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ABSTRACT

During the biogenesis of U1 small nuclear ribonucleoprotein, a small population of UT snRNA molecules
acquires an extra methylation at the first transcribed nucleotide and a nucleolytic cleavage to remove the
3’ structured region including the Sm protein-binding site and stem-loop 4. These modifications occur
before hypermethylation of the monomethylated 5’ cap, whereby producing truncated forms of U1
snRNA (U1-tfs) that are diverted from the normal pathway to a processing body-associated degradation
pathway. Here, we demonstrate that a small population of U2 snRNA molecules receives post-
transcriptional modifications similar to those of U1 to yield U2-tfs. Like U1-tfs, U2-tfs molecules were
produced from transcripts of the U2 snRNA gene having all cis-elements or lacking the 3’ box. Unlike U1-
tfs, however, a portion of U2-tfs received additional uridylylation of up to 5 nucleotides in length at
position 87 (designated as U2-tfs-polyU) and formed an Sm protein-binding site-like structure that was
stabilized by the small nuclear ribonucleoprotein SmB/B’ probably as a part of heptameric Sm core
complex that associates to the RNA. Both U2-tfs and U2-tfs-polyU were degraded by a nuclease distinct
from the canonical Dis3L2 by a process catalyzed by terminal uridylyltransferase 7. Collectively, our data
suggest that U2 snRNA biogenesis is regulated, at least in part, by a novel degradation pathway to ensure
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that defective U2 molecules are not incorporated into the spliceosome.

Introduction

Uridine-rich small nuclear ribonucleoproteins (U snRNPs) are
essential components of the spliceosome, which facilitates the
splicing of cellular pre-mRNAs. The spliceosome is composed
of at least five canonical U snRNPs, each of which contains an
snRNA (U1, U2, U4, U5 or U6), a common heptameric ring of
Sm proteins (SmB/B’, SmD1, SmD2, SmD3, SmE, SmF and
SmG), and unique proteins that are specific to each U snRNP
[1]. There is also a minor spliceosome composed of similar but
different snRNPs [1].

During biogenesis of U snRNPs, transcripts from the genes
for U snRNAs are modified with 7-monometylguanosine
(m’G) on the 5’ side of the first transcribed nucleotide to yield
a 5'-monomethylguanosine cap (m’G-cap). This process
involves a series of enzymes including RNA triphosphatase,
RNA guanylyltransferase and mRNA cap (guanine-N’-) meth-
yltransferase; the exception is that U6 snRNA (U6) carries a
y-methyl triphosphate cap [2]. The U snRNAs are then meth-
ylated at the O-2 position of the ribose of the first transcribed
nucleotide and of the second transcribed nucleotide, probably
by cap-specific mRNA (nucleoside-2’-O-)-methyltransferase 1

and 2, respectively [3]. Pseudouridine is one of the other
major post-transcriptionally modified nucleosides found often
in U snRNAs (http://modomics.genesilico.pl/sequences/list/).
These modifications are also found in many mRNAs, which
enhances their stability, transport between the nucleus and the
cytoplasm, and initiation of translation [4-7]. For U snRNAs,
the heptameric ring of Sm proteins forms around the Sm pro-
tein-binding site (Sm-site) of each m’G-capped snRNA. A
complex composed of the survival motor neuron protein SMN
and other proteins (Gemin2-8 and Unrip) carries out the
assembly of the heptameric ring on each U snRNA in the
cytoplasm [1,8-13]. Successful heptameric ring formation is
followed by hypermethylation of the m’G-cap (m>*’G-cap or
m;G-cap) that is required for subsequent Snurportin-1-medi-
ated import of each snRNP into the nucleus [1,8-13]. Final 3’
end processing of U snRNAs is believed to occur after hyper-
methylation [14].

Uridylylation is another post-transcriptional modification
that is unique to U6. In the nucleus, the U6-specific terminal
uridylyltransferase (TUT) adds uridine residues (up to 20 in
mammalian cells) at the 3’ end of U6 [15-19]. This addition
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stabilizes U6 by protecting it from attack by exonucleases,
thereby ensuring adequate production of U6 snRNP. U6 also
receives 3’ adenylation in competition with uridylylation, and
this adenylation also helps to control degradation of U6 [20].
Recently, other U snRNAs, including Ul, are proposed to be
uridylylated via TUTs and processed further with the 3'-5’
exoribonuclease Dis3L2, as shown by large-scale immunopre-
cipitation- sequencing analyses [21-23].

In Ul, an additional ribose methylation takes place at tran-
scribed nucleotide 70 of mature Ul, but its role is unknown.
We previously showed that a small population of m’G-capped
Ul molecules lacking the methylation at nucleotide 70 receives
an extra base methylation at the first transcribed nucleotide.
Those molecules also lack Sm-site and stem-loop 4 (SL4) region
without m;G cap formation [24]. This produces truncated
forms of Ul (Ul-tfs) [24], which are stabilized by binding of
Gemin5 to each m’G-cap for subsequent degradation of the
RNA [25], in cellular processing bodies (P-bodies). Ul-tfs
probably are degraded because they lack the ability to form a
heptameric Sm protein ring [24].

In this study, we demonstrate that, in human cells, U2
snRNA (U2) receives post-transcriptional modifications similar
to Ul-tfs and produces truncated forms of m’G-capped U2
molecules (U2-tfs) that lack the Sm-site and SL3/4. In addition,
we demonstrate the existence of polyuridylylated forms of U2-
tfs (U2-tfs-polyU) that are stabilized by SmB/B’ probably as a
part of heptameric Sm core complex.

Results

Identification of two distinct truncated forms
of U2—U2-tfs and U2-tfs-polyU

Given a report by Ishikawa et al. that the knockdown of SmB/B’
led to the localization of Ul in P-bodies with consequent reduc-
tion of the cellular levels of not only Ul but also U2 [24], we
assumed first that, like Ul-tfs, the formation of truncated forms
of U2 (U2-tfs) might contribute to the control of the cellular
level of U2. To examine whether U2-tfs are actually present in
human cells, we used four DNA probes (#1, #2, #3 and #4) that
were complementary to regions within U2 snRNA containing
SL1, SL2a-b, Sm-site, and SL4, respectively (Fig. 1A, Table S1).
Because cells contain less U2 than Ul, we considered that the
level of U2-tfs might be much lower than that of Ul-tfs. Under
the assumption that U2-tfs have a m’G-cap (as do Ul-tfs), we
took advantage of the ability of Gemin5 to bind the m’G-cap
structure to capture U2-tfs [25]. In this way, we detected U2-tfs
among the Gemin5-associated RNAs in a northern blot; U2-tfs
were detected as two bands [large U2-tfs (U2-tfsL) and U2-tfs]
with the probes #1 and #2 but were not detected with probe #3
or #4 (Fig. 1B), suggesting that U2-tfsL and U2-tfs lack the Sm-
site and the 3’ end region.

Given that Ul-tfs receives extra base methylation at the first
transcribed nucleotide in addition to two ribose methylations
at the first and the second transcribed nucleotides (m’G-
mAmUmAC...), we examined whether U2-tfsL and U2-tfs had
a m’G-cap and an extra methyl group at the first transcribed
nucleotide. We applied in-gel RNase T1 digestion to SYBR
gold-stained bands corresponding to those of U2-tfsL and U2-

tfs (Fig. S1A) and analyzed the digest with liquid chromatogra-
phy-coupled mass spectrometry (LC-MS). Among the detected
oligonucleotides, we expected that, if an oligonucleotide had an
extra methyl group and two 2'-O-methyled riboses with the
structure m’G-mAmUmCG..., RNase T1 digestion would pro-
duce the doubly charged anion of m’G-capped AUCG from
the 5’ end region of U2-tfs with three methyl groups (MMG-
3m), which has 3’ phosphate (m/z 931.10) or 2’,3’-cyclic phos-
phate (m/z = 922.10) at the 3’ end. Therefore, in the LC-MS
analysis, we monitored first the doubly de-protonated anion at
m/z 931.10 and detected the expected oligonucleotide in the
RNase T1 digests of both U2-tfsL and U2-tfs (Fig. 1C), and we
detected three methyl groups in the oligonucleotide (Tables S2
and S3). In addition, we detected MMG-3 m with 2/, 3"-cyclic
phosphate (m/z 922.10) in both digests (Tables S2 and S3). As
a negative control, we also monitored m/z 938.11 (3’-phos-
phate) or m/z 929.11 (2’, 3’-cyclic phosphate), corresponding
to data for a trimethylated G (m;G)-capped AUCG with two
ribose methyl groups (m;G-AmUmCG, TMG-2m) that was
expected not to bind Gemin5 [25]. Indeed, we did not detect
such oligonucleotides in either RNase T1 digest (Fig. 1C and
Tables S2 and S3), whereas both TMG-2 m with 3’ phosphate
and 2’ 3’ cyclic phosphate were detected exclusively in the
mature U2 digest as reported by Chao et al [25]. Collectively,
these experiments confirmed our previous report that Gemin5
binds specifically to the m’G-cap structure [25], and demon-
strated that U2-tfsL or U2-tfs have an extra methyl group at
the first transcribed nucleotide, as seen for Ul-tfs. In these
analyses, we also monitored the other possible m’G-capped
AUCG ions with one or two methyl groups, i.e., m’G-AmUCG
or doubly charged anion of m’G-mAUCG at m/z 917.09
(MMG-1m, 3’-phosphate) and m/z 908.08 (MMG-1m, 2’ 3'-
cyclic phosphate), or m’G-AmUmCG or m’m-Gm AUCG
with m/z 924.10 (MMG-2m, 3’-phosphate) and m/z 915.09
(MMG-2m, 2’ 3’-cyclic phosphate). Although we did not
detect such molecular species in the RNase T1 digest of Ul-tfs
[24], we detected them in the digests of U2-tfsL and U2-tfs
(Fig. S1B, Tables S2 and S3). Thus, the 5 end structure of U2-
tfs is more heterogeneous than that of Ul-tfs.

The oligonucleotides identified from U2-tfs covered the
region from nucleotides 1 to 85-87 in the U2 sequence,
whereas those of U2-tfsL had an additional 2 to 5 uridine
residues at the 3’ end of nucleotide 87 (Fig. 1D and
Tables S2 and S3); i.e., we detected four oligonucleotide
species (ACAAUUU, ACAAUUUU, ACAAUUUULU,
ACAAUUUUUU) from U2-tfsL and three species (ACA,
ACAA, ACAAU) from U2-tfs (Fig. 1D and Tables S2 and
S3). All these oligonucleotides had a hydroxyl group (-OH)
at the 3’ end of the terminal nucleotide, suggesting that
those oligonucleotides originated from the 3’ terminus of
U2-tfsL (Table S3) and U2-tfs (Table S2). RNase T1 cleav-
age should generate a 2’, 3’-cyclic phosphate or a phos-
phate at the 3’ end of the terminal nucleotide [24,26-29].
Obviously, distinguishing the presence or absence of a
phosphate or hydroxyl group at the 3’ terminus of oligonu-
cleotide is an advantage of the MS-based method we used.
Collectively, these data indicated that U2-tfsL are polyuri-
dylylated forms of U2-tfs that have an extra 2 to 5 uridine
residues at the 3’ side of nucleotide 87. Therefore, we
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Figure 1. Identification of truncated forms of U2 snRNA pulled down with Gemin5. (A) Probes #1, #2, #3, and #4, which correspond to the regions shown under the
sequence of U2. The secondary structure of mature U2 is shown. (B) Gemin5- hemagglutinin/TEV protease cleavage site/FLAG (HEF)-associated RNA or pull-down input
RNA was separated by denaturing urea-PAGE and analyzed by northern blotting with probes #1-4. (C) Reverse-phase LC separation of RNase T1 digest products of U2-
tfsL or U2-tfs. The effluent was monitored at m/z 931.10 (m’G-capped AUCGp + three methyl residues, MMG-3m; top) or m/z 938.11 (m3G-capped AUCGp + two methyl
residues, TMG-2m; bottom). MMG was present in both digests. (D) The oligonucleotides identified by LC-MS are underlined in the partial sequence of U2 (1-120). The

Sm-site is boxed.

designated U2-tfsL as U2-tfs-polyU. We noted that U2-tfs-
polyU have an AUUUUU or AUUUUUU sequence at the
3’ end, which is similar to the Sm-site sequence
(AUUUUUG)(Fig. 1D).

U2-tfs and U2-tfs-polyU are derived from transcripts
of the U2 gene having all cis-elements or lacking the
3’ box element

The human U2 gene contains a 188-base U2-coding region
(SL1, SL2a, SL2b, Sm, SL3, SL4 in Fig. 1A) and three cis-acting
elements—Oct1-binding site (Oct), proximal sequence element
(PSE) and 3’ box [30]. To compare the formation of U2-tfs
with that of Ul-tfs [24], we used vector pcDNA3.1 to construct
various U2 genes fused with an y18Sn (yeast 18S neutral) tag
that distinguishes exogenously expressed U2 from endogenous
U2; namely we constructed y18Sn-U2, y18Sn-U2-AOQct, y18Sn-

U2-APSE and y18Sn-U2-A3’box (Fig. 2A and Fig. S2A), simi-
lar to those constructed for the study of Ul-tfs [24]. We also
used the RAT (RNA Affinity in Tandem) tag (shown as the
complementary sequence in Table S1) for transfection control.
Vector y18Sn-U2 contained all of the cis-acting elements as
well as the region containing the 779-nt sequence upstream of
the Oct and the 829-nt sequence downstream of the 3’ box
reported in the U2 gene and was used as a control to monitor
the expression of full-length U2 (Fig. S2B). This gene construct
indeed produced the expected mature y18Sn-U2 (223 nt) and
y18Sn-U2-tfs as the two forms corresponding to the expected
sizes of U2-tfs-polyU (y18Sn-U2-tfs-polyU) and U2-tfs
(y18Sn-U2-tfs) (Fig. S2C and Fig. 2B). Similar to the produc-
tion of Ul-tfs from the Ul gene constructs reported by Ishi-
kawa et al [24], U2-tfs were produced from the gene construct
lacking the 3" box in addition to that containing all of the cis-
elements (Fig. 2B). In this experiment, we again detected two
truncated forms of U2 corresponding to y-18Sn-U2-tfs-polyU



264 H. ISHIKAWA ET AL.

A

y18Sn-U2

H oct —{ pse H-{vz-5' HEEH-|

y18Sn-U2-APSE

y18Sn-U2-A3" box

H oct |—{Pse H{u25’

200 — - y18Sn-U2
Probe: U2-#1 -2

< y18Sn-U2

Probe: y18Sn

= y18Sn-U2

Probe: y18Sn
(Long exposure)

120 — - Y185n-U2-tfs-polyU

L | = y18sn-Uz-tis

Probe: RAT

Probe: Met-tRNA

U2Coding  H 3 box | ——
U2Coding  H 3 box ——]
U2Coding  H 3 box | ——
y18Sn U2 Coding
3
(2}
o \d
aw o B '@’
$55'55
C R
4 SooT
NOo oo 05
SEEEEEE
(base) 18Sn-U2-WT/ASm
00— - = = Yi8sn-Us.AsLs

— | = y18Sn-U2-ASLA
~ y18Sn-U2-ASL3SL4

- 18Sn-U2-fs-polylU
120 2 Yiasnuztis o)

Probe: y18Sn

- y18Sn-U2-WT/ASm

= y18Sn-U2-ASL3
y18Sn-U2-ASL4

" | == y18Sn-U2-ASL3SL4

18Sn-U2-tfs-polyU
[ LT ] ¥135n.uz.|f5p Y

200 =
Probe: y18Sn
(Long exposure)

120 =—

Probe: RAT L)
200 —| iSeaene
Probe: U2-#1 -
120 —
Probe: Met-tRNA . . st

Figure 2. Formation of U2-tfs depends on transcription from the U2 gene. (A) Schematic diagram of the U2 gene construct or its cis-element deleted forms expressing
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above the blot.

and y18Sn-U2-tfs, consistent with the results obtained with
northern blotting and LC-MS. The same experiment also
revealed that the gene lacking the PSE did not express U2 at all,
whereas that lacking Oct expressed U2 at a level lower than
that of the full U2 gene and that lacking the 3’ box (Fig. 2B).
These results were consistent with results for the Ul gene con-
struct in terms of the roles of the cis-elements in their expres-
sion reported by Ishikawa et al [24].

We next examined the possibility that U2-tfs/U2-tfs-polyU
arises as a consequence of a structural defect(s) in U2 tran-
scripts. We constructed an additional five expression vectors
[y18Sn-U2ASmSL3SL4 (U2-tfs), 119 nt; y18Sn-U2ASm, 216
nt; y18Sn-ASL3, 190 nt; y18Sn-ASL4, 179 nt; y18Sn-ASL3SL4,
146 nt] (Fig. S2D). Although expression of each of these five
vectors resulted in stained bands corresponding to y18Sn-U2-
tfs-polyU and/or y18Sn-U2-tfs (Fig. 2C), their yields were not
as high as those from similar constructs of Ul mutant genes,
which produced almost exclusively Ul-tfs [24]. Thus, it seems
that defects in the 3’-side regions (Sm-site, SL3, SL4) of the
U2 transcript are tolerated more so than those of Ul in terms
of cellular surveillance, yet this could only be a consequence
of much lower cellular abundance of U2 snRNP than Ul
snRNP. On the other hand, the expression of construct
y18Sn-U2ASmSL3SL4, which was expected to form y-18Sn-
U2-tfs, resulted in a stained band similar in size to that of
y18Sn-U2-tfs-polyU. The construct y18Sn-ASL3SL4, which
has an Sm-site, produced mostly bands corresponding to
y18Sn-U2-tfs (Fig. 2C). The other constructs produced bands
corresponding to y-18Sn-U2-tfs and y-18Sn-U2-tfs-polyU at

varying proportions (Fig. 2C). Collectively, these data sug-
gested that both U2-tfs-polyU and U2-tfs are bona fide prod-
ucts in the cell.

TUT7-dependent degradation of U2-tfs and U2-tfs-polyU

It has been proposed that Dis3L2 participates in the degra-
dation of uridylylated U snRNAs [21,22]. To examine
whether Dis3L2 affects the degradation of U2-tfs-polyU, we
knocked down Dis3L2 and analyzed the cellular level of
U2-tfs-polyU. We found steady-state levels of U2-tfs-polyU
in the Dis3L2 knockdown cells (Fig. 3A, lanes 1 and 3),
indicating that U2-tfs-polyU is not a substrate of Dis3L2.
Because each U2-tfs-polyU has an Sm site-like structure,
we also examined whether knockdown of SmB/B’ could
affect the level of U2-tfs-polyU. Indeed, SmB/B’ knockdown
reduced the level of not only U2-tfs-polyU but also U2-tfs
(Fig. 3A, lanes 1 and 2). This suggested that U2-tfs-polyU
is stabilized by SmB/B’ probably as a part of heptameric Sm
core complex and that U2-tfs and U2-tfs-polyU share a
common degradation pathway. Additional knockdown of
Dis3L2 did not affect the cellular levels of U2-tfs-polyU and
U2-tfs in SmB/B’ knockdown cells (Fig. 3A, lanes 1, 2 and
4), suggesting that Dis3L2 does not participate in their
degradation.

Given that TUT7 (ZCCHC6) and TUT4 (ZCCHCI11)
reportedly are responsible for uridylylation events in human
cells [31], we knocked down TUT7 or TUT4 to examine pos-
sible uridylylation-dependent degradation of U2-tfs/U2-tfs-
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polyU. We expected that, if they were indeed involved in the
degradation, then knockdown would result in the accumula-
tion of U2-tfs/U2-tfs-polyU. We found that the knockdown
of TUT7, but not of TUT4, resulted in the accumulation of
U2-tfs/U2-tfs-polyU (Fig. 3B and Fig. S3A and S3B), suggest-
ing that TUT7 is involved in the degradation of U2-tfs/U2-
tfs-polyU. We also found that TUT7 knockdown in combi-
nation with the double knockdown of SmB/B’ and Dis3L2 or
single knockdown of SmB/B’ resulted in the preferential
accumulation of U2-tfs, supporting again the aforementioned
notion that SmB/B’ stabilizes U2-tfs-polyU probably as a
part of heptameric Sm core complex (Fig. 3B and Fig. S3B).
The knockdown of TUT7 alone or triple knockdown of
TUT7, SmB/B’ and Dis3L2 did not cause notable accumula-
tion of Ul-tfs (Fig. 3B). Conversely, expression of an enzy-
matically dead mutant of Dis3L2 (Dis3L2-D391N) did not
affect the level of U2-tfs/U2-tfs-polyU regardless of the
TUT7 knockdown (Fig. 3C), implying that Dis3L2 is not
involved in the degradation of U2-tfs/U2-tfs-polyU.

We next examined weather the heptameric Sm core complex is
formed on U2-tfs-polyU by pulldown analysis using HEF (HA-
TEV site-FLAG)-SmB/B’ and HF (HA-Snurportin-1 (SPN1) as

affinity baits. We postulated that if U2-tfs-polyU is incorporated
into heptameric Sm core complex and stably exists in the later
steps of U2 snRNP biogenesis, it could be pulled down not only
with SmB/B’ but also with SPN1, a component associated with U
snRNP after the m;G-cap formation. Indeed, both proteins pulled
down the truncated U2 molecules but had the sizes slightly larger
than U2-tfs-polyU (Fig. S3C), implying that U2-tfs-polyU with
slightly longer polyU tails might be assembled into heptameric Sm
core complex. We finally tried to demonstrate that the U2-tfs-
polyU-loaded Sm core complex localizes in the nucleus by in situ
hybridization utilizing y18Sn-U2-ASm that produce y18Sn-U2-tfs
and y18-Sn-U2-tfs-polyU; however, our attempts failed to detect
such a complex presumably due to its extremely low abundance.

Discussion

Our results demonstrate that human cells produce truncated
forms of U2 (U2-tfs) that appear to be equivalent to Ul-tfs,
having a m’G-cap and an extra methyl group at the first tran-
scribed nucleotide but lacking the 3’ structured region down-
stream of the Sm site [24]. Unlike Ul-tfs, however, we
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identified additional forms of U2-tfs having an Sm site-like
sequence (i.e, AUUUUU or AUUUUUU) that should be
formed by polyuridylylation of the 3’-terminus (U2-tfs-polyU).
Our proposed scenario to explain the formation and fate of
U2-tfs-polyU is that 1) a small population of U2 transcripts
forms U2-tfs after methylation of the first transcribed nucleo-
tide, 2) although U2-tfs may be delivered to the degradation
pathway shared with Ul-tfs because of the inability to form the
Sm ring, a portion of U2-tfs that end at residue A86 or U87 are
subsequently polyuridylylated by a uridylyl transferase different
from TUT?7 to generate U2-tfs-polyU, 3) U2-tfs-polyU are sta-
bilized by SmB/B’ binding probably as a part of heptameric Sm
core complex to an Sm site-like structure of U2-tfs-polyU,
which may yield a “pseudo” heptameric Sm ring, and/or 4) U2-
tfs-polyU are uridylylated by TUT7 for further processing by
an enzyme different from Dis3L2, resulting in the degradation
of U2-tfs-polyU or the reformation of U2-tfs that are subse-
quently degraded via the degradation pathway shared with U1-
tfs (Fig. 4). Although we cannot exclude the possibility that U-
2tfs-polyU-like molecules observed upon expression of y18Sn-
U2-ASmSL3SL4 (Fig. 2C) may be a result of failure of 3" end
processing, this may reflect a pathway in which all U2-tfs mole-
cules undergo uridylylation before their degradation in P-bod-
ies and/or via the TUT?7 uridylylation pathway(s). It remains to
be studied how U2-tfs-polyU is generated in cells. Nonetheless,
we speculate that U2-tfs-polyU may have roles in regulating
splicing or other cellular processes because the sequences of
regions required for pre-mRNA branch point recognition and
complementary to U6 are present in U2-tfs-polyU molecules.
U2-tfs-polyU may play roles in splicing events as an antagonist
to U2 snRNP. From this viewpoint, the pulldown analysis using
SmB/B’ or SPNI1 supports this notion by suggesting the

presence of the SmB/B’- and SPN1-associated U2-tfs molecules
larger than U2-tfs-polyU (Fig. S3C). We predict that this mole-
cule might have an extended polyU tail, but its detailed struc-
tural characterization remains to be studied.

Besides the 3’-uridylylated U2-tfs, we identified three addi-
tional forms of U2-tfs that have 1 to 3 methyl groups at the 5'-
terminus, i.e, MMG-1m, MMG-2m, and MMG-3m, whereas
we detected only the MMG-3m form for Ul-tfs. Given that
U1-tfs with MMG-3m localize to P-bodies [24], we assume that
U2-tfs having MMG-3m may also be delivered to the degrada-
tion pathway shared by Ul-tfs; however, this awaits further
investigation. These methylated forms were found in both U2-
tfs and U2-tfs-polyU, suggesting that the uridylylation of U2-
tfs is independent of 5’ methylation. Given the reported order
of methylation events at the 5’ end [3], U2-tfs might be formed
at earlier stages than Ul-tfs during snRNP biogenesis. On the
other hand, we found that the expression profile of U2-tfs/U2-
tfs-polyU is very similar to that of Ul-tfs—their expression
appears to be regulated by cis-elements within their genes, sug-
gesting that truncated forms of Ul and U2 are formed by a
common mechanism that is closely linked to transcription. To
understand the mechanism in further detail, it is critical to
identify the nuclease(s) responsible for the formation of Ul-tfs
and U2-tfs. Since fragments of U2 snRNA containing Sm-site
sequence known as RNU2-1f are highly preserved and
abundant in serum and plasma from many cancer patients
including those in lung, pancreatic and colorectal adenocarci-
noma [32-37], it is intriguing to speculate that the nuclease(s)
responsible for the formation of U2-tfs may also participate in
the formation of RNU2-1f in those cancer patients.

Finally, our results demonstrate that current MS-based tech-
nology, coupled with the genome-wide search engine Ariadne,
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is a powerful means for characterizing RNAs, including the U
snRNAs reported here, which carry a variety of post-transcrip-
tional modifications. This approach allows unbiased identifica-
tion of RNAs isolated from natural sources and determination
of their chemical structures in detail, and thus the approach is
suitable for the analysis of the cellular dynamics and fate of
RNAs. Clearly, this approach complements current genomics-
based technologies that rely on high-throughput sequencing of
RNA or cDNA amplified by RT-PCR.

Materials and methods
LC-MS based RNA analyses

Preparation of RNase T1 digests, direct nanoflow LC-MS/MS of
RNA fragments and database searching with interpretation of
MS/MS spectra were described previously [24,26-29].

Construction of y185n RNA tagged U2 and its mutant
expression vectors

U2 gene cloning was performed with standard cloning method
with genomic DNA extracted from 293T cells; i.e,, a cDNA
fragment containing U2 gene sequence that included all cis-ele-
ments required for U2 transcription and their extended 5'/3’
flanking regions (2071 bp) (Homo sapiens chromosome 17,
GRCh38.p7 Primary Assembly, NC_000017.11, Range:
43232907 to 43234977), was amplified by PCR using primer set
HIW497 and HIW498. The nucleotide sequences of all primers
used in this section are summarized in Table S4. The PCR
product was cloned into the BamH I/ Xho I sites of pDNA3.1
(+) vector. DNA sequencing verified the cloned U2 gene
sequence. A fragment containing 5’ flaking region of U2 gene
including Octl-binding site (Oct) and proximal sequence ele-
ment (PSE) was amplified by PCR with the cloned U2 gene as
template using primers set HIW497 and HIW517 that con-
tained Bgl II site in the 3’ side. Another fragment containing 3’
flanking region of U2 gene that included 3’ box element, was
amplified from the cloned U2 gene by PCR using primers set
HIW498 and HIW538; the latter covered the first 11 nucleotide
sequence of the 5’ side of U2 (U2-5) and y18Sn RNA tag
sequence (shown as the complementary sequence in Table S1)
and contained Bgl II site in the 5 side (Fig. S2A). Those two
fragments were ligated at Bgl II sites and the ligated fragment
was amplified with PCR using primer set HIW497 and
HIW498. The amplified PCR fragment was cut with BamH I /
Xho 1 sites and ligated into Bgl IT / Xho I sites of pcDNA3.1(+)
vector to remove CMV promoter. DNA sequencing verified the
sequence of the final construct (2086 bp) (Fig. S2B). We named
the resulted vector as pcDdCMV-y18Sn-U2 and used it as tem-
plate for construction of U2 vectors lacking cis element after
the confirmation of y18Sn-U2 RNA (y18Sn-U2) expression
(Fig. S2C). Primer sets used for the construction of the vectors
lacking cis elements by inverse PCR were; HIW553 and
HIW554 for the construction of pcDACMV-y18Sn-U2-AOct
that lacked Oct element, HIW555 and HIW556 for
pcDACMV-y18Sn-U2-APSE lacking PSE element and HIW557
and HIW558 for pcDdCMV-y18Sn-U2-A3'box lacking 3’ box
element (Table S4). The PCR products having blunt end were

RNABIOLOGY (&) 267

ligated after phosphorylation by T4 polynucleotide kinase,
amplified in E. coli and verified their sequences by DNA
sequencing for the deletion of desired cis element.

For the construction of vectors expressing U2 mutants that
have the defects in Sm-site, SL3 and/or SL4 (U2-ASmSL3SL4,
U2-ASm, U2-ASL3, U2-ASL4 and U2-ASL3SL4, Fig. S2D), we
first prepared U2 gene construct shorter than the one
described above (short U2 gene); this gene contained all of the
cis-acting elements with total length of 908 bp that included
the region containing the 190-nt sequence upstream of the
Oct and the 240-nt sequence downstream of the 3’ box. The
short U2 gene was amplified by primer sets HIW559 and
HIW560 using pcDACMV-y18Sn-U2 (2086 bp) as template.
The resulted PCR product was cut with BamH I / Xho I sites,
ligated into Bgl II / Xho I sites of pcDNA3.1(+) vector and
verified by DNA sequencing. We used this short U2 gene con-
struct for the preparation of vectors expressing U2 mutants
further after confirming that the expression products were
indistinguishable between those constructs in terms of the role
of cis elements and their sub-products (Fig. S2E). Primer sets
used for the preparation of vectors expressing U2 mutants by
inverse PCR were; HIW602 and HIW603 for pcDdCMV-
y18Sn-U2-ASmSL3SL4  expressing y18Sn-U2-ASmSL3SL4,

HIW604 and HIW605 for pcDdCMV-y18Sn-U2-ASm
expressing y18Sn-U2-ASm, HIW606 and HIW607 for
pcDACMV-y18Sn-U2-ASL3  expressing  yl18Sn-U2-ASL3,

HIW608 and HIW603 for pcDdCMV-yl18Sn-U2-ASL4
expressing y18Sn-U2-ASL4 and HIW606 and HIW603 for
pcDdCMV-y18Sn-U2-ASL3SL4 expressing y18Sn-ASL3SL4.

Abbreviations

LC-MS liquid chromatography-coupled mass
spectrometry

m’G/MMG7 monomethylguanosine

msG/TMG 2,2,7-trimethylguanosine

poly-U polyuridylylation

RAT RNA affinity in tandem

SL stem loop

Sm-site Sm-protein binding site

TUT terminal uridylyltransferase

U2-tfs truncated forms of U2 snRNA

y18Sn tag yeast 18 S neutral tag
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