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ABSTRACT

We previously showed that the insertion of a hammerhead ribozyme (Rz) in a critical intronic position between the EDA exon
and a downstream regulatory element affects alternative splicing. Here we evaluate the effect of other intronic cotranscriptional
cleavage events on alternative pre-mRNA processing using different ribozymes (Rz) and Microprocessor target sequences
(MTSs). In the context of the fibronectin EDA minigene, intronic MTSs were cleaved very inefficiently and did not affect
alternative splicing or the level of mature transcripts. On the contrary, all hammerhead Rz derivatives and hepatitis d Rz were
completely cleaved before a splicing decision and able to affect alternative splicing. Despite the very efficient Rz-mediated
cleavage, the levels of mature mRNA were only reduced to ~40%. We show that this effect on mature transcripts occurs
regardless of the type and intronic position of Rzs, or changes in alternative splicing and exon definition. Thus, we suggest that
intron integrity is not strictly required for splicing but is necessary for efficient pre-mRNA biosynthesis.
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INTRODUCTION

A typical mammalian protein-coding gene transcribed by
RNA polymerase II (Pol II) contains relatively short exonic
sequences separated by long introns, which average 3 kb
but are frequently longer than 10 kb. Introns are removed
from pre-mRNAs by the spliceosome and, according to
EST data, >90% of human genes undergo alternative
splicing (Pan et al. 2008; Wang et al. 2008). The efficiency
and accuracy of pre-mRNA splicing depend on complex
interactions on the nascent pre-mRNAs. Small nuclear
ribonuclear proteins assemble on splice sites along with
splicing factors such as SR proteins and hnRNPs that
interact with exonic and/or intronic regulatory sequences
(Maniatis and Reed 2002). Several lines of evidence indicate
that pre-mRNA splicing and transcription are coupled
events. Nuclear imaging studies in Drosophila and polytene
chromosomes indicated that intron looping can occur
while the transcript is tethered to the chromatin template
(Beyer et al. 1981; Beyer and Osheim 1988). During tran-
scription, splicing factors are recruited to actively transcribed

genes (Gornemann et al. 2005; Lacadie et al. 2006; Listerman
et al. 2006), and the accumulation of spliceosomal com-
ponents requires Pol II with an intact C-terminal domain
(CTD) (Misteli and Spector 1999). Pol II transcripts are
more efficiently processed than T7 transcripts both in in
vivo and in vitro assays in which transcription and splicing
are linked (Das et al. 2006; Hicks et al. 2006; Natalizio et al.
2009). Published data support a key role for Pol II and
specifically for its CTD in the coupling of transcription and
pre-mRNA processing (McCracken et al. 1997), including
a direct contact with splicing factors (Morris and Greenleaf
2000; Rosonina et al. 2005). Recently, SR proteins and com-
ponents of U1 snRNP have been suggested to be involved
in coupling transcription to pre-mRNA processing via the
CTD (Das et al. 2007). Coupling of pre-RNA processing
and transcription also has an influence on alternative splic-
ing. Promoter type, rate of elongation, transcriptional acti-
vators, and chromatin-remodeling factors have been shown
to affect alternative splicing (Kornblihtt 2005, 2007; Luco
et al. 2010).

Coupling of pre-RNA processing and transcription is
thought to facilitate processing of intronic sequences through
exon tethering by Pol II (Dye et al. 2006). The existence of
a molecular tether between the nascent pre-mRNA and RNA
Pol II transcripts comes from the original observation that
RNAP II transcripts derived from b-globin are efficiently
spliced in vivo when the intron is cotranscriptionally cleaved

1These authors contributed equally to this work.
2Corresponding author.
E-mail pagani@icgeb.org.
Article published online ahead of print. Article and publication date are

at http://www.rnajournal.org/cgi/doi/10.1261/rna.2514811.

1604 RNA (2011), 17:1604–1613. Published by Cold Spring Harbor Laboratory Press. Copyright � 2011 RNA Society.

mailto:pagani@icgeb.org


by a hammerhead ribozyme (Dye et al. 2006). In addition,
evidence that intronic cotranscriptional cleavage does not
affect splicing has been reported in yeast (Lacadie et al.
2006). Exon tethering is also consistent with the fact that
several introns contain pri-miRNAs hairpins, which have been
reported to be cotranscriptionally cleaved by the Microproces-
sor without affecting the splicing of adjacent constitutive exons
(Kim and Kim 2007; Morlando et al. 2008). The excision of
pri-miRNAs from introns involves a specific complex called
the Microprocessor, containing Drosha, an RNase III–like
enzyme, and its cofactor DGCR8 (Denli et al. 2004). However,
it is not known if the Microprocessor complex crops pri-
miRNAs cotranscriptionally with a different efficiency and
if this affects the regulation of alternative splicing.

In contrast to the less efficient hammerhead Rz, d hepatitis
Rz was recently reported to inhibit splicing in the b-globin
system (Fong et al. 2009), suggesting that exon tethering of
Pol II to rescue splicing of a severed transcript depends on
the relative activity of the Rz in comparison to the rate of
splicing (Fong et al. 2009). A rapid cotranscriptional cleavage
of the b-globin intron, as provided by the d hepatitis Rz, but
not by the hammerhead Rz, aborts pre-mRNA processing
with a nearly complete inhibition of gene expression.

We previously showed that, in contrast to the constitu-
tive b-globin, two alternatively spliced exons (the fibronec-
tin EDA and a-TM) are more sensitive to cotranscriptional
cleavage mediated by an Rz and more prompt to changes in
their pattern of splicing. In particular, placing the N117
derivative of a Schistosoma mansoni (Sm) hammerhead Rz
between the EDA exon and its negative intronic downstream
regulatory element (DRE) affects EDA alternative splicing
(Gromak et al. 2008). The N117 Rz was selected for its
extremely high cleavage activity in vivo (Yen et al. 2004),
and, when placed within an intron of an expression vector,
it did not apparently inhibit the expression of a reporter
gene (Yen et al. 2004). When the N117 Rz was positioned
in the middle of the relatively long introns flanking the
EDA exon and outside the DRE, it did not affect the
regulation of alternative splicing (Gromak et al. 2008).
Thus, in the case of alternative splicing, the continuity of
the nascent transcript between the EDA exon and DRE is
essential for the alternative splicing of the fibronectin EDA
minigene. In addition, the DRE has been recently shown to
affect the relative order of intron removal (de la Mata et al.
2010). As cotranscriptional cleavage between the EDA and
its regulatory element affects alternative splicing, this
system provides a useful model to evaluate exon tethering
and investigate the effect of different Rzs and MTSs on pre-
mRNA processing.

In this study, using the EDA alternative splicing mini-
gene system, we evaluated intronic cleavage events medi-
ated by different Rzs and Microprocessor target sequences
and their effect on alternative splicing regulation. We show
that all Rzs, in contrast to MTSs and consistent with their
rapid cotranscriptional cleavage, affect EDA alternative

splicing. MTS are processed less efficiently but, interest-
ingly, showed a variable residual cleavage activity. On the
other hand, we observed that all Rzs reduce the mRNA levels
to z40% regardless of the distance from splice sites,
alternative splicing pattern and exon definition, and relative
cleavage efficiency. We suggest that in our system the
disruption of the intron integrity is not completely rescued
by Pol II–mediated exon tethering and that defective tran-
scripts are to some extent subjected to abortive processing.

RESULTS

The hammerhead ribozyme interrupts the continuity
of the nascent transcript and facilitates splicing
of downstream introns in a DRE-dependent manner

We previously showed that the insertion of the N117
hammerhead Rz between the alternatively spliced EDA
exon and its downstream regulatory element (DRE) in-
duces exon inclusion (Gromak et al. 2008). To study in
more detail the cleavage efficiency of the hammerhead Rz,
we have analyzed the nascent transcripts by means of RT-
PCR. To amplify nascent pre-mRNAs across the Rz cleavage
site and distinguish them from endogenous fibronectin
transcripts, we inserted a short 25-nt-long spacer within the
intron (Fig. 1A, pEDAL and pEDAs minigenes derivatives).
As shown in Figure 1B, the spacer insertion did not modify
the previously reported splicing pattern, whereas the wild-
type Rz pEDAL2N117 induced exon inclusion, and the
inactive Rz had no effect on spliced mRNA (Fig. 1B, lanes
1–3). Analysis of the pre-mRNAs showed that the active Rz
had no significant effect on the abundance of upstream and
downstream nascent transcripts (Fig. 1C, lanes 1–3, a and c
products, respectively), while the nascent unspliced pre-
mRNA across the Rz was completely absent (Fig. 1C, lanes
1–3, b product). To confirm the absence of nascent pre-
mRNA across the Rz, we transfected pEDAL alone or
together with pEDAL2N117 or pEDAL2N117m constructs,
followed by amplification of the b pre-mRNA. Cotransfec-
tion of pEDAL with the inactive mutant Rz minigene
pEDAL117m, followed by amplification of the b fragment,
showed the two nascent pre-mRNAs originating from the
two minigenes, as expected. The upper band incorporates
the mutant Rz, whereas the lower band derives from the
empty pEDAL minigene (Fig. 1D, lane 3). On the contrary,
cotransfection of pEDAL along with pEDALN117 did not
show any upper band derived from the active Rz that is
consistent with its high cleavage efficiency (Fig. 1D, lane 2).
We also evaluated the abundance of the nascent pre-mRNA
in the pEDs minigenes (Fig. 1A) in which the 59ss of the
exon was strengthened, rendering the exon constitutively
included (Fig. 1B, lanes 4–6). Again, amplification across
the active Rz did not generate any product (Fig. 1C,D, lane
5), whereas the amplification of the upstream and down-
stream sequences (a and c products) was not affected (Fig. 1C,
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lanes 4–6). We also tested in vitro the activity of N117Rz in
the context of the pEDA intron, and we it found it to be
extremely effective, cleaving the RNA with an almost 100%

efficiency (Supplemental Fig. 1). The absence of any nascent
transcript deriving from the minigenes containing the wild-
type hammerhead N117 Rz indicates that this element is
very efficiently cleaved before splicing and that it interrupts
the continuity of the nascent transcript.

To understand why the Rz-mediated cleavage of the
nascent transcript induces exon inclusion, we initially con-
sidered the possibility that 59–39 exonucleases can cotran-
scriptionally degrade the DRE. However, silencing of the
Xrn2 59–39 exonuclease did not affect the splicing pattern
in minigenes with either wild-type or mutant Rzs, in-
dicating that a cotranscriptional degradation of the DRE is
not implicated in the changes of EDA alternative splicing
(Supplemental Fig. 2).

An alternative explanation for the effect of the Rz on
mature transcript could be a change in the splicing effi-
ciency of the intron that contains the Rz. Previous studies
both in the natural chromosomal context and in minigene
systems have shown that there is a preferential removal of
the intron downstream from the EDA exon before the
upstream intron has been removed (Pandya-Jones and Black
2009; de la Mata et al. 2010). Interestingly, deletion of the
DRE was shown to affect the relative rate of the down-
stream intron excision, decreasing the amount of the 59-
splicing intermediate (de la Mata et al. 2010). To evaluate
the possible effect of the Rz-mediated interruption of the
nascent transcript on the intron splicing efficiency, we
analyzed the 59-splicing intermediate by semiquantitative
RT-PCR amplification. Consistent with the previous ob-
servation, deletion or inversion of the DRE in our minigene
system reduces the amount of 59-splicing intermediate (Fig.
2C, lanes 2,3). The diminished level of the 59-splicing
intermediate reflects an increase in the splicing efficiency of
the downstream intron. A similar effect was observed when
the active Rz, but not the inactive one, was inserted be-
tween the exon and the DRE (Fig. 2C, lanes 4 and 5,
respectively). On the contrary, insertion of the Rz after the
DRE did not affect the amount of 59 intermediate (Fig. 2C,
lane 7), indicating that the Rz reduces the 59-splicing
intermediate only when it cleaves the nascent transcript
between the EDA exon and the DRE. Thus, the interrup-
tion of the continuity of the nascent transcript mediated by
the Rz facilitates splicing of the downstream intron in
a DRE-dependent manner.

The intronic hammerhead N117 ribozyme modulates
alternative splicing in different minigene contexts

To further explore the effect of the Rz on alternative
splicing, we tested both the N117 Rz and the DRE
regulatory element in the context of the CFTR exon 12
(Fig. 3A). Transient transfection of the normal CFTR
minigene produced a splicing pattern in which z85% of
the exon is included in the final mRNA (Fig. 3B, lane 1;
Pagani et al. 2003). Cloning of the DRE downstream from

FIGURE 1. Cleavage efficiency mediated by the N117 hammerhead
ribozyme affects EDA alternative splicing. (A) Diagram of the pEDAL
and pEDs minigenes. The position of the N117 ribozyme is indicated.
To distinguish amplification products in cotransfection experiments,
two active or mutant N117 hammerhead ribozymes were inserted in
tandem between the EDA exon and the DRE. The DRE is indicated,
and the thick line represents the 25-nt-long spacer (see text). The
primers used in RT-PCR analysis to amplify nascent transcripts are
indicated. (B) Analysis of mature spliced transcripts. RT-PCR analysis
of total RNA from Hep3B cells expressing different minigenes was
performed, and the resulting amplification products were resolved on
2% agarose gel. The two splicing products are schematically indicated.
(M) The 1-kb molecular weight marker. (Histogram on the right) The
percentage of EDA exon inclusion (6SD) based on at least three
independent duplicate experiments. (C) Analysis of nascent tran-
scripts. Amplification of nascent mRNA with (+) and without (�) RT
resolved on 2% agarose gel. The identity of the amplified fragments
(a, b, and c) is reported on the right of each panel. (D) Analysis of
nascent b transcript across the Rzs. The indicated minigenes (0.45 mg)
were cotransfected with pEDAL (0.15 mg) (lanes 1–3) or with pEDs
(0.15 mg) (lanes 4–6) in Hep3B cells and the b fragment amplified
from total RNA. The identity of b bands originating from pEDAL or
pEDS (n1) and other minigenes (n2) is reported. (Lower panel) The
PCR control, without reverse transcriptase (�RT). (E) Ratio of the
intensity of the n1/n2 bands in D expressed as the mean 6SD of three
independent experiments done in duplicate. Quantification of pre-
mRNA was done using a fluorescent primer.
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the CFTR exon 12 reduced the percentage of exon inclusion
to z40% (Fig. 3B, lane 4), whereas the DRE in inverted
orientation did not change the splicing pattern (Fig. 3B, lane
5). The insertion of an active Rz, but not of an inactive one,
between the CFTR exon 12 and the DRE restored the original
splicing pattern, suggesting that the continuity of the nascent
pre-mRNA molecule is required for the DRE-dependent
splicing inhibition also in the case of CFTR (Fig. 3B, lanes 6
and 7, respectively). On the other hand, in the absence of an
intronic DRE, wild-type and mutant Rzs alone did not affect
the splicing pattern (Fig. 3B, lanes 2 and 3, respectively),
consistent with the absence of a natural downstream intronic
splicing regulatory element in CFTR exon 12.

To study the cleavage efficiency of the hammerhead Rz
in the CFTRex12 context, we have analyzed the pre-
mRNAs: The nascent transcripts showed that the active
Rz had no significant effect on pre-mRNA abundance of
upstream and downstream nascent transcripts (Fig. 3C,D,
lanes 1–3, a1–a2 and c1–c2 products), whereas the nascent
pre-mRNA across the Rz was completely absent (Fig. 3C,
lanes 2, b1–b2; Fig. 3D, b1–b3). We confirmed the absence

FIGURE 2. The N117 ribozyme facilitates splicing of the downstream
intron in a DRE-dependent manner. (A) Diagram of the pEDA
minigenes. The position of the ribozyme (wild-type ½WT� or mutant)
and of the DRE sequence is indicated. (Arrows) The locations of
primers used in RT-PCR analysis. Exonic sequences are boxed. (B)
Analysis of mature spliced transcripts. Minigenes (0.5 mg) were
transfected into Hep3B cells and the pattern of splicing evaluated
using f1 and r2 primers. (M) The 1-kb molecular weight marker. The
identity of the splicing products is schematically reported on the right
of the panel. The histogram shows the percentage of EDA exon
inclusion. Data represent the mean 6 SD of three independent
experiments performed in duplicates. (C) Analysis of 59 splicing
intermediates. Minigenes (0.5 mg) were transfected into Hep3B cells
along with 0.1 mg of pCF1 plasmid, which was used as control for
normalization of transfection and reverse transcriptase efficiencies.
RT-PCR was carried out with a1 and r1 primers and amplification
products resolved on 2% agarose gel. The identity of the band is
indicated on the right of the panel. The histogram shows the relative
amount of EDA 59-splicing intermediates expressed as normalized
ratio to pEDA. Calculations show mean 6 SD at two independent
experiments done in duplicate. Real-time PCR was carried out on
pCF1 transcript to assess transfection efficiency (see Materials and
Methods).

FIGURE 3. The N117 hammerhead ribozyme affects CFTR exon 12
alternative splicing in a DRE-dependent manner. (A) Schematic
representation of the CFTR exon 12 minigenes. The positions of
wild-type (WT) and mutant N117 ribozymes and of DRE are
indicated. (Arrows) The locations of primers used in RT-PCR
analysis. Exonic sequences are boxed. (B) Analysis of mature spliced
transcripts. Minigenes were transfected into Hep3B cells, and RT-
PCR products amplified with a1 and c2 primers were resolved on
a 2% agarose gel. Exon 12 inclusion or exclusion forms are indicated.
(M) The 1-kb molecular weight marker. The histogram shows the
percentage of CFTR exon 12 inclusion (6SD) based on at least three
independent duplicate experiments. (C,D) Analysis of nascent tran-
scripts. Ex12 minigenes were transfected in Hep3B cells and analyzed
with the indicated pairs of primers reported on the right of each
panel. RT(�) is the control in absence of reverse transcriptase. (M)
The 1-kb molecular weight marker. (E) Analysis of the b1–b3 pre-
mRNA transcript. The indicated minigenes (0.45 mg) were cotrans-
fected with pTB ex 12 DRE (0.15 mg). Total RNA was amplified with
b1 and b3 primers, and the identity of the two resulting products (n1
and n2) is indicated. (Lower panel) The amplification without reverse
transcriptase (�RT). (F) Quantification of pre-mRNA n1 and n2
ratio expressed as mean 6 SD of two independent experiments done
in duplicate.
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of nascent pre-mRNA across the active Rz through cotrans-
fection experiments in which no amplification of the b1–b3
product was observed (Fig. 3E,F). Furthermore, the mutant
Rz and a control minigene (ex12 spacer DRE) showed a band
of similar intensity, indicating that no residual cleavage
activity is present in the mutant Rz, as also evaluated by
quantitative analysis (Fig. 3F). On the other hand, the small
difference in the isoform ratio between the ex12DRE and
ex122N117mDRE is not due to the residual activity of the
mutant Rz but possibly as a consequence of a minor effect of
the transcribed mutant Rz sequences on the DRE.

We also evaluated the effect of the N117 Rz in the context
of the EDA combined with a strong downstream intronic
silencer consisting of a GAA repeat expansion (Baralle et al.
2008). The wild-type (WT) Rz but not the mutant was able
to rescue EDA exon skipping, and analysis of nascent
intermediates did not show any PCR product derived from
amplification of the WT Rz (Supplemental Fig. 3; Supple-
mental Data). These results, obtained with different mini-
gene systems, are entirely consistent with the hypothesis that
the Rz-mediated interruption of the continuity of nascent
RNA between the exon and the intronic splicing regulatory
element affects alternative splicing regulation.

Both hammerhead and hepatitis d ribozymes
efficiently cleave nascent mRNA and affect EDA
alternative splicing regulation

To clarify the role of the catalytic activity of different Rzs
on alternative splicing regulation, we evaluated the hepatitis
d Rz, which has been suggested to be more active in vivo
when compared to the hammerhead Rz (Fong et al. 2009),
as well as derivatives of the hammerhead itself (Yen et al.
2004). The hammerhead derivatives were specifically de-
veloped in vivo and showed different cleavage efficiencies
in comparison to the original hammerhead, with 1401 6

228–, 225 6 70–, and 53 6 13–fold increase for N117, N79,
and N93, respectively (Yen et al. 2004). In addition,
transcripts containing the N79 ribozyme were recently
shown to be completely cleaved in vivo in transfected cells
(Chen et al. 2009). The Rzs or their corresponding inactive
variants were inserted between the EDA exon and the DRE,
and the resulting minigenes were analyzed for the EDA
splicing pattern and nascent pre-mRNA. In all cases, only
active Rzs induced EDA exon inclusion (Fig. 4A) and
showed no nascent pre-mRNA (Fig. 4B, b product). Quan-
titative analysis in cotransfection experiments confirmed
the absence of nascent products (Fig. 4C,D). Furthermore,
the pre-mRNA abundance across the upstream or down-
stream exon junctions was not significantly affected (Fig.
4B, lanes 1–3, a and c products). Thus, we did not detect in
our system significant differences in the cleavage activity
between hammerhead and hepatitis d Rzs. More precisely,
both types of Rzs possess a sufficient cleavage activity in
vivo that leads to equally efficient interruption of the

nascent transcript and comparable changes in the EDA
alternative splicing pattern.

Microprocesssor target sequences are cleaved less
efficiently and do not affect EDA alternative splicing

As primary miRNA transcripts are processed cotranscrip-
tionally (Kim and Kim 2007; Morlando et al. 2008; Pawlicki

FIGURE 4. Effects of different ribozymes on EDA alternative splicing
and nascent transcripts. (A) Analysis of mature spliced transcripts.
The indicated minigenes derived from pEDAL (Fig. 1A) contain
different Rzs or their corresponding inactive variant inserted between
the EDA and the DRE. Minigenes were transfected into Hep3B cells,
total RNA was extracted, and its splicing pattern was analyzed by RT-
PCR. (M) The 1-kb molecular weight marker. The identity of the
corresponding amplified bands is shown. The histogram shows the
percentage of EDA exon inclusion, and data are the mean 6 SD of
three independent experiments performed in duplicate. (B) Analysis
of nascent transcripts. Nascent transcripts derived from transfections
of the indicated minigenes in cells were analyzed by RT-PCR using the
specific pairs of primers indicated in Figure 1A. The identity of the
bands (a, b, c) is shown. (C) Analysis of nascent b pre-mRNA
transcript across the ribozyme. Minigenes (0.45 mg) were cotrans-
fected with pEDAL (0.15 mg). Total RNA was amplified with the
specific pair of primers indicated in Figure 1A. (M) The 1-kb
molecular weight marker. The identity of the bands (n1 and n2) is
shown. (Lower panel) A control PCR, without reverse transcriptase
(�RT). (D) Quantification of n1 and n2 ratio of C expressed as the
mean 6 SD of two independent experiments done in duplicate.
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and Steitz 2008), we evaluated the effect of different
Microprocessor target sequences (MTSs) on the regulation
of EDA alternative splicing. We hypothesized that if the
cropping by the Microprocessor is as fast as by Rzs, it will
affect EDA alternative splicing. We tested miR-26b and
miR-330 pri-miRNA hairpins, a cropping-deficient miR-
26b mutant (miR-26bcrop) (Kim and Kim 2007), and two
MTS hairpins of DGCR8 mRNA. The last two sequences
are located in the 59 UTR region and in exon 2 of DGCR8,
respectively, and are the target for the Microprocessor
complex and act in a DGCR8 autoregulatory feedback to
degrade their own mRNA (Han et al. 2009; Shenoy and
Blelloch 2009; Triboulet et al. 2009). Different MTS hairpin
sequences, along with z60 bp of corresponding natural
flanking regions, were inserted between the EDA exon and
its intronic regulatory element. The resulting minigenes
were transfected in Hep3b cells for the analysis of the
splicing pattern (Fig. 5A) and evaluation of miRNA pro-
duction. Evaluation of miRNA production revealed that
transfection of the miR-26b and miR-330 minigenes, but
not of the defective miR-26bcrop, produced the corre-
sponding mature miRNAs (Supplemental Fig. 4): This
indicated that in pEDA minigene context, the pri-miRNA
hairpins are correctly processed by the Microprocessor
complex. Analysis of the splicing pattern showed that, in
contrast to N117 Rz, which increases the percentage of
exon inclusion, none of the MTSs affected the EDA splicing
pattern significantly, suggesting an inefficient cotranscrip-
tional cleavage of nascent pre-mRNA (Fig. 5A). As MTSs
did not affect EDA alternative splicing when inserted
between the exon and the intronic regulatory element, it
is possible that their relative cotranscriptional cleavage
activity is reduced in comparison with the activity of Rzs.
To study the efficiency of cleavage mediated by different
MTSs, we evaluated the abundance of nascent pre-mRNA
across the MTSs in cotransfection experiments. Each
minigene, containing MTSs or Rzs, was cotransfected with
the control pEDAL construct, and the resulting RNAs were
amplified to obtain the b product. Two major bands were
identified, the lower one resulting from amplification of
pEDA-derived transcripts and the higher one from amplifi-
cation of MTS- or Rz-derived splicing intermediates. While
no upper band was evident in the case of pEDAL2N117
due to its very efficient Rz cleavage, in all the other cases
59-splicing intermediate and nascent pre-mRNA products
were detected (Fig. 5B). Interestingly, analysis of nascent
pre-mRNA revealed different amounts of transcripts de-
rived from MTSs (Fig. 5B), suggesting a different relative
cleavage efficiency of the MTSs. To evaluate the ratio
between the intensity of the two bands, we performed RT-
PCR using a fluorescent oligonucleotide. The highest ratio
between the two bands was observed for miR-330 and
DGCR8 minigenes, whereas pEDA26b showed the lowest
ratio (Fig. 5C). In comparison to miR-26b, miR-26bcrop
showed an increase in the ratio, compatible with a reduced

but not completely abolished activity in processing of the
nascent mRNA by the Microprocessor complex. No tran-
scripts were observed from minigenes with wild-type N117
Rz. Altogether these results indicate that the Rzs are rapidly
and more efficiently cleaved than the MTSs; this could
explain the lack of effect of MTSs on the splicing pattern of
the alternative EDA exon (Fig. 5A). However, among the
MTSs, miR-26b is cotranscriptionally processed faster than
the DGCR8 and miR-330 hairpins.

Different Rzs but not MTSs reduce mRNA abundance
regardless of exon definition, alternative splicing
pattern, and intronic position

As the relative cotranscriptional cleavage efficiency has
been recently shown to severely affect processing of a-globin

FIGURE 5. Effects of Microprocessor target sequences (MTSs) on
EDA alternative splicing and pre-mRNA processing. (A) Analysis of
mature spliced transcripts. The indicated minigenes derived from
pEDAL (Fig. 1A) contain different Microprocessor target sequences
inserted between the EDA and the DRE. Minigenes were transfected in
Hep3B cells and total RNA analyzed by RT-PCR to detect mature
transcripts. (M) The 1-kb molecular weight marker. The identity of
the corresponding amplified bands is indicated. The histogram shows
the percentage of EDA exon inclusion. Data represent the mean 6 SD
of three independent experiments performed in duplicate. (B)
Analysis of pre-mRNA transcripts. The indicated minigenes (0.45
mg) were cotransfected with pEDAL (0.15 mg) in Hep3B cells, and the
nascent b fragment was amplified with the specific pair of primers
indicated in Figure 1A. The identity of the b bands originating from
pEDAL (n1) or other minigenes (n2) is indicated. (Lower panel) A
control PCR, without reverse transcriptase (�RT). (C) Quantification
of n1 and n2 ratio expressed as the mean 6 SD of two independent
experiments done in duplicate.
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transcripts (Fong et al. 2009), we have evaluated how
insertion of the different Rzs or the MTSs in the fibronec-
tin intron can affect the mRNA levels in vivo. Consider-
ing the competition between the Rz cleavage and splicing
efficiency, as previously proposed (Fong et al. 2009), one
can speculate that the differences in the amount of mature
transcripts produced can depend on the cleavage efficiency,
on the intronic position of the Rz, or on alternative splic-
ing pattern. To quantify the total amount of spliced mRNA
derived from the minigenes, we used an RT-PCR TaqMan
assay, which amplifies the spliced a-globin portion com-
mon to all the minigenes. After normalization for trans-
fection and RT efficiency, we compared the total amount
of spliced mRNA produced for each wild type and its
corresponding inactive ribozyme. Even when the N117
hammerhead ribozyme in the Nco position was com-
pletely cleaved (Fig. 2, pEDALN117 construct), it did not
entirely reduce the amount of mature mRNA (Fig. 6B).
In fact, relative to the inactive Rz, z40% of expression is
retained. Interestingly, the hammerhead N79 and N93
derivatives and the hepatitis d Rz showed a similar level of
expression when inserted at the same position (Fig. 6). We
also evaluated the role of exon definition, studying the
N117 Rz in the context of the pEDs minigene in which, due
to a strong 59ss, the EDA exon is completely included (Fig.
2, pEDs construct). Also in this case, we observed z40% of
mRNA levels. Lastly, we studied the role of the intronic
position since the N117 Rz at the Nco site is only 30 bp
downstream from the EDA exon. We evaluated the Rz-
inserted 433 bp and 900 bp downstream at the Nde, Bcl
positions as well as at the Kpn site, which is 622 bp
upstream of the alternatively spliced EDA exon (Fig. 6A).
The analysis of relative mRNA levels again gave a constant
reduction to 40% levels. As the active Rz induced the exon
inclusion only when inserted into the NcoI site (Fig. 1),
with no effect on splicing pattern when introduced into
other intronic positions (Fig. 2B, pEDAN117Nde con-
struct; Gromak et al. 2008), this means that the reduced
level of mRNA is not due to the changes associated with
alternative splicing mediated by the Rzs. On the other
hand, miR-26b and miR-330 pri-miRNAs are very in-
efficiently cleaved and do not significantly affect the
amount of mRNAs (Fig. 6C). Altogether these data indicate
that, in the FN minigenes, a constant amount of transcript
is processed regardless of exon definition, alternative splic-
ing pattern, or distance between the Rz cleavage site and the
flanking exons.

DISCUSSION

Intronic sequences in Pol II–derived pre-mRNA tran-
scripts are cotranscriptionally processed by the spliceo-
some and by the Microprocessor to generate mature
mRNAs and miRNAs, respectively. We have used different
ribozymes and Microprocessor target sequences to study

the effect of intronic cotranscriptional cleavage events on
pre-mRNA processing and regulation of alternative splic-
ing. Consistent with the exon tethering model (Dye et al.
2006), an Rz-mediated interruption of the continuity of the
nascent transcript affects alternative splicing when this
occurs between the exon and its downstream splicing
regulatory element, in the fibronectin EDA minigene (Fig.
1) and in similar minigene systems (Fig. 3; Supplemental
Fig. 3). On the other hand, MTSs are cleaved very in-
efficiently and do not affect either alternative splicing (Fig.
5) or the level of mature transcripts (Fig. 6). The DRE
deletion itself affects the order of intron removal as
previously reported (de la Mata et al. 2010), and we show
here that the Rz-mediated interruption of the continuity of
the nascent transcript facilitates splicing of the downstream
intron in a DRE-dependent manner increasing exon in-
clusion (Fig. 2). When the Rz was inserted in other intronic

FIGURE 6. Analysis of gene expression in ribozyme- and MTS-derived
minigenes. (A) Diagram of the fibronectin EDA minigene. Fibronectin
exons (white boxes); a-globin exons (black boxes); introns (lines). The
unique restriction sites in the introns used for wild-type (WT) or
mutant ribozyme insertion are indicated. (Arrows) The positions of the
TaqMan a-globin amplification primers. Minigenes were transfected in
HeLa cells, and their expression levels were monitored by real-time
PCR using a specific a-globin TaqMan assay. Each minigene (0.5 mg)
was cotransfected with the control pCF1 (0.1 mg), which was used for
normalization of transfection and reverse transcriptase efficiencies. (B)
Relative expression levels of mRNAs produced from minigenes carrying
WT or mutant ribozymes. The relative WT Rzs levels were normalized
to the corresponding mutant Rz levels, and data are shown as the mean
of at least two transfection experiments done in duplicate. Error bars
represent the SEM. (C) Relative expression levels of mRNAs produced
from miRNA-derived minigenes. The relative miRNA levels were
normalized to the pEDA Nco empty vector levels, and data are shown
as the mean of at least two transfection experiments done in duplicate.
Error bars represent the SEM.
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positions, neither alternative splicing of mature mRNA nor
splicing of the downstream intron was affected (Fig. 2).

Insertion of an artificial hammerhead Rz in the short
intron of the constitutively included a-globin minigene
was originally reported to have no effect on the abundance
of mature mRNA or on splicing, suggesting that exons are
efficiently kept in place by tethering to the Pol II (Dye
et al. 2006). However, this exon-tethering model has been
recently challenged by the observation that a different type
of ribozyme, the hepatitis d, aborts cotranscriptional pre-
mRNA processing in a similar system, resulting in severe
damage of the nascent transcript (Fong et al. 2009). This
effect was related to a faster catalytic activity of the hep-
atitis d relative to the hammerhead, suggesting that there
may be a competition between cleavage by the Rz and
splicing efficiency (Fong et al. 2009). We tested different
types of Rzs (hammerhead and hepatitis d), and all of
them, when inserted between the EDA and the DRE,
induced exon inclusion (Fig. 4A). Through the amplifica-
tion of nascent transcripts across the Rz insertions, we did
not detect significant differences in their catalytic activity
(Fig. 4C,D), suggesting that all Rzs are efficiently cleaved
before the splicing decision. In comparison to the a-globin
construct, the EDA minigene contains relatively longer
introns, and the central exon, being alternatively spliced, is
less defined. These aspects might explain the comparable
cleavage efficiency of the Rzs in the fibronectin minigene
and their similar effect on the pattern of EDA alternative
splicing.

The Rz-mediated cleavage of intronic sequences is
associated with a constant reduction in the level of mature
mRNAs with z40% of mRNA produced (Fig. 6B). How-
ever, we did not observe a relationship between different
amounts of mature transcripts and type of Rz, intronic
position, or strength of the 59-splice site (Fig. 6B). If
intronic cleavage occurs before the engagement of Pol II
to the successive exon, this will result in the release of
transcripts from RNA Pol II and will therefore abort
cotranscriptional pre-mRNA processing. In our alterna-
tively spliced system, with relatively long introns, the
constant effect of the Rzs on the level of mature transcripts
indicates that cleavage of the nascent transcript can affect
pre-mRNA processing to a certain extent. As this effect was
independent of the alternative splicing pattern, EDA exon
definition, Rzs type, and intronic position, a competition
between the Rz cleavage and splicing efficiency is not
involved. Thus, the Rz-dependent disruption of intron
integrity is not completely rescued by Pol II–mediated
exon tethering. A certain amount of severed transcript is
probably not tethered by the CTD of Pol II and is
consequently subjected to abortive pre-mRNA processing,
or the spliced transcript is not properly exported from the
nucleus. The efficiency of rescue of interrupted intronic
transcripts might be gene-specific and dependent on Pol II
processivity. Pol II elongation rates and/or its CTD phos-

phorylation status might regulate exon tethering in a tran-
script-specific manner, thus facilitating processing of long
intronic sequences. Intriguingly, as splicing of long introns
in Drosophila is facilitated by components of the pre-exon
junction complex (EJC) (Ashton-Beaucage et al. 2010;
Roignant and Treisman 2010), this complex might be in-
volved in modulating exon tethering by Pol II in a transcript-
specific manner.

Using the alternatively spliced EDA system, we have also
evaluated to what extent different MTSs are cropped be-
fore splicing and what effect they have on alternative splic-
ing regulation. Several lines of evidence indicate that pri-
miRNAs are cropped cotranscriptionally (Kim and Kim
2007; Morlando et al. 2008; Pawlicki and Steitz 2008). In
our minigene system, MTSs showed a significantly lower
cleavage activity in comparison to the Rzs (Fig. 5) and do
not affect the splicing pattern when inserted between the
EDA exon and the DRE, suggesting that Microprocessor
cropping occurs after transcription of the downstream
regulatory element. This supports the idea that miRNA
processing by the Drosha complex is a relatively slow
process, as previously suggested (Kim and Kim 2007;
Morlando et al. 2008). On the other hand, we cannot
exclude that some components of the Microprocessor
complex might remain after cropping on the pre-mRNA,
maintaining the exon and the DRE in close proximity. In
this last case, MTS-mediated cleavage would not disrupt the
interaction between the EDA exon and the DRE. Through
the evaluation of the levels of pre-mRNA transcripts in
cotransfection experiments, we observed that MTSs are
processed with different efficiencies (Fig. 5). These differ-
ences could be important for pri-miRNA maturation and
might be due to the relative affinity of pri-miRNAs for
the Microprocessor complex, as reported to occur in vitro
(Han et al. 2006) and/or to some specific regulatory
mechanisms. Biosynthesis of a number of miRNAs is
regulated at the level of pri-miRNA processing, with the
involvement of RNA binding proteins. Several proteins
interact with Drosha and/or with the pri-miRNA sequence
and can either inhibit or promote the processing effi-
ciency of individual miRNAs at the level of pri-mRNA
cropping (Guil and Caceres 2007; Piskounova et al. 2008;
Viswanathan et al. 2008; Trabucchi et al. 2009). As Drosha
cleavage occurs cotranscriptionally (Kim and Kim 2007;
Morlando et al. 2008; Pawlicki and Steitz 2008), it is con-
ceivable that the regulation of biogenesis of some miRNAs
at the level of Microprocessor processing occurs early on
the nascent transcripts. The inefficient processing of two
hairpins in the 59 UTR and coding regions of the DGCR8
mRNAs might be related to the unique role of the Micro-
processor in direct destabilization of a coding mRNA
(Han et al. 2009; Shenoy and Blelloch 2009; Triboulet
et al. 2009). In this case, it might be possible that the
Microprocessor complex degrades the coding mRNA after
intron splicing.
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In conclusion, we show that efficient cleavage of nascent
introns mediated by different Rzs partially reduces the
amount of mature mRNA and, when inserted at critical
positions between the exon and its regulatory element,
affects alternative splicing. Intronic Microprocessor target
sequences are cleaved inefficiently relative to Rzs and do not
change the pattern of splicing but retain some individual
residual activity that can be important for a regulated
cotranscriptional cropping. The comparable effect of Rzs
on mRNA levels, which is independent from the Rz type, the
intronic distance from the neighboring exons, and exon
definition, suggests that severed nascent transcripts are
inefficiently processed to the mature mRNA. The different
efficiencies in processing of severed nascent transcripts can
be due to the contribution of some splicing factors like SR
proteins. These proteins, involved in coupling RNA Pol II to
pre-mRNA splicing (Das et al. 2007), might modulate Pol II
interaction with exonic splicing enhancers and regulate exon
tethering in a transcript-specific manner.

MATERIALS AND METHODS

Cell culture, transfection, and reverse
transcription-PCR analysis

Hep3B and HeLa cells (5 3 106) were grown under standard
conditions and were transiently transfected with 0.5 mg of plasmid
DNA with the Effectene Transfection Reagent (QIAGEN) kit
according to the manufacturer’s instructions. Cells were harvested
after 24 h, and RNA was isolated using TRIReagent (Ambion). RT-
PCR was performed as previously described (Pagani et al. 2003;
Baralle et al. 2008). For 59-splicing intermediate and nascent pre-
mRNAs analysis, total RNA was treated with Dnase–RNase-free and
loaded on RNA cleanup columns (QIAGEN). Cotransfection exper-
iments were performed with 0.15 mg of pEDA or pEDs, along with
0.45 mg of the indicated minigenes. Quantification of band in-
tensities was performed using a fluorescent primer. Amplifications
were performed in the linear range; the resulting products were run
on a capillary electrophoresis with a fluorescent internal MW standard
and analyzed with Peak Scanner software (Applied Biosystems). The
intensity of bands in agarose gels has been determined with ImageJ
software as previously reported (Goina et al. 2008).

siRNA transfections

siRNA transfections were performed in HeLa cells using Oligofect-
amine reagents (Invitrogen). The sense strand for Xrn2 RNA
interference oligonucleotides (Dharmacon) used for silencing was
59-aagaguacagaugaucauguu-39. Silencing was performed as previ-
ously described with two rounds of siRNA transfections (Goina et al.
2008). Cells were harvested and divided in two parts for RNA and
protein extractions. Protein extract was analyzed in Western Blotting
for Xrn2 (a generous gift from N. Gromak) and tubulin as a control.

Quantitative RT-PCR

For expression level, each minigene (500 ng) was cotransfected
with the control pCF1 (100 ng), which was used for normalization

of transfection and reverse transcriptase efficiencies. Real-time
PCR amplification of pCF1 was performed with Syber green
supermix (Bio-Rad) with CFex1_248dir and CFex3_292rev that
gave a spliced product of 233 bp. For quantitative RT-PCR on
total mRNA, the minigene expression was detected with an
HBA1 TaqMan gene expression assay (Applied Biosystems). For
semiquantitative RT-PCR analysis of the 59-splicing intermedi-
ates, minigenes were amplified with f1 and r1 primers loaded on
agarose gel, and the band intensity was evaluated with the ImageJ
software.

Quantification of hsa-mir-26b and hsa-mir-330 expression was
performed with TaqMan MicroRNA Assays (Applied Biosystems).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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