPT mutants due to the presence of a single
G within the PPT, but thathp1 activity overcomes this splic-
ing inefficiency. Overall, these results show that improving
the basal splicing efficiency of the detained intron negates
the effects of hp1 on mRNA accumulation. Taken with sim-
ilar results from the ADI reporters (Fig. 1), these data
strongly support the conclusion that hp1 promotes splic-
ing of the detained intron, and that hp2—6 have a distinct
function.

Hairpins also regulate mRNA stability

The results above show that hp1 has separable functions
from hp2-6. Previous reports demonstrated that hp2-6
regulate protein production from a luciferase reporter lack-
ing the detained intron (Shima et al. 2017). To further val-
idate this observation, we examined the decay rates of the
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FIGURE 2. A weak PPT establishes inefficient splicing of MAT2A intron 8. (A) Diagram showing the 3’ splice site of the MAT2A detained intron.
The PPT is in purple, the UGUA element is bold underlined, purines interrupting the PPT are marked with asterisks, the 3’ splice site AG is un-
derlined in bold black, and the branch point A is underlined in bold red (Mercer et al. 2015). (B) Representative northern blots (top) and quanti-
fication (bottom) of the purine-to-pyrimidine mutations in the UGUA motif in the DI. The cells were transfected and the next day were cultured in
Met-depleted media for the 0-6 h prior to RNA harvesting. The quantification is presented as percent detained intron. (C) Same as panel B except
pyrimidine-to-purine mutations in the UGUA were tested. (D) Same as B, except the A at —7 position relative to the 3’ splice site was mutated to
U. (E) Same as B except pyrimidine-to-pyrimidine and purine-to-purine mutations were tested. Samples in Band C are referenced to the same WT

control data.

mRNAs produced from our ADI reporters. Approximately
18 h after transfection, we added media that contained
or lacked Met, and cells were grown for an additional 4 h
prior to the addition of Actinomycin D (ActD) to inhibit
transcription. Northern analysis of RNA collected at various
time points after ActD addition shows that both the wild-
type and hp1 mutant reporters have significantly shorter

half-lives in Met-replete media compared to Met-lacking
media (t;,2 ~ 2 h versus ~4 h; Fig. 4A,B black and orange).
However, mutation of hp2-6 stabilizes the transcripts re-
gardless of Met levels (t;,,>4 h; Fig. 4A,B, purple and
gray). Taken with previous studies, these results strongly
suggest that the stability of the MAT2A spliced mRNA is
regulated by hp2-6.
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FIGURE 3. Strengthening the PPT bypasses the activity of hp1, but
nothp2-6. (A) Representative northern blot of expression of B-MAT re-
porters with wild-type or mutant PPT constructs. The two A — U muta-
tions are underlined; one G remains in the PPT, perhaps explaining
the low levels of intron detention that persists in the mhp1 constructs.
(B) Northern blot data were quantified as %DI. (C) Northern blot data
were quantified to show relative mRNA levels. Each value was first nor-
malized to signal from a cotransfected GFP loading control and ex-
pressed relative to the wild-type PPT sample after 2 h in —Met
media. Bar graphs in B and C show mean values £SD (n=3).

To test the stabilization in a more endogenous context,
we used a previously described cell line in which the
MAT2A detained intron is deleted at the genomic locus
of HCT116 cells (116-ADI) (Scarborough et al. 2021). In
both HCT116 and 116-ADI cells, MAT2A mRNA was rela-
tively unstable in Met-replete conditions (t;,2 ~ 1.5 h) and
significantly stabilized upon Met depletion (Fig. 4C,D).
Thus, the presence of the detained intron is not necessary
to stabilize MAT2A mRNA. Admittedly, these experiments
do not directly test hp2-6 function for endogenous
MAT2A. However, they lend further support to the
existence of separable functions of MAT2A intron deten-
tion and mRNA stabilization that combine to regulate
MAT2A mRNA levels in response to intracellular SAM
concentration.

1730 RNA (2023) Vol. 29, No. 11

METTL16 is required for Hp2-6-mediated
mRNA stability

Previous reports and the data above suggestthat METTL16
methylates the MATZ2A hairpins in high SAM conditions to
destabilize MAT2A (Shima et al. 2017; Zaccara and Jaffrey
2020). To test this directly, we knocked down METTL16 in
cells transfected with the reporters lacking the detained in-
tron and examined their stability in Met-replete media.
While the nontargeting siRNAs (siNT) had no effect on re-
porter stability (t;,2 ~ 2 h), METTL16 depletion (siM16) sig-
nificantly increased the stability of both the WT and mutant
hp1 mRNAs (t;,2 ~ 3.5-4 h) (Fig. 5A-C). The increase was
not as robust as that observed in hp2-6 mutants or upon
Metdepletion (Figs. 4B, 5B), but this may be due to residual
activity of METTL16 after knockdown (Fig. 5A). Importantly,
METTL16 knockdown had no effect on the stability of re-
porter mRNAs with mutant hairpins (Fig. 5C, bottom right,
gray). Interestingly, we observed a slight, but statistically
significant increase in the stability of the mhp2-6 mRNA.
In fact, a similar trend was observed upon Met depletion
(Fig. 4B), but those data do notrise to the level of statistical
significance. Thus, in addition to its role in splicing, hp1
may make a minor contribution to the regulation of the
stability MAT2A mRNA. These data further support the
idea that METTL16 methylates MAT2A hairpins to
decrease the stability of the mRNA.

DISCUSSION

Taken with previously published work, these findings sup-
port a two-tiered model of MAT2A regulation by METTL16
in response to intracellular SAM levels (Fig. 6). In the up-
stream tier of the regulation (Fig. 6, light gray), the presence
of METTL16 on hp1 modulates splicing of the last intron of
MAT2A. When SAM levels are low (Fig. 6, left), METTL16
binding to hp1 enhances splicing by a mechanism that re-
mains incompletely understood. However, the mechanism
likely involves CFl,-mediated recruitment of U2AF to the
weak PPT in the detained intron (see below). We previously
proposed that the SAM dependence of the splicing mech-
anism stems from the increased dwell time of METTL16 on
hp1in low SAM conditions, but this remains to be formally
demonstrated. When SAM levels are high, METTL16 effi-
ciently methylates hp1 and the faster turnover of METTL16
on hp1 is insufficient to drive splicing (Fig. 6, right). In the
second tier of regulation, high SAM leads to efficient meth-
ylation of hp2-6 to destabilize the MAT2A mRNA, mirror-
ing a typical reader-writer mechanism of méA regulation
(Fig. 6, dark gray). Conversely, low SAM leads to lack of
hp2-6 methylation and a stable transcript. We refer to
this as a two-tiered mechanism because splicing and decay
occur at different stages of the mRNA life cycle. However,
METTL16 acts cotranscriptionally in splicing (Pendleton
et al. 2018), so the regulatory steps are established by
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which was set to 100. Each data point is mean value = SD (n = 3). (C) Representative northern blots of a decay assay with RNA from HCT116 cells or
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METTL16 binding or methylation early in mRNA
biogenesis.

The two-tiered model is consistent with nearly all pub-
lished data on the regulation of MAT2A by METTL16
and hp1-6. For example, the stability data presented
here closely mirror those of Shima et al. (2017) in which
they demonstrated that mutation of hp1 alone had little ef-
fect on a luciferase reporter lacking the detained intron.
They additionally showed that mutation of individual hair-
pins within hp2-6 had an additive effect on expression of
that reporter supporting the idea that each individual
hairpin within the hp2-6 cluster has redundant activity.
Indeed, their model is essentially identical to the second
tier of regulation shown in Figure 6. Importantly, if the
destabilization of MAT2A mRNA by METTL16 methylation
was the only source of regulation, knockdown of METTL16
would be predicted to phenocopy SAM depletion and up-
regulate MAT2A. However, knockdown or knockout of
METTL16 leads to reductions in basal MAT2A levels and/
or loss of its induction in low SAM conditions (Pendleton
et al. 2017; Shima et al. 2017; Mendel et al. 2018). The
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two-tiered model nicely rationalizes these observations
because METTL16 knockdown will reduce MAT2A
mRNA production by decreasing the efficiency of pre-
mRNA splicing. To our knowledge, the only published
data that cannot be rationalized with this model are those
from Zhang et al. (2022) who reported that MAT2A mRNA
was stabilized upon methylation by METTL16. Whether
that is due to a unique feature of the hippocampus as sug-
gested by the authors remains undetermined. Of course,
the two-tiered model strictly focuses on METTL16's func-
tion regulating MAT2A and does not address any of
METTL16's other functions in MALAT1 binding, transla-
tion, or U6 snRNA methylation (Brown et al. 2016; Warda
et al. 2017; Nance et al. 2020; Su et al. 2022; Zeng et al.
2022; Wang et al. 2023).

Both METTL16 and SAM levels have been linked to spe-
cific cancer types (Kryukov et al. 2016; Marjon et al. 2016;
Mavrakis et al. 2016; Maldonado et al. 2018; Liu et al.
2019; Hou et al. 2020; Li et al. 2020; Wang et al. 2020,
2021; Kalev et al. 2021; Su et al. 2022; Zeng et al. 2022;
Han et al. 2023). Since METTL16 is an enzyme, it is
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reasonable to suggest that METTL16 could be targeted to
therapeutically modulate intracellular SAM levels. The two-
tiered regulation of MAT2A by METTL16 requires that the
specific mechanism of drug action be taken into consider-
ation. For example, any drug that inhibits METTL16 cataly-
sis, but does not alter hairpin binding, will elevate SAM
levels by simultaneously enhancing splicing by hp1 bind-
ing and by stabilizing the mRNA due to lack of hp2-6 meth-
ylation. In contrast, any drug that inhibits both catalysis and
hairpin binding could lower MAT2A and SAM levels since it
would lead to less efficient splicing and reduced mRNA lev-
els. In this case, itis not clear whether the increase in mRNA
stability due to the lack of hp2-6 methylation would be able
to compensate for the lower MAT2A mRNA levels pro-
duced by inefficient splicing. In addition, catalytic
METTL16 inhibitors will inhibit U6 snRNA methylation.
While the role of U6 snRNA methylation in mammals is
not well characterized, it is reasonable that inhibition of
U6 snRNA methylation will be too toxic for therapeutics
(Ishigami et al. 2021; Satterwhite and Mansfield 2022).
One can also imagine that small molecules could increase
METTL16 catalytic activity by inhibiting the autoregulatory
K-loop domain that lowers METTL16’s SAM affinity (Dox-
tader et al. 2018). Such compounds would be predicted
to simultaneously decrease splicing and MATZ2A stability
thereby lowering the SAM setpoint in cells. In any case, ad-
ditional mechanistic studies need to be performed to as-
certain whether manipulating METTL16 has therapeutic
benefits.

The mechanisms by which METTL16 regulates MAT2A
splicing through hp1 and mRNA stability through hp2—6 re-
main incompletely understood. The work here sheds some
light onto the mechanism of hp1-induced MAT2A splicing.
First, we show that the inefficient splicing is due to a weak
PPT, strongly suggesting that induction of splicing requires
enhanced binding of the PPT-binding complex U2AF (Fig.
6, green). Indeed, U2AF can be recruited by CFl,,,, which we
previously showed to be essential for MAT2A splicing in-
duction (Millevoi et al. 2006; Scarborough et al. 2021).

Thus, METTL16 binding to hp1 may directly enhance
CFly, splicing activity, either by promoting more efficient
CFl., binding or CFl,,, recruitment of U2AF. However, our
previous data suggested two CFl, binding sites to be es-
sential, one in the detained intron and one inthe 3’-UTR im-
mediately upstream of hp1. The work here excludes the
detained intron UGUA as a CFl,,, binding site (Fig. 2; Sup-
plemental Fig. S2). Nonetheless, the 3’ splice site analysis
here lends experimental support to our previous sugges-
tion that CFl,,, binding promotes splicing by assisting re-
cruitment of U2AF to a weak PPT. To fully understand the
coordination of METTL16 with SAM and MAT2A splicing,
the precise molecular connections between METTL16,
CFl.,, and U2AF need to be elucidated.

Even though it was first described 20 yr ago, the mecha-
nism by which SAM levels regulate MAT2A mRNA stability
remains incompletely understood (Martinez-Chantar et al.
2003). The most straightforward model proposes a read-
er—-writer paradigm in which METTL16 adds methylation
marks in high SAM conditions that are read by cytoplasmic
readers to promote decay. While the reader has not been
identified, the cytoplasmic YTHDF family of proteins
(YTHDF1, YTHDF2, and YTHDF3) bind MATZ2A hairpins
(Patil et al. 2018). Moreover, YTHDF proteins redundantly
function to destabilize méA-containing RNAs, so they are
strong candidates to be the MAT2A méA reader (Zaccara
and Jaffrey 2020). YTHDC1 was proposed to be the reader
for MAT2A methylation marks based on reporter assays,
but it had no effect on endogenous MAT2A (Shima et al.
2017), and it does not crosslink to the MAT2A 3’-UTR (Patil
et al. 2018). While the localization of the decay pathway
regulated by hp2-6 has not been determined, it seems like-
ly that it occurs in the cytoplasm since it targets the fully
spliced mRNA. Because YTHDC1 is nuclear, it seems un-
likely that YTHDC1 is the primary factor stabilizing the
RNA (Widagdo etal. 2021). Analogoustoits role in splicing,
METTL16 could bind the hairpins in low SAM conditions
and promote RNA stability, but our data showing that
METTL16 is not required for stabilization do not support
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this idea (Fig. 5). Thus, while it's clear that cells control
MAT2A mRNA at the level of stability and splicing, signifi-
cant gaps remain in understanding the mechanisms driving
its regulation.

MATERIALS AND METHODS

Cell culture

HCT116 and HEK293 cells were obtained from ATCC, and the
HCT116 derivative 116-ADI was previously described (Scarbor-
ough et al. 2021). For siRNA knockdown experiments (Fig. 5),
we used 293A-TOA cells (Sahin et al. 2010) because we routinely
observe more robust knockdown in this line than in standard
HEK293 cells. HEK293, HCT116, and 116-ADI cells were grown
in Dulbecco’s modified Eagle medium (DMEM; Sigma D5796)
with 10% fetal bovine serum (FBS; Sigma F0926) supplemented
with 1x penicillin-streptomycin (Sigma P0781) and 2 mM L-gluta-
mine (Fisher). 293A-TOAwere grown in the same with Tet-free FBS
(R&D Systems S10350). Cells were grown at 37°C with 5% CO,. For
Met-depletion studies, we used Met-free DMEM (Sigma D0422)
supplemented with 0.4 mM cysteine and 1 mM sodium pyruvate
in addition to 10% FBS, 1x penicillin—streptomycin and 2 mM L-
glutamine. For most experiments involving Met depletion, the
cells were grown in media supplemented with an additional 200
UM Met.

Plasmid transfections and RNA harvesting

DNA transfections were performed with Trans|T-293 (Mirus).
Transfections were performed in a 12-well plate with ~70% con-
fluent cells and 2 pL TransIT-293 reagent per well. A typical re-
porter assay was performed with 30-100 ng of DNA reporter
(higher levels can saturate cellular responses). Where noted,
50 ng of a GFP expressing plasmid was cotransfected as a loading
control. The empty vector, pcDNA3, was added to yield a total of
0.7 pg of DNA per 12-well plate. The day after transfection, cells
were treated as indicated and RNA was extracted by TRI Reagent
(Molecular Research Center, TR118) using the manufacturer’s pro-
tocol. We note that throughout these studies, biological repli-
cates are defined as experiments using cells that were split, and
therefore transfected, on independent days.

Northern blots

Northern blots were performed as previously described (Ruiz
et al. 2019). Briefly, 1.0%-1.4% agarose formaldehyde gels
were run with ~3 pg of total RNA. The RNA was transferred over-
night to Hybond N* Nylon membranes (GE Healthcare) by capil-
lary transfer in 20x saline-sodium citrate buffer (SSC; 3 M NaCl,
0.3 M sodium citrate, pH 7.0). After crosslinking with a
Spectrolinker XL-1500 (120 mJ/ecm?), the membrane was prehy-
bridized in Church’s buffer (200 mM sodium phosphate [pH
7.2], 15% deionized formamide, 1 mM EDTA, 1% filtered bovine
serum albumin, 7% sodium dodecyl sulfate) for 1 h at 65°C.
Probes were generated by in vitro transcription using SP6 or T7
polymerase and templates of either digested plasmid
[B-globin; BA1,2(B-A); (Conrad et al. 2006)] or a PCR product
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(GAPDH, GFP), respectively (Supplemental Table S1).
Transcription reactions contained ~200 ng of template, 25 pCi
of a->*P-UTP (800 Ci/mmol), 0.5 mM ATP, 0.5 mM CTP, 0.5 mM
GTP, and 0.1 mM UTP in 1x transcription buffer (40 mM Tris pH
7.5, 6 mM MgCly; 10 mM DTT), and 20 U of RNAsin Plus
(Promega) and were carried out for 1 h at 37°C. Unincorporated
nucleotides were removed using a G-50 spin column (Cytiva 27-
5330-01); the probe was heated to 95°C for 5 min and then added
to the prehybridization mix. After overnight incubation at 65°C,
the blots were washed twice in 2x SSC/0.1% SDS for 15°C at
room temperature, then twice more in 0.1x SSC/0.1% SDS at
65°C. Bands were detected and quantified using a Typhoon
FLA9500 phosphorimager (Cytiva Amersham) and quantified
with ImageQuant (v 8.1).

Nucleocytoplasmic fractionation

Fractionation was performed as described in Bresson et al. (2015)
with a few modifications. After harvesting HEK293 cells from an
~70% to 80% confluent six-well plate, they were resuspended in
100 pL Buffer I (0.32 M sucrose, 3 mM CaCl,, 2 mM MgCl,,
0.1 mM EDTA, 10 mM Tris-HCI [pH 8.0], 1 mM DTT, 0.04 U/uL
RNase Inhibitor) supplemented with 150 pg/mL digitonin and in-
cubated on ice for 5 min. After centrifugation at 500g for 5 min
at 4°C, the supernatant was added to 1 mL TRI Reagent; this is
the cytoplasm fraction. The pellets were twice resuspended in
Buffer | supplemented with 150 mM NaCl and 0.5% Triton X-100
and then centrifuged at 500g. While some RNA is lost through these
wash steps, they were necessary to generate fractions free of cross
contamination. The resulting pellet was resuspended and 1 mL of
TRI Reagent was added; this is the nuclear fraction.

siRNA depletion and RNA decay assays

293A-TOA cells were grown in six-well plates to ~70% confluency
and were transfected with 30 nM METTL16 siRNA (Thermo Fisher
$35507) using RNAiMax (Thermo Fisher). The next day, the con-
fluent cells were split into 12-well plates. After an additional
2 d, the cells were transfected with 100 ng of reporter plasmids
and 100 ng of pcEGFP-stop control plasmid. The following day
(4 d after siRNA transfection), fresh media was added containing
1 pg/mL actinomycin D (ActD) (Sigma A9415). RNA was harvested
after 0, 1, 2, and 4 h of ActD treatment. For RNA decay assays
without siRNA knockdowns, ActD was added the day following
reporter DNA transfection.

Plasmids

The B-MAT-WT reporter and the derivatives B-MAT-mhp1,
B-MAT-mhp2-6, B-MAT-mhp1-6 were previously described
(Pendleton et al. 2017). To make the ADI versions, cDNAs were
made from cells transfected with each of these plasmids followed
by PCR with NC1145 and SP6+ (Supplemental Table S1 lists all
primer sequences). The resulting amplicons were digested with
EcoRI and Xhol and inserted into gel-purified B-MAT-WT vector
cut with the same enzymes. Plasmid pcEGFP-stop (pNC1254)
was made by annealing the oligos NC3315 and NC3316 followed
by ligation into pcEGFP (pNC1286) digested with Hindlll and
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BamHI (Scarborough et al. 2021); the insert added a stop codon
to GFP in the parental plasmid.

Mutagenesis of the PPT in the detained intron was performed
by three-fragment Gibson assembly as previously described for -
MAT-DI-UGCA and B-MAT-DI-CGUA (Scarborough et al. 2021).
The three fragments consisted of gel-purified Xhol and EcoRI di-
gested B-MAT-WT plasmid, an upstream fragment made by PCR
with forward primer NC3339 and a mutation-specific reverse prim-
er, and a downstream fragment made with NC3346 and a mutation-
specific forward primer listed in Supplemental Table S1.

In vitro UV crosslinking (label transfer assays)

Crosslinking experiments were performed exactly as described
previously except the SUMO-NUDT21 was not treated with
SUMO protease Ulp1 in any experiments (Scarborough et al.
2021). RNA substrates were purchased from Sigma (Supplemental
Table S1).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.

ACKNOWLEDGMENTS

The authors thank Drs. Ashwin Govindan and Minseon Kim for
critical review of this manuscript. This work was supported by
the National Institutes of Health (NIH) grants ROTGM127311
and RO1AI123165.

Received April 24, 2023; accepted July 29, 2023.

REFERENCES

Bresson SM, Hunter OV, Hunter AC, Conrad NK. 2015. Canonical poly
(A) polymerase activity promotes the decay of a wide variety of
mammalian nuclear RNAs. PLoS Genet 11: 1005610. doi:10
.1371/journal.pgen.1005610

Brown JA, Kinzig CG, DeGregorio SJ, Steitz JA. 2016.
Methyltransferase-like protein 16 binds the 3'-terminal triple helix
of MALAT1 long noncoding RNA. Proc Natl Acad Sci113: 14013-
14018. doi:10.1073/pnas. 1614759113

Conrad NK, Mili S, Marshall EL, Shu M-D, Steitz JA. 2006.
Identification of a rapid mammalian deadenylation-dependent de-
cay pathway and its inhibition by a viral RNA element. Mol Cell 24:
943-953. doi:10.1016/j.molcel.2006.10.029

Doxtader KA, Wang P, Scarborough AM, Seo D, Conrad NK, Nam Y.
2018. Structural basis for regulation of METTL16, an S-adenosyl-
methionine homeostasis factor. Mol Cell 71: 1001-1011.e4.
doi:10.1016/j.molcel.2018.07.025

Han L, Dong L, Leung K, Zhao Z, Li Y, Gao L, Chen Z, Xue J, Qing Y,
Li W, et al. 2023. METTL16 drives leukemogenesis and leukemia
stem cell self-renewal by reprogramming BCAA metabolism.
Cell Stem Cell 30: 52-68.e13. doi:10.1016/j.stem.2022.12.006

Hou M, Guo X, Chen Y, Cong L, Pan C. 2020. A prognostic molecular
signature of N°-methyladenosine methylation regulators for soft-
tissue sarcoma from the cancer genome atlas database. Med Sci
Monit 26: €928400. doi:10.12659/MSM.928400

Ishigami Y, Ohira T, Isokawa Y, Suzuki Y, Suzuki T. 2021. A single méA
modification in U6 snRNA diversifies exon sequence at the

5’ splice site. Nat Commun 12: 3244. doi:10.1038/s41467-021-
23457-6

Jenkins JL, Agrawal AA, Gupta A, Green MR, Kielkopf CL. 2013.
U2AF65 adapts to diverse pre-mRNA splice sites through
conformational selection of specific and promiscuous RNA recog-
nition motifs. Nucleic Acids Res 41: 3859-3873. doi:10.1093/nar/
gkt046

Kalev P, Hyer ML, Gross S, Konteatis Z, Chen C-C, Fletcher M, Lein M,
Aguado-Fraile E, Frank V, Barnett A, et al. 2021. MAT2A inhibition
blocks the growth of MTAP-deleted cancer cells by reducing
PRMT5-dependent mRNA splicing and inducing DNA damage.
Cancer Cell 39: 209-224.e11. doi:10.1016/j.ccell.2020.12.010

Kryukov GV, Wilson FH, Ruth JR, Paulk J, Tsherniak A, Marlow SE,
Vazquez F, Weir BA, Fitzgerald ME, Tanaka M, et al. 2016. MTAP
deletion confers enhanced dependency on the PRMT5 arginine
methyltransferase in cancer cells. Science (New York, NY) 351:
1214-1218. doi:10.1126/science.aad5214

Li K, Luo H, Luo H, Zhu X. 2020. Clinical and prognostic pan-cancer
analysis of m6A RNA methylation regulators in four types of endo-
crine system tumors. Aging 12: 23931-23944. doi:10.18632/ag
ing.104064

Liu X, Liu L, Dong Z, Li J, Yu Y, Chen X, Ren F, Cui G, Sun R. 2019.
Expression patterns and prognostic value of m®A-related genes
in colorectal cancer. Am J Transl Res 11: 3972-3991.

Lo T-F, Tsai W-C, Chen S-T. 2013. MicroRNA-21-3p, a Berberine-in-
duced miRNA, directly down-regulates human methionine adeno-
syltransferases 2A and 2B and inhibits hepatoma cell growth. PLoS
ONE 8: €75628. doi:10.1371/journal.pone.0075628

Maldonado LY, Arsene D, Mato JM, Lu SC. 2018. Methionine adeno-
syltransferases in cancers: mechanisms of dysregulation and impli-
cations for therapy. Exp Biol Med (Maywood, NJ) 243: 107-117.
doi:10.1177/1535370217740860

Marjon K, Cameron MJ, Quang P, Clasquin MF, Mandley E, Kunii K,
McVay M, Choe S, Kernytsky A, Gross S, et al. 2016. MTAP dele-
tions in cancer create vulnerability to targeting of the MAT2A/
PRMT5/RIOK1 axis. Cell Rep 15: 574-587. doi:10.1016/j.celrep
.2016.03.043

Martinez-Chantar ML, Latasa MU, Varela-Rey M, Lu SC, Garcia-
Trevijano ER, Mato JM, Avila MA. 2003. L-methionine availability
regulates expression of the methionine adenosyltransferase 2A
gene in human hepatocarcinoma cells: role of S-adenosylmethio-
nine. J Biol Chem 278: 19885-19890. doi:10.1074/jbc
.M211554200

Mavrakis KJ, McDonald ER, Schlabach MR, Billy E, Hoffman GR,
deWeck A, Ruddy DA, Venkatesan K, Yu J, McAllister G, et al.
2016. Disordered methionine metabolism in MTAP/CDKN2A-de-
leted cancers leads to dependence on PRMT5. Science (New York,
NY) 351: 1208-1213. doi:10.1126/science.aad5944

Mendel M, Chen K-M, Homolka D, Gos P, Pandey RR, McCarthy AA,
Pillai RS. 2018. Methylation of structured RNA by the m®A writer
METTL16 is essential for mouse embryonic development. Mol
Cell 71: 986-1000.e11. doi:10.1016/j.molcel.2018.08.004

Mendel M, Delaney K, Pandey RR, Chen K-M, Wenda JM, Vagbe CB,
Steiner FA, Homolka D, Pillai RS. 2021. Splice site m°A methyla-
tion prevents binding of U2AF35 to inhibit RNA splicing. Cell
184: 3125-3142.e25. doi:10.1016/j.cell.2021.03.062

Mercer TR, Clark MB, Andersen SB, Brunck ME, Haerty W, Crawford J,
Taft RJ, Nielsen LK, Dinger ME, Mattick JS. 2015. Genome-wide
discovery of human splicing branchpoints. Genome Res 25:
290-303. doi:10.1101/gr.182899.114

Millevoi S, Loulergue C, Dettwiler S, Karaa SZ, Keller W, Antoniou M,
Vagner S. 2006. An interaction between U2AF 65 and CF Im links
the splicing and 3’ end processing machineries. EMBO J 25:
4854-4864. doi:10.1038/sj.emboj.7601331

www.rnajournal.org 1735


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079695.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079695.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079695.123/-/DC1

Hunter et al.

Nance DJ, Satterwhite ER, Bhaskar B, Misra S, Carraway KR,
Mansfield KD. 2020. Characterization of METTL16 as a cytoplas-
mic RNA binding protein. PLoS One 15: e0227647. doi:10
.1371/journal.pone.0227647

Patil DP, Pickering BF, Jaffrey SR. 2018. Reading m®A in the transcrip-
tome: m®A-binding proteins. Trends Cell Biol 28: 113-127. doi:10
.1016/j.tcb.2017.10.001

Pendleton KE, Chen B, Liu K, Hunter QV, Xie Y, Tu BP, Conrad NK.
2017. The U6 snRNA m°A methyltransferase METTL16 regulates
SAM synthetase intron retention. Cell 169: 824-835.e14. doi:10
.1016/j.cell.2017.05.003

Pendleton KE, Park S-K, Hunter OV, Bresson SM, Conrad NK. 2018.
Balance between MAT2A intron detention and splicing is deter-
mined cotranscriptionally. RNA 24: 778-786. doi:10.1261/rna
.064899.117

Ruiz JC, Hunter OV, Conrad NK. 2019. Kaposi’s sarcoma-associated
herpesvirus ORF57 protein protects viral transcripts from specific
nuclear RNA decay pathways by preventing hMTR4 recruitment.
PLoS Pathog 15: €1007596. doi:10.1371/journal.ppat. 1007596

Sahin BB, Patel D, Conrad NK. 2010. Kaposi's sarcoma-associated
herpesvirus ORF57 protein binds and protects a nuclear noncod-
ing RNA from cellular RNA decay pathways. PLoS Pathog 6:
€1000799. doi:10.1371/journal.ppat. 1000799

Satterwhite ER, Mansfield KD. 2022. RNA methyltransferase
METTL16: targets and function. Wiley Interdiscip Rev RNA 13:
e1681. doi:10.1002/wrna.1681

Scarborough AM, Flaherty JN, Hunter OV, Liu K, Kumar A, Xing C,
Tu BP, Conrad NK. 2021. SAM homeostasis is regulated by
CFIm-mediated splicing of MAT2A. Elife 10: e64930. doi:10
.7554/elife.64930

Sendinc E, Shi Y. 2023. RNA m°A methylation across the transcrip-
tome. Mol Cell 83: 428-441. doi:10.1016/j.molcel.2023.01.006

ShiH, Wei J, He C. 2019. Where, when, and how: context-dependent
functions of RNA methylation writers, readers, and erasers. Mol
Cell 74: 640-650. doi:10.1016/j.molcel.2019.04.025

Shima H, Matsumoto M, Ishigami VY, Ebina M, Muto A, Sato Y,
Kumagai S, Ochiai K, Suzuki T, Igarashi K. 2017. S-adenosylme-
thionine synthesis is regulated by selective N®-adenosine methyl-
ation and mRNA degradation involving METTL16 and YTHDCI1.
Cell Rep 21: 3354-3363. doi:10.1016/j.celrep.2017.11.092

Sickmier EA, Frato KE, Shen H, Paranawithana SR, Green MR,
Kielkopf CL. 2006. Structural basis for polypyrimidine tract recog-
nition by the essential pre-mRNA splicing factor U2AF65. Mol Cell
23: 49-59. doi:10.1016/j.molcel.2006.05.025

Simile MM, Peitta G, Tomasi ML, Brozzetti S, Feo CF, Porcu A,
Cigliano A, Calvisi DF, Feo F, Pascale RM. 2019. MicroRNA-203
impacts on the growth, aggressiveness and prognosis of hepato-
cellular carcinoma by targeting MAT2A and MAT2B genes.
Oncotarget 10: 2835-2854. doi:10.18632/oncotarget.26838

Singh R, Valcarcel J, Green MR. 1995. Distinct binding specificities
and functions of higher eukaryotic polypyrimidine tract-binding
proteins. Science 268: 1173-1176. doi:10.1126/science.7761834

SuR, Dong L, LiY, Gao M, He PC, Liu W, Wei J, Zhao Z, Gao L, Han L,
etal. 2022. METTL16 exerts an m®A-independent function to facil-
itate translation and tumorigenesis. Nat Cell Biol 24: 205-216.
doi:10.1038/s41556-021-00835-2

Tomasi ML, Cossu C, Spissu Y, Floris A, Ryoo M, Iglesias-Ara A,
Wang Q, Pandol SJ, Bhowmick NA, Seki E, etal. 2017. S-adenosyl-

1736 RNA (2023) Vol. 29, No. 11

methionine and methylthioadenosine inhibit cancer metastasis by
targeting microRNA 34a/b-methionine adenosyltransferase 2A/2B
axis. Oncotarget 8: 78851-78869. doi:10.18632/oncotarget
.20234

Walsh CT, Tu BP, Tang Y. 2018. Eight kinetically stable but thermody-
namically activated molecules that power cell metabolism. Chem
Rev 118: 1460-1494. doi:10.1021/acs.chemrev.7b00510

Wang P, Wang X, Zheng L, Zhuang C. 2020. Gene signatures and
prognostic values of m®A regulators in hepatocellular carcinoma.
Front Genet 11: 540186. doi:10.3389/fgene.2020.540186

Wang S, Fan X, Zhu J, Xu D, Li R, Chen R, Hu J, Shen Y, Hao J, Wang K,
et al. 2021. The differentiation of colorectal cancer is closely rele-
vant to m®A modification. Biochem Biophys Res Commun 546:
65-73. doi:10.1016/j.bbrc.2021.02.001

Wang F, Zhang J, Lin X, Yang L, Zhou Q, Mi X, Li Q, Wang S, Li D,
Liu X-M, et al. 2023. METTL16 promotes translation and lung tu-
morigenesis by sequestering cytoplasmic elFAE2. Cell Rep 42:
112150. doi:10.1016/j.celrep.2023.112150

Warda AS, Kretschmer J, Hackert P, Lenz C, Urlaub H, Hébartner C,
Sloan KE, Bohnsack MT. 2017. Human METTL16 is a Né’-methyla-
denosine (m®A) methyltransferase that targets pre-mRNAs and
various non-coding RNAs. EMBO Rep 18: 2004-2014. doi:10
.15252/embr.201744940

Watabe E, Togo-Ohno M, Ishigami Y, Wani S, Hirota K, Kimura-
Asami M, Hasan S, Takei S, Fukamizu A, Suzuki Y, et al. 2021.
m®A-mediated alternative splicing coupled with nonsense-medi-
ated mRNA decay regulates SAM synthetase homeostasis.
EMBO J 40: e106434. doi:10.15252/embj.2020106434

Widagdo J, Anggono V, Wong JJL. 2021. The multifaceted effects of
YTHDC1-mediated nuclear m®A recognition. Trends Genet 38:
325-332. doi:10.1016/j.tig.2021.11.005

Wilkinson ME, Charenton C, Nagai K. 2019. RNA splicing by the spli-
ceosome. Annu Rev Biochem 89: 359-388. doi:10.1146/annurev-
biochem-091719-064225

Yang Q, Gilmartin GM, Doublié S. 2010. Structural basis of UGUA rec-
ognition by the Nudix protein CFI(m)25 and implications for a reg-
ulatory role in mRNA 3’ processing. Proc Natl Acad Sci 107:
10062-10067. doi:10.1073/pnas.1000848107

Yang Q, Coseno M, Gilmartin GM, Doublié S. 2011. Crystal structure
of a human cleavage factor CFI(m)25/CFl(m)68/RNA complex pro-
vides an insight into poly(A) site recognition and RNA looping.
Structure (London, England: 1993) 19: 368-377. doi:10.1016/]
.str.2010.12.021

Zaccara S, Jaffrey SR. 2020. A unified model for the function of YTHDF
proteins in regulating m®A-modified mRNA. Cell 181: 1582-1595.
e18. doi:10.1016/j.cell.2020.05.012

Zaccara S, Ries RJ, Jaffrey SR. 2019. Reading, writing and erasing
mRNA methylation. Nat Rev Mol Cell Biol 20: 608-624. doi:10
.1038/541580-019-0168-5

Zeng X, Zhao F, Cui G, Zhang Y, Deshpande RA, Chen Y, Deng M,
Kloeber JA, Shi Y, Zhou Q, et al. 2022. METTL16 antagonizes
MRE11-mediated DNA end resection and confers synthetic lethal-
ity to PARP inhibition in pancreatic ductal adenocarcinoma. Nat
Cancer 3: 1088-1104. doi:10.1038/s43018-022-00429-3

Zhang R, Zhang Y, Guo F, Huang G, Zhao Y, Chen B, Wang C, Cui C,
ShiY, Li S, et al. 2022. Knockdown of METTL16 disrupts learning
and memory by reducing the stability of MAT2A mRNA. Cell
Death Discov 8: 432. doi:10.1038/s41420-022-01220-0

See the following page for Meet the First Author



A two-tiered model for METTL16 regulation of MAT2A

MEET THE FIRST AUTHOR

Juliana N. Flaherty

Meet the First Author(s) is an editorial feature within RNA, in
which the first author(s) of research-based papers in each issue
have the opportunity to introduce themselves and their work
to readers of RNA and the RNA research community. Juliana
N. Flaherty is the joint first author of this paper, “Functional
analysis of 3’-UTR hairpins supports a two-tiered model for
posttranscriptional regulation of MAT2A by METTL16.” She is
a PhD candidate in the Biological Chemistry program at the
University of Texas Southwestern Medical Center, where she
studies the function of the m6A methyltransferase METTL16
in Nicholas Conrad’s lab in the Department of Microbiology.

What are the major results described in your paper and how
do they impact this branch of the field?

This paper delineates two distinct mechanisms of MAT2A regula-
tion. We provide a thorough investigation of the roles of the six
regulatory hairpins in the MAT2A 3’-UTR on both splicing and
mRNA decay. This is impactful for those studying MAT2A and
SAM homeostasis because prior to this publication, one could in-
terpret splicing and decay to be competing models of MAT2A reg-
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evidence to support the two-tiered model of MAT2A regulation.
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SAM-sensing feedback loop, but it will also guide future mechanis-
tic studies by outlining a way to genetically separate these distinct
mechanisms. Furthermore, it underlines the biological importance
of MAT2A, as we have evolved multiple mechanisms to regulate it.

What led you to study RNA or this aspect of RNA science?
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During the course of these experiments, were there any
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When thinking about the role of the hairpins in the two tiers of
splicing and decay, it was easy for us to have a binary way of think-
ing. Hairpin 1 became synonymous with splicing and hairpins 2-6
became synonymous with decay. Although it is true that hairpins
2-6 have no apparent effect on splicing, the inverse is not as sim-
ple. We were surprised that when hp2—6 are mutated and the de-
tained intron is deleted, methylation of hp1 alone still has a small
but significant effect on decay. While splicing and decay are still
distinct mechanisms, hairpin 1 may contribute to both. This makes
our model a bit less simple, but science is rarely neat and tidy.
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