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Background: We identified target transcripts of the RNA-binding protein CUGBP1 in resting and activated T cells.
Results: T cell activation induced CUGBP1 phosphorylation, causing decreased CUGBP1 binding to target transcripts.
Conclusion: CUGBP1 binding to a network of target transcripts is regulated by CUGBP1 phosphorylation following T cell

activation.

Significance: CUGBP1 target transcripts are coordinately regulated during T cell activation.

The RNA-binding protein, CUG-binding protein 1
(CUGBP1), regulates gene expression at the levels of alternative
splicing, mRNA degradation, and translation. We used RNA
immunoprecipitation followed by microarray analysis to iden-
tify the cytoplasmic mRNA targets of CUGBP1 in resting and
activated primary human T cells and found that CUGBP1 tar-
gets were highly enriched for the presence of GU-rich elements
(GREs) in their 3’-untranslated regions. The number of
CUGBP1 target transcripts decreased dramatically following T
cell activation as a result of activation-dependent phosphoryla-
tion of CUGBP1 and decreased ability of CUGBP1 to bind to
GRE-containing RNA. A large percentage of CUGBP1 target
transcripts exhibited rapid and transient up-regulation, and a
smaller percentage exhibited transient down-regulation follow-
ing T cell activation. Many of the transiently up-regulated
CUGBP1 target transcripts encode important regulatory pro-
teins necessary for transition from a quiescent state to a state of
cellular activation and proliferation. Overall, our results show
that CUGBP1 binding to certain GRE-containing target tran-
scripts decreased following T cell activation through activation-
dependent phosphorylation of CUGBP1.

The activation and clonal expansion of human T cells during
an immune response requires rapid and precise changes in gene
expression that are regulated at multiple levels through tran-
scriptional and posttranscriptional mechanisms (1). The
molecular events leading to T cell activation must be tightly
controlled to prevent the development of disease states, such as
autoimmunity or malignancy (2—4), and it is becoming increas-
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ingly clear that posttranscriptional gene regulation at the level
of mRNA degradation is critical for normal cellular activation,
proliferation, and immune effector function (5, 6). Indeed, over
half of the gene expression changes in early T cell activation are
a result of changes in mRNA half-life (7). The significance of
mRNA decay regulation is highlighted by the fact that T cell
malignancies display abnormal stabilization of numerous tran-
scripts that encode proteins that promote cellular growth and
proliferation (8).

RNA-binding proteins or microRNAs bind to specific recog-
nition motifs in mRNA and coordinately regulate the posttran-
scriptional fate of networks of genes involved in cellular
responses (9). The best characterized example of a posttran-
scriptional regulatory network that coordinately regulates gene
expression during immune responses is AU-rich element
(ARE)®-mediated mRNA decay. AREs are conserved sequence
elements found in the 3’-untranslated region (UTR) of tran-
scripts encoding numerous cytokine transcripts and other
inflammatory mediators, and AREs function to coordinately
regulate mRNA decay during immune responses by interacting
with cytoplasmic ARE-binding proteins (10, 11). Another
recently described posttranscriptional regulatory network in-
volves the RNA-binding protein CUG-binding protein 1
(CUGBP1), also referred to as CUGBP- and ELAV-like family
member 1 (CELF1), which binds to a GU-rich element (GRE)
residing in the 3’'-UTR of target transcripts and mediates coor-
dinate degradation of GRE-containing transcripts (12). The
GRE was originally identified as a sequence that was highly
enriched in the 3'-UTR of transcripts that decayed rapidly in
primary human T cells and was shown to function as a regulator
of mRNA decay (12). Based on a bioinformatic analysis of
mRNA targets of CUGBP1 in HeLa cells, the GRE was defined
to be the consensus sequence UGU(G/U)UGU(G/U)UGU (13).
Binding by CUGBP1 to certain GRE-containing transcripts has
been shown to promote their rapid degradation, but how this
process is regulated during cellular activation is poorly
understood.

®> The abbreviations used are: ARE, AU-rich element; GRE, GU-rich element;
RNA-IP, RNA immunoprecipitation; PABP, poly(A)-binding protein; IPG,
immobilized pH gradient; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; FCE, -fold change in enrichment.
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In addition to regulating mRNA degradation in the cyto-
plasm, CUGBP1 has other functions as a regulator of alterna-
tive splicing and translation (14). In the nucleus, CUGBP1 reg-
ulates the alternative splicing of a number of transcripts (15,
16), whereas in the cytoplasm, CUGBP1 binds to the untrans-
lated regions of transcripts and regulates their translation effi-
ciency or stability (14). In addition to binding to GREs in the
3’-UTR of mRNA, CUGBP1 can bind to some transcripts that
contain a GC-rich element in their 5'-UTR and promote their
translation (17, 18). The function of CUGBP1 is regulated by
phosphorylation. In a mouse model of myotonic dystrophy;, it
has been shown that CUGBP1 is phosphorylated by protein
kinase C (PKC), resulting in altered cellular distribution and
stability of the CUGBP1 protein, correlating with altered splic-
ing patterns (19, 20). The CUGBP1 target transcript TNF-a was
stabilized upon chemical activation of the PKC pathway (21). In
addition, the RNA binding specificity of CUGBP1 has been
shown to be altered via phosphorylation by cyclin D3-Cdk4/6
(22). These results suggest that CUGBP1 is regulated by phos-
phorylation, which could provide a mechanism for activation-
induced changes in CUGBP1 function during cellular pro-
cesses, such as T cell activation.

Here, we used RNA immunoprecipitation (RNA-IP) fol-
lowed by microarray analysis (23) to investigate the cytoplasmic
target transcripts of CUGBPL1 in resting and activated primary
human T cells. We found that CUGBP1 target transcripts in
resting and activated T cells were highly enriched for the pres-
ence of the GRE in their 3'-UTRs, but the number of CUGBP1
target transcripts decreased dramatically following T cell acti-
vation. The decrease in the number of CUGBP1 targets upon T
cell activation was caused by activation-dependent phosphory-
lation of CUGBP1 and decreased ability of CUGBP1 to bind to
GRE-containing RNA. A large percentage of CUGBP1 target
transcripts exhibited rapid and transient up-regulation, and a
smaller percentage exhibited transient down-regulation fol-
lowing T cell activation. Many of the transiently up-regulated
CUGBP1 target transcripts encode important regulators neces-
sary for transition from a quiescent state to a state of cellular
activation and proliferation. Our data support a model whereby
CUGBP1 phosphorylation regulates a network of transcripts
involved in T cell activation. Overall, our results verify that
CUGBP1 binds to GRE-containing target transcripts in pri-
mary human T cells and that its ability to bind to mRNA is
altered following T cell activation.

EXPERIMENTAL PROCEDURES

Purification of Human T Cells—Primary human T cells were
purified from peripheral blood mononuclear cells by negative
selection using the CD3™" Rosette-Sep antibody mixture from
Stem Cell Technologies as described previously (10). CD3™"
lymphocytes were then isolated through a Ficoll-Hypaque
cushion (GE Healthcare).

T Cell Stimulation—Purified human T cells were cultured
overnight in RPMI 1640 supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 100 units/ml penicillin G, and 100
pg/ml streptomycin. Cells were then incubated for 6 hin 15-cm
dishes (5 X 107 cells/dish) with medium alone or with a com-
bination of immobilized monoclonal antibodies (1 ug/ml)
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directed against the CD3 component of the TCR complex
(R&D Systems) and the CD28 co-stimulatory molecule (R&D
Systems) as described previously (12).

RNA-IP and Microarray Analysis—Cytoplasmic extracts
were prepared from resting and stimulated T cells, and RNA-IP
reactions were performed as described previously, using anti-
bodies targeting hemagglutinin (HA) (F7, Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA)), CUGBP1 (3B1, Santa Cruz
Biotechnology, Inc.) or poly(A)-binding protein (PABP)
(ImmunoQuest) (13). Three RNA-IP experiments were per-
formed using resting or activated T cells isolated from three
individual anonymous donors. For each experiment, RNA was
purified from the input and immunoprecipitated material from
equal numbers of resting and stimulated T cells using the
RNeasy kit (Qiagen) following the manufacturer’s recommen-
dations. For the input RNA, 5 ug was used to prepare labeled
cRNA for microarray hybridizations. SF9 insect cell RNA was
added to the immunoprecipitated RNA such that the total
amount of RNA was 5 ug. This RNA was then used to prepare
cRNA using the MessageAMP III RNA amplification kit
(Ambion). The cRNA from the input and RNA-IP samples from
resting and stimulated lysates were hybridized to Affymetrix
U133a Plus-2 microarrays. Microarrays were normalized using
the gene content robust multiarray average algorithm using
Genespring 11.0 software (Agilent Technologies Inc). Tran-
scripts were determined to be present if the log, normalized
signal from the input microarray was greater than the log, nor-
malized signal from the HA microarray with p < 0.05 as deter-
mined by Welch’s ¢ test (R) in either the resting or the stimu-
lated conditions.

Target Transcript Identification—Transcripts were deter-
mined to be CUGBP1 targets if the difference between the log,
normalized signal from the microarrays hybridized with the
cRNA from the anti-CUGBP1 RNA-IP and the anti-PABP
RNA-IP was greater than the same value derived from the dif-
ference between the anti-HA RNA-IP and anti-PABP RNA-IP,
with p < 0.005, as determined by Welch'’s ¢ test (R), in either
resting or stimulated conditions.

Two-dimensional Western Blotting—100 ug of cytoplasmic
lysates were diluted 1:1 with rehydration buffer from Bio-Rad
and dialyzed against two-dimensional gel buffer (7 M urea, 2 M
thiourea, 2% CHAPS, 10 mm Tris) overnight at room tempera-
ture. The samples were then loaded onto 10-cm pH 3-10 IPG
strips. Samples were focused using a Bio-Rad Protean IEF cell.
Subsequently, IPG strips were loaded onto BisTris 4 —12% pre-
cast gels and run at 175 V using MOPS-SDS buffer. Gels were
then blotted onto charged PVDF, and Western blots were per-
formed by probing with an anti-CUGBP1 antibody (3B1) from
Santa Cruz Biotechnology, Inc. For A-phosphatase treatment,
100 ug of cytoplasmic lysate was incubated with CUGBP1 anti-
body for 90 min at 4 °C and subsequently incubated with pro-
tein A/G-Sepharose beads from Pierce for 90 min at 4 °C. Beads
were washed three times with RNA-IP lysis buffer and resus-
pended in 100 ul of A-phosphatase buffer. Samples were then
treated with A-phosphatase (New England Biolabs) or were
mock-treated, and subsequently, CUGBP1 was eluted from the
beads by the addition of 1% SDS and heating at 65 °C for 15 min.
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Samples were then diluted 1:1 with rehydration buffer and were
separated by two-dimensional electrophoresis.

EMSA and UV Cross-linking Assay Using T Cell Cytoplasmic
Lysates—Biotinylated GRE RNA was ordered from Sigma-
Aldrich containing the sequence 5'-biotin-GAGUGUGUGU-
GUGUGUGUGUGUUGUUU-3'. Mutated, biotinylated RNA
was also purchased from Sigma-Aldrich and had the sequence
5'-biotin-GACACAGUGUCACAGUGUCACAUGUUU-3'.
Binding reactions were the same as described previously (10)
using 10 ug of cytoplasmic lysate and 25 fmol of biotinylated
RNA. For EMSA, electrophoresis was performed using 0.5X
TBE buffer and 5% polyacrylamide gels under non-denaturing
conditions. For the UV cross-linking assay, reactions were ex-
posed to UV light and were separated by SDS-PAGE on a 10%
polyacrylamide gel. In the indicated reactions, CUGBP1 was
immunoprecipitated by the addition of an anti-CUGBP1 anti-
body for 90 min at 4 °C, followed by the addition of protein A/G
beads for 90 min at 4 °C. Beads were washed three times, and
the material on the beads was separated by SDS-PAGE. Follow-
ing electrophoresis, gels were blotted onto nylon membranes
and UV-cross-linked. The blots were then exposed using the
Chemiluminescent Nucleic Acid Detection Module from
Thermo Scientific, following the manufacturer’s instructions.

Reverse Transcription-Polymerase Chain Reaction—cDNA
used for reverse transcription-PCR (RT-PCR) amplification
was synthesized from total cellular RNA using the StrataScript
reverse transcriptase (Stratagene) using oligo(dT). PCR ampli-
fications were then performed as described previously (24).
Quantitative real-time PCR assays were performed using Roche
Applied Science Universal Probe Library technology, and tran-
script abundance was normalized to the level of the 3,-micro-
globulin transcript. Oligonucleotide primers used for all assays
are shown in supplemental Table 2.

UV Cross-linking Assay Using Immunopurified CUGBP1—
CUGBP1 was immunoprecipitated from 20 ug of cytoplasmic
lysate, and samples were treated with A-phosphatase or were
mock-treated as described under “T'wo-dimensional Western
Blotting.” The immunoprecipitated material was then incu-
bated for 30 min with 25 fmol of either the biotinylated GRE or
mutant GRE probe as well as a 10-fold excess of unlabeled
poly(U) RNA and 5 mg/ml heparan sulfate in 20 ul of RBB
buffer (10). Following incubation, the reactions were treated
with UV light, and material was eluted from the beads by incu-
bation in SDS loading buffer for 5 min at 95 °C. The eluted
material was separated by SDS-PAGE on a 10% acrylamide gel,
and the gel was blotted onto nylon membranes. Subsequently,
the biotinylated RNA probe was visualized with the Chemilu-
minescent Nucleic Acid Detection Module from Thermo Sci-
entific, following the manufacturer’s instructions. The blots
were then stripped and probed by Western blot with an anti-
CUGBP1 antibody. Blots were then quantified with Image]J to
determine the RNA/CUGBP1 ratio.

RESULTS

GREs Are Enriched in CUGBPI1 Target Transcripts in Pri-
mary Human T Cells—We recently showed that the GRE was
highly enriched in short lived transcripts expressed in primary
human T cells (12) and that CUGBP1 bound to the GRE and
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FIGURE 1. Validation of CUGBP1 target transcripts by RT-PCR. RNA-IP was
performed using cytoplasmic lysates from unstimulated (—) and stimulated
(+) T cells and antibodies targeting PABP (a-PABP), HA (a-HA), and CUGBP1
(a-CUGBP1). The levels of Topoisomerase | (TOP1), JunD proto-oncogene
(JunD), ubiquitin-protein ligase E3A (UB3EA), and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) transcripts were measured in the immuno-
precipitated material by RT-PCR.

mediated the decay of GRE-containing transcripts (13). The
transcriptional network targeted by CUGBP1 and the regula-
tion of CUGBP1 function in T cells remain poorly understood.
In order to better understand the role of CUGBP1 in T cell
function, we sought to identify the cytoplasmic mRNA targets
of CUGBP1 in primary human T cells using RNA-IP, followed
by analysis of targets using Affymetrix U133A Plus 2.0 microar-
rays. Immunoprecipitation experiments were performed in
triplicate using antibodies targeting CUGBP1, PABP, or HA.
For each experiment, transcript abundance in input RNA and
immunoprecipitated RNA was analyzed using Affymetrix
U133A Plus 2.0 microarrays. The results of these analyses
revealed that CUGBP1 in resting primary human T cells was
associated with 1245 unique transcripts, corresponding to 1309
Affymetrix probe sets. A subset of these target transcripts were
verified to be CUGBP1 targets using traditional RT-PCR,
because an anti-CUGBP1 antibody specifically co-immunopre-
cipitated JunD, topoisomerase I, and ubiquitin-protein ligase
E3A transcripts in cytoplasmic extracts from resting T cells
(Fig. 1, lane 5). GAPDH, which is not predicted to be a CUGBP1
target transcript, was not copurified with CUGBP1. Immuno-
precipitation with an antibody against HA did not copurify any
of these transcripts (lane 3), whereas an antibody against PABP
copurified all of these transcripts (lane 1).

Transcripts determined to be targets of CUGBP1 encoded
proteins serving various functions, including mRNA process-
ing, metabolism of RNA, protein turnover, as well as regulators
of cell death and proliferation. Transcripts encoding RNA-
binding proteins were particularly enriched in the CUGBP1
targets, suggesting that in resting T cells, CUGBP1 may be func-
tioning as a posttranscriptional “regulator of regulators”
whereby CUGBP1 influences the expression of a network of
target transcripts encoding RNA-binding proteins, which in
turn regulate individual subnetworks of transcripts. A partial
list of important CUGBP1 target transcripts is shown in Table
1, and a full list can be found in supplemental Table 1.

CUGBP1 binds preferentially to a GU-rich RNA motif,
UGU(G/U)UGU(G/U)UGU, found in the 3'-UTR of target
transcripts (13). We sought to determine whether our experi-
mentally determined CUGBP1 target transcripts in T cells were
enriched for this motif. GenBank™ files were downloaded
from the NCBI database, and custom C+ + scripts were written
to extract the 5'-UTRs, coding sequences, and 3'-UTRs from
CUGBP1 target transcripts as well as all transcripts present in
the genome (total human transcriptome) and all transcripts
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TABLE 1
CUGBP1 target transcripts (resting T cells)

CUGBP1 Targets in Human T Cells

Fold Enrichment

Resting T cell Half Life

Affymetrix Probe ID Gene Symbol Gene Name over PABP IP (min) Pattern of Expression FCE* Function
mRNA Metabolism
201586 s at SFPQ Splicir)g factor proline/glutamine-rich (polypyrimidine tract binding 192 68 Up 011 RNA splicing
- protein associated)
208672_s_at SFRS3 Splicing factor, arginine/serine-rich 3 1.34 74 Unchanged 0.32 RNA splicing
200097_s_at HNRNPK Heterogeneous nuclear ribonucleoprotein K 2.46 235 Unchanged 0.33 RNA splicing
211271 _x_at PTBP1 Polypyrimidine tract binding protein 1 -0.13 292 Up 0.36 RNA splicing
210093_s_at MAGOH Mago-nashi homolog, proliferation-associated 0.54 406 Up 0.16 RNA splicing, mRNA 3' end processing
208863_s_at SFRS1 Splicing factor, arginine/serine-rich 1 1.26 501 Up 0.28 RNA splicing
200687_s_at SF3B3 Splicing factor 3b, subunit 3, 130kDa -0.49 675 Up 0.53 RNA splicing
215245_x_at FMR1 Fragile X mental retardation 1 145 749 Down 0.28 RNA localization
211932_at HNRNPA3 I nuclear ribor in A3 1.70 786 Up 0.18 RNA splicing
201151_s_at MBNL1 muscleblind-like 1 2.35 799 Unchanged 0.46 RNA splicing
221481 x_at HNRNPD erle.rogeneol.Js nuclear ribonucleoprotein D (AU-rich element RNA 056 840 Up 056 RNA splicing
binding protein 1, 37kDa)
202157_s_at CUGBP2 CUG triplet repeat, RNA binding protein 2 2.61 1057 Unchanged 0.45 Regulation of translation, RNA binding
201993 _x_at HNRNPDL H nuclear ribor in D-like 31 2142 Unchanged 0.46 regulation of transcription
211185_s_at SF3B1 splicing factor 3b, subunit 1, 155kDa 1.26 2581 Down 0.26 RNA splicing
208766_s_at HNRNPR Heterogeneous nuclear ribonucleoprotein R 0.98 2730 Up 0.16 RNA splicing
200594 x_at HNRNPU :e:tt:of)eneous nuclear ribonucleoprotein U (scaffold attachment 110 6580 Up 029 RNA splicing
222476_at CNOT6 CCR4-NOT transcription complex, subunit 6 3.66 n/a Unchanged 0.46 RNA binding, Nuclease activity
221743 _at CUGBP1 CUG triplet repeat, RNA binding protein 1 159 n/a Unchanged 0.44 RNA splicing, Regulation of mRNA stability
216559_x_at HNRNPA1 L nuclear ribor in A1 2.30 n/a Unchanged 0.66 RNA splicing
201726_at ELAVLL ELAV {embryanic lethel, sbnommal vision; Dresophilel ke (Hu 273 n/a Up 045 Regulation of mRNA stability
antigen R)
Regulation of Growth and Survival
217168_s_at HERPUD1 Sbiquw‘tin-like d-or:air:hrl:ember 1 retlieglum Stresstinducule, 1.44 33 Unchanged 0.28 Regulation of apoptosis, Regulation of caspase activity
212501_at CEBPB CCAAT/enhancer binding protein (C/EBP), beta 0.89 38 Unchanged 0.62 Regulation of transcription, Regulation of apoptosis
212614 _at ARIDSB AT rich interactive domain 5B (MRF1-like) 3.14 45 Unchanged 0.35 Regulation of transcription, Growth
205291_at IL2RB Interleukin 2 receptor, beta 129 62 Unchanged 0.48 Regulation of apoptosis
203508_at TNFRSF1B Tumor necrosis factor receptor superfamily, member 1B 221 63 Up 0.27 Induction of apoptosis
203752_s_at JUND Jun D proto-oncogene 1.76 71 Unchanged 0.61 Regulation of transcription
202687_s_at TNFSF10 Tumor Necrosis Factor (ligand) Superfamily 10 2.83 77 Up 0.33 Apoptosis, RNA destabilization
1554479_a_at CARD8 Caspase recruitment domain family, member 8 157 294 Unchanged 0.79 Regulation of cell death
1559052_s_at PAK2 p21 protein (Cdc42/Rac)-activated kinase 2 1.41 3278 Unchanged 0.35 A is, Actin cy or
1558233_s_at ATF1 Activating transcription factor 1 211 4110 Unchanged 0.27 Regulation of transcription, Growth, Survival
225585_at RAP2A RAP2A, member of RAS oncogene family 2.44 n/a Unchanged 0.54 Intracellular signaling cascade
Protein Metabolism
213128 s_at UBE3A Ubiquitin protein ligase E3A 1.89 67 Unchanged 0.33 Protein ubiquitination
201524_x_at UBE2N Ubiquitin conjugating Enzyme E2N 219 81 Up 0.18 Protein ubiquitination, activation of immune response
211764_s_at UBE2D1 Ubiquitin-conjugating enzyme E2D1 0.67 113 Unchanged 0.19 Protein ubiquitination
204279_at PSMBY Proteasome (prosome, macropain) subunit, beta type, 9 (large -0.41 116 up 0.36 Peptidase activity, Antigen processing and presentation
multifunctional peptidase 2)
201177_s_at UBA2 Ubiquitin-like modifier activating enzyme 2 1.27 143 Unchanged 0.13 Protein SUMOylation
201649_at UBE2L6 Ubiquitin-conjugating enzyme E2L 6 0.42 151 Up 0.36 Protein ubiquitination
212513_s_at usP33 Ubiquitin specific peptidase 33 1.67 244 Down 0.19 Ubiquitin specific peptidase activity
208770_s_at EIFAEBP2 Eukaryotic translation initiation factor 4E binding protein 2 1.55 372 Unchanged 0.52 Regulation of translation
200668_s_at UBE2D3 Ubiquitin-conjugating enzyme E2D3 113 1566 Unchanged 0.20 Protein ubiquitination
217826_s_at UBE2J1 Ubiquitin-conjugating enzyme E2, J1 1.44 2053 Unchanged 0.21 Protein ubiquitination

* -Fold change in enrichment as defined under “Results.”

present in the resting human T cell transcriptome, determined
as described under “Experimental Procedures.” A bioinfor-
matic search of these sequences for the GRE, allowing one or
two mismatches, was performed, and no enrichment of the
GRE was found in the 5'-UTR or coding region of the target
transcripts compared with either the total human transcrip-
tome or the resting T cell transcriptome. In contrast, a signifi-
cant enrichment of the GRE was found in the 3’-UTR of
CUGBP1 target transcripts compared with both the total
human transcriptome and the T cell transcriptome (Fig. 24).
These differences were highly statistically significant (p < 0.001
for both zero mismatches and one mismatch, y* test). Interest-
ingly, the resting T cell transcriptome exhibited a small but
significant enrichment in GRE-containing transcripts (p <
0.001 for both zero mismatches and one mismatch, x> test)
when compared with the total human transcriptome fre-
quency, suggesting that GRE-containing transcripts may be
expressed preferentially in T cells. To control for specificity of
the CUGBP1-GRE interaction, we investigated the prevalence
of the 11-mer ARE (UAUUUAUUUAU), allowing for no mis-
matches, and found no enrichment in the CUGBP1 IP com-
pared with the resting T cell transcriptome or the total human
transcriptome. Similar to the GRE, we observed a trend toward
enrichment of the ARE in the T cell transcriptome compared
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with the total human transcriptome. It has been reported pre-
viously that CUGBP1 also binds to a CUG/CCG sequence, such
as that found in the 5'-UTR of CCAAT/enhancer-binding pro-
tein B (17). We did not observe enrichment of this motif in the
5'-UTR, coding region, or 3’-UTR of CUGBP1 target
transcripts.

As an independent approach to identify CUGBP1 target
sequences, we performed de novo motif searches on the
3'-UTRs of the experimentally determined CUGBP1 target
transcripts. First, the 3'-UTRs were submitted to a simple over-
representation analysis, where the frequency of all oligonucleo-
tide sequences of length k (k-mers) in the target 3'UTRs was
compared with the frequency of the same k-mers in the total
human transcriptome for k values from 8 to 13. Using custom
C++ scripts, k-mers were then sorted by the difference of the
two frequencies to identify the most highly enriched k-mers.
We found that several GRE-like sequences were the most highly
enriched motifs (Table 2, left). These results corroborated pre-
vious reports showing that both (UGUU),, motifs and (UG),,
motifs were enriched in the 3'-UTRs of CUGBP1 target tran-
scripts (13, 25). Additionally, the 3'-UTRs from CUGBP1 target
transcripts were submitted to a BioProspector motif search (26)
to evaluate enriched sequences. The top result from this search
was also a GRE-like sequence (Table 2, right). Overall, these
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FIGURE 2. GREs were enriched in the 3’-UTRs of CUGBP1 target transcripts expressed in primary human T cells. The 3'-UTRs from the total human
transcriptome were extracted from NCBI refseq records. A, the prevalence of the consensus GRE or ARE sequence in the 3'-UTRs of CUGBP1 target transcripts
from resting T cells (Resting CUGBPT Targets) was compared with the presence of these sequences in the total human transcriptome or the resting T cell
transcriptome. B, the prevalence of the consensus GRE or ARE sequences in the 3'-UTRs of CUGBP1 target transcripts from T cells that were stimulated for 6 h
with anti-CD3 and anti-CD28 antibodies (Stimulated CUGBP1 Targets) was compared with the presence of these sequences in the total human transcriptome
orthe stimulated T cell transcriptome. For the GRE, we allowed zero mismatches or one mismatch, and for the ARE, we allowed zero mismatches. ***, p < 0.001;

n.s., not significant; x test).

TABLE 2
Sequence analysis of CUGBP1 target transcripts

K-mer Analysis BioProspector Analysis

TGTGTGTGTGT
GTGTGTGTGTG ,
TTTGTTTTGTT nTrTm TTT
TTGTTTTGTTT &7« " 77 =%+,
TGTTTTGTTTT

results confirm that CUGBP1 has preference for binding to
GREs.

Only a Subset of CUGBP1 Target Transcripts Exhibit Short
Half-lives—CUGBP1 has been shown to promote the instability
of reporter transcripts that contain the GRE in their 3'-UTRs
(13). Furthermore, short lived transcripts in primary human T
cells were significantly enriched for transcripts containing a
GRE in their 3'-UTR (12). We sought to determine whether
CUGBP1 target transcripts in primary human T cells exhibited
short half-lives. To answer this question, we utilized the results
from a previously published global assessment of mRNA half-
lives in resting and activated primary human T lymphocytes
(27). Briefly, primary human T cells were either stimulated for
3 h with anti-CD3 and anti-CD28 antibodies or allowed to rest,
and transcription was halted by administration of actinomycin
D. Total cellular RNA was then isolated at 0, 1.5, and 3 h. Tran-
script abundance was assessed using U95 Affymetrix microar-
rays, and half-lives were calculated based on a first order decay
model. The U133A+2.0 Affymetrix probe set IDs of the
CUGBP1 targets were converted to the corresponding U95
Affymetrix probe set ID using the ID converter tool available
from Babylomics. We identified 198 short lived GRE-contain-
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ing CUGBP1 target transcripts in resting T cells with half-lives
less than 180 min. Ingenuity Pathway Analyst was used to inves-
tigate the functions of the proteins encoded by these short lived
target transcripts, and this analysis revealed an enrichment of
transcripts involved in cell death (p = 1.4 X 10~ %), protein
degradation/ubiquitination (p = 0.02), and proliferation (p =
0.002). All of these cellular functions must be turned on upon T
cell stimulation and play a crucial role in the acquisition of an
activated phenotype. CUGBP1 may be functioning to maintain
these transcripts at alow cellular abundance in resting T cells in
order to maintain the quiescent phenotype. Some of these short
lived transcripts along with their respective half-lives and bio-
logical function can be found in Table 1.

Although a subset of CUGBP1 target transcripts exhibited
rapid decay, most CUGBP1 target transcripts were relatively
stable in resting T cells. The average half-life of CUGBP1 target
transcripts in resting T cells was 1405 min, whereas the average
half-life of all transcripts expressed in resting T cells was 1588
min. This finding shows that CUGBP1 targets showed a statis-
tically significant skewing toward shorter half-lives (p = 0.001,
Welch’s ¢ test) consistent with the observation that CUGBP1
promotes transcript decay. Interestingly, when comparing
CUGBP1 target transcripts that do and do not contain a con-
sensus GRE in their 3'-UTR, it was observed that GRE-contain-
ing transcripts had shorter half-lives in resting T cells than
those that did not contain a GRE (p = 0.029, Welch’s ¢ test). No
difference was found in the average half-life of those transcripts
containing the UGUUUGUUUGU version of the GRE versus
the GU repeat version of the GRE.

Altered CUGBP1 Association with Target Transcripts upon T
Cell Activation—We next sought to compare the targets of
CUGBP1 inresting T cells with T cells that were stimulated for
6 h with anti-CD3 and anti-CD28 antibodies in order to deter-
mine if CUGBP1 played a role in the dynamic changes in gene
expression that occur following T cell activation. Using the
same RNA-IP approach followed by microarray analysis, as
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described above, we discovered that CUGBP1 associated with
only 168 unique transcripts, corresponding to 153 probe sets in
activated T cells. Comparing the CUGBP1 target transcripts in
resting T cells with activated T cells, we found that there was an
overlap of these populations of only 53 probe sets, suggesting
that most of the 1309 probe sets that associated with CUGBP1
in resting T cells were no longer associated with CUGBP1 after
T cell activation. Of the 1256 probe sets bound by CUGBP1
only in resting T cells, 1219 (97%) were present in the transcrip-
tomes of both resting and stimulated T cells, suggesting that the
lack of association with CUGBP1 in activated cells was not due
to the disappearance of these transcripts. Using traditional RT-
PCR, we verified that a subset of these transcripts showed
decreased association with CUGBP1 in immunoprecipitates
from activated T cells (Fig. 1, compare lanes 5 and 6), despite
the fact that the association of these transcripts with PABP
increased (compare lanes I and 2). To more quantitatively
examine the effect of T cell activation on the relationship
between the change in the abundance of a transcript in the cell
relative to its abundance in the CUGBP1 RNA-IP, we defined a
-fold change in enrichment (FCE) for each transcript on the
microarray as follows,

_ (CUGBP1 'lP/inPUt)stimulated
~ (CUGBP1-IP/input),csiing

(Eq.1)

where the ratio of the microarray signal from the CUGBP1
RNA-IP (CUGB1-IP) to the microarray signal from input RNA
for stimulated T cells is divided by the same ratio for resting T
cells. The average FCE for all microarray probe sets was 1.084,
suggesting that the association of most transcripts with
CUGBP1 did not change following T cell activation. In contrast,
the average FCE for the CUGBP1 target transcripts was 0.422,
suggesting that changes in the abundance of these transcripts in
the cell could not explain their lack of association with
CUGBP1. The distribution of FCE for both the T cell tran-
scripts and the CUGBP1 target transcripts is shown in Fig. 3.
Interestingly, although most CUGBP1 target transcripts
bound to CUGBP1 only in resting T cells, we identified 100
probe sets that were bound by CUGBP1 only in stimulated T
cells and not in resting T cells. Of these, 40 probe sets were
induced by T cell activation and were not present in the resting
condition. The remaining 60 probe sets were expressed in both
the resting and stimulated conditions but were only bound in
the stimulated condition. A list of a subset of CUGBP1 target
transcripts in stimulated cells can be found in Table 3. We
investigated the prevalence of the GRE, allowing for zero mis-
matches or one mismatch, in the 3'-UTRs of the CUGBP1 tar-
get transcripts in stimulated T cells as described above. As can
be seen in Fig. 2B, we found enrichment of transcripts contain-
ing a GRE in the CUGBP1 targets compared with the activated
T cell transcriptome or the total human transcriptome (p <
0.001 for both zero mismatches and one mismatch, y* test).
Among transcripts bound in both resting and activated T cells,
46 (82%) contained a GRE, whereas among transcripts bound in
only stimulated cells but expressed in both resting and stimu-
lated conditions, 38 (68%) contained a GRE. Finally, in those
transcripts bound only in stimulated cells and newly expressed
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FIGURE 3. Decreased association of CUGBP1 with target transcripts fol-
lowing T cell activation. The FCE was calculated for all T cell transcripts
(blank bars) and CUGBP1 target transcripts (dashed bars), and a histogram of
these values is depicted. On the y axis, density is defined as the normalized
number of transcripts falling in a given FCE bin, such that the total area of the
histogram is 1. The CUGBP1 target transcript population exhibits a reduced
FCE compared with all T cell transcripts, suggesting decreased association of
these transcripts with CUGBP1 following T cell activation.

in the stimulated condition, 20 (54%) contained a GRE. Ingenu-
ity pathway analysis showed that the biological pathways of
RNA metabolism, apoptosis, and cell cycle control were
enriched in the CUGBP1 targets in stimulated T cells.
CUGBPI Target Transcripts Exhibit Changes in Gene Expres-
sion upon T Cell Activation—We used previously generated
data that assessed gene expression using Affymetrix U133A
microarrays in primary human T cells stimulated with anti-
CD3/28 antibodies for 0 min, 30 min, 1 h, 3h,6 h, 12 h, 24 h, and
48 h (24) to determine the patterns of expression of CUGBP1
targets following T cell activation. As can be seen in Fig. 44, we
found that T cell transcripts exhibited three predominant pat-
terns of expression, which we have termed “unchanged”, “up,”
and “down.” Our findings showed that most transcripts in the T
cell transcriptome were unchanged, consistent with recent
studies suggesting that ~80% of the transcriptome is ubiqui-
tously expressed (28) and thus would not be expected to change
in abundance upon stimulation. As can be seen in Fig. 4B, we
found that CUGBP1 target transcripts expressed in resting cells
were statistically enriched for transcripts that showed signifi-
cant activation-induced regulation, exhibiting both the up (p <
2.2 X 1076, y? test) and down (p = 2.2 X 10 °, x* test) patterns
of expression, with a strong preference for the up pattern. Sim-
ilarly, CUGBP1 target transcripts in stimulated cells were
enriched for transcripts following the up pattern of expression
(p = 1.1 X 1075, ¥* test). Of those transcripts that followed the
up pattern of expression, there was a strong enrichment of tran-
scripts coding for proteins that participate in pre-mRNA proc-
essing and alternative splicing, including several heterogeneous
ribonucleoproteins. We validated the expression profile of
three of the transcripts encoding RNA-binding proteins follow-
ing the up pattern and one following the down pattern using
qRT-PCR. As can be seen in supplemental Table 3, the -fold
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TABLE 3
CUGBP1 target transcripts in stimulated T cells
Affymetrix Probe
ID Gene Symbol Gene Name p-value (Ohr vs 6hr) FC* from Ohr to 6hr FCE** Function

Transcripts Targeted in Resting and Stimulated Cells
201649_at UBE2L6 ubiquitin-conjugating enzyme E2L 6 0.13 1.77 0.36 Protein ubiquitination
202081 _at IER2 immediate early response 2 0.99 0.99 0.85 Uncharacterized

eukaryotic translation initiation factor 4E binding . .
208770_s_at EIF4EBP2 protein 2 0.42 2.22 0.52 Regulation of translation
212501_at CEBPB CCAAT/enhancer binding protein (C/EBP), beta 0.45 2.00 0.62 Regulation of transcription, Regulation of cell death
209666_s_at CHUK conserved helix-loop-helix ubiquitous kinase 0.08 7.78 0.19 Intracellular signaling cascade
226400_at CDC42 cell division cycle 42 (GTP binding protein, 25kDa) 0.31 1.92 0.34 Cytoskeleton organization, Regulation of mitotic cell cycle
225585_at RAP2A RAP2A, member of RAS oncogene family 0.49 1.38 0.54 Intracellular signaling cascade
212751 _at UBE2N ubiquitin-conjugating enzyme E2N 0.04 4.11 0.27 Protein ubiquitination
212060_at SR140 U2-associated SR140 protein 0.21 3.61 0.29 RNA processing, Splicing
221498 _at SNX27 sorting nexin family member 27 0.61 0.88 1.12 Protein localization
Transcripts Expressed in Resting and Stimulated Cells, But Only Targeted in Stimulated Cells
218915_at NF2 neurofibromin 2 (merlin) 0.47 1.49 0.76 Cytoskeletal organization
213440_at RAB1A RAB1A, member RAS oncogene family 0.89 1.39 1.13 Regulation of transcription
209457_at DUSP5S dual specificity phosphatase 5 0.01 10.48 0.24 MAP-kinase phosphatase activity
230534_at ZNF678 zinc finger protein 678 0.50 1.16 1.15 Regulation of transcription
201556_s_at VAMP2 vesicle-associated membrane protein 2 0.09 0.51 1.16 Vesicle-mediated transport
204185_x_at PPID peptidylprolyl isomerase D 0.34 1.80 0.40 Protein folding
224647 _at CCNY cyclinY 0.43 2.36 0.40 Uncharacterized
205659_at HDAC9 histone deacetylase 9 0.34 1.80 0.65 Regulation of transcription, Cell activation
1552329 _at RBBP6 retinoblastoma binding protein 6 0.08 8.57 0.31 Protein ubiquitination
Transcripts Newly Expressed in Stimulated Cells
203820_s_at IGF2BP3 insulin-like growth factor 2 mRNA binding protein 3 0.80 1.14 0.96 Regulation of translation, mRNA binding
208712_at CCND1 cyclin D1 0.00 3.27 0.48 Mitotic cell cycle
1568678_s_at FGFR10P FGFR1 oncogene partner 0.16 1.27 1.04 Cytoskeleton organization
205227_at ILIRAP interleukin 1 receptor accessory protein 0.94 1.40 1.01 Cytokine receptor, Inflammatory response
235520_at ZNF280C zinc finger protein 280C 0.28 3.03 0.56 Regulation of transcription
227198 _at AFF3 AF4/FMR2 family, member 3 0.74 1.78 1.09 Regulation of transcription
208916_at SLCIAS solute carrier family 1 (neutral amino acid transporter), 0.01 2.8 0.48 Organic acid transport

member 5
223135_s_at BBX bobby sox homolog (Drosophila) 0.43 1.69 0.86 Regulation of transcription
225972_at TMEM64 transmembrane protein 64 0.02 6.28 0.38 Uncharacterized
212190_at SERPINE2 serpin peptidase inhibitor (nexin, plasminogen 0.02 31.34 0.20 Regulation of proteolysis, Regulation of cell migration

activator inhibitor type 1), member 2

* -Fold change.
** _Fold change in enrichment as defined under “Results.”

change in expression after 6 h of stimulation determined by
qRT-PCR correlated closely to that observed in the microarray
data set. A list of a subset of CUGBP1 target transcripts
involved in mRNA processing and following the up pattern of
expression can be found in Table 1. Overall, our data suggest
that CUGBP1 target transcripts were highly enriched for tran-
scripts that show dynamic changes in expression over the
course of T cell activation.

Decreased CUGBP1 Binding to RNA Is Due to Activation-
induced Phosphorylation—The finding that the majority of
CUGBP1 target transcripts had an FCE of <1 at 6 h following T
cell activation suggested that an activation-dependent change
in CUGBP1 binding occurred. To test this hypothesis, we
performed electromobility shift assays (EMSAs) using a GRE-
containing RNA probe and cytoplasmic lysates prepared from
resting T cells and T cells that were stimulated for 6 h with
anti-CD3 and anti-CD28 antibodies. As can be seen in Fig. 54,
we observed CUGBP1 binding to the GRE probe in resting T
cell lysates (lane 1). This binding activity was due to CUGBP1
because it was specifically supershifted with an anti-CUGBP1
antibody (lane 3) but was not supershifted with a control
anti-HA antibody (data not shown). In stimulated T cell lysates,
however, we observed minimal to no binding to the GRE (lane
2). Additionally, we performed a UV cross-linking assay using
cytoplasmic lysates from resting and activated T cells and con-
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firmed that CUGBP1 bound to the GRE probe (Fig. 5B). The
identity of the CUGBP1 band was determined by immunopre-
cipitation with an anti-CUGBP1 antibody (lanes 3 and 4) but
not a control antibody (data not shown). The lack of a CUGBP1
band in the supernatant from the immunoprecipitation reac-
tion (lanes 5 and 6) indicated that the immunoprecipitation
depleted CUGBP1 from the lysates. The intensity of the
CUGBP1 band decreased significantly in the lysates from stim-
ulated T cells, confirming the results of the EMSA showing that
binding by CUGBP1 to the GRE probe decreased following T
cell activation. The lack of binding by CUGBP1 in extracts from
stimulated T cells was not due to a decrease in CUGBP1 protein
abundance, because Western blot performed on the same
extracts showed that similar CUGBP1 protein levels were pres-
ent in extracts from resting and activated T cells (Fig. 5C).
These findings suggest that the decrease in CUGBP1 binding to
RNA upon T cell activation was due to a posttranslational
effect.

CUGBP1 is a phosphoprotein, and the binding specificity of
CUGBP1 has been shown to be altered, depending on the phos-
phorylation state (19, 22). We hypothesized that posttransla-
tional phosphorylation of CUGBP1 may occur in human T cells
and may explain the reduced RNA-binding activity of CUGBP1
upon T cell activation. In order to investigate this hypothesis,
two—dimensional Western blot analysis of CUGBP1 was per-
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FIGURE 4. Expression patterns of CUGBP1 target transcripts following T
cell activation. A, gene expression was previously assessed using microar-
rays over the first 48 h of T cell stimulation with anti-CD3 and anti-CD28
antibodies (24). Using these data, the T cell transcriptome was segregated
into three common patterns of expression using a K-means clustering
approach. The “up” pattern of expression is shown on the left with a sharp
increase in abundance at 30 min followed by a return to baselineat 1 hand a
subsequent slow increase over the following 47 h. The “down” pattern of
expression is shown on the right and exhibits an inverse pattern compared
with the up pattern. Finally the majority of transcripts follow the “unchanged”
pattern, which shows little change in abundance over T cell stimulation. On
the y axis of each panel are normalized, log, microarray expression values,
and the x axis depicts hours of T cell stimulation. For each pattern of gene
expression, the average expression pattern of each cluster is depicted by the
black line with the range of expression values of each cluster depicted by the
gray lines. B, we compared the percentage of transcripts expressing the up or
down patterns for all transcripts expressed in primary T cells at one or more
time points throughout the first 48 h of T cell activation (All Transcripts),
CUGBP1 target transcripts in resting T cells (CUGBPT Resting Targets), and
CUGBP1 target transcripts in stimulated T cells (CUGBP1 Stimulated Targets).
* p < 0.05, x° test.

formed in resting and activated T lymphocytes (Fig. 6). Com-
pared with the CUGBP1 signal in extracts prepared from rest-
ing T cells, the CUGBP1 signal in extracts prepared from
activated T cells exhibited an acidic shift (Fig. 6, top two panels).
This shift was a result of phosphorylation, because treatment of
lysates with A-phosphatase resulted in the reversion of the
CUGBP1 signal back to its position in resting cells. These
results suggest that CUGBP1 was not phosphorylated in resting
T cells, butupon T cell stimulation, CUGBP1 became phosphor-
ylated, and this phosphorylation correlated with reduced bind-
ing to GRE-containing RNA.

We next sought to determine directly if the reduction in
CUGBP1 affinity for the GRE was a result of CUGBP1 phosphor-
ylation. We immunoprecipitated CUGBP1 from resting and
stimulated T cell lysates and then subjected it to A-phosphatase
or mock treatment. The immunopurified CUGBP1 was subse-
quently incubated with either biotinylated GRE sequences or
mutated GRE sequences. These reactions were then UV-cross-
linked, and the amount of RNA that cross-linked to CUGBP1
was determined after separating the mixtures by electrophore-
sis and probing for biotinylated RNA (Fig. 74, top). Subse-
quently, the same membranes were probed with an anti-
CUGBP1 antibody to determine the amount of CUGBP1
protein immunopurified from resting and activated T cells (Fig.

JANUARY 6, 2012+VOLUME 287 +NUMBER 2

CUGBP1 Targets in Human T Cells

74, bottom). Using this assay, we observed that CUGBP1
immunopurified from resting T cells bound to the GRE probe
(lane 1) but not the mutated GRE probe (data not shown). Phos-
phatase treatment had no effect on binding by CUGBP1 from
resting T cells to the GRE probe (compare lanes 1 and 2). In
contrast, CUGBP1 immunopurified from stimulated T cells
bound poorly to the GRE RNA probe (Fig. 74, lane 3), but we
observed an increase in CUGBP1 binding to the GRE probe
upon phosphatase treatment (Fig. 7A, compare lanes 3 and 4).
The amount of GRE RNA bound, normalized to the amount of
CUGBP1 precipitated, was quantified in triplicate experiments
for resting or activated T cells (Fig. 7B). The results showed a
significant decrease in CUGBP1 binding to the GRE in the stim-
ulated condition (p = 0.001). Upon phosphatase treatment,
binding by immunopurified CUGBP1 to GRE increased signif-
icantly (p = 0.03) and was similar to the binding observed for
the CUGBP1 immunopurified form resting T cells. Overall,
these results indicate that phosphorylation of CUGBP1 caused
a decrease in CUGBP1 binding to GRE RNA in stimulated T
cells, and this effect was reversed by phosphatase treatment.

DISCUSSION

CUGBP1 regulates posttransciptional gene expression at a
number of levels, including alternative splicing, translation, and
mRNA degradation, and functions by binding directly to RNA
(14). A network of GRE-containing genes is coordinately regu-
lated at posttranscriptional levels through the interaction of the
CUGBP1 with its target sequence, the GRE (12). In the present
study, we sought to understand the dynamics of the CUGBP1-
GRE interaction throughout the process of T cell activation and
performed RNA-IP followed by microarray analysis to identify
CUGBP1 target transcripts. We found ~1300 CUGBP1 target
transcripts in resting T cells and ~150 target transcripts in
activated T cells. CUGBP1 targets in both resting and activated
T cells displayed significant enrichment for GRE-containing
transcripts, confirming that the GRE is indeed a CUGBP1-
binding site within cells. We also showed that CUGBP1 phos-
phorylation following T cell activation correlated with the
decrease in the number of CUGBP1 target transcripts that we
observed as well as a decreased ability of CUGBP1 to bind to
GRE sequences in vitro. We further showed that phosphatase
treatment of CUGBP1 immunopurified from stimulated T cells
restored its ability to bind to the GRE by increasing the affinity
of CUGBP1 for the GRE.

Several results suggest that CUGBP1 function is regulated by
phosphorylation, but a unifying theme has not emerged. In
some situations, CUGBP1 phosphorylation is associated with
increased binding to RNA. For example, phosphorylation of
CUGBP1 at Ser-28 by Akt kinase led to increased affinity of
CUGBP1 for cyclin D1 mRNA (22), and phosphorylation at
Ser-302 by cyclin D3-Cdk4/6 led to increased CUGBP1 binding
to p21 and C/EBPB mRNA (18). In a myotonic dystrophy
model, CUGBP1 was hyperphosphorylated by PKCa« and fII,
causing increased protein half-life and altered splicing patterns
(19, 30). Expression of a (CUG),,-expanded myotonic dystro-
phy protein kinase gene caused CUGBP1 phosphorylation and
inhibition of CUGBP1-mediated decay of the TNF-« transcript
(21). It is thought that CUGBP1 binds to a CG-rich motifin the
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FIGURE 6. CUGBP1 was phosphorylated upon T cell activation. Cytoplas-
mic lysates were prepared from resting T cellsand T cells that were stimulated
for 6 h with anti-CD3 and anti-CD28 antibodies. The lysates were immunopre-
cipitated using an anti-CUGBP1 antibody, and the immunoprecipitated
material was treated with A-phosphatase or mock-treated. Samples were
then separated by two-dimensional electrophoresis, and CUGBP1 was iden-
tified by Western blot analysis.

5'-UTR of certain transcripts and promotes their translation
(17, 31). It has been found in a liver model that following partial
hepatectomy, there is phosphorylation of CUGBP1. It was fur-
ther shown that this phosphorylation event led to an increase in
the association and translational efficiency of specific CUGBP1
target transcripts. This effect was shown to be mediated by an
increased association with the translational initiation factor
elF2 (17). Here, we found that CUGBP1 is phosphorylated upon
T cell activation and that this caused a decrease in binding by
CUGBP1 to cytoplasmic mRNA targets. Multiple kinase cas-
cades are triggered upon T cell activation, leading to several
potential candidates for CUGBP1 phosphorylation. Further
efforts will focus on identifying the phosphorylation site and
kinase(s) involved in activation-dependent phosphorylation of
CUGBP1. Our data show that the affinity of CUGBP1 for the
GRE is regulated by phosphorylation and suggest a powerful
mechanism of coordinate posttranscriptional regulation
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whereby a cell could quickly alter the stability of a whole net-
work of transcripts. For transcripts exhibiting the up pattern of
expression, a possible scenario is that unphosphorylated
CUGBP1 promotes the coordinate decay of transcripts in rest-
ing T cells, but upon stimulation, CUGBP1 becomes phosphor-
ylated, leading to stabilization of these transcripts and allowing
for transient increased expression. It is also possible that
CUGBP1 phosphorylation may play a role in regulating the
translation of these transcripts. For transcripts exhibiting the
down pattern of expression, CUGBP1-mediated mRNA decay
may play a role in mediating the down-regulation of these tran-
scripts, and CUGBP1 phosphorylation may regulate their sub-
sequent return to base-line levels.

The targets of CUGBP1 have been identified in two previous
studies. The first study was performed on the HeLa human
cervical carcinoma cell line and identified ~600 CUGBP1 tar-
get transcripts, many of which were involved in RNA process-
ing, cellular proliferation, and apoptosis (13). The second study
was performed on the mouse C2C12 myoblast cell line and
identified 881 CUGBP1 target transcripts, many of which were
also involved in RNA processing, cellular proliferation, and
apoptosis (25). These other studies were both performed using
transformed cell lines that have been shown to display wide-
spread alterations in the 3'-UTR isoform (32). We found rela-
tively little overlap between the actual targets of CUGBP1
between our study in primary human T cells and these previous
studies performed in transformed cell lines. This disparity
could be a result of differential regulation of other trans-acting
factors as well as differences in the transcriptomes of the differ-
ent cell types. CUGBP1 targets showed significant enrichment
of GRE-containing transcripts in all three cell types, and
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ratios were normalized to the resting, mock-treated condition for each exper-
iment. Error bars, S.D. of three experiments.

although there was little overlap in specific target transcripts,
the biological processes of proliferation, apoptosis, and RNA
processing were enriched among target transcripts in all three
cell types.

Interestingly, CUGBP1 target transcripts were enriched for
transcripts encoding RNA-binding proteins, including its own
transcript. Thus, CUGBP1 may be similar to other RNA-bind-
ing proteins in exhibiting autoregulatory behavior and func-
tions as a “regulator of regulators” (33, 34). Here we also con-
firmed the previous reports that CUGBP1 seems to be targeting
transcripts that are involved in cellular proliferation and cell
death (13, 35). One pathway we found to be particularly
enriched in CUGBP1 targets in resting cells was that of mRNA
formation. T cell activation induces changes in alternative pol-
yadenylation and alternative splicing (36, 37), and it would be
interesting to determine if CUGBP1 plays a regulatory role in
these processes.

Overall, our data are consistent with a model whereby
CUGBP1 is actively involved in coordinately repressing tran-
scripts involved in mRNA maturation, proliferation, and cell
death to maintain the cell in a quiescent state. Upon stimula-
tion, phosphorylation of CUGBP1 leads to its inability to bind
to certain transcripts, allowing for accumulation of target tran-
scripts necessary for acquisition of the characteristics of acti-
vated T cells, such as proliferation and increased sensitivity to
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apoptotic stimuli. Inactivation of CUGBP1 plays a role in the
development of leukemia through dysregulation of the tran-
scription factor C/EBPS (38). Additionally, a forward genetic
screen in mice identified CUGBP1 loss of function as a potential
driving mutation in the development of colorectal cancer (29).
This suggests that CUGBP1 may be regulating cell survival and
proliferation pathways. CUGBP1 could regulate these path-
ways both via direct binding to transcripts coding for proteins
involved in these pathways and through regulation of splicing
factors and other RNA-binding proteins, which in turn regulate
mRNA isoform usage, mRNA decay, and/or translation pat-
terns that promote survival and proliferation.

In conclusion, we have shown that CUGBP1 coordinates net-
works of transcripts crucial for primary human T cell activa-
tion. Upon T cell activation, we observed dramatic reduction in
the CUGBP1 target transcript pool and showed that this change
in CUGBP1 binding to RNA was due to phosphorylation of
CUGBP1. Further work will focus on delineating the signaling
pathways involved in CUGBP1 phosphorylation in primary
human T cells and the mechanism of CUGBP1-mediated reg-
ulation of the activated T cell phenotype.
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