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Retention and 5’ Cap Trimethylation of
U3 snRNA in the Nucleus

Michael P. Terns and James E. Dahlberg*

It is shown here that maturation of the m”G-capped precursors of U3 small nuclear RNA
(snRNA) occurs by a previously unknown pathway. In contrast to the 5° m”G-capped
precursors of other snRNAs, this RNA is not exported to the cytoplasm but is retained in
the nuclei of Xenopus laevis oocytes, where it undergoes trimethylation of its 5’ cap. The
m”G caps of most snRNA precursors are trimethylated only after transport of the RNAs
to the cytoplasm. The nuclear retention and maturation of this nucleolar RNA raises the
possibility that other m”G-capped RNAs are also retained and modified in the nucleus.

The m’G caps at the 5’ ends of RNAs
made by RNA polymerase II (RNA Pol II)
facilitate the efficient export of many of
these transcripts from the nucleus to the
cytoplasm (I, 2). Precursors of the spliceo-
somal Ul, U2, U4, and U5 small nuclear
RNAs (pre-snRNAs), which are made by
RNA Pol II, are convenient substrates for
the study of nucleocytoplasmic RNA traf-
ficking, because maturation of these RNAs
occurs only after they have been exported
to the cytoplasm. Trimethylation of their
m’G caps to m??’G caps and transport of
the RNAs back to the nucleus require the
binding of Sm proteins to a sequence ele-
ment common to these RNAs (3, 4). Cu-
riously, U3 RNA, a nucleolar snRNA that
functions in ribosomal RNA processing,
has a m*??G cap although the RNA lacks
an Sm protein binding site (5). Here, we
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show that in spite of its m’G cap, newly
made pre-U3 RNA remains in the nucleus
where trimethylation of the cap occurs.
Thus, the nucleolar U3 RNA is processed
by a pathway distinct from that of nucleo-
plasmic snRNAs. This raises the possibility
that other m’G-capped precursors of nucle-
olar snRNAs also are retained and pro-
cessed in the nucleus; this result also con-
firms our previous observation (1) that m’G
caps are not sufficient to direct RNA Pol II
transcripts out of the nucleus.

To determine the nucleocytoplasmic
distribution of newly made U3 RNA, we
injected a X. laevis U3 gene into nuclei of
X. laevis oocytes and isolated the resulting
RNA from manually dissected (6) cytoplas-
mic and nuclear fractions (Fig. 1A). No U3
RNA was detected in the cytoplasm, al-
though large amounts of this RNA were
present in the nucleus. As expected, a
precursor of Ul RNA was present in the
cytoplasm, whereas the spliceosomal U6
RNA, which is made by RNA Pol III (4)
and has a y-mpppG cap (7), was not; this
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latter RNA served as the control for the
quality of oocyte fractionation. In spite of
the apparent lack of a cytoplasmic phase,
most of the U3 RNA was precipitable with
antibodies specific for m**"’G caps but not
for m’G caps (Fig. 1B). The specificities of
the antibodies for m*%’G caps and m’G
caps were confirmed by chromatographic
(8) and electrophoretic (Fig. 1B) analyses
of the precipitable RNAs.

Injection of m’G-capped pre-U3 RNA
(made in vitro) directly into nuclei allowed
us to study the kinetics of trimethylation of
the 5’ ends (Fig. 2, A and B). Throughout
the course of this incubation, no pre-U3
RNA was detectable in the cytoplasm but
almost all of the pre-U3 RNA was convert-
ed to the m?'%’G-capped form. To exclude
the possibility that pre-U3 RNA might pass
through a very small, dynamic pool in the
cytoplasm, we used monoclonal antibody
mAb 414, directed against glycoproteins of
the nuclear pore complex (9), to inhibit
RNA export (10). This antibody did not
reduce the amount of m**’G caps on
newly made U3 RNA, but it completely
inhibited the export and trimethylation of
pre-Ul RNA (Fig. 2C). Thus, it is likely
that pre-U3 RNA remained in the nucleus,
where it was modified.

To test directly if m’G-capped pre-U3
RNA could be trimethylated without par-
ticipation of the cytoplasm, we injected the
RNA into isolated nuclei devoid of cyto-
plasm and analyzed the extent of modifica-
tion by precipitation with antibodies, as
above. Almost half of the pre-U3 RNA was
converted to the trimethylated form in
these nuclei (Fig. 3). None of the m’G-
capped pre-Ul RNA that was co-injected
became trimethylated, which confirms that
the nuclei were free of substantial cytoplas-
mic contamination. We conclude that the
nuclei contain a methylating activity that
specifically and efficiently converts the m’G
caps of pre-U3 RNAs to m*%?G caps. We
propose that U3 RNA remains in the nu-
cleus where its 5’ cap undergoes trimethyl-
ation, in contrast to other snRNAs made by
RNA Pol II, whose caps become trimethyl-
ated in the cytoplasm (3, 7).

Export of pre-U3 RNA to the cytoplasm
has been reported for X. laevis oocytes
injected with rat U3 genes (I11). We also
detected some pre-U3 RNA in the cyto-
plasm, but only if the amounts of injected
genes were ~10-fold greater than that used
in Fig. 1 (8). The appearance of pre-U3
RNA in the cytoplasm may reflect satura-
tion of a nuclear retention mechanism for
U3 RNA under these conditions. Normal-
ly, however, a mechanism to bring U3
small nuclear ribonucleoproteins into the
nucleus would be needed only after mitosis.

Trimethylation of U3 RNA can occur
outside the nucleus, as it has been observed
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electrophoresis (22). The distributions of U1 and
U6 RNA serve as controls for nuclear export and the quality of the oocyte dissections into nuclear
and cytoplasmic fractions (7); the positions of precursor (pre) (m’G-capped) and mature (mat)
(m?27G-capped) U1 RNAs (23) are indicated. The slower migration of one form of U3 RNA
presumably results from a longer 3’ end. (B) Trimethylation of the 5’ cap of pre-U3 RNA. The 5’ cap
structures of newly synthesized snRNAs were analyzed by precipitation with antibodies specific for
m’G caps (24) or m227G caps (25). Nuclear RNAs (0.5 oocyte equivalents) shown in lane 1 of (A)
were used for immunoprecipitation with m’G (lanes 2 and 3) or m?27G (lanes 4 and 5) antibodies
(Ab). The RNAs present in the total sample (T, lane 1), precipitate (P, lanes 2 and 4), and
supernatant (S, lanes 3 and 5) fractions were separated by polyacrylamide gel electrophoresis.

1 2 5 1t G L R

6.0 hours B Ab: m’G m227G

T oG2S Ha0L 07 S a60

A 0.7 2.5
Nl et et M

“ g -
. - - U3 D —
Pre, 9
UTMMZM“ I A S Ny
. C mAb 414
ue wah - +
1 2 3 4 5 6 1

m227G
G R

Ab: m’G m227G m’G
lp S M g1 Ip

Fig. 2. Trimethylation of pre-U3 RNA in-
jected into oocyte nuclei. (A) Nucleocyto-
plasmic distribution of injected pre-U3,
pre-U1, and U6 RNAs. Oocyte nuclei were
injected with a mixture of **P-labeled U3,
U1, and U6 transcripts (~1 fmol each),
made in vitro and containing either m’G
caps (U3 and U1) or a y-mpppG cap (U6).
After incubation at 18°C for the indicated
times (in hours), the 32P-labeled RNAs
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fractions of two to five oocytes were pooled, and one oocyte equivalent of the RNA was analyzed
by gel electrophoresis. Lane 7 (M) shows the RNAs before injection; precursor and mature forms of
U1 RNA are indicated as in Fig. 1. Templates used for in vitro transcription of U1 and U6 snRNAs
(with use of SP6 or T7 RNA polymerase, respectively) were as described (7, 22). The U3 DNA
template was similarly made by polymerase chain reaction amplification of the RNA coding
sequence of the X. /aevis U3A gene (26) with the use of appropriate 5’ and 3' primer pairs. In this
case, the 5' primer contained SP6 phage RNA polymerase promoter sequences, and the resultant
U3 RNA had an extra G nucleotide at its 5' end but was otherwise identical in sequence to mature
Xenopus U3 RNA (27). U3 RNA containing either one or five extra encoded nucleotides at the 3’
end behaved in a manner similar to that of U3 RNA of mature length. (B) Kinetics of trimethylation
of injected pre-U3 RNA. U3 RNAs present in the nuclear fractions shown in lanes 1, 3, and 5 of (A)
were analyzed by immunoprecipitation as in Fig. 1B. Lane 1 contains the total (T) U3 RNA present
in 0.5 nuclear equivalents, and lanes 2 to 7 show the U3 RNAs that were precipitable by the
antibodies at the times indicated (in hours). (C) Trimethylation of pre-U3 RNA occurs even when
export to the cytoplasm is blocked. Oocytes were injected with *2P-labeled U3, U1, and U6 RNAs
synthesized in vitro in the presence (lanes 5 to 8) or absence (lanes 1 to 4) of 150 ng of a monoclonal
antibody (mAb 414) against nuclear pore complex proteins (9). After 6.0 hours, the oocytes were
dissected into nuclear and cytoplasmic fractions. The 5’ caps of RNAs present in the nuclear
fraction were analyzed by immunoprecipitation as in Fig. 1B, and RNAs from both the precipitate (P;
lanes 1, 3, 5, and 7) and supernatant (S; lanes 2, 4, 6, and 8) fractions were analyzed by
polyacrylamide gel electrophoresis.
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Fig. 3. Trimethylation (5
cap) of pre-U3 RNA oc-
curs in isolated nuclei
free of the cytoplasm. A
mixture of m’G-capped
U3 and U1 RNAs and
y-mpppG-capped U6
RNA (made in vitro as in
Fig. 2) was injected into
oocyte nuclei that had
been isolated under
mineral oil (6). After incubation at 18°C for 6.5
hours, the 5’ caps of the RNAs were analyzed as
in Fig. 1B. The RNAs present in the total sample
(T, lane 1) and the precipitate (P, lanes 2 and 4)
and supernatant (S, lanes 3 and 5) fractions were
separated by polyacrylamide gel electrophoresis.
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in enucleated X. laevis oocytes (11). How-
ever, we find that trimethylation of U3
RNA in the cytoplasm is much slower than
it is in the nucleus; this is in contrast with
trimethylation of pre-Ul RNA, which is
efficiently trimethylated in the cytoplasm
(Fig. 2) (8). Because proteins that normally
function in oocyte nuclei (but are synthe-
sized and perhaps stored in the cytoplasm)
may adventitiously modify U3 RNA in the
cytoplasm, the physiological significance of
cytoplasmic trimethylation of U3 RNA is
unclear.

Differences in 5’ cap modification be-
tween U3 RNA and other snRNAs have
also been detected in other experiments
with hamster (tsBN2) tissue-culture cells.
In that case, loss of RCC1 protein resulted
in the inhibition of export of several
snRNAs from the nucleus. This treatment
inhibited trimethylation of pre-U1 and pre-
U2 snRNAs but not pre-U3 RNA (12).
These results indicate that trimethylation
of pre-U3 RNA also occurs in the nuclei of
mammalian somatic cells.

Although several nucleolar snRNAs
have m?2"’G caps (13), others do not. For
example, some of these RNAs arise from
the processing of intronic sequences in pre-
mRNAs, (5, 14) and have 5’ monophos-
phate termini (15). Moreover, in plants,
where pre-U3 RNA is made by RNA Pol III
(16), the 5’ end is modified by the addition
of a methyl group to make a y-mpppG cap
(17). This is the same 5’ modification that
occurs to U6 RNA (18), an RNA that also
does not exit the nucleus (1, 19).

The discovery that U3 RNA remains in
the nucleus where it undergoes trimethyla-
tion raises the question of why some pre-
cursors of snRNAs are exported from the
nucleus and others are not. Generally,
RNAs undergo maturation in cell compart-
ments that are distinct from those in which
they function. For example, spliceosomal
snRNAs, which function in the nucleo-
plasm, are matured in the cytoplasm. By
analogy, U3 RNA, which functions in the
nucleolus (20), is likely to be matured in

the nucleoplasm. So far, the location and
identity of proteins (21) responsible for the
stability, cap trimethylation, or nucleolar
localization of U3 RNA are unknown. Sev-
eral nucleolar snRNAs made by RNA Pol
II, such as U3, U8, and U13 RNAs (13),
have common sequences that are good can-
didates for modification signals and nucle-
olar localization signals. We propose that,
like U3 RNA, these other m*%’G-capped
nucleolar snRNAs undergo maturation
solely within the nucleus.
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Role of Bone Marrow-Derived Cells in Presenting
MHC Class |-Restricted Tumor Antigens

Alex Y. C. Huang, Paul Golumbek, Mojgan Ahmadzadeh,
Elizabeth Jaffee, Drew Pardoll,* Hyam Levitsky*

Many tumors express tumor-specific antigens capable of being presented to CD8* T cells
by major histocompatibility complex (MHC) class | molecules. Antigen presentation models
predict that the tumor cell itself should present these antigens to T cells. However, when
conditions for the priming of tumor-specific responses were examined in mice, no detect-
able presentation of MHC class |-restricted tumor antigens by the tumor itself was found.
Rather, tumor antigens were exclusively presented by host bone marrow—derived cells.
Thus, MHC class |-restricted antigens are efficiently transferred in vivo to bone marrow—
derived antigen-presenting cells, which suggests that human leukocyte antigen matching
may be less critical in the application of tumor vaccines than previously thought.

Despite the presence of tumor antigens
capable of being recognized by T cells (1),
the persistent growth of tumors in their host
indicates that T cells specific for their an-
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tigens have not been appropriately activat-
ed in vivo (2). Dissection of the immune
response induced by vaccination with ei-
ther irradiated or genetically modified tu-
mor cells has shown that, as with other
antigens, both CD4" and CD8* T cells are
involved in generating the systemic anti-
tumor response (3, 4). Most likely, efficient
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