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ABSTRACT

Transcriptome analysis of human cells has revealed that intron retention controls the expression of a large number of genes with
diverse cellular functions. Detained introns (DI) constitute a subgroup of transcripts with retained introns that are not exported to
the cytoplasm but instead remain in the nucleus. Previous studies reported that the splicing of DIs in the CLK1 transcript is post-
transcriptionally induced to produce mature mRNA in the absence of new transcription. Thus, CLK1-DI serves as a precursor or
“reservoir” for the CLK1 mRNA. However, whether this is a universal mechanism for gene regulation by intron detention remains
unknown. TheMAT2A gene encodes S-adenosylmethionine (SAM) synthetase and it contains a DI that is regulated in response to
intracellular SAM levels. We used three independent assays to assess the precursor–product relationship between MAT2A-DI and
MAT2A mRNA. In contrast to CLK1-DI, these data support a model in which the MAT2A-DI transcript is not a precursor to mRNA
but is instead a “dead-end” RNA fated for nuclear decay. Additionally, we show that in SAM-deprived conditions the
cotranscriptional splicing of MAT2A detained introns increases. We conclude that polyadenylated RNAs with DIs can have at
least two distinct fates. They can serve as nuclear reservoirs of pre-mRNAs available for rapid induction by the cell, or they
constitute dead-end RNAs that are degraded in the nucleus.
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INTRODUCTION

Nearly all human genes are subject to post-transcriptional
regulation by alternative splicing (Lynch 2004; Lee and Rio
2015; Baralle and Giudice 2017). Among the forms of alter-
native splicing, intron retention remains the least thoroughly
studied. However, recent genome-wide expression studies
have revealed an unexpected prevalence of mammalian
RNAs containing retained introns (Yap et al. 2012;
Braunschweig et al. 2014; Boutz et al. 2015). Importantly,
the balance between splicing and intron retention of specific
RNAs is under the control of metabolic or developmental
cues supporting critical regulatory roles for intron retention
(Li et al. 2006; Xu et al. 2008; Hirschfeld et al. 2009;
Ninomiya et al. 2011; Yap et al. 2012; Wong et al. 2013;
Guo et al. 2014; Shalgi et al. 2014; Bergeron et al. 2015;
Boutz et al. 2015; Braun et al. 2017; Park et al. 2017;
Pendleton et al. 2017). Therefore, an understanding of the

mechanisms that cells use to control intron retention will
broadly inform gene regulation.
Intron-retained transcripts can be exported to the cyto-

plasm to either generate distinct protein isoforms (e.g.,
Hossain et al. 2016) or be degraded by nonsense-mediated
RNA decay (e.g., Wong et al. 2013). However, many mam-
malian intron-retained RNAs remain in the nucleus, leading
to diminished protein production from the transcript (Yap
et al. 2012; Braunschweig et al. 2014; Boutz et al. 2015;
Bresson et al. 2015; Liu et al. 2017). This process of gene reg-
ulation by nuclear restriction of polyadenylated RNAs with a
specific intron(s) left unspliced has been dubbed intron
detention to distinguish it from the intron retention process-
es that lead to translated cytoplasmic RNAs (Boutz et al.
2015). Thus, unlike most forms of alternative splicing that
contribute to the protein diversity produced from a single
gene, intron detention regulates the timing and levels of
gene expression.
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We imagine two general models by which cells regulate the
production of mRNAs using intron detention. In the reser-
voir model (Fig. 1A, left), inefficient splicing leads to nuclear
accumulation of the intron-containing transcript. Upon a de-
fined regulatory signal, the splicing of the detained intron
(DI) is induced to generate a fully processed mRNA that
is exported and translated. The reservoir model has been
well established for the CLK1 detained-intron transcript
(CLK1-DI) (Ninomiya et al. 2011; Boutz et al. 2015).
Pharmacological inhibition of the CLK1 kinase induces the
post-transcriptional splicing of CLK1-DI to produce more
CLK1 mRNA. This is a compelling mechanism that allows
cells to rapidly alter gene expression in response to stimuli in-
dependently of transcription.
In the dead-end model (Fig. 1A, right), cells respond to

stimuli by adjusting the efficiency of cotranscriptional splic-
ing. The resulting mRNAs are exported for translation while
the detained-intron transcripts are degraded in the nucleus.
Indeed, at least some intron-containing polyadenylated
RNAs are subject to degradation in the nucleus by PABPN1
and PAPα/γ-mediated RNA decay (PPD) (Bresson and
Conrad 2013; Bresson et al. 2015). Thus, the major difference
between the dead-end and reservoir models is the precursor–
product relationship between the polyadenylated detained-
intron transcript and the induced mRNA. For simplicity,
we have proposed the dead-end and reservoir models to be
opposing hypotheses, but there is potential overlap between
them. For example, the rate of nuclear decay of a DI tran-
script will influence the amount of mRNA produced in the
reservoir model. Conversely, cotranscriptional splicing may
be induced alongside of post-transcriptional splicing in the
reservoir model. In fact, our data suggest this to be the case
for CLK1 (see below). Nonetheless, these models provide a
useful framework for testing the behavior of DI transcripts.
MAT2A encodes the MATα2 protein, the only S-adenosyl-

methionine (SAM) synthetase expressed in most cells. The
MAT2A gene produces two RNA isoforms, a cytoplasmic
mRNA and a detained-intron transcript in which the last in-
tron remains unspliced (Bresson et al. 2015; Pendleton et al.
2017). We recently reported that cells respond to SAM deple-
tion by enhancing the splicing of MAT2A retained intron.
This enhancement is mediated by the METTL16 RNA meth-
yltransferase which functions as both anm6Amethyltransfer-
ase and splicing factor necessary for splicing of the otherwise
DI (Pendleton et al. 2017). Thus, we proposed that the ex-
pression of the major SAM synthetase MATα2 is controlled
by a feedback loop linking intron detention with intracellular
SAM levels. Similarly, the OGT gene encodes the sole O-
GlcNAc transferase enzyme and detention of its fourth intron
is regulated in response to cellular O-GlcNAc levels (Park
et al. 2017). Importantly, it remains unknownwhether intron
retention of MAT2A or OGT follow reservoir or dead-end
models. We note that in previous studies we referred to the
intron-retained isoforms of MAT2A and OGT as MAT2A-
RI andOGT-RI. To avoid ambiguity, we have adopted the de-

tained-intron nomenclature and will refer to these isoforms
as MAT2A-DI and OGT-DI.
Here, we used several assays to test the precursor–product

relationship between the DI and mRNA isoforms of MAT2A.
In contrast to CLK1, MAT2A mRNA was not induced in the
presence of general transcription inhibitors; similar results
were observed with the OGT RNA. We further used a
pulse-labeling approach and found no evidence supporting
a precursor–product relationship for MAT2A. Finally, we in-
hibited PPD to increase levels of the DI isoform, but observed
no increase in mRNA upon induction under these condi-
tions. In contrast, both nuclear run-on and pulse labeling as-
says showed an increase in cotranscriptional splicing of
MAT2A and CLK1 upon induction. Together, these data
strongly support that MAT2A intron detention follows the
dead-end model. Consistent with the reservoir model, the
CLK1 DIs are post-transcriptionally induced to produce
mRNA, but cotranscriptional splicing is also enhanced
upon induction. Thus, the regulation of RNAs with DIs
can follow alternate transcript-specific modes of regulation.

RESULTS AND DISCUSSION

Transcription inhibition assays suggest neither
MAT2A-DI nor OGT-DI is an mRNA precursor

We first used general transcription inhibitors to distinguish
between the dead-end and reservoir models. As a positive
control for the reservoir model, we examined the CLK1
RNA, which encodes the CLK1 kinase. Introns 3 and 4 of
CLK1 RNA are significantly detained in normal growth con-
ditions to produce the CLK1 DI isoform (CLK1-DI). Upon
inhibition of CLK1 kinase by the CLK1 inhibitor CB19, cells
stimulate splicing of CLK1-DI to produce more CLK1
mRNA (Fig. 1B, left; Ninomiya et al. 2011; Boutz et al.
2015). We pretreated cells with the transcription inhibitors
flavopiridol or actinomycin D (ActD) for 30 min and added
DMSO or CB19; the CLK1 isoforms were then monitored by
northern blot (Fig. 1C). Consistent with the earlier studies,
CB19 treatment led to statistically significant increases in
CLK1 mRNA and concomitant decreases in CLK1-DI after
transcription inhibition with flavopiridol (Fig. 1C, cf. lane
7 to 10; Fig. 1D). ActD treatment led to the loss of both iso-
forms over time (Fig. 1C, lanes 2–6; Supplemental Fig. S1A).
The reasons for this are unclear, but may be due to the gen-
erally higher toxicity of ActD. Nonetheless, the increase in
CLK1 mRNA after transcription inhibition with flavopiridol
validates our analysis of MAT2A andOGTwith this assay and
further confirms that CLK1-DI follows the reservoir model
(Ninomiya et al. 2011; Boutz et al. 2015).
We used a similar strategy to assess the precursor–product

relationship between MAT2A-DI and MAT2A mRNA. Upon
methionine (Met) depletion, the steady-state levels of
MAT2A-DI decrease while the MAT2A mRNA increases
due in part to increased splicing (Fig. 1B, right; Pendleton

Dead-end regulation of MAT2A intron detention

www.rnajournal.org 779

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064899.117/-/DC1


BA

EC

FD

HG

FIGURE 1. Assessing precursor–product relationship between CLK1-DI, MAT2A-DI, OGT-DI and their cognate mRNAs by transcription inhibi-
tion. (A) Diagrams of the reservoir and dead-end models for induction of detained introns. In the reservoir model, poor cotranscriptional splicing
generates nuclear RNAs with a specific intron detained. These RNAs can then be post-transcriptionally induced for rapid mRNA production inde-
pendent of new transcription. In contrast, the dead-end model proposes that the splicing choice occurs cotranscriptionally. In uninduced states, the
intron is largely detained and the DI RNA is degraded. Upon induction, cotranscriptional splicing efficiency increases. See text for additional details.
(B) Northern blots demonstrating CLK1 (left) and MAT2A (right) isoform switching upon CB19 treatment and Met depletion, respectively. In all
northern blots, the detained intron and mRNAs isoforms are labeled “DI” or “m,” respectively. The asterisk in the CLK1 northern represents
cross-hybridization to the rRNA and serves as a loading control. (C) Experimental timeline (top) and representative northern blot for the CLK1 splic-
ing induction and transcription inhibition assay. (D) Quantification of the CLK1 induction experiment. CLK1 signals were first normalized to
GAPDH to control for loading in each lane. GAPDH does not appreciably degrade over the time course in this experiment. The value for CLK1-
DI was set to one for each biological replicate. Data represented as mean ± standard deviation (SD) (n = 3); asterisk represents P < 0.05 in an unpaired,
two-tailed Student’s t-test. (E) Experimental timeline (top) and representative northern blot for the MAT2A splicing induction and transcription in-
hibition assay. In the diagrams on the right, the lower case “a”s represent hyperadenylated poly(A) tails. (F) Quantification of the MAT2A induction
experiment as in panel D. The spliced nuclear hyperadenylated form was excluded from the analysis. Data represented as mean ± SD (n = 3). (G)
Representative northern blot showing the induction of OGT splicing upon OSMI-1 treatment for the indicated times. Here, we quantified the
OGT data as percent DI [DI/(DI +mRNA) × 100], to control for high variability in OGT levels of both isoforms between samples. (H)
Experimental timeline (top) and representative northern blot for the OGT splicing induction and transcription inhibition assay. The bar graph below
is quantification of these northern blot data; data represented as mean ± SD (n = 4).
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et al. 2017). We added ActD or flavopiridol to cells for 30 min
and then changed media to Met-depleted or Met-replete me-
dia as a control and followed the fate of the RNAs after 2 and
6 h (Fig. 1E). Upon transcription inhibition, three differently
migrating MAT2A bands were observed. The shortest of
these is the cytoplasmic MAT2A mRNA; the longest isoform
is MAT2A-DI, which is hyperadenylated and stabilized after
transcription inhibition (Bresson et al. 2015). The middle
band reflects a fully spliced MAT2A that is retained in the
nucleus and hyperadenylated. It is possible that this RNA
is a product of splicing of MAT2A-DI, but both its levels
and MAT2A-DI remain relatively unchanged after transcrip-
tion inhibition, so it is unlikely that a major fraction of
MAT2A-DI is spliced to generate this fully spliced nuclear
MAT2A RNA. Most importantly, we observed no increase
in MAT2A mRNA levels upon induction (Fig. 1E,F;
Supplemental Fig. S1B). The mRNA remaining after 6 h
was approximately twofold higher in the Met-depleted com-
pared to Met-replete media (cf. lanes 6 to 4 and 12 to 10; Fig.
1E,F), presumably reflecting the increased stability of the cy-
toplasmic MAT2A mRNA upon Met depletion (Martínez-
Chantar et al. 2003; Pendleton et al. 2017; Shima et al.
2017). Thus, while CLK1 mRNA increases upon induction
in the presence of flavopiridol, MAT2A mRNA does not in-
crease in the presence of transcription inhibitors.
We further assessed the precursor–product relationship

between OGT detained intron (OGT-DI) and the OGT
mRNA by transcription inhibition. To do so, we used the
drug OSMI-1 to inhibit the enzymatic activity of OGT in cells
(Ortiz-Meoz et al. 2015), which leads to an increase in OGT
mRNA and loss of OGT-DI (Fig. 1G; Park et al. 2017). We
treated cells with ActD or flavopiridol for 30 min, treated
cells with OSMI-1 (or DMSO as a control) and followed
OGT mRNA and OGT-DI (Fig. 1H). We observed no in-
creases in mRNA after OSMI-1 treatment in the presence
of transcription inhibitors. Together, these data suggest that
MAT2A and OGT follow the dead-end model.

Metabolic labeling experiments do not support
a precursor–product relationship between
MAT2A-DI and MAT2A mRNA

The transcription inhibition data do not support the reser-
voir model for MAT2A or OGT, but the pleiotropic effects
of transcription inhibition may affect the metabolism of
DIs. Indeed, the hyperadenylation of OGT-DI and
MAT2A-DI may reflect changes in the RNA biogenesis in
the presence of ActD or flavopiridol (Bresson et al. 2015).
To assess precursor–product relationships independent of
the caveats of transcription inhibitors, we developed a 4-thi-
ouridine (4SU) pulse-chase strategy (Fig. 2A). After labeling
newly made RNAs by adding 4SU to cell media for 2 h, we
rinsed the cells and added back media that lacked 4SU (wash-
out). The 4SUTP in the cells is not immediately depleted
upon washout, so the washout time cannot be used as a pre-

cise start for the chase. To address this limitation, we used a
transcription pulse approach to empirically determine that
the incorporation of 4SU into newly made RNAs is negligible
in these cells approximately 1 h after washout (Supplemental
Fig. S2). Therefore, in our MAT2A experiments, we incubat-
ed cells for an additional hour after washout to allow deple-
tion of 4SUTP from cells, shifted cells to media ±Met, and
followed the MAT2A RNAs by northern blot (Fig. 2A,B).
Consistent with previous reports, we observed a robust in-

crease in MAT2A mRNA half-life upon Met depletion (Fig.
2B,C, gray bars; Martínez-Chantar et al. 2003; Pendleton
et al. 2017; Shima et al. 2017). The reservoir model predicts
concomitant increases in MAT2A mRNA with decreases in
MAT2A-DI (black bars) upon Met depletion, but our data
do not show this trend. Admittedly, the MAT2A-DI levels
comprise only ∼25% of the total RNA (Fig. 2C), so it is rea-
sonable to suggest that MAT2A-DI is a precursor to MAT2A
mRNA but we cannot observe the increase in mRNA due to
the limits of detection of the assay. To counter this caveat, we
increased the ratio of MAT2A-DI to mRNA by overexpress-
ing an exogenous MAT2A gene that does not contain the re-
tained intron. MAT2A overproduction increases SAM levels,
which then leads to increased intron retention (Pendleton
et al. 2017). Under the conditions used here, Met depletion
causes loss of intracellular SAM resulting in MAT2A splicing
induction and mRNA accumulation at steady state (Fig. 2D,
input samples; Pendleton et al. 2017). We observed ∼64%
MAT2A-DI after 4SU washout, yet we observed no concur-
rent increase in the 4SU-labeled mRNA upon Met depletion
(Fig. 2E). These assays are consistent with the transcription
inhibition studies and do not support the reservoir model
for MAT2A.

Inhibition of MAT2A-DI decay does not increase
mRNA accumulation

If MAT2A-DI is a precursor to MAT2AmRNA, then increas-
ing MAT2A-DI levels should increase MAT2A mRNA levels
upon induction. To increase MAT2A-DI, we used three dif-
ferent methods of PPD inhibition and subsequently induced
MAT2A splicing by Met depletion (Fig. 3). SiRNA-mediated
knockdown of PAPα/γ (Fig. 3A), overexpression of the dom-
inant-negative PABPN1 allele called LALA (Fig. 3B; Kühn
et al. 2009), or inhibition of hyperadenylation with cordyce-
pin (Fig. 3C) increased MAT2A-DI steady state levels 4.7-
fold, 4.3-fold, and 2.6-fold, respectively. However, the induc-
tion of MAT2A mRNA was identical to matched controls in
all three cases (Fig. 3A–C, black bars). These data further sug-
gest thatMAT2A-DI does not serve as an uninduced reservoir
for MAT2A mRNA.
In total, we have presented three lines of evidence, tran-

scription inhibition (Fig. 1), 4SU pulse-chase (Fig. 2), and
PPD inhibition assays (Fig. 3) that argue against the reservoir
model for MAT2A. Admittedly, these are negative data, so we
are cautious in interpreting any one of these assays as a proof
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FIGURE 2. Assessing precursor–product relationship between MAT2A-DI and MAT2A mRNAs by 4SU pulse-chase. (A) Timeline for the 4SU ex-
periment. Note that the T = 0 samples are those that are harvested after the 1-h washout period. (B) Representative northern blot of a 4SU pulse-chase
experiment. The “input” samples are total RNA while the 4SU samples have been selected for 4SU incorporation. The “No 4SU” samples were col-
lected at T =−3 h. (C) Quantification of the northern blot data. After normalizing to GAPDH (or rRNA) to control for loading and subtraction of the
“No 4SU” signal as background, the additive value of the mRNA and DI isoforms for the T = 0 samples was set to one. The quantity of each isoform for
each time point was then referenced to this value to normalize between experiments. As a result, these graphs provide information on both the relative
levels and ratios of DI and mRNA isoforms. Data represented as mean ± SD (n = 3). D and E are the same as panels B and C, except that a cDNA
transgene of MAT2A was overexpressed in the cells (Pendleton et al. 2017) (n = 4).

B CA

FIGURE 3. Inhibition of PPD does not increase MAT2A mRNA levels after induction. (A) Cells were treated with nontargeting (siCtrl) or PAPα/γ
(siPAP) siRNAs and were subject toMet depletion as indicated. Representative northern blots (top) and quantification of the data (bottom) are shown.
All values were normalized to GAPDH as a loading control, then the untreated mRNA value was set to one for each sample. Data represented as mean
± SD (n = 3). B and C are similar experiments, except PPD was inhibited by LALA overexpression or cordycepin treatment, respectively.
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that MAT2A does not follow the reservoir model.
Nonetheless, each of the approaches represents an indepen-
dent experimental strategy with caveats that do not apply to
the other approaches. Based on the collective evidence, we
conclude that MAT2A-DI is not a precursor to the MAT2A
mRNA.

Cotranscriptional splicing of MAT2A intron 8 is induced
upon Met depletion

In contrast to the reservoir model, the dead-end model pre-
dicts that the regulation of MAT2A intron detention occurs
cotranscriptionally. To test this prediction, we first examined
cotranscriptional splicing using nuclear run-on (NRO) assays

with cells grown in ±Met media for 6 h (Fig. 4A,B). NROs
capture nascent transcripts, so detection of spliced exon–
exon junctions provides a reliable assessment of cotranscrip-
tional splicing. Consistent with the dead-end model, we ob-
served statistically significant increases in cotranscriptional
splicing of MAT2A intron 8 after Met-depletion (Fig. 4B).
To complement the NRO assays, we performed a 4SU-la-

beling “quick-pulse” assay. Cells were incubated for 1 h ±
Met, then 4SU was added to the media for 5 min before har-
vesting (Fig. 4C). The 4SU-labeled RNAs that were synthe-
sized during this short 5-min pulse were isolated and
analyzed by RT-qPCR. While the signal in quick-pulse assays
cannot be interpreted to exclusively represent nascent RNAs,
the short pulse times enrich for nascent RNAs in addition

to newly made transcripts. Consistent
with the NRO data, these assays revealed
an increase in cotranscriptional splicing
of MAT2A intron 8 in Met-depleted
media (Fig. 4C). Together, these data
strongly support the conclusion that
cotranscriptional splicing of MAT2A in-
tron 8 increases upon Met depletion.

When SAM levels in cells become lim-
iting, the induction of MAT2A splicing
requires binding of the methyltransferase
METTL16 to a conserved RNA hairpin
in the 3′ UTR of MAT2A (Pendleton
et al. 2017). In low SAM conditions,
METTL16 binding induces MAT2A
splicing. In SAM-replete conditions,
splicing can be artificially induced by
overexpression of wild-type or catalytic
mutant (PP185/6GG), but overexpres-
sion of an RNA-binding deficient
METTL16 mutant (F187G) does not
induce splicing. To further verify that
METTL16-dependent induction of
MAT2A splicing occurs cotranscription-
ally, we overexpressed these proteins
and performed quick-pulse assays. We
observed an increase in intron 8 splicing
upon overexpression of METTL16 wild-
type or PP185/6GG mutant, but not
F187G (Fig. 4D). Together, these data
strongly support the conclusion that the
SAM-dependent regulation of MAT2A
intron retention is dictated by the relative
efficiency of cotranscriptional splicing.
Interestingly, splicing of CLK1 DIs was
up-regulated upon CB19 treatment, as
assessed by 4SU quick-pulse assay (Fig.
4E). Therefore, it appears that cells en-
hance CLK1 expression in response to
CLK1 deficiency by promoting the splic-
ing of the CLK1-DI reservoir and by

A

B C

D E

FIGURE 4. MAT2A and CLK1 splicing is cotranscriptionally enhanced upon induction. (A)
Diagram of MAT2A gene with the positions of the quantitative RT-PCR primer pairs shown; di-
agram is not to scale. The splicing of exons 1, 2, and 3 is constitutive while 8–9 flank the DI. For all
splice junction RNAs (e.g., amplicons A and B), the unspliced product is too large to amplify un-
der our qPCR conditions. (B) Experimental scheme (top) and analysis of RNA from a NRO ex-
periment. The RT-qPCR values were first normalized to GAPDH signal and then referenced to
the +Met control for the same amplicon, which was set to one. No 4SU controls showed negligible
signal. Data represented as mean ± SD (n≥ 5); the asterisk represents P < 0.05 in an unpaired,
two-tailed Student’s t-test. (C) Experimental scheme (top) and analysis (bottom) of RNA from
a 4SU quick-pulse experiment. The normalization and quantification of RT-qPCR data were per-
formed as in panel B (n≥ 4). (D) Cells overexpressing flag-tagged wild-type or mutant METTL16
were subject to a quick-pulse assay as in panel C. All cells were grown in Met-replete media. All
three proteins are expressed at similar levels under these conditions (Pendleton et al. 2017). P-val-
ues were referenced to vector control (n = 3). The vector alone control samples were set to one.
(E) Quick-pulse analysis of the CLK1 RNA with primers indicated on the diagram (top). Analysis
was performed as described for panel C; in this case, DMSO was the reference sample for each
primer set (n = 3).
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enhancing the efficiency of cotranscriptional splicing of the
CLK1 DIs.

We conclude that MAT2A-DI is not precursor to mRNA,
but is instead a dead-end product fated for degradation by
PPD. Precise control of intracellular SAM levels is critical
for a wide array of cell functions, so it seems unlikely that cells
are routinely subjected to the dramatic changes in SAM levels
we use experimentally. Instead, cells are constantly monitor-
ing SAM levels and responding with alterations in MAT2A
expression by METTL16-dependent induction of splicing.
The dead-end mechanism allows cells to keep transcription
rates constant but rely on post-transcriptional mechanisms
to continually monitor and fine tune expression. While the
synthesis of nonproductive RNAs may at first appear to be
a wasteful strategy, this is not particularly different from oth-
er forms of post-transcriptional regulation. For example, cells
generate mRNAs that are targeted by miRNAs to inhibit their
translation and stimulate their decay in the cytoplasm.
Similarly, regulation of splicing by the dead-end pathway
results in the production of transcripts that are degraded
instead of being translated.

Transcription inhibition assays suggest the OGT-DI
transcript also follows the dead-end pathway (Fig. 1G,H).
Technical limitations prevented us from examining OGT
with the 4SU-based methods and the inhibition assays ana-
lyzed %DI instead of relative amounts of each RNA isoform.
As a result, we cannot make a stronger conclusion regard-
ing the OGT-DI/mRNA precursor–product relationship.
However, it is interesting to note that genes that control
homeostasis of two important metabolites, SAM and O-
GlcNAc, both appear to use the dead-end pathway. It will
be interesting to determine whether this applies more broadly
to RNAs that control key metabolic factors. We further stress
that we cannot rule out other models from our data. For ex-
ample, it remains formally possible that the DI RNAs serve an
unknown function as nuclear noncoding transcripts and are
not truly functional dead-ends.

Intron detention constitutes a widespread post-transcrip-
tional regulatory mechanism in mammals, and future studies
will undoubtedly reveal additional regulatory loops con-
trolled by intron detention for key biological processes (Li
et al. 2006; Ninomiya et al. 2011; Yap et al. 2012; Wong
et al. 2013; Braunschweig et al. 2014; Shalgi et al. 2014;
Bergeron et al. 2015; Boutz et al. 2015; Braun et al. 2017;
Park et al. 2017; Pendleton et al. 2017). At least three groups
have now independently shown that CLK1-DI serves as a pre-
cursor to mRNA (Fig. 1C,D; Ninomiya et al. 2011; Boutz
et al. 2015). In addition, the APOE RNA has been reported
to follow the reservoir model (Xu et al. 2008). The data for
MAT2A, and to some extent OGT, suggest that this is not al-
ways the case for RNAs with DIs. Therefore, we emphasize
that the presence of a nuclear polyadenylated RNA with a re-
tained intron cannot be presumed to follow any particular
model. Instead, the determination of the precursor–product
relationships between DI transcripts and their cognate RNAs

requires empirical definition to distinguish between the res-
ervoir, dead-end, or any other possible mechanisms.

MATERIALS AND METHODS

Cell culture and transfection

HEK293 cells were grown at 37° with 5% CO2 in DMEM (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich), penicillin–streptomycin, and 2 mM L-glutamate. For
293A-TOA cells (Sahin et al. 2010), Tet-Free FBS (Atlanta
Biologicals) was used. HCT116 cells were grown at 37°C with 5%
CO2 in McCoy’s 5A medium (Thermo Fisher Scientific) supple-
mented with 10% FBS and antibiotic–antimycotic (Thermo Fisher
Scientific). Methionine-free DMEM (Thermo Fisher) was addition-
ally supplemented with 1 mM sodium pyruvate and 0.4 mM L-cys-
teine (Sigma-Aldrich). Final concentrations of drugs were: 10 µM
CB19, 5 µg/mL ActD, 1 µM flavopiridol, and 20 µg/mL cordycepin.
Transfections were performed using TransIT-293 (Mirus) accord-
ing to the manufacturer’s protocol. For LALA overexpression, 0.7
µg were transfected in 12-well plates. PAPα/γ siRNA knockdown
was performed as previously described (Bresson et al. 2015).
293A-TOA cells were used for siPAP experiments because we ob-
serve better knockdown in these HEK293 derivatives than in the pa-
rental HEK293 cells. OGT transcription shut-off experiments were
performed in HCT116 cells because these cells have higher OGT-
DI/mRNA ratio than HEK293 cells or its derivatives (Park et al.
2017).

General molecular biology

Plasmids and oligonucleotides are given in Supplemental Table S1.
To increase the signal for CLK1 (and in some cases OGT) on north-
ern blots, we first selected poly(A) RNA from 30 μg of total RNA us-
ing Sera-Mag Oligo(dT)-Coated Magnetic particles (GE Healthcare
Life Sciences). RNAwas harvested using TriReagent according to the
manufacturer’s protocol. For quantitative RT-PCR, RNA was treat-
ed with RQ1 DNase (Promega) prior to reverse transcription.
Random hexamers were used to prime cDNA synthesis with
MuLV reverse transcriptase (New England Biolabs). Standard pro-
cedures were followed for reverse transcription reactions. Real-
time reactions used iTaq Universal SYBR Green Supermix (Bio-
Rad). For northern blots, RNA was run on 1% or 1.2% formalde-
hyde–agarose gels using standard procedures (Conrad and Steitz
2005). After transfer to nylon membranes (Hybond N+, GE
Healthcare) blots were probed in Church’s hybridization buffer
overnight at 65°C (Church and Gilbert 1984). Riboprobes were
transcribed in vitro in the presence of α-32P-UTP from DNA tem-
plates made by PCR using the primers given in Supplemental
Table S1. The primers contained a T7 polymerase promoter.
Bands were detected using a Typhoon FLA 9500 Phosphorimager
(GE Healthcare) and quantified using ImageQuant v5.2.

Nuclear run-on assays

NRO assays were performed as previously described (Stubbs and
Conrad 2015). Briefly, two 15 cm plates of HEK293 cells at ∼90%
confluency were used per sample. Cells were incubated in media

Pendleton et al.

784 RNA, Vol. 24, No. 6

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064899.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064899.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064899.117/-/DC1


±Met for 6 h. Cells were trypsinized, quenched with ice-cold media,
and pelleted at 700g for 3 min at 4°C. Pellets were then rinsed with
ice-cold PBS and collected by centrifugation. Cells were resuspend-
ed in 1 mL HLB buffer (10 mM Tris–HCl pH 7.5, 10 mM NaCl, 2.5
mMMgCl2, 0.5% Igepal CA-630, 1 mMDTT) and incubated on ice
for 5 min. The solution was underlaid with 1 mL HLB-Sucrose (10
mM Tris–HCl pH 7.5, 10 mM NaCl, 2.5 mM MgCl2, 0.5% Igepal
CA-630, 1 mM DTT, 10% Sucrose). The sample was centrifuged
at 600g for 5 min at 4°C. The supernatant was discarded. Nuclei
were isolated and resuspended in an equal volume of transcription
reaction buffer (10 mM Tris pH 8.0, 90 mM KCl, 5 mM MgCl2,
25% glycerol, 2.5 mM DTT), and an NTP mix containing 10 mM
rATP, rGTP, rCTP, and 40 µM 4-thio-UTP or rUTP was added.
Transcription proceeded at 30°C for 5 min and the reaction was
stopped with 1 mL TriReagent.

Quick-pulse transcription assays

Cells were treated with Met or CB19 as indicated. For the METTL16
wild-type ormutant overexpression experiment, media was changed
∼6 h post-transfection and the cells were harvested ∼24 h post-
transfection. Two plates were transfected with Fl-METTL16 so
one could serve as a no 4SU control. METTL16 overexpression ex-
periments used 10 cm plates transfected with 12 µg of expression
plasmid. In all cases, 4SU was added to the media at a final concen-
tration of 100 µM and incubated for 5 min prior to harvesting in
TriReagent.

4SU pulse-chase assays

The cells were treated as outlined in Figure 2A; each sample used
RNA from an individual 10 cm plate. To improve washout, we add-
ed only 2 µM 4SU in these experiments. After 2 h of 4SU treatment,
plates were washed twice with phosphate-buffered saline (PBS) con-
taining calcium andmagnesium (Sigma-Aldrich). Media containing
Met was added for 1 h prior to switch to media ±Met. Where indi-
cated, 3 µg MAT2A overexpression plasmid plus 7 µg of empty
vector were transfected. For the PAN RNA induction experiments
(Supplemental Fig. S2), 4 µg of TRP-PAN and 4 µg of pTet-On
Advanced plasmids were transfected 24 h prior to the assay.
Doxycycline was added to 1 µg/mL as indicated to induce PAN
RNA transcription. RNA was harvested using TriReagent.

4SU streptavidin selection

4SU selection was based on previously published protocols (Dölken
et al. 2008; Zeiner et al. 2008; Stubbs and Conrad 2015). RNA was
biotinylated at room temperature for 3 h in a solution of 10 mM
Tris–HCl pH 7.5, 1 mM EDTA, 0.1% SDS, 0.2 mg/mL Biotin-
HPDP (Thermo Fisher) (from a 0.4 mg/mL Biotin-HPDP stock
in dimethylformamide). Biotinylated RNA was extracted with chlo-
roform three times, and then ethanol precipitated. Streptavidin se-
lection was performed using 20 µL of Dynal MyOne Steptavidin
T1 bead slurry (Thermo Fisher) per ∼80 µg of RNA. Beads were
washed with MPG 1:10-I (100 mM NaCl, 1 mM EDTA, 10 mM
Tris–HCl pH 7.5, 0.1% Igepal) and then blocked in 1 mL of the
same buffer supplemented with 0.1 µg/µL poly(A), 0.1 µg/µL
ssDNA, 0.1 µg/µL cRNA, 0.1% SDS for at least 1 h. Biotinylated

RNA was resuspended in water and heated at 65°C for 5 min,
then 950 µL of blocked beads were added to each sample. Samples
were nutated for 1 h at room temperature, and then washed 10 times
with: MPG 1:10-I, MPG 1:10 (100 mM NaCl, 1 mM EDTA, 10 mM
Tris–HCl pH 7.5) at 55°C, MPG 1:10-I, three times with MPG-I (1
M NaCl, 10 mM EDTA, 100 mM Tris–HCl pH 7.5, 0.1% Igepal),
MPG 1:10-I, twice with MPG-I no salt (10 mM EDTA, 100 mM
Tris–HCl pH 7.5, 0.1% Igepal), andMPG 1:10-I. Samples were elut-
ed twice with MPG 1:10-I with 5% β-mercaptoethanol for 5 min,
the elutions were combined. The samples were then extracted in
phenol:chloroform:iso-amyl alcohol (25:24:1)(PCA) then extracted
with chloroform twice. For quick-pulse, pulse-chase and NRO ex-
periments ∼80–120 µg of RNA was used as starting material. For
the pulse-chase assays, only the first seven washes were performed.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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