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Herpesvirus saimiri (HVS) encodes seven Sm-class small nuclear RNAs, called HSURs (for Herpesvirus
saimiri U RNAs), that are abundantly expressed in HVS-transformed, latently infected marmoset T cells but
are of unknown function. HSURs 1, 2, and 5 have highly conserved 5�-end sequences containing the AUUUA
pentamer characteristic of AU-rich elements (AREs) that regulate the stability of many host mRNAs, including
those encoding most proto-oncogenes and cytokines. To test whether the ARE-containing HSURs act to
sequester host proteins that regulate the decay of these mRNAs, we demonstrate their in vivo interaction with
the ARE-binding proteins hnRNP D and HuR in HVS-transformed T cells using a new cross-linking assay.
Comprehensive Northern and microarray analyses revealed, however, that the levels of endogenous ARE-
containing mRNAs are not altered in T cells latently infected with HVS mutants lacking HSURs 1 and 2. HSUR
1 binds the destabilizing ARE-binding protein tristetraprolin induced following activation of HVS-transformed
T cells, but even in such stimulated cells, the levels of host ARE-containing mRNAs are not altered by deletion
of HSURs 1 and 2. Instead, HSUR 1 itself is degraded by an ARE-dependent pathway in HVS-transformed T
cells, suggesting that HVS may take advantage of the host ARE-mediated mRNA decay pathway to regulate
HSUR expression. This is the first example of posttranscriptional regulation of the expression of an Sm small
nuclear RNA.

Herpesvirus saimiri strain A11 (HVS) is a gammaherpesvirus
which causes aggressive T-cell leukemias and lymphomas in
some nonhuman New World primates (reviewed in reference
29) and can efficiently transform cultured T cells of the com-
mon marmoset, Callithrix jacchus, to continuous interleukin-2
(IL-2)-independent growth (22). HVS-transformed marmoset
T cells have the same phenotype as those derived from tumors
of infected animals, predominantly CD8� T cells with natural
killer (NK) cell activity (reviewed in references 6, 35, and 74),
providing an ideal system in which to study HVS gene function.
HVS encodes seven small nuclear RNAs (snRNAs) of the Sm
class, called HSURs for Herpesvirus saimiri U RNAs (2, 44, 56,
77). The HSURs are classified as Sm snRNAs since, similar to
cellular snRNAs that function in RNA processing, they are
transcribed by RNA polymerase II, acquire a trimethyl-
guanosine cap, and assemble with Sm core proteins (44, 45).
The HSURs show no extensive sequence similarity to any
cellular snRNA and are the only Sm snRNAs known to be
encoded by a virus.

The HSURs are the most abundant of the very few viral
gene products expressed in latently infected, transformed T
cells (56). HSURs 1 and 4 are present at �20,000 copies per
cell, whereas the remaining five HSURs exist at �2,000 copies
per cell (44). Deletion studies have demonstrated that the

HSURs are not essential for viral replication or for transfor-
mation of cultured marmoset T cells by HVS (24, 56, 57); the
tumorigenicity of the deletion mutants has not been reported
for primates. Their abundance and conservation in related
viruses suggest that the HSURs play a critical function in
latently infected, transformed T cells.

HSURs 1 and 2 share an AU-rich sequence at their 5� ends
that is almost perfectly conserved among different HVS strains
and in a closely related virus, Herpesvirus ateles (HVA) (1);
HSUR 5 contains a similar but less conserved sequence (Fig.
1). By contrast, the remainder of the HSUR 1, 2, and 5 se-
quences is only about 50% identical between virus strains. The
AU-rich sequences in HSURs 1, 2, and 5 show striking simi-
larity to destabilizing AU-rich elements (AREs) found in the
3� untranslated region (UTR) of mRNAs of a number of highly
regulated cellular genes, primarily those for cytokines and
growth factors and proto-oncogenes (9, 12, 16, 44, 67).

The stability and steady-state levels of ARE-containing
mRNAs in a cell are tightly regulated and can be selectively
altered in response to specific intra- and extracellular stimuli
(9, 68). For example, activation of T-cell receptor signaling by
using antibodies to cross-link CD3 and CD28 membrane re-
ceptors leads to stabilization and an increase in the steady-
state levels of the ARE-containing mRNAs for IL-2, gamma
interferon, tumor necrosis factor alpha (TNF-�), and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) but not
of those encoding c-myc and c-fos (47). Stabilization of ARE-
containing mRNAs can be similarly achieved in T cells (7, 67,
79) and other cell types (32, 38, 70) by stimulation with phorbol
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esters or calcium ionophores, which simulate activation
through the T-cell receptor by activating protein kinase C and
increasing intracellular Ca2� levels, respectively (73). Con-
versely, inhibition of these pathways with immunosuppressive
agents can destabilize ARE-containing mRNAs (5, 59). Reg-
ulation of mRNA stability by these intracellular and extracel-
lular signals is currently poorly understood, but several differ-
ent kinase pathways are known to be involved (10, 30, 33,
51–53, 60, 71, 76, 83).

The effects of signaling pathways on ARE-containing
mRNAs are mediated by specific ARE-binding proteins (8, 13,
50, 63, 82), which exhibit differential activation of the cellular
mRNA decay machinery (15, 34, 43, 55). A regulatory role in
the ARE-mediated mRNA decay pathway has been estab-
lished in vivo for four proteins: HuR, hnRNP D (also called
AUF1), and the related proteins TTP (tristetraprolin) and
BRF1 (butyrate response factor 1). HuR is a predominantly
nuclear, nucleocytoplasmic shuttling protein that stabilizes
ARE-containing mRNAs when overexpressed (9, 27, 62). The
zinc finger proteins TTP (11, 14, 41), which is inducible (14,
63), and the more recently described BRF1 (42, 69) can be
found in both the nucleus and cytoplasm and promote the
degradation of ARE-containing mRNAs. hnRNP D was iden-
tified as a destabilizing factor for ARE-containing mRNAs (43,
49, 64), although it appears to have a stabilizing effect in some
cells (84). There are four alternatively spliced isoforms of
hnRNP D, with the p37 and p42 isoforms having the greatest

activity, both stabilizing and destabilizing (49, 64, 84). The
expression and activity of these and other ARE-binding pro-
teins coordinately regulate the stability of ARE-containing
mRNAs in the cell.

Almost 1,500 genes that specify mRNAs with an ARE in the
3� UTR have been identified in the human genome (4). Based
on similarities in sequence and decay kinetics, these ARE-
containing mRNAs have been divided into three classes (16,
61) that may be regulated independently in vivo (17, 47, 66,
71). Class I AREs are characterized by scattered AUUUA
motifs within a U-rich region (e.g., c-fos and c-myc mRNAs)
while class II AREs have a minimum of two tandem, overlap-
ping copies of the AUUUA pentamer (e.g., mRNAs for many
cytokines such as TNF-� and IL-3). Class III AREs contain a
U-rich region but lack the AUUUA motif (e.g., c-jun mRNA)
(61). By these criteria, HSUR 1, which contains three tandem
AUUUA pentamers, contains a class II ARE, and HSURs 2
and 5, which have two and one AUUUA pentamer(s) in a
U-rich region, respectively, contain class I AREs.

Cultured T cells transformed by HVS show modified expres-
sion of cytokines and other ARE-containing genes, including
IL-2, IL-3, gamma interferon, TNF-�, TNF-�, and a homolog
of IL-10 (19, 39, 74). Thus, it has been proposed that the
ARE-containing HSURs compete with less abundant host
mRNAs for host cell ARE-binding proteins in latently in-
fected, transformed T cells (26, 58). This sequestration could
lead to altered expression of cytokines or proto-oncogenes,

FIG. 1. Conservation of the 5� AU-rich sequences in HSURs 1, 2, and 5. The sequences of the ARE-containing HSURs 1, 2, and 5 were
compared in HVS strains A (A11), B (B-SMHI), and C (C488-77) and the closely related strain HVA (A810). Depicted are the sequences and
predicted secondary structures of the HVS A11 HSURs. For HSURs 1 and 2, nucleotides perfectly conserved in all four strains are shown in bold
capital letters. For HSUR 5, the nucleotides in capital letters are conserved in the three HVS strains; however, HSUR 5 is not present in the HVA
genome. The AUUUA pentamers in the AREs are underlined; the Sm-binding sites are boxed. Mutations made to disrupt the AREs in HSUR
1 (mutant HSUR 1) and HSUR 2 (mutant HSUR 2) for assays in Fig. 2, 7, and 8 are indicated. See the work of Lee and Steitz (45) for the
sequences of HSURs 3 and 4 and that of Albrecht and Fleckenstein (2) for the sequences of HSURs 6 and 7. nt, nucleotides.
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perhaps enhancing cell proliferation or evasion of the host
immune response. Accordingly, Lee et al. (44) found that the
AREs of HSURs 1 and 2 are accessible for interactions within
snRNPs by targeted RNase H cleavage, and Myer et al. (58)
demonstrated that the ARE-containing HSURs can bind the
ARE-binding protein HuR in vitro.

Here, we have directly tested the model that the ARE-
containing HSURs 1 and 2 act to alter the stability and steady-
state levels of cellular ARE-containing mRNAs in HVS-trans-
formed marmoset T cells. We have extended the analysis of
proteins bound to HSUR 1 both to the in vivo situation and
after stimulation of T cells. Marmoset T cells transformed by
the wild type versus HVS with HSURs 1 and 2 deleted were
then compared by Northern and microarray analyses but
showed no difference in the steady-state levels of endogenous
ARE-containing mRNAs. Instead, we observe that the ARE in
HSUR 1 leads to reduced steady-state levels of HSUR 1 in
latently infected, HVS-transformed T cells, arguing that
HSURs, as snRNAs, may make novel use of the ARE-depen-
dent degradation pathway to posttranscriptionally regulate
their own expression.

MATERIALS AND METHODS

HVS-transformed T-cell lines. The HVS-transformed T-cell tumor cell line
1670 was cultured in RPMI 1640 medium supplemented with 10% fetal bovine
serum. T cells of the common marmoset (C. jacchus) were isolated and trans-
formed by wild-type HVS A11 and HSUR 1/2 deletion mutant HVS A11 (�2a in
reference 57) as previously described (22) and were the generous gift of R. C.
Desrosiers and D. P. Silva. They were grown in RPMI 1640 medium supple-
mented with 20% fetal bovine serum and 2 �M �-mercaptoethanol. The HSUR
1/2 deletion mutant virus in cell set B was found to contain a second, spontane-
ous deletion encompassing open reading frames 50 to 65.

Plasmids. Plasmids used in transient transfections to test HSUR stability
contain wild-type or ARE mutant HSUR 1 or HSUR 2 between the U1 pro-
moter and U1 3�-end box in the pUC-U1 plasmid between the BglII and SalI
sites. The pUC-U1 HSUR 1, HSUR 1 Mut, and HSUR 2 plasmids are described
in the work of Fan et al. (26). The pUC-U1 Mut HSUR 2 plasmid was created
by introducing mutations in the 5� ARE of HSUR 2 (Fig. 1) into the pUC-U1
HSUR 2 plasmid by oligonucleotide-directed PCR mutagenesis. Sense and an-
tisense HSUR transcripts were prepared using plasmids containing HSURs 1 to
5 (58) or ARE mutant HSUR 1 cloned between the EcoRI and HindIII sites of
pSP64 (Promega) or ARE mutant HSUR 2 cloned between BglII and SalI in
pSP73 (Promega). HSUR transcripts were created for in vitro cross-linking by
linearization with HindIII and transcription with T7 RNA polymerase. Antisense
transcripts for Northern blotting were created by linearization with EcoRI and
transcription with SP6 RNA polymerase. Antisense transcripts for HSURs 1 and
2 lacking the 5�-end sequences were created by linearization with DdeI (remov-
ing the first 26 nucleotides of HSUR 1) and MnlI (removing the first 55 nucle-
otides of HSUR 2) instead of EcoRI. Antisense U11 transcripts were prepared
from pSPU11 (78). Plasmids obtained from the American Type Culture Collec-
tion containing c-myc (ATCC 292217), TNF-� (ATCC 251049), and �-actin
(ATCC 3708136) and a PCR fragment containing exon 3 of human IL-10 am-
plified from genomic DNA were used to create DNA probes for Northern
blotting by random priming. Northern blotting for Pim-1 was performed using a
kinase-treated 70-mer oligonucleotide complementary to nucleotides 2518 to
2577 of the 3� UTR of the human sequence.

hnRNP D antibody. Polyclonal rabbit anti-hnRNP D antibodies were raised
against a C-terminal peptide of hnRNP D as described in the work of Dempsey
et al. (20) except that they were not passed over poly(G)-agarose.

Western analyses. Western blotting was performed using the following con-
centrations of primary and secondary antibody: a 1:2,000 concentration of anti-
hnRNP D, a 1:20,000 concentration of anti-HuR monoclonal antibody 3A2 (31),
a 1:10,000 concentration of anti-TTP (11), and a 1:5,000 concentration of donkey
anti-rabbit antibody or a 1:5,000 concentration of goat anti-mouse secondary
antibody (Pierce).

In vitro cross-linking and immunoprecipitation. In the investigation of
hnRNP D binding, 3 � 105 cpm of in vitro-transcribed HSUR RNAs was
incubated with 33% 1670 cell nuclear extract, prepared by the method of Dignam
et al. (23), together with 3.2 mM MgCl2, 2 mM ATP, 20 mM creatine phosphate,
and 80 �g of cRNA/ml at 30°C for 30 min. The mixture was cross-linked on ice
with a 254-nm UV Stratalinker 2400 (Stratagene) at 2 � 0.86 J and digested with
0.5 �g of RNase A/ml at 37°C for 30 min prior to electrophoresis. Assays
investigating TTP interactions were performed in the same manner with the
following exceptions. The RNAs were incubated with 90 �g of total cell extract
prepared from unstimulated HVS in vitro-transformed marmoset T cells or cells
stimulated with 25 ng of phorbol 12-myristate 13-acetate (PMA)/ml and 625 ng
of ionomycin/ml for 6 h by cell lysis in 20 mM Tris-Cl (pH 8.0)–138 mM
NaCl–10% glycerol–1% NP-40–1� protease inhibitor cocktail (Calbiochem)–1
mM phenylmethylsulfonyl fluoride–20 mM NaF–2 mM NaOVa4 on ice for 10
min, followed by centrifugation at 4°C. The cRNA in the cross-linking reaction
mixtures was reduced to 40 �g/ml, and the reaction mixtures were incubated at
30°C for 15 min. Immunoprecipitation of cross-linked proteins was performed
following RNase A digestion with use of the anti-hnRNP D antibody described
above or corresponding rabbit preimmune serum, rabbit polyclonal antibody to
HuR described in the work of Fan and Steitz (27), or affinity-purified rabbit
antibody to TTP (11).

In vivo cross-linking. For each interaction tested, 107 1670 cells were collected
by centrifugation, washed twice with cold phosphate-buffered saline, and resus-
pended in 2 ml of phosphate-buffered saline in a 10-cm-diameter plate (depth, 1
to 3 mm). Cells were irradiated (or not irradiated as a negative control) on ice
with 254-nm UV light at a distance of 4 cm for 10 to 15 min and collected by
scraping and centrifugation in Eppendorf tubes. The cell pellets were resus-
pended with vortexing in 200 �l of lysis buffer (0.5% sodium dodecyl sulfate, 50
mM Tris-Cl [pH 8], 1 mM EDTA, 1 mM dithiothreitol) and boiled at 95°C for
5 min. After dilution with 4 volumes of correction buffer (1.25% NP-40, 0.625%
sodium deoxycholate, 62.5 mM Tris-Cl [pH 8], 1.75 mM EDTA, 187.5 mM
NaCl), each sample was gently sonicated two or three times and centrifuged for
90 min with 1� protease inhibitor cocktail (Calbiochem) and 10 mM vanadyl
ribonucleoside complex (Gibco-BRL). The supernatants were directly subjected
to immunoprecipitation with anti-hnRNP D (described above), anti-HuR (de-
scribed above), or mouse monoclonal anti-Sm (Y12) (46) antibodies for 1 to 1.5 h
at 4°C. Pellets were washed four to six times with NET-2 and digested with
proteinase K with tumbling at 37°C for 1 h. Following perchloric acid extraction
and ethyl alcohol precipitation, RNA was analyzed by Northern blotting with
probes for HSURs 1 and 4 described above.

Microarray analyses. Total RNA was isolated from wild-type and mutant
HVS-transformed T-cell lines (stimulated and unstimulated as indicated else-
where in text) with the use of Trizol (Invitrogen), and poly(A)� RNA was
selected using either the PolyATract mRNA isolation system III (Promega) or
oligo(dT) cellulose (Amersham Pharmacia) according to the manufacturers’
protocols. For each microarray, independent preparations of 5 �g of poly(A)�

RNA from each cell line were reverse transcribed with Superscript II reverse
transcriptase (Invitrogen) with 4 �g of oligo(dT25V) (where V 	 A, G, or C) and
5 �g of random hexamers (Amersham Pharmacia) in the presence of de-
oxynucleoside triphosphates and either aminoallyl dUTP or Cy5- or Cy3-dUTP.
cDNAs containing aminoallyl dUTP were subsequently labeled with either Cy5
or Cy3 monofunctional dyes. The labeled cDNAs were purified on Microcon
YM-30 filter columns (Millipore), combined, denatured, and hybridized over-
night at 42°C to human 16K 70-mer oligonucleotide arrays (OHU16K) prepared
by the Keck DNA Microarray Resource at Yale University. The arrays were
scanned, and the intensities were analyzed using Genepix 3.0. Lowess normal-
ization and biostatistical analysis of the arrays were performed using GeneSpring
5.0. In Fig. 6, genes were considered to be expressed if the feature intensity on
the microarray was �800 or �8-fold over background in at least three of the four
microarrays for each cell set. The expression criteria were also lowered to �500
or �5-fold over background to examine weakly expressed ARE-containing
mRNAs.

HSUR stability experiments. Deletion mutant HVS-transformed marmoset T
cells (107) were cotransfected with 20 �g of pUC-U1 HSUR 1 or mutant HSUR
1 plasmid and 20 �g of pUC-U1 HSUR 2 or mutant HSUR 2 by electroporation
at 1,050 �F and 260 V in the presence of 1.25% dimethyl sulfoxide. The medium
(without dimethyl sulfoxide) was replaced after 15 to 20 h, and total RNA was
harvested 72 h after transfection, resolved in an 8% polyacrylamide gel, and
analyzed by Northern analyses, with antisense RNA probes lacking the 5� end of
the HSURs where the sequences differ between wild-type and ARE mutant
RNAs as described above.
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RESULTS

HSURs bind hnRNP D and HuR in vivo as well as in vitro.
We first performed in vitro cross-linking experiments to ask if
hnRNP D, like HuR (58), associates with ARE-containing
HSURs. In vitro-transcribed, internally 32P-labeled HSUR 1 to
5 transcripts were incubated with cell extract from the HVS-
transformed tumor cell line 1670. Exposure to 254-nm UV
light then induced covalent cross-links, and after digestion with
RNase A, the proteins were resolved by electrophoresis and
visualized by autoradiography (Fig. 2A). In addition to the
prominent HuR band at 35 kDa, proteins of the sizes expected
for hnRNP D isoforms (37 to 45 kDa) (75) become cross-
linked to HSURs 1 and 2, which contain multiple AUUUA
repeats, and to a lesser extent to HSUR 5, which has a single
AUUUA motif (lanes 2, 3, and 6). By contrast, HSURs 3 and
4, which do not contain AUUUA, show little cross-linking in
the 45-kDa range (lanes 4 and 5). An HSUR 1 mutant in which
the AUUUA motifs are disrupted by guanosine residues serves
as a negative control (Fig. 1) and shows very weak cross-linking
in the 45-kDa range, demonstrating that the cross-links are
AUUUA specific (lane 1).

Proteins cross-linked to HSUR 1 were then subjected to
immunoprecipitation with rabbit polyclonal antibodies to

hnRNP D. As seen in Fig. 2B, two labeled proteins were
specifically immunoprecipitated (lane 3) whereas no precipita-
tion was observed with rabbit preimmune serum (lane 1). Anti-
HuR selectively precipitated a cross-linked protein of about 35
kDa, providing a positive control (lane 5). Because this anti-
hnRNP D antibody quantitatively immunoprecipitates all four
isoforms of hnRNP D under these conditions (data not
shown), the immunoprecipitation of two cross-linked hnRNP
D isoforms suggests that the interaction with the ARE-con-
taining HSUR 1 is specific for two hnRNP D isoforms. We
cannot rule out, however, that more isoforms bind but cannot
be resolved following cross-linking.

To extend these in vitro data to HSUR interactions in virally
transformed T cells, we developed a new cross-linking assay
that allows detection of specific RNA-protein interactions in
vivo. Intact, untreated cells of the HVS-transformed tumor
T-cell line 1670 were exposed to 254-nm UV light to induce
RNA-protein cross-links and then lysed under denaturing con-
ditions. Immunoprecipitations with antibodies to HuR,
hnRNP D, or Sm proteins were followed by proteinase K
treatment and Northern analysis to detect RNAs that were
covalently cross-linked to immunoprecipitated proteins. We
compared HSUR 1, which has the greatest number of

FIG. 2. The ARE-containing HSURs cross-link to hnRNP D isoforms in vitro. In vitro-transcribed HSURs internally labeled with [�-32P]UTP
were incubated with nuclear extract from 1670 cells, and RNA-protein cross-links were induced by irradiation of the mixture with 254-nm UV light.
Following RNase A digestion, the labeled proteins were resolved in a 12% polyacrylamide gel. (A) Proteins cross-linked to the ARE-containing
HSURs 1, 2, and 5 (lanes 2, 3, and 6, respectively) were compared to those cross-linked to HSURs 3 and 4 (lanes 4 and 5, respectively) or to a
mutant HSUR 1 (Fig. 1) in which the ARE was disrupted by guanosine residues (lane 1). (B) Following RNase A digestion, reaction mixtures
containing cross-linked wild-type HSUR 1 were subjected to immunoprecipitation with antibodies to hnRNP D (lanes 3 and 4) or anti-HuR (lanes
5 and 6) and preimmune serum (lanes 1 and 2) as positive and negative controls, respectively. Equal amounts of the pellet (P) and supernatant
(S) were loaded.
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AUUUA repeats, and HSUR 4, which contains no AUUUA
motif, since they are both abundantly expressed at similar
levels in HVS-transformed T cells. As seen in Fig. 3, both
hnRNP D and HuR cross-link to 2 to 3% of HSUR 1 but not
to HSUR 4 (compare lanes 5 and 7 with total RNA in lane 1),
while the Sm core proteins cross-link to both HSUR 1 and
HSUR 4 (likewise at 2 to 3%, lane 3). Importantly, no HSUR
1 or HSUR 4 coprecipitated with antibodies to HuR, hnRNP
D, or Sm proteins in the absence of cross-linking (lanes 2, 4,
and 6). We were unable to detect in vivo cross-links of HSURs
2 and 5 to HuR or hnRNP D (data not shown), presumably
because of their lower abundance. We conclude that endoge-
nous HSUR 1 directly binds HuR and several hnRNP D iso-
forms in HVS-transformed T cells.

T cells transformed by an HVS deletion mutant virus pro-
vide a system to examine the effects of HSURs 1 and 2. Since
HSURs are expressed at significantly higher levels than are
individual ARE-containing mRNAs in HVS-transformed T
cells, it has been proposed that they act to sequester host
ARE-binding proteins and thereby disrupt normal regulation
of the stability of host ARE-containing mRNAs (26, 58). Al-
though previous studies using transient transfection of mouse
L929 cells showed no change in the stability of a �-globin
reporter mRNA that contained the ARE from GM-CSF in its
3� UTR when HSUR 1 was coexpressed (26), it remained
possible that the function of the HSURs depends on pathways
or mRNAs specific to T cells or requires other HSURs or viral
proteins expressed during latency.

To test this hypothesis, we used T cells transformed in vitro
with either wild-type HVS strain A11 (wild-type cell line) or a
mutant A11 virus (mutant cell line) containing a 1,379-nucle-
otide deletion covering the HSUR 1 and 2 loci (Fig. 4A) (57).
HVS lacking HSURs 1 and 2 was chosen for deletion studies
because HSURs 1 and 2 are the most conserved and have the
greatest number of AUUUA repeats and because HSUR 1 is
the most abundant ARE-containing HSUR. Two sets of wild-
type and mutant cell lines were the kind gift of R. C. Desrosiers
and D. P. Silva. One set (cell set A) was described earlier and

FIG. 3. HSUR 1 interacts with hnRNP D and HuR in vivo. Intact
HVS-transformed 1670 cells were irradiated with 254-nm UV light to
induce cross-links between RNA and protein interacting in vivo (lanes
3, 5, and 7). Cells treated identically, but not cross-linked, served as
negative controls (lanes 2, 4, and 6). Cell extracts were prepared under
strongly denaturing conditions and subjected to immunoprecipitation
with antibody to hnRNP D (lanes 4 and 5), HuR (lanes 6 and 7), or Sm
proteins (lanes 2 and 3). Following digestion with proteinase K, im-
munoprecipitated RNA was isolated from the pellets and resolved
along with 5% of total RNA (lane 1) in a 8% polyacrylamide gel.
Northern blotting detected the ARE-containing HSUR 1 or HSUR 4
as a control for ARE-binding specificity. Small amounts of nonspecific
RNAs of 150, 160, and 200 nucleotides (nt) were observed in all
immunoprecipitation reactions.

FIG. 4. Wild-type and HSUR 1/2 deletion mutant HVS-transformed marmoset T cells. (A) Schematic of the left ends of the genomes of
wild-type HVS A11 (top) and mutant HVS A11 (bottom), which lacks a 1,379-nucleotide (nt) region precisely deleting HSURs 1 and 2, used to
transform marmoset T cells in vitro. HSURs 5, 3, 4, 6, and 7 remain. STP-A, saimiri transformation-associated protein; DHFR, dihydrofolate
reductase. (B) Northern blots of total RNA isolated from wild-type (Wt) and mutant (Mt) cells of both cell set A (lanes 3 and 4) and cell set B
(lanes 1 and 2) for HSUR 1, HSUR 2, HSUR 5, and cellular U11. Three different forms of HSUR 5 ranging between 111 and 114 nucleotides
have been described elsewhere (77).
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represents T cells from different monkeys (57). A second set
(cell set B) was transformed in parallel with T cells from the
same marmoset to avoid artifacts due to differences in mon-
keys, transformation conditions, or cell passage. Cell set B,
however, contains a second, undesired deletion which removes
viral genes required for reactivation to the lytic cycle (see
Materials and Methods), a deletion previously observed in
cells transformed by HVS both in vivo and in vitro (21, 80). All
analyses were performed with both sets of cell lines.

As demonstrated in the Northern blots in Fig. 4B, HSURs 1
and 2 are not expressed in T cells transformed by the HVS
deletion mutants (lanes 2 and 4). Northern and Western anal-
yses on both cell sets further confirmed that the expression of
the genes immediately upstream and downstream of the dele-
tion, HSUR 5 (Fig. 4B) and STP (H. L. Cook et al., unpub-
lished data), respectively, is not inhibited by the deletion. De-
letion of HSURs 1 and 2, in fact, slightly (two- to threefold)
upregulates HSURs 3, 4, 5, 6, and 7 (Cook et al., unpublished).

HSURs 1 and 2 have no effect on the steady-state levels of
more than 180 class I or class II ARE-containing mRNAs in
host T cells. Since HSUR 1 contains a class II ARE and HSUR
2 contains a class I ARE, we began by comparing the levels of
endogenous ARE-containing mRNAs of each class in the wild-
type and mutant HVS-transformed T-cell lines by Northern
analyses. The class I ARE-containing c-myc and IL-10 mRNAs
and the class II TNF-� and Pim-1 mRNAs were chosen for
analysis. These mRNAs contain varying numbers of the
AUUUA motif in their 3� UTRs, are expressed by CD8� T
cells, and are logical targets for regulation by HVS, having
established roles in the proliferation of CD8� T cells or anti-
viral defense in the host (18, 37, 39, 48, 54, 65, 85). Northern
blotting performed on polyadenylated RNAs isolated from the
wild-type and mutant cell lines (Fig. 5) revealed that the
steady-state levels of mRNAs for c-myc and IL-10, as well as
those for TNF-� and Pim-1, are unaffected by the absence of
HSURs 1 and 2.

To extend our analysis to a greater number of ARE-con-
taining mRNAs, we examined the levels of endogenous
mRNAs in the presence and absence of HSURs 1 and 2 using
microarray analyses. DNA microarrays comprised of 70-mer
DNA oligonucleotides complementary to 16,659 human genes
were hybridized with cDNA prepared from polyadenylated
RNA isolated from wild-type and mutant HVS-transformed
marmoset T-cell lines. Four microarrays were analyzed for
each of the two sets of wild-type and mutant cell lines (four
replicates for each of cell sets A and B). We required changes
to be present in both sets of wild-type and mutant cells to
ensure that observed differences were due only to the expres-
sion of HSURs 1 and 2. Wild-type and mutant cells were grown
under the same conditions and were at the same density prior
to RNA isolation. Independent poly(A) RNA preparations
were used for each array. The number of cell passages was kept
to a minimum but did not affect observed results. For each cell
set, two arrays utilized wild-type cDNAs labeled with Cy5 and
the mutant labeled with Cy3, while the fluorophores were
reversed for the remaining two arrays.

Careful analysis of the microarray data revealed no signifi-
cant differences in the steady-state levels of ARE-containing
mRNAs. Of the 1,470 mRNAs identified by Bakheet et al. (4)
in the ARE database (�7% of all human genes), 1,419 (96.5%)

are present on the microarrays used (�8.5% of genes on the
microarray). Of these, 181 ARE-containing mRNAs (109 class
I AREs and 72 class II AREs) were expressed in cell set A and
222 ARE-containing mRNAs (126 class I AREs and 96 class II
AREs) were expressed in cell set B on at least three of the four
arrays for each cell set (�7% of all genes expressed). Those
mRNAs previously assayed by Northern blotting are included
(Fig. 5). The intensity data for each expressed class I and class
II ARE-containing gene were averaged across the four mi-
croarrays for each cell set and are presented in the scatter plots
seen in Fig. 6. Clearly, HSURs 1 and 2 have no general effect
on the steady-state levels of mRNAs containing either class I
or class II AREs. Although a few statistically significant
changes were seen for specific ARE-containing mRNAs in
each cell set (Fig. 6, see dots above and below lines represent-
ing a twofold change), no changes of twofold or greater were
observed in both cell sets for any ARE-containing mRNA.
Because these mRNAs are of low abundance, we relaxed our
criteria (see Materials and Methods) to include weakly ex-
pressed ARE-containing mRNAs but found no significant dif-
ferences. We conclude that HSURs 1 and 2 have no effect on
the steady-state levels of more than 180 tested ARE-contain-
ing mRNAs in latently infected, transformed T cells.

HSUR 1 can bind TTP following stimulation of HVS-trans-
formed T cells. To simulate stimuli likely to be received in an
organism but not under normal tissue culture conditions, we

FIG. 5. Northern analyses of host class I and class II ARE-contain-
ing mRNAs. Polyadenylated RNAs isolated from wild-type (Wt) and
mutant (Mt) HVS-transformed T-cell lines were resolved in a 1%
formaldehyde agarose gel, and Northern blotting was performed for
the class I ARE-containing mRNAs c-myc (lanes 1 and 2) and IL-10
(lanes 3 and 4) and for the class II ARE-containing mRNAs TNF-�
(lanes 5 and 6) and Pim-1 (lanes 7 and 8). The same membranes were
probed for �-actin as a loading control. The membrane used for
TNF-� was stripped and reprobed for Pim-1.
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treated our latently infected T cells with PMA and ionomycin.
This procedure is commonly used to activate T cells (73, 79)
and has been shown to upregulate pathways that alter both the
stability of ARE-containing mRNAs and the expression and/or
binding activity of the ARE-binding proteins HuR and TTP (3,
63). Prior to stimulation, immunoblots revealed no detectable
expression of TTP (Fig. 7A, lane 1), despite the fact that our
HVS-transformed T cells appear to have an activated pheno-
type in many other respects (74). After stimulation of both
wild-type and mutant HVS-transformed T cells of both cell
sets, TTP expression was seen, with maximal induction occur-
ring with 25 ng of PMA/ml and 625 ng of ionomycin/ml for 3 to
6 h (Fig. 7A, lanes 3 and 4). By contrast, treatment with PMA

and ionomycin did not change the expression levels of HuR or
hnRNP D over a 24-h period (Fig. 7A).

To confirm that TTP binds the ARE-containing HSURs, as
it does ARE-containing mRNAs, we performed in vitro cross-
linking assays using extracts from stimulated and unstimulated
cells as described above. Figure 7B shows the reproducible
cross-linking of an ARE-binding protein of the size expected
for TTP (50 kDa) to HSUR 1 but not to the HSUR 1 ARE
mutant (compare lane 3 to lane 4) in extract from cells treated
with PMA and ionomycin. Consistent with TTP expression in
Fig. 7A, no such cross-link was seen in extract from unstimu-
lated cells (Fig. 7B, lanes 1 and 2). We then subjected the
proteins cross-linked to wild-type HSUR 1 to immunoprecipi-

FIG. 6. HSURs 1 and 2 do not regulate host ARE-containing mRNA levels. Polyadenylated RNA from wild-type and mutant cell lines of cell
set A (top plots) and cell set B (bottom plots) was independently reverse transcribed, labeled with Cy3 or Cy5, and hybridized to microarrays. Four
microarrays were performed for each cell set. The levels of more than 180 class I (left plots) and class II (right plots) ARE-containing mRNAs
in each cell line were averaged across the four microarrays, and the average signal intensity of each ARE-containing mRNA (each dot) in the
wild-type cell line (vertical axes) was plotted against that in the mutant cell lines (horizontal axes). The center diagonal line represents a ratio of
1 for expression in the wild-type cells compared with that in mutant transformed cells; the lines above and below the diagonal represent a twofold
increase or decrease, respectively, in the levels in the wild-type cells relative to those in the mutant cells.
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tation with affinity-purified, polyclonal rabbit antibodies to
TTP (a generous gift from W. Rigby) (11). As seen in Fig. 7C,
a cross-linked band of approximately 50 kDa was immunopre-
cipitated specifically from extract from stimulated cells (lane
4), but not unstimulated cells (lane 3), nor from rabbit preim-
mune serum (lanes 1 and 2). HuR was immunoprecipitated as

a positive control (lanes 5 and 6). Because of the limited
availability of anti-TTP antibodies, we were unable to confirm
an interaction between endogenous TTP and HSUR 1 under
stimulation conditions by in vivo cross-linking. We conclude
that HSUR 1 can interact with TTP induced following stimu-
lation of latently infected T cells.

FIG. 7. TTP is induced following cell stimulation and binds HSUR 1. (A) Wild-type HVS-transformed T cells were stimulated with 25 ng of
PMA/ml and 625 ng of ionomycin/ml for 0, 1, 3, 6, 12, or 24 h and analyzed by Western blotting for changes in ARE-binding protein expression.
The same membrane was probed with antibodies to TTP, HuR, and hnRNP D. (B) In vitro-transcribed HSUR 1 (lanes 1 and 3) and ARE mutant
(Fig. 1) HSUR 1 (lanes 2 and 4) internally labeled with [�-32P]UTP were incubated with total cell extract from unstimulated HVS-transformed
marmoset T cells (lanes 1 and 2) or cells stimulated with 25 ng of PMA/ml and 625 ng of ionomycin/ml for 6 h. RNA-protein cross-links were
induced by irradiation with 254-nm UV light. Following RNase A digestion, the labeled proteins were resolved in a 10% polyacrylamide gel. The
asterisk indicates a 50-kDa ARE-specific cross-link seen with stimulated cell extract. (C) Following RNase A digestion, proteins cross-linked to
in vitro-transcribed HSUR 1 in extracts from stimulated (S) and unstimulated (U) cells prepared as in panel B above were immunoprecipitated
with antibody to TTP (lanes 3, 4, 9, and 10) or anti-HuR (lanes 5, 6, 11, and 12) and preimmune serum (lanes 1, 2, 7, and 8) as controls. Pellets
(lanes 1 to 6) and 25% of corresponding supernatants (lanes 7 to 12) are shown. The immunoprecipitation of low levels of nonspecific proteins
by the preimmune serum is probably due to the amount of immunoglobulin G being significantly higher than that in the immunoprecipitations with
affinity-purified anti-TTP antibody.
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Since TTP is a known destabilizer of ARE-containing
mRNAs, we repeated the microarray analyses using polyade-
nylated RNA isolated from wild-type and mutant cells that had
been stimulated with 25 ng of PMA/ml and 625 ng of ionomy-
cin/ml for 6 h. We performed two microarray analyses, one for
each set of treated wild-type and mutant cells, with the fluoro-
phores reversed in the second cell set to control for differences
in label incorporation. We were able to confirm expression of
TTP mRNA by microarray analysis; however, no significant
differences were observed in the steady-state levels of ARE-
containing messages in the presence and absence of HSURs 1
and 2 (data not shown). We conclude that, even in the pres-
ence of TTP, the ARE-containing HSURs do not detectably
regulate the stability of host ARE-containing mRNAs.

HSUR 1 is degraded by an ARE-specific pathway in HVS-
transformed T cells. HSUR 1 transfected into mouse L929
cells was previously shown to be degraded by an ARE-specific
pathway (26). However, it was important to examine latently
infected, HVS-transformed T cells as well, since the stability of
the ARE-containing HSURs might be affected by other viral
gene products or by different activation states of the host cell.
We therefore compared the levels of wild-type HSURs 1 and
2 and HSUR mutants in which the AUUUA motifs were
disrupted by G residues (Fig. 1), similar to mutations known to
stabilize ARE-containing RNAs (26, 67). T cells transformed
by the HSUR 1/2 deletion mutant HVS were transiently trans-
fected with plasmids containing either wild-type or mutant
HSUR 1. In both cases, cotransfections with plasmids contain-
ing mutant HSUR 2 provided a stable control for transfection
efficiency against which the levels of wild-type and mutant
HSUR 1 were compared. All HSURs were under the tran-
scriptional control of the cellular U1 promoter and 3�-end box
and were previously shown to have comparable transcription
rates by run-on transcription assays (26). After normalization
to mutant HSUR 2, the observed steady-state levels of wild-
type HSUR 1 were 3.4- 
 0.7-fold lower than levels of mutant
HSUR 1 (Fig. 8, compare lanes 3 and 4). Similar experiments
examining HSUR 2 stability by cotransfection with either wild-
type or mutant HSUR 2 and mutant HSUR 1 for normaliza-
tion showed no difference in the steady-state levels of wild-type
HSUR 2 and the stable mutant HSUR 2 (1 
 0.1) (data not
shown). These results demonstrate that HSUR 1 is degraded
by an ARE-dependent pathway during latency in HVS-trans-
formed T cells, while HSUR 2 is stable in HVS-transformed T
cells in cultured cells.

DISCUSSION

We show that the ARE-containing HSURs expressed in
HVS-transformed marmoset T cells interact in vivo with HuR
and hnRNP D, two proteins that regulate the stability of ARE-
containing mRNAs (9, 27, 49, 62, 64). Yet, Northern blot and
microarray experiments reveal that these interactions do not
alter the steady-state levels of host ARE-containing mRNAs.
Activation of HVS-transformed T cells with PMA and iono-
mycin induced expression of the ARE-binding protein TTP,
and we demonstrate by in vitro cross-linking that the ARE-
containing HSUR 1 can bind TTP. However, even in these
stimulated cells, the presence of HSURs 1 and 2 does not alter
ARE-containing mRNA stability. Instead, we observe that the

level of HSUR 1 itself is reduced by an ARE-dependent path-
way in HVS-transformed T cells. These findings indicate that
the ARE sequences in HSUR 1, and perhaps also in HSURs 2
and 5, regulate the expression of the HSURs themselves. This
is the first example of posttranscriptional regulation of the
expression of an Sm snRNA.

The ARE-containing HSURs 1 and 2 recruit host ARE-
binding proteins. We demonstrate here, using a powerful in
vivo cross-linking assay that allows detection of direct interac-
tions between a specific RNA and proteins, that HSUR 1 is
bound by hnRNP D and HuR, host proteins known to regulate
the stability of ARE-containing mRNAs (Fig. 3). Interactions
captured with this technique identify genuine RNP complexes
present in HVS latently infected transformed T cells rather
than artifactual binding produced by incubation of in vitro-
transcribed RNAs in extracts from lysed cells. We dissected
these interactions further by in vitro cross-linking to show that
HSUR 1 binds two isoforms of hnRNP D (Fig. 2), as well as
TTP induced upon T-cell stimulation with PMA and ionomy-
cin (Fig. 7). Since we do not possess isoform-specific antibod-
ies, we can only speculate that the hnRNP D isoforms are p37
and p42, reported by Loflin et al. (49) to rescue degradation of
ARE-containing mRNAs in K562 cells.

The ARE-containing HSURs could associate with these
ARE-binding proteins either during their biogenesis or as fully
assembled, Sm-containing small nuclear ribonucleoprotein
(Sm snRNP) particles. We assume that the HSURs share a
common biogenesis pathway with cellular Sm snRNAs: follow-
ing transcription by RNA polymerase II, Sm snRNAs are ex-
ported to the cytoplasm, where they assemble with Sm core
proteins and acquire hypermethylated 5� caps before being
imported back into the nucleus, where they function in RNA
processing (81). Interaction of ARE-binding proteins with
newly transcribed, immature HSURs would be consistent with
a role for the ARE sequences in regulating the levels of HSUR
RNPs formed, since assembly with Sm proteins is generally
believed to stabilize snRNAs (28, 36, 72). Indeed, actinomycin

FIG. 8. HSUR 1 is degraded in HVS-transformed T cells. HSUR
1/2 deletion mutant HVS-transformed T cells (total RNA, lane 2) were
transiently transfected by electroporation with either wild-type HSUR
1 (lane 3) or ARE mutant HSUR 1 (lane 4) together with ARE mutant
HSUR 2 to control for transfection efficiency and analyzed by North-
ern blotting. Figure 1 shows ARE mutant HSUR 1 and HSUR 2
sequences. Lane 1 shows HSUR 1 levels in wild-type transformed cells.
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D decay assays performed on HSUR 1-transfected cells indi-
cate that it is susceptible to degradation only during the first
2 h and is stable up to 20 h thereafter (25). Conversely, asso-
ciation of ARE-binding proteins with fully formed Sm snRNPs
might suggest a role for the ARE sequences in HSUR func-
tion. Identification of other proteins present in cellular com-
plexes containing the HSURs and ARE-binding proteins and
determination of the subcellular localization of these interac-
tions should provide additional insights into their function.

HSURs 1 and 2 do not regulate the steady-state levels of
host ARE-containing mRNAs. Our analysis of representative
class I and class II ARE-containing mRNAs by Northern blot-
ting did not reveal a change in their steady-state levels in cells
transformed by virus lacking the most abundant ARE-contain-
ing HSURs, HSURs 1 and 2 (Fig. 5). These observations were
extended by comprehensive microarray analyses that uncov-
ered no effect on class I or II ARE-containing mRNAs (Fig. 6).
Even after stimulation of HVS latently infected T cells with
PMA and ionomycin, a procedure known to stabilize ARE-
containing mRNAs (7, 67), induce TTP (Fig. 7A), and later
limit the duration of T-cell activation by destabilizing ARE-
containing messages (63), no effects on host ARE-containing
mRNAs attributable to HSURs 1 and 2 were observed. Immu-
nofluorescence studies likewise revealed no significant nuclear
relocalization of hnRNP D (HuR is already predominantly
nuclear) in HVS-transformed cells or of TTP induced follow-
ing cell stimulation in the presence versus the absence of
HSURs 1 and 2 (data not shown).

Microarray analyses enabled the simultaneous comparison
of the steady-state levels of more than 180 ARE-containing
mRNAs, representing �7% of expressed genes, and revealed
no differences dependent on HSURs 1 and 2 (Fig. 6). We
cannot rule out an HSUR effect on the stability of one or more
host ARE-containing mRNAs that were not detected, due
either to low abundance or to differences in the marmoset and
human sequences. Since the ARE database compiled by Ba-
kheet et al. (4) estimates that approximately 7% of all genes
contain 3�-UTR AREs, it is reasonable to conclude that we
detected the vast majority of this mRNA class. Additionally, all
C. jacchus mRNA sequences available in GenBank show 85 to
95% nucleotide identity to their human orthologs, arguing that
most marmoset cDNAs should hybridize to the human array.

We find it unlikely that the continued expression of HSUR
5 in transformed cells accounts for our negative findings, even
though HSUR 5 expression is somewhat upregulated (approx-
imately threefold [Fig. 4]) with the HSUR 1/2 deletion for
several reasons. HSUR 5 has only one AUUUA pentamer
(Fig. 1) and binds ARE-binding proteins much less avidly than
HSURs 1 and 2 do (approximately 5- to 10-fold less [Fig. 2]).
Moreover, even when upregulated in the HSUR 1/2 deletion,
HSUR 5 is threefold less abundant (10-fold less abundant in
wild-type cells) than HSUR 1 would have been (44). Finally,
HSUR 5 is not encoded by HVA, a close relative of HVS,
which encodes homologs of only HSURs 1 and 2. Together
these data support our conclusion that the interaction of the
HSURs with ARE-binding proteins does not affect the stability
of cellular ARE-containing mRNAs.

HSUR 1 levels are posttranscriptionally regulated by the
ARE-mediated decay pathway. We show that, upon transient
expression in HVS-transformed marmoset T cells, HSUR 1

accumulates to lower levels than does HSUR 1 mutated in its
5� ARE (Fig. 8). This finding extends previous observations
with the same HSUR constructs in mouse L cells (25, 26):
nuclear run-on and actinomycin D transcription inhibition ex-
periments indicated comparable transcription and decay rates,
except during the first 2 h, when the ARE-containing HSUR 1
decayed significantly more rapidly than the mutant did.

It is interesting that the ARE-containing HSURs bind pro-
teins implicated in both the stabilization and destabilization of
ARE-containing mRNAs (Fig. 2, 3, and 7), yet only HSUR 1 is
degraded by an ARE-dependent pathway (Fig. 8). Further-
more, although we demonstrate by in vitro cross-linking that
HSUR 1 can bind the induced TTP in stimulated cell extracts
(Fig. 7), treatment of HVS-transformed T cells with PMA and
ionomycin does not detectably alter the endogenous levels of
ARE-containing HSURs (data not shown). This is in apparent
contrast to the response of ARE-containing mRNAs when
levels of ARE-binding proteins are manipulated. For instance,
overexpression of HuR stabilizes reporter mRNAs containing
either class I or class II AREs (27, 62), and increased levels of
either hnRNP D or TTP have been shown to significantly
enhance the decay of ARE-containing mRNAs (14, 49). In
fact, TTP can even mediate degradation of an ARE-containing
histone mRNA and other mRNAs designed with a terminal 3�
stem-loop in place of a poly(A) tail (40). A likely explanation
is that TTP affects only the small fraction of HSURs that are
newly transcribed and not yet assembled into stable Sm
snRNPs.

The ARE-containing HSURs are the first snRNAs identi-
fied as containing cis-acting sequences implicated in the post-
transcriptional regulation of expression. Although ARE-de-
pendent decay of only HSUR 1 has been observed in vitro (in
both L929 cells [26] and HVS-transformed T cells [Fig. 8]), the
ARE sequences in HSURs 2 and 5 might similarly regulate the
stability of these snRNAs in vivo. Unfortunately, a direct com-
parison of the decay rates of newly transcribed HSURs is not
possible, since no regulatable RNA polymerase II promoter
exists for expression of snRNAs. Future development of such
an inducible system should reveal whether the Sm snRNA
HSUR 1 is regulated posttranscriptionally by the same extra-
cellular stimuli that alter the stability of ARE-containing
mRNAs.
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