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We report a role for CA repeats in the 3’-untranslated region
(3'-UTR) in regulating CD154 expression. Human CD154 is
encoded by an unstable mRNA; this instability is conferred in cis
by a portion of its 3'-UTR that includes a polypyrimidine-rich
region and CA dinucleotide repeat. We demonstrate similar
instability activity with the murine CD154 3'-UTR. This insta-
bility element mapped solely to a conserved 100-base CU-rich
region alone, which we call a CU-rich response element. Sur-
prisingly, the CA dinucleotide-rich region also regulated
reporter expression but at the level of translation. This activity
was associated with poly(A) tail shortening and regulated by
heterogeneous nuclear ribonucleoprotein L levels. We conclude
that the CD154 3'-UTR contains dual cis-acting elements, one of
which defines a novel function for exonic CA dinucleotide
repeats. These findings suggest a mechanism for the association
of 3'-UTR CA-rich response element polymorphisms with
CD154 overexpression and the subsequent risk of autoimmune
disease.

Post-transcriptional regulation plays a critical role in
immune homeostasis at the level of the intact animal. Muta-
tions that perturb post-transcriptional control of tumor
necrosis factor (TNF)* gene expression through the 3'-UTR
AU-rich element (ARE) exhibited severe joint and bowel
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inflammation due to TNF overexpression (1, 2). These stud-
ies and others established that the 3'-UTR ARE regulates
TNF expression at the level of nuclear export, mRNA stabil-
ity and translation (1, 3-5).

CD154 (CD40 ligand) is a member of the TNF gene family; it
is transiently expressed by activated T lymphocytes to play a
central, nonredundant role in humoral and cellular immunity
(6-9). Humans with mutations of the CD154 gene experience a
severe immunodeficiency characterized by high levels of IgM
and the absence of IgG (6, 8). These studies and others under-
score the central role of CD154 interacting with CD40 on B cells
in mediating Ig class switching. Like TNF and interleukin-2,
CD154 mRNA initially exhibits rapid (¢, 20-30 min) decay in
activated human T cells (10 -12). After prolonged (>24 h) acti-
vation, CD154, but not cytokine, mRNA exhibits increased sta-
bility (11). A distinct pattern of post-transcriptional regulation
is also supported by the ability of LFA-3-CD2 interactions to
selectively increase CD154 mRNA stability (13). These studies
suggested that the post-transcriptional regulation of CD154
involves cis-trans pathways other than ARE-dependent gene
expression.

This hypothesis was supported by chimeric reporter gene
studies that mapped a cis-acting instability element to a ~330-
nucleotide (nt) region in the human CD154 3’-UTR that lacked
an ARE (14). This region contained a polypyrimidine (CU)-rich
region juxtaposed to an extended CA dinucleotide repeat.
Changes in CD154 mRNA turnover correlated with the cyto-
plasmic levels of p55 and p25 proteins that directly contacted
cytidines or uridines in this region (10). The p55 protein was
purified and sequenced and found to be polypyrimidine tract-
binding protein (PTB), also known as hnRNP I (14). Overex-
pression of PTB increased the cytoplasmic stability of reporter
mRNA containing the CD154 3'-UTR instability element (14).
The p25 protein derived from a splice isoform of PTB missing
exons 3—10 that resulted in an in frame deletion was referred to
as PTB-T (14). Overexpression of PTB-T decreased luciferase
mRNA stability when this 330-nt instability sequence in the
human CD154 3'-UTR was present (14). These data indicated
that the competition of specific PTB proteins for binding to
CU-rich sequences in this region modulated CD154 mRNA
decay (14). With prolonged T cell activation, cytoplasmic PTB
levels increased relative to PTB-T (10, 14), consistent with the
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increased stability of CD154 mRNA seen at later time points
(11).

Studies of the increased CD154 mRNA stability seen in
activated (24 h) human T cells as well as the D1.1 mutant of
the Jurkat cell line demonstrated that PTB proteins from
D1.1 cell cytoplasm interacted at three separate sites within
this region (11, 15). Deletions that eliminated PTB binding to
the CD154 3'-UTR decreased the stability of CD154 mRNA
seen in D1.1 cells. Subsequent work suggested that the inter-
action of PTB and nucleolin with this region of the CD154
3'-UTR correlated with the increased mRNA stability (16).
Thus, the stabilization of CD154 mRNA that occurs with
prolonged T cell activation involves the differential effects of
PTB splice isoforms as well as the interaction of PTB with
other trans-acting factors.

Despite these insights, it was still unclear if the dispersed
3'-UTR CU-rich elements in the human CD154 3'-UTR
alone conferred the increased CD154 mRNA turnover seen
early in T cell activation as well as with chimeric reporter
genes (10-12, 14). This is particularly important due to the
presence of other 3'-UTR elements (polycytidines, CA
repeats) in this region that are associated with post-tran-
scriptional gene regulation (17-21). The conserved murine
CD154 3'-UTR has advantages for this analysis, given the
condensed (180 nt) nature of the CU- and CA-rich regions
(Fig. 1). Using transient transfection of chimeric reporter
constructs, we demonstrated that the conserved 100-base
CU-rich region in the murine CD154 3'-UTR functions as a
cis-acting cytoplasmic instability element.

This analysis of the CU-rich instability element (CURE) was
confounded by the discovery of a second cis-acting element in
the CA-rich region that regulates translation. Immediately 3’ to
the CURE is a series of 7, 10, and 17 CA dinucleotide repeats.
CA dinucleotide repeats are the most common simple repeat in
the mammalian genome (22), but their functional role in gene
expression has only recently been explored. The polymorphic
nature of intronic CA repeats have been shown to regulate
splicing efficiency and gene expression (18-21). In contrast,
there is little understanding of the role of the exonic CA repeats,
which are less frequent. Our studies demonstrate that 3'-UTR
CA-rich repeats regulate gene expression at the level of trans-
lation. Recent work indicates that the CA repeats in the CD154
3'-UTR are polymorphic and influence both gene expression
and autoimmune disease risk (23, 24). Our study not only
defines the role of hnRNP L in regulating the function of exonic
CA repeats but also provides a molecular mechanism of how
CA repeat polymorphisms influence CD154 expression to
increase the risk of rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE).

EXPERIMENTAL PROCEDURES

Plasmids and Antisera—The pcDNA 3.1/LUC and tetracy-
cline-responsive vector pTRE-LUC utilize the bovine growth
hormone and pB-globin polyadenylation signal sequences,
respectively, and have been previously described (14). The
murine CD154 3'-UTR corresponding to nt 23— 650 relative to
the translational stop site was amplified from total cellular RNA
from B6 splenocytes activated with PMA (10 ng/ml; Sigma) plus
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ionomycin (0.5 um) and cloned into TOPO 2.1 (Invitrogen).
Sequencing confirmed identity with murine CD154 (Gen-
Bank™ accession number 560692). Deletion of the CURE (nt
127-228) or the CARE (nt 229 —-306) from the CD154 3'-UTR
corresponds to the CURE— and CARE —, respectively, whereas
the CURE and CARE (nt 127-306) deletion is referred to as
CUCARE—. All were generated by QuikChange (Stratagene)
deletion from TOPO 2.1, as were the polycytidine and ARE
mutations in the context of the CU/CARE—, and confirmed by
sequencing. These sequences were released by EcoRI and
cloned into the Xbal site in pcDNA 3.1 firefly luciferase
(pcDNA3.1/LUC) vector (14). The CUCARE+ reporter was
amplified and cloned into TOPO 2.1 and then released and
ligated into pcDNA 3.1 luciferase, as described above. The
CURE (CURE+) and CARE (CARE+) reporters were gener-
ated by QuikChange from plasmids containing the CUCARE+
in TOPO 2.1 and cloned into pcDNA 3.1 luciferase as described
above. The pTRE-Luc vectors were generated by cloning inserts
from the TOPO 2.1 vectors into the EcoRV site downstream of
the luciferase coding region. The CARE was cloned down-
stream of the polyadenylation signal sequence in the BamHI
site of pGL3-promoter vector (Promega).

Short hairpin RNA ¢DNA (HuSH plasmids) targeting
hnRNP L were purchased from Origene; their activity was con-
firmed in HeLa cells by immunoblotting. Generation of
pcDNA3.1-hnRNP L resulted from release of hnRNP L from
pFASTBac hnRNP L (generously provided by Dr. Albert Bind-
ereif) through EcoRI and Xhol digestion and cloning into EcoRI
and Xhol sites in pcDNA 3.1. Mouse anti-green fluorescent
protein antibody and goat anti-TIA (T-cell intracellular anti-
gen) antiserum were obtained from Invitrogen and Santa Cruz
Biotechnology, respectively. Human serum containing anti-
bodies that react with Ge-1, a component of the cytoplasmic
RNA processing body, was previously described (25). Fluores-
cein isothiocyanate- or rhodamine-conjugated, species-specific
donkey anti-human, anti-mouse, and anti-goat IgG antisera
were obtained from Jackson ImmunoResearch Laboratories.

Transient Transfection Assay of Reporter Gene Activity—
Except for small interfering RNA and hnRNP L overexpres-
sion studies, 5 X 10* HeLa cells were transfected with 50 ng
of luciferase vectors, 1.5 ul of Lipofectamine (Invitrogen),
and 4 pl of PLUS (Invitrogen) in 0.5 ml of RPMI for 3.5 h at
37 °C 5% CO,, after which 0.5 ml of RPMI plus 20% fetal calf
serum was added. After 20 h, cells were lysed, and luciferase
activity was determined by luminometry. Individual experi-
ments were analyzed for 3'-UTR- specific effects by dividing
the mean luciferase activity from triplicate transfections of
pcDNA3.1/LUC- or pTRE-LUC-based expression plasmids
by that obtained from cells transfected with the correspond-
ing control vector, which was assigned a value of 100%. Iden-
tical results were obtained when we utilized cotransfection
of Renilla luciferase vectors to control for changes in trans-
fection efficiency (data not shown). In short hairpin RNA
and hnRNP L overexpression experiments, cells were tran-
siently transfected at day —2 with either 500 ng of HuSH 303
or HuSH L79 or 250 ng of empty pcDNA 3.1 control vector
or pcDNA 3.1 hnRNP L, followed by a repeat cotransfection
of these plasmids along with the corresponding luciferase
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reporters at day 0 with 40 — 60% transfection efficiency of the
effector vectors. Separate cultures received equivalent
amounts of the corresponding control vector (empty or con-
taining an irrelevant RNA sequence) on days —2 and 0. Tran-
sient transfection of human peripheral blood mononuclear
cells was performed using AMAXA nucleofection. After
being transiently transfected overnight, luciferase activity
was measured. Additional cultures were activated with
PMA/ionomycin for 4 h prior to analysis of luciferase
activity.

RNA Analysis by Quantitative RT-PCR—Cytoplasmic RNA
was extracted as previously described (26). Nuclei were pelleted
and resuspended in Solution 1 (10 mm Tris, 150 mm NaCl, 1.5
mMm MgCl,, and 0.65% Nonidet P-40) and spun through a 30%
sucrose cushion, resuspended in Solution 1, and spun through a
30% sucrose cushion again. Nuclear RNA was then extracted as
previously described (27). Poly(A) RNA was purified using Oli-
gotex beads (Qiagen). Isolation of a polysome-enriched fraction
was performed as previously described (28). Cells were washed
three times with 1X phosphate-buffered saline and resus-
pended in 3.5 ml of Buffer A (10 mm Tris-HCI, pH 7.6, 1 mm
KAc, 1.5 mm MgAc, 2 mum dithiothreitol, 1 mg/ml pepstatin A,
1 mg/ml leupeptin, 1 mm pefabloc). The inclusion of EDTA (10
mM) in the homogenization buffer was used to disrupt poly-
somes prior to purification (29). Cells were lysed by 20 strokes
with a Teflon pestle homogenizer at 1,500 rpm and centrifuged
at 12,000 X gfor 10 min to pellet the nuclei, followed by layering
of the supernatant onto a 30% sucrose gradient in buffer A that
was centrifuged at 4°C for 5 h at 36,000 rpm. RNA was
extracted from polysomes and S130, and RT-PCR analysis was
performed as described (14, 27). For studies of mRNA stability,
Tet-Off HeLa cells (Clontech) were purchased and carried
according to the manufacturer’s instructions and transiently
transfected as described above, allowed to recover overnight,
and then treated with doxycycline (1 wg/ml) to shut off tran-
scription for specified times. Analysis of the effects of priming
on gene expression utilized cytoplasmic RNA that was digested
with TurboDNase I (Ambion) and then reverse transcribed
with either oligo(dT), random hexamers, or a luciferase-spe-
cific primer (5'-TTTGGCGGTTGTTACTTGAC-3") and
Superscript II RT (Invitrogen). Reverse transcriptions were
analyzed for luciferase transcripts using primers for luciferase,
GAPDH, and H4 histone RNA: luciferase, 5'-GGTGGCTC-
CCGCTGAATTGG-3' (upper) and 5'-CCGTCATCGTCT-
TTCCGTGC-3' (lower); GAPDH, 5'-ACCACCTTCTTGA-
TGTCATC-3' (upper) and 5'-CAAGGCTGTGGGCAAGG-
TCA-3’ (lower); H4 histone, 5'-CAACATTCAGGGCATC-
ACCAA-3’" (upper) and 5'-CCCGAATCACATTCTCCAA-
GAA-3’ (lower).

Oligo(dT) and random hexamer (RH) priming of reverse
transcriptions were analyzed for GAPDH and histone H4 tran-
scripts to control for input RNA. Real time PCR was performed
using a Bio-Rad iCycler and IQ SYBR Green Supermix (Bio-Rad
product number 170-8882). The luciferase/GAPDH or H4
transcript ratio was calculated for each sample, where C, =
threshold cycle and AC, = luciferase C, — GAPDH (oligo(dT)-
primed RT) or H4 (RH-primed RT) C,. AAC, = AC,; — AC,,,
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where AC,, is CD154 and AC,, is control with the -fold differ-
ence = 27 44¢,

In these experiments, the percentage inhibition of CD154
3'UTR-dependent luciferase expression seen with each vector
and priming method was calculated and then divided by the
inhibition seen with the empty control vector, which was
assigned a value of 100%. In some instances (Fig. 4), data are
presented where the AC, obtained with oligo(dT) for a given
transfection is subtracted from that obtained with random hex-
amer (AC ;1 — AC,47) or luciferase-specific priming. Student’s
t test was performed, and p values were determined using Excel.

Immunoprecipitation Analysis—HeLa cells were transiently
transfected as specified and cultured overnight, or human
peripheral blood mononuclear cells were activated for 24 h with
PMA (10 ng/ml) and ionomycin (1 um). Cytoplasmic and
nuclear extractions were performed as previously described
(10, 14) with the addition of Protector RNase inhibitor (Roche
Applied Science). Immunoprecipitations from extracts were
performed in immunoprecipitation buffer (10 mm Tris, pH 7.6,
1.5 mm MgCl,, 0.05% Triton X-100, 150 mm NaCl, 2 um pefa-
bloc, 2 ng/ml each leupeptin and pepstatin A, 4 units/ml RNase
inhibitor from Roche Applied Science) in parallel with 4D11
(anti-RNP L) and BB7 (anti-PTB) antibodies as well as a mouse
IgG isotype control bound to protein A-Sepharose beads
(Amersham Biosciences). Beads were washed six times with 10
volumes of immunoprecipitation buffer, and 5% of packed
beads were boiled in SDS-PAGE loading buffer and resolved by
12% SDS-PAGE and immunoblotted. To study the RNA teth-
ering of PTB and hnRNP L, RNase A digestion was performed
prior to immunoprecipitation, as previously described (30).
Similar results were obtained with the incubation of beads with
RNase A (1 unit/ml, 37 °C, 30 min; Roche Applied Science) at
37 °C treatment following immunoprecipitation. The remain-
ing beads were digested with proteinase K (Roche Applied Sci-
ence) and extracted with phenol/chloroform. Following DNase
I digestion, the presence of human CD154 or luciferase mRNA
in each precipitation was measured by oligo(dT)-based reverse
transcription and quantitative PCR using primer specific for
luciferase (described above) or human CD154, GAPDH
(described above), interleukin-2, or <y-interferon primers as
listed below: CD154, 5'-TTGCGGGCAACAATCCATTC-
ACTT (upper) and 5'-GTGGGCTTAACCGCTGTGCTG-
TATT (lower); interleukin-2, 5'-AACCTCAACTCCTGC-
CACA (upper) and 5'-CCTGGTCACTTTGGGATTCT
(lower); vy-interferon, 5'-GGCAAGGCTATGTGATTAC
(upper) and 5'-TTTCCATTTGGGTACAGTCA (lower).

Analysis of Poly(A) Tail Length—Poly(A) tail length was
measured by a ligase-mediated polyadenylation tail assay (LM-
PAT) assay (31), in which the 3'-end of the poly(A) tail was
hybridized to a primer containing oligo(dT),, and a GC
“anchor” sequence, 5'-GCGAGCTCCGCGGCCGCT -3’
(Operon). Target mRNA (100 ng) was incubated with phospho-
rylated oligo(dT),, (Roche Applied Science) at 42 °C in the
presence of 10 units of T4 DNA ligase (Invitrogen) saturating
the poly(A) tail, thereby creating an oligo(dT) copy of the
poly(A) tail. At 42 °C, the 3'-end of the poly(A) tail remained
largely unpaired due to unfavorable hybridization conditions.
The oligo(dT)-GC anchor sequence was added at a 10-fold
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FIGURE 1. Diagram of murine CD154 mRNA 3’-UTR. g, locations of CUREs,
CAREs, polycytidines (pC), and ARE sequences are shown, numbered in refer-
ence to translational stop site. CURE and CARE nucleotide sequences are
shown immediately below. b, design of pcDNA 3.1- or pTRE-based luciferase
reporter plasmids and abbreviations.
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molar excess, and the temperature was reduced to 12 °C, ena-
bling selective hybridization to the unpaired 3'-ends. Reverse
transcription was performed (Superscript II reverse transcriptase;
Invitrogen), followed by PCR using a primer corresponding to the
GC-rich sequence in the oligo(dT) anchor along with a primer
specific for the mRNA to be analyzed. Primers used for LM-PAT
assay were as follows: luciferase, GCCATCTGTTGTTTGCC;
mCD154, CTGTCTACAGCACTGTCGGG; mTNF, CACCTG-
GCCTCTCTACCTTG. Primers are designed so that the PCR
product encodes a restriction enzyme site: Mnll, Asel, and Hphl,
respectively. Products are resolved by agarose gel electrophoresis,
and the identity of the visualized band was confirmed by restric-
tion enzyme digestion.

Immunohistochemistry—Hep-2 cells were transfected
with a eukaryotic expression plasmid encoding green fluo-
rescent protein-hnRNP L using the Effectene transfection
system (Qiagen). To induce stress granule formation, Hep-2
cells were exposed to sodium arsenite (0.5 mm) for 1 h at

37°C. For immunofluorescent

a. : P : P staining, Hep-2 cells were fixed

Luciferase Activity b. o - Luciferase Activity with 2% paraformaldehyde in PBS

300 1 350 = and permeabilized by treatment

250 300 - with 100% methanol. Cells were

§ 2004 § 250 - stained with primary and second-
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FIGURE 2. The murine CD154 3’-UTR has two cis-acting elements that regulate reporter gene expression
cytoplasmic poly(A) " mRNA accumulation. a, murine CD154 3’-UTR limits pcDNA 3.1 reporter gene expres-
sion in transiently transfected Hela cells. Deletion of both CURE and CARE (CUCARE—) was required to elimi-
nate inhibitory effect of CD154 3'-UTR on luciferase gene expression. Data shown are an average of four
experiments, with error bars representing the S.E. (n = 4). b, the CARE and CURE function to regulate reporter
gene expression in human peripheral blood mononuclear cells under both resting and activated conditions.
Transient transfection with the specified reporter vectors was performed, and luciferase activity was measured
under basal (black bars) or activated (open bars) conditions, where phorbol 12-myristate 13-acetate (10 ng/ml)
and ionomycin (1 um) were added for the last 4 h. ¢, mutations of the polycytidine or ARE in the context of the
CUCARE— deletions had no effect on gene expression. Hela cells were transiently transfected with pcDNA
3.1-based plasmids containing the control, CD154 3'-UTR, or CUCARE —, mutation. The CUCARE-polyCmut and
the CUCARE-AREmut additionally contained deletions of the polycytidine and ARE sequences, respectively.
Error bars are not visible at this scale in this representative experiment (n = 4). d, the CURE and CARE alone are
each sufficient to limit reporter gene expression effect on luciferase expression, whereas combination of the

CURE and CARE (CUCARE+) did not enhance their activity (n = 4).
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CD154 mRNA levels and stability
were regulated by the interaction
of PTB proteins with canonical
binding sites in a region in the CU-
rich portion of the 3'-UTR (11,
14). Thus, deletion of these PTB
binding sites contained in the
CURE of the murine CD154
3'-UTR (CURE—) was predicted
to eliminate its ability to inhibit
reporter gene expression (Fig. 1).
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FIGURE 3. The CURE and CARE represent separate cis-acting elements that differentially regulate the inhibitory activity of the CD154 3’-UTR. g, the
murine CD154 3'-UTR limits pcDNA 3.1 reporter gene expression in transiently transfected HeLa cells at the level of cytoplasmic poly(A) mRNA as measured by
oligo(dT)-primed RT-PCR. Deletion of both CURE and CARE (CUCARE—) was required to eliminate inhibitory effect of CD154 3'-UTR on poly(A) mRNA (n = 6).
pvalues are shown relative to that seen with luciferase controls. b, the CURE and CARE alone are sufficient to limit cytoplasmic poly(A) mRNA accumulation (n =
6). c and d, pTRE-based plasmids were transiently transfected into HelLa Tet-Off cells with transcriptional inhibition triggered by the addition of doxycycline (1
ng/ml). Cytoplasmic RNA was extracted at the time of doxycycline addition and specified times thereafter with poly(A) RNA purified and analyzed by
oligo(dT)-primed RT-PCR. The level of input RNA measured at time 0 for each vector is assigned a value of 100%, although both the CURE— and CARE— vectors
reduced mRNA levels. Increased mRNA decay rates are only seen with reporters (c, CD154, CARE—, and CURE+) containing the CURE in their 3’-UTR. Data

shown are representative of three experiments each.

Unexpectedly, little or no decrease in inhibition was seen
with the CURE— CD154 3'-UTR (Fig. 2a). Deletion of the
CARE (CARE—) from the 3’-UTR also retained inhibitory
activity. Excision of both CURE and CARE (CUCA-)
increased luciferase activity that approached or exceeded
that seen with controls. Similar effects were seen with tran-
sient transfection of human peripheral blood mononuclear
cells under basal and short term activation conditions (Fig.
2b). These data suggest that CURE and CARE both regulated
reporter gene expression.

Mutations of other candidate cis-acting elements (the
retained AURE, poly(C) sequence) in the context of CURE and
CARE deletion (CUCA—) had no effect on reporter gene
expression (Fig. 2¢). Insertion of the CURE (CARE+) or CARE
(CARE+) alone in the 3'-UTR of reporter genes demonstrated
that each cis-acting element was equipotent in reducing lucif-
erase activity (Fig. 2d). Thus, either the CURE or the CARE is
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sufficient to transfer their effect when present in the 3'-UTR of
heterologous transcripts. However, combining the CURE and
CARE (CUCA +) did not further enhance their effects on lucif-
erase expression (Fig. 2d).

The CURE and CARE in the Murine CD154 3'-UTR Regulate
Reporter Gene Expression through Different Pathways—Using
transient transfection of plasmid reporters into HeLa cells, we
examined the effect of the murine CD154 3'-UTR on cytoplas-
mic poly(A) mRNA levels, using oligo(dT) priming and RT-
PCR (Fig. 3). Consistent with the luciferase activity data, the
presence of the murine CD154 3’-UTR markedly reduced
steady state levels of luciferase mRNA; deletion of the CURE or
CARE alone had no effect on this inhibition (Fig. 34). Mutation
of both the CARE and CURE increased mRNA levels relative to
controls. The presence of either the CURE or CARE alone
reduced cytoplasmic levels of poly(A) luciferase mRNA (Fig.
3b). Combination of the CURE and CARE (CUCARE+)
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TABLE 1
Cytoplasmic poly(A) mRNA decay summary

ti, was calculated from the decay curve in each experiment performed as described
in Fig. 3, utilizing transient transfections of specified vectors into HeLa cells. Data
shown represent mean * S.E. from a specified number of experiments.

Vector ty, No. of experiments

min

Control >90 9

CD154 48*9 6

CURE— >90 2

CARE— 53 =20 3

CU/CARE— >90 4

CURE+ 42 +£25 2

CARE+ >90

CU/CARE+ 70 = 8 2

resulted in similar changes to that of the CURE and CARE
alone.

Previous studies with tetracycline-repressible reporters
demonstrated that a region containing both the CURE and
CARE in the human CD154 3'-UTR increased cytoplasmic
mRNA decay (14). Using this approach, the murine CD154
3’-UTR increased the rate of decay of cytoplasmic poly(A)
mRNA (Fig. 3, cand d, and Table 1). Deletion of both the CURE
and CARE (CUCA —) increased the stability of poly(A) lucifer-
ase mRNA, consistent with its effects on luciferase activity and
mRNA accumulation. In contrast, mutation of the CARE
(CARE—) still resulted in rapid mRNA turnover, suggesting a
role of the retained CURE. In contrast, deletion of the CURE
(CURE—) increased cytoplasmic poly(A) mRNA stability (Fig.
3c and Table 1).

Examination of the activity of the isolated 3'-UTR CURE and
CARE was performed (Fig. 3d). The CURE alone (CURE+)
increased mRNA decay, establishing that it alone confers cyto-
plasmic mRNA instability. When combined with the stability of
the CURE— reporter, these data indicate that the instability
associated with the CD154 3'-UTR derives solely from the
CURE. In contrast, the CARE element alone (CARE+) had no
effect on the decay of poly(A) " mRNA, despite decreasing lucif-
erase RNA levels. Thus, the CARE reduced luciferase activity
and poly(A)" mRNA levels independent of cytoplasmic decay,
both in isolation as well as in the context of the CD154 3'-UTR
(CURE—). The combination of the CURE and the CARE
(CUCARE+) in the 3'-UTR resulted in cytoplasmic mRNA sta-
bility that was intermediate between that of the CURE and
CARE alone, suggesting their interaction (Table 1).

The 3'-UTR CARE Regulates mRNA Poly(A) Tail Length in
the Nucleus and Cytoplasm—The 3'-UTR CARE reduced cyto-
plasmic poly(A) mRNA levels without increasing mRNA decay,
prompting examination of its function as a transcriptional
silencer when placed downstream of the reporter gene. No
effect was seen (data not shown). Since measurements of
reporter mRNA by quantitative RT-PCR relied on the use of
cytoplasmic poly(A) mRNA, we tested if these results were
influenced by an effect of the 3'-UTR CARE on poly(A) tail
length. Total cytoplasmic RNA was analyzed by RT-PCR in
which the effect of priming with either oligo(dT) or random
hexamers was compared (Fig. 4a). The 3'-UTR CURE reduced
luciferase mRNA levels independent of priming, consistent
with its effects on cytoplasmic mRNA decay. In contrast,
random hexamer priming increased >3-fold the apparent
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levels of input CARE+ luciferase RNA relative to that seen
with oligo(dT) (Fig. 4b). The CUCARE+ vector showed an
intermediate result to both the CURE and CARE, suggesting
that it also reduced poly(A) tail length. Similar results (4-fold
increases) were seen in separate transfections in which lucif-
erase-specific priming of reverse transcription and random
hexamers were compared, indicating that this effect was not
unique to random hexamer priming (Fig. 4c).

Since oligo(dT)-dependent priming of RT-PCR was selec-
tively affected by the 3'-UTR CARE, we tested if poly(A) tail
length was affected using the LM-PAT assay (31). The 3'-UTR
CARE reduced the poly(A) tail to <50 adenylates, relative to the
control and 3'-UTR CURE reporter mRNA, where poly(A) tails
as long as 150 bases were seen (Fig. 5a). The effect of the
3’-UTR CARE on poly(A) tail length was evident in the
CUCARE+. This result was consistent with the difference seen
between random hexamer and oligo(dT) priming (Fig. 4a).

Furthermore, the effect of the 3'-UTR CARE was apparent in
both nuclear and cytoplasmic extracts (Fig. 5b). Since the nuclei
had been purified by spinning through a sucrose cushion twice
prior to RNA extraction, these data suggest that the effect on
poly(A) tail length by the 3'-UTR CARE is either transduced in
the nucleus or that the cytoplasmic mRNA that are being meas-
ured copurify with the nucleus.

The 3'-UTR CARE Increases Cytoplasmic mRNA Stability
in Association with Polysomal Loading of Hypoadenylated
mRNA—In order to better understand the effect of the 3'-UTR
CARE on cytoplasmic mRNA stability, we examined its effects
over a prolonged period of time (Fig. 5¢). Interestingly, the
3'-UTR CARE increased luciferase mRNA stability relative to
controls independent of priming (Fig. 5¢). Thus, the 3'-UTR
CARE slows decay as well as deadenylation of this hypoadeny-
lated mRNA in the cytoplasm. This latter result supports the
model that the 3'-UTR CARE is regulating poly(A) tail length in
the nucleus.

Subsequent analysis demonstrated that despite a short
poly(A) tail, all of the luciferase mRNA containing the 3'-UTR
CARE was found in the polysomal pellet that that had passed
through a 30% sucrose gradient (data not shown). The disrup-
tion of polysomes by EDTA (10 mm) reduced polysomal levels
of luciferase-CARE, GAPDH, and histone mRNA 4 —8-fold.
Thus, the presence of these mRNA in the pellet was dependent
on intact polysomes (data not shown). LM-PAT analysis dem-
onstrated that this efficient loading of luciferase mRNA con-
taining the 3'-UTR CARE onto polysomes occurred despite a
shortened poly(A) tail (Fig. 5b, right lanes). These data suggest
that the effects of the 3'-UTR CARE on translation occurs
despite normal polysomal loading, as reported with other
mRNA (32, 33).

hnRNP L Binds CD154 mRNA through the 3'-UTR CARE to
Regulate Poly(A) Tail Length—The in vitro binding of PTB pro-
teins to the human CD154 3'-UTR was previously shown (10,
14, 15). Similar approaches have shown that the RNA-binding
protein hnRNP L exhibits remarkable binding specificity and
affinity for CA repeats (18 —20). Immunoprecipitation of cyto-
plasmic and nuclear extracts from activated human peripheral
blood mononuclear cells was performed (Fig. 6a4). Immuno-
blotting demonstrated that PTB and hnRNP L coprecipitate.
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FIGURE 4. The presence of the 3’-UTR-CARE is associated with differential
priming of reverse transcription by oligo(dT) and random hexamers.
a, total cytoplasmic RNA extracts from transient transfections of HeLa cells with
specified pcDNA 3.1-based vectors were analyzed by quantitative PCR using
luciferase primers following reverse transcription with either oligo(dT) or ran-
dom hexamers. Poly(A) purification was omitted. The 3'-UTR CARE and the
CUCARE+, but not the CURE alone, affected the measurable amount of input
luciferase RNA as a function of priming with increased levels seen with ran-
dom hexamers. Data are shown as a percentage of input RNA in control trans-
fection. b, summary of effect of CARE on input luciferase mRNA measured by
quantitative PCR following priming shown as random hexamers relative to
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This coprecipitation was eliminated by RNase A digestion,
indicating that the PTB-hnRNP L interaction is RNA-depend-
ent (data not shown). RNA extraction of these immunoprecipi-
tates followed by RT-PCR demonstrated that both PTB and
hnRNP L bind native CD154 mRNA in vivo. No GAPDH, inter-
leukin-2, or y-interferon RNA was found in these immunopre-
cipitates, establishing the selectivity of PTB and hnRNP L with
CD154 mRNA (Fig. 6a; data not shown). The in vivo interaction
of hnRNP L with the murine CD154 3'-UTR and CARE was
examined (Fig. 6, b and c). Following transient transfection of
HeLa cells with reporter vectors that lacked (control) or con-
tained these sequences, hnRNP L immunoprecipitates were
analyzed for the presence of luciferase mRNA. Luciferase
mRNA coprecipitated with hnRNP L in a 3'-UTR CARE-de-
pendent manner. The specificity of this RNA-protein interac-
tion was shown by the inability of hnRNP L to immunoprecipi-
tate either GAPDH or luciferase mRNA that lacked a 3'-UTR
CARE.

The functional significance of the hnRNP L-3’-UTR CARE
interaction was tested. Knockdowns of hnRNP L levels by RNA
interference eliminated the inhibitory effects of the 3'-UTR
CARE on luciferase expression and poly(A) tail length (Fig. 7).
Overexpression of hnRNP L strikingly enhanced the activity of
the 3’-UTR CARE, increasing the inhibition of luciferase activ-
ity from ~50% to 90% (Fig. 7). This enhanced suppression was
accompanied by increased luciferase mRNA deadenylation, as
measured by oligo(dT) priming of RT-PCR or LM-PAT assay.
We conclude that hnRNP L binds the 3'-UTR CARE in vivo to
regulate nuclear poly(A) tail length.

hnRNP L Traffics to Stress Granules but Not Processing
Bodies—Cytoplasmic stress granules and mRNA-processing
bodies (PBs) are frequently found in close proximity (reviewed
in Ref. 34). Stress granules are thought to be sites for the seques-
tration of translationally inert or incompetent mRNA, whereas
PBs mediate mRNA degradation (34). We examined the cyto-
plasmic trafficking of hnRNP L. In unstressed cells, hnRNP L is
predominantly nuclear (Fig. 8a). PBs, identified using antibod-
ies directed against Ge-1, a central component of the PB (25),
appear as 5-10 dots in the cytoplasm of these cells (Fig. 8b).
After exposure to arsenite-induced stress, hnRNP L localizes to
cytoplasmic granules (Fig. 8) and colocalizes with T-cell intra-
cellular antigen (TTA), a marker for cytoplasmic stress granules
(Fig. 8e). Although PBs are found adjacent to hnRNP L-contain-
ing stress granules (Fig. 8, g—i), there was no evidence of hnRNP
L trafficking to mRNA PBs in either resting or stressed cells.

DISCUSSION

Post-transcriptional Regulation of CDI154 Expression by
Adjacent cis-Acting Elements—Previous studies mapped the
mRNA instability activity in the human CD154 3'-UTR to a

oligo(dT) (n = 8). ¢, cytoplasmic RNA was analyzed by quantitative PCR fol-
lowing priming of reverse transcription with oligo(dT), RHs, or a luciferase-
specific primer. Data are presented as a ratio of the effect of reverse transcrip-
tion primer or luciferase-specific primer on apparent input RNA relative to
that seen with oligo(dT). The 3’-UTR CARE increased the ratio of input lucifer-
ase mRNA with both luciferase-specific priming and random hexamers by
4-fold relative to that seen with oligo(dT). In contrast, little or no effect was
seen on luciferase mRNA from cells transfected with control and 3'-UTR-
CURE-containing plasmids.
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FIGURE 5. The presence of the 3'-UTR-CARE is associated with a short-
ened poly(A) tail but increased cytoplasmic mRNA stability. g, the pres-
ence of the 3'-UTR-CARE is associated with increased deadenylation of
reporter gene as well as native CD154 mRNA. Cytoplasmic RNA extracts from
transiently transfected Hela cells with specified pcDNA 3.1-based plasmids
were assayed for poly(A) tail length. Cytoplasmic luciferase mRNA from tran-
sient transfected Hela cells containing the 3’-UTR CARE has a markedly short-
ened (<50-nt) poly(A) tail relative to control or 3’-UTR CURE as measured by
the LM-PAT assay. The arrow indicates the predicted length of fully deadeny-
lated fragments. Note the extended poly(A) tail length (~150 A bases) from
transfections with control and CURE constructs. Presence of CURE markedly
reduced luciferase mRNA while not affecting poly(A) length; the data shown
in this gel have twice as much PCR product in this lane loaded to make this
product visible by EtBr staining. The presence of the CURE and CARE (CUCA+)
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FIGURE 6. hnRNP L interacts with CD154 mRNA in a 3’-UTR CARE-depend-
ent manner. g, PTB and hnRNP L were immunoprecipitated from cytosolic
and nuclear extracts from activated (PMA/ionomycin, 24 h) T cells. PTB (BB7
MoAb), hnRNP L (4D11), and P3 (irrelevant isotype control) were used. PTB
and hnRNP L were coimmunoprecipitated in both extracts, although hnRNP L
in PTBimmunoprecipitate is not appreciated with this exposure. Immediately
below is shown CD154 mRNA in hnRNP L and PTB immunoprecipitates from
both cytoplasm and nucleus. No GAPDH, interleukin-2, or y-interferon mRNA
was detectable in either PTB or hnRNP L immunoprecipitates. b,immunoblot
of hnRNP L immunoprecipitate from cytoplasmic extracts from Hela cells
transfected with control, CARE, or CD154 3'-UTR containing luciferase vectors
or no vector (mock). ¢, hnRNP L immunoprecipitates contain luciferase mRNA
in a 3’-UTR CARE-dependent manner, since no product is seen in extracts
transfected with control vector lacking these sequences. Further specificity is
shown by inability to detect GAPDH mRNA in immunoprecipitates.

330-nt region containing CURE and CARE (14, 15). The cis-
acting instability element in this region was never precisely
identified. Using the conserved mouse CD154 3'-UTR, we
demonstrate that the CURE (nt 127-228) alone functions as a
cytoplasmic mRNA instability element. Surprisingly, the region

yielded a short poly(A) tail as well. b, the 3'-UTR CARE results in decreased
luciferase mRNA poly(A) tail length in nuclear, cytoplasmic, and polysomal
fractions. Right-hand arrows show the predicted fragments following Mnll
restriction enzyme digestion, establishing the identity of the amplified prod-
uct. ¢, the presence of the CARE in the 3’-UTR resulted in increased mRNA
stability, whether measured by RT-PCR following oligo(dT)- or RH-dependent
priming.
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FIGURE 7. Modulation of hnRNP L levels alters the ability of the 3'-UTR
CARE to regulate poly(A) tail length. a and b, immunoblotting showing
modulation of nuclear hnRNP L levels by RNA interference (a) or overexpres-
sion (b). Experiments utilized transient transfection of Hela cells with irrele-
vant (HuSH 303) and hnRNP L-specific (HuSH L79) short hairpin RNA plasmids
(Origene) and pcDNA 3.1-hnRNP L and empty vector control on days —2 and
0 with 40 -60% efficiency. Immunoblotting for hnRNP A2 is used as a loading
control. The pcDNA 3.1 CARE+ plasmid was cotransfected on day 0. ¢, knock-
down of hnRNP L resulted in loss of 3’-UTR CARE effects on luciferase activity
relative to irrelevant small interfering RNA. RT-PCR analysis with either oli-
go(dT) or RH priming shows that hnRNP L knockdown reduces differences
seen with these priming methods, indicating restoration of normal poly(A)
tail length. d, overexpression of hnRNP L enhanced CARE-dependent inhibi-
tion of luciferase activity and the differential between oligo(dT) and random
hexamers in detecting luciferase mRNA. e, hnRNP L knockdown is associated
with increased poly(A) tail length. Note that treatment with irrelevant small
interfering RNA control had little or no effect. No effect on GAPDH mRNA
polyadenylation was seen. The arrows indicate predicted size generated by
deadenylated mRNA. f, overexpression of hnRNP Lincreases 3’-UTR CARE-de-
pendent effects on luciferase expression and shortens the poly(A) tail length
in a CARE-dependent manner. Note the lack of effect on GAPDH and control
luciferase mRNA. (n = 3 for each experiment in this figure.)

immediately 3’ to the CURE, the CARE (nt 229-306), func-
tioned as a separate cis-acting element that independently reg-
ulated reporter gene expression. In contrast to the CURE, the
3'-UTR CARE limited reporter gene mRNA poly(A) tail length
and translation. Despite this effect on poly(A) tail length, the
CARE did not reduce cytoplasmic mRNA levels relative to con-
trols. Moreover, the 3'-UTR CARE enhanced cytoplasmic
mRNA stability. Deletion of the CURE and CARE from the
3’'-UTR resulted in loss of any inhibitory activity. Thus, CD154
expression is regulated by its 3'-UTR at the levels of mRNA
stability and translation, as seen with TNF (1, 3, 4). In contrast
to the ability of the TNF 3’-UTR ARE to regulate both mRNA
stability and translation (1), these activities segregate to sepa-
rate cis-acting elements in the CD154 3'-UTR.

Elements in the 3'-UTR have been shown to regulate splic-
ing, poly(A) site selection, nuclear export, cytoplasmic mRNA
stability, and translation (1, 3-5, 17, 35-37). CD154 plays a
critical, nonredundant role in immunity (6 —10). Hence, it is not
surprising that a unique pattern of gene regulation has evolved.
We now demonstrate that the murine CD154 3'-UTR regulates
poly(A) tail length and does so through an exonic CA dinucle-
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otide repeat. The 3'-UTR CARE conferred similar poly(A)
shortening to the same degree in both nuclear and cytoplasmic
mRNA extracts. The effect on nuclear RNA was seen with
washing the nuclear pellet and spinning it through a sucrose
cushion twice prior to RNA extraction. These data suggest that
the CARE effect is present in the nucleus, although it is possible
that this cytoplasmic mRNA is retained in association with the
nucleus. Since the 3'-UTR CARE decreased the rate of cyto-
plasmic deadenylation (Fig. 5¢), these data are more consistent
with a nuclear effect. If this is eventually confirmed, then con-
sideration of a separate pathway for efficient nuclear export
must be considered, since the 3'-UTR CARE did not affect
cytoplasmic mRNA levels. This activity parallels that reported
for the poly(A)-limiting element, which reduced poly(A) tail
length in the nucleus without affecting nuclear export or poly-
somal loading (38, 39). The observation that the 3'-UTR CARE
limits translation without altering polysomal loading is similar
to that seen with other systems (33, 34). Clearly, this is an area
requiring further study.

CARE Function Is Regulated by hnRNP L—CA dinucleotide
repeats constitute the most common simple repeat in the mam-
malian genome (22). These repeats are often polymorphic and
typically intronic (18 —21). In the human endothelial nitric-ox-
ide synthase gene and murine o2 integrin genes, the length of
intronic CA repeats predicted increased splicing efficiency and
gene expression, respectively (18 -21). Work by the Bindereif
laboratory established that hnRNP L specifically bound to the
CA repeats with high affinity (20). Longer CA repeats enhanced
hnRNP L binding and correlated with increased effects on splic-
ing and gene expression (19, 20).

We confirmed this specificity of hnRNP L binding by dem-
onstrating its interaction with luciferase mRNA in a 3'-UTR
CARE-dependent manner. The existence of this interaction as
well as its functional importance was confirmed through
manipulation of hnRNP L levels in vivo. Overexpression of
hnRNP L enhanced CARE-dependent decreases in reporter
gene mRNA poly(A) tail length and expression, whereas
hnRNP L knockdowns by RNA interference had the opposite
effect. The link between decreased mRNA translation and
poly(A) tail length is strengthened by their parallel modulation
as a function of hnRNP L levels.

Additionally, our studies demonstrate that the hnRNP
L-CD154 3'-UTR interaction is maintained in the cytoplasm of
normal human T cells. Thus, this interaction might potentially
serve similar roles in the post-transcriptional gene regula-
tion of the same mRNA transcript, consistent with the
known ability of hnRNP L to shuttle between nucleus and
cytoplasm (40). For example, the 3'-UTR CARE-hnRNP L
interaction might directly promote nuclear export and cyto-
plasmic mRNA stability, thereby accounting for these find-
ings in the context of a short poly(A) tail. The trafficking of
hnRNP L to stress granules, but not PBs, is consistent with
the model that hnRNP L-CARE interactions mediate trans-
lational repression without increased mRNA turnover.

CA Dinucleotide Repeats and hnRNP L; a Multifunctional
cis-trans Pathway of Gene Regulation—The specificity of
hnRNP L binding to CA repeats has been established (20). To
date, hnRNP L binding to pre-mRNA and mRNA has been
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T-cell intracellular antigen (TIA), a marker for stress granules (red; e). mRNA-processing bodies (h) localized
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Moreover, the length of the CA
repeats (and presumably the num-
ber of hnRNP L molecules bound)
influences the nature of its function.
The intronic CA repeats reported to
influence splicing are generally lon-
ger than the exonic sequences
associated with changes in mRNA
stability, nuclear export, and trans-
lation (18-21, 41-45). In the
instance of the murine CD154
3’-UTR, the extended nature of
the CARE (7, 10, and 17 CA
repeats) is more typical of that
seen in intronic CA repeats. The
hnRNP L binding consensus se-
quence was defined as 10 nucleo-
tides, so longer CA repeats proba-
bly promote multimeric hnRNP L
binding and higher affinity inter-
actions (20, 21). In addition,
homodimeric interactions by
hnRNP L would be presumably
enhanced by the density of bind-
ing, which in turn might have
quite different consequences for
RNA structure and protein-pro-
tein interactions.

The Role of the 3'-UTR CARE in
CD154 Expression and Disease—
CD154 mRNA is rapidly degraded
in human T cells following T cell
activation (10-13). The mapping of
the instability element to the 100-nt
CURE in the murine CD154 3'-UTR

adjacent to hnRNP L in stress granules (g). Overlap of green and red staining is shown in ¢, f, and i. 4',6- . .
Diamidino-2-phenylindole staining in fand i indicate the location of cell nuclei. White arrowheads (i) indicate ~ supports the view that PTB proteins

the location of Ge-1-containing mRNA processing bodies adjacent to hnRNP L-containing stress granules.

shown to serve multiple roles in post-transcriptional gene reg-
ulation. Within introns, the effect of hnRNP L binding on splic-
ing is influenced by the location of the CA repeat (19). Depend-
ing on its position relative to the 5’ splice site, splicing
inhibition, enhancement, and cryptic splice selection can result
(20). Other studies demonstrate that hnRNP L binding to inter-
nal exon sequences variably promotes exon silencing, nuclear
mRNA stability, and export (41, 42). In contrast to our own
findings, the effect of the exonic pre-mRNA processing element
on nuclear mRNA stability and export was lost when inserted
near the polyadenylation site of the RNA transcript (42).
Together with its effects on splicing (20), these data underscore
how the site of hnRNP L binding influences function. This func-
tional complexity extends to the cytoplasm, where hnRNP L
has been reported to variably influence mRNA stability as well
as the function of the hepatitis C virus IRES (43—45). Thus, the
context of hnRNP L binding (intron versus exon, proximity to
splice or polyadenylation sites) as well as its subcellular location
(nucleus, cytoplasm) regulates its downstream effects on gene
expression.
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regulate this activity, since this
region is rich in canonical PTB
binding sites (10, 14). We also identify the role of the hnRNP
L-CARE interactions in regulating CD154 expression at the
level of mRNA poly(A) tail length and translation. Changes in
CD154 mRNA poly(A) tail length and translation would poten-
tially explain the second peak of CD154 expression by activated
T cells seen at times (24— 48 h) when mRNA levels are decreas-
ing (13, 14).

Although equipotent in isolation, deletion of either the
CURE or CARE yielded equivalent effects on luciferase expres-
sion to that seen with the CD154 3'-UTR (Figs. 2 and 3), sug-
gesting their functional interaction. This model of interacting
cis-acting elements was supported by the finding of enhanced
mRNA stability and reduced poly(A) tail length with the
CUCARE+ mRNA transcripts relative to CURE alone (Fig. 4
and Table 1). This interaction becomes important in consider-
ing the relationships between CD154 CA polymorphisms and
the development of SLE and RA. Overexpression of CD154
results in a phenotype suggestive of SLE (46 —49), whereas T
cells from patients with SLE and RA exhibit enhanced surface
expression of CD154 (50, 51). The 3'-UTR CARE is polymor-
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phic in humans, ranging from 20 to 30 CA repeats (23). Studies
of allelic variations suggest that 24 CA repeats limited CD154
expression to the greatest degree and conferred protection
against the development of RA and SLE (23, 24). Interestingly,
CD154 expression by specific CARE polymorphisms correlated
inversely with CD154 mRNA stability (24). These observations
are consistent with our findings that the CARE regulates trans-
lation. Moreover, it suggests the model that minor changes in
CA dinucleotide repeat number might alter the interactions
between the CARE and the CURE with significant effects on
CD154 mRNA translation or turnover. Thus, characterization
of the CARE pathway potentially accounts for the genetic link-
age of CD154 3'-UTR CA polymorphisms and the development
of SLE and RA.
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