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The 5'-untranslated region (UTR) of serine hydroxymethyl-
transferase 1 (SHMT1) contains an internal ribosome entry site
(IRES) that regulates SHMT 1 expression, a rate-limiting enzyme in
de novo thymidylate biosynthesis. In this study, we show that the
SHMT1 IRES is the first example of a cellular IRES that is poly(A)
tail-independent. Interactions between the 5'-UTR and 3'-UTR
functionally replaced interactions between the poly(A) tail and the
poly(A)-binding protein (PABP) to achieve maximal IRES-medi-
ated translational efficiency. Depletion of the SHMT1 IRES-spe-
cific trans-acting factor (ITAF) CUG-binding protein 1
(CUGBP1) from in vitro translation extracts or deletion of the
CUGBP1 binding site on the 3’-UTR of the SHMT1 transcript
decreased the IRES activity of non-polyadenylylated biscis-
tronic mRNAs relative to polyadenylylated biscistronic mRNAs
and resulted in a requirement for PABP. We also identified a
novel ITAF, heterogeneous nuclear ribonucleoprotein H2
(hnRNP H2), that stimulates SHMT1 IRES activity by binding to
the 5'-UTR of the transcript and interacting with CUGBP1. Col-
lectively, these data support a model for the IRES-mediated
translation of SHMT1 whereby the circularization of the mRNA
typically provided by the eukaryotic initiation factor (eIF)
4G/PABP/poly(A) tail interaction is achieved instead through
the hnRNP H2/CUGBP1-mediated interaction of the 5'- and
3'-UTRs of the SHMTI1 transcript. This circularization
enhances the IRES activity of SHMT1 by facilitating the recruit-
ment and/or recycling of ribosomal subunits, which bind to the
transcript in the middle of the 5'-UTR and migrate to the initi-
ation codon via eIF4A-mediated scanning.

Internal ribosome entry sites (IRES)? are cis-acting elements
that enable the cap-independent recruitment of 40 S ribosomal
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subunits to the 5’'-untranslated region (UTR) of an mRNA tran-
script. Although originally identified in viruses (1, 2), IRESes
have recently been discovered in many cellular mRNAs, partic-
ularly those encoding proteins involved in development, differ-
entiation, cell cycle progression, cell growth, apoptosis, and
stress response (reviewed in Refs. 3 and 4). It is now estimated
that as many as 3-5% of cellular mRNAs can be translated by a
cap-independent mechanism (5). Although the list of cellular
IRESes continues to grow, little is known about their mecha-
nism of action. However, there is increasing evidence that the
poly(A) tail of the transcript and IRES-specific trans-acting
factors (ITAFs) play major roles during cap-independent
translation.

Almost all eukaryotic mRNAs possess a 3’ poly(A) tail that
can enhance both cap-dependent and IRES-mediated transla-
tion initiation (6, 7). The interaction of poly(A)-binding protein
(PABP) with eukaryotic initiation factor 4G (elF4G) results in
the formation of a “closed loop” by linking the poly(A) tail and
either the 5'-cap (in cap-dependent translation) or the 5'-UTR
(in IRES-mediated translation). Looping through the 5'- and
3’-ends of the transcript is thought to increase translation rates
by facilitating the recycling of 40 S ribosomal subunits, promot-
ing 40 S recruitment, and/or stimulating the formation of the
80 S ribosome (8-16). It has also recently been reported that
the poly(A) tail can enhance 48S complex assembly through a
process that is independent of PABP (17).

ITAFs are RNA-binding proteins that interact functionally
with IRES elements to positively or negatively regulate internal
initiation. Many of the ITAFs identified to date belong to the
group of heterogeneous nuclear ribonucleoproteins (hnRNPs).
These include hnRNP A1, C1/C2, I, E1/E2, K, and L (18 -21).
hnRNPs are located primarily in the nucleus but are known to
translocate to the cytoplasm in specific cell or tissue types and
as part of specific stress responses. It is hypothesized that
hnRNPs and other ITAFs exert their effect on IRES activity by
aiding in the recruitment of the 40 S ribosomal subunit through
their interactions with the canonical initiation factors or ribo-
somal components or by acting as RNA chaperones to control
the configuration of the IRES (reviewed in Refs. 4 and 22). Stud-
ies of viral IRESes have suggested that ITAFs can also establish
a RNA/protein bridge between the IRES and the 3'-end of the
transcript (23).

In this study, we investigated the role of the poly(A) tail,
ITAFs, and the 40 S ribosomal subunit in the IRES-mediated
translation of serine hydroxymethyltransferase 1 (SHMT1), an
enzyme that regulates folate-dependent de novo thymidylate
biosynthesis during S-phase (24, 25) and in response to UV
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exposure (see accompanying article (49)). The data presented
here suggest a model for the IRES-mediated translation of
SHMT1 and provide a mechanism that accounts for the previ-
ously reported finding that SHMT1 IRES activity is stimulated
by the SHMT1 3'-UTR (25).

EXPERIMENTAL PROCEDURES

Cell Culture and Preparation of Extracts—Mammary adeno-
carcinoma (MCF-7) cells were obtained from ATCC (HTB22)
and were cultured in a-MEM (Hyclone Laboratories) contain-
ing 11% fetal bovine serum (Hyclone Laboratories) at 37 °C and
5% CO,. When the cells reached ~95% confluence, they were
harvested by trypsinization and washed in phosphate-buffered
saline. To obtain whole cell extract, cells were resuspended in
lysis buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 1% Nonidet
P-40, 5 mm EDTA, 1 mm PMSF, 1:100 dilution of protease
inhibitor mixture (Sigma)) and lysed on ice for 30 min. When
necessary, the cell extract was treated with y-phosphatase
(Sigma) in the presence of 2 mm MnCl, for 30 min at 30 °C.
y-Phosphatase activity was then inhibited by the addition of
EDTA to a final concentration of 50 mm followed by heating at
65 °C for 1 h. The protein concentration of the extract was
determined using the Lowry assay as modified by Bensadoun
and Weinstein (26).

Vectors—The generation of bicistronic DNA templates con-
taining the immunoglobulin heavy chain-binding protein (BiP)
IRES, the SHMT15'-UTR, the full-length SHMT1 3’-UTR, and
the reverse complement of the SHMT1 5'-UTR is described
elsewhere (25). The poly(A)-interacting protein 2 (Paip2) cod-
ing sequence (27) was subcloned into the pGEX4T-2 vector (GE
Healthcare) using the primers 5'-TAGGATCCATGAAAGA-
TCCAAGTCGCAG-3' and 5'-TAGTCGACTCAAATATTT-
CCGTACTTCAC-3', where the BamHI and Sall restriction
sites are shown in bold. The CUGBP1-pMAL vector was a gift
from Lubov Timchenko (Baylor College of Medicine). The
hnRNP H2 cDNA (a gift from Jeffrey Wilusz, Colorado State
University) was subcloned into the pMAL-c2E vector (New
England Biolabs) using the primers 5'-TCGGATCCATGAT-
GCTGAGCACGGAAG-3' and 5'-TAGTCGACCTAAGCAA-
GGTTTGACTG-3', where the BamHI and Sall restriction sites
are shown in bold. The SHMT1 3'-UTR truncations were cloned
using the following primers: 3’-UTR Fwd = 5'-AGGAGCGGGC-
CCACTCTGGAC-3,3'-UTR (157) Rev = 5'-GTGAAGAAAA-
CATGAAAAAAG-3',3'-UTR (200) Rev = 5'-GTCCCAGAAT-
TACTAACAATGAG-3',3'-UTR (236) Rev = 5'-GAAAGCCA-
GGTTCAAATTTAAATCC-3', 3'-UTR (317) Rev = 5'-TTGC-
CCTACACCACCATCTA-3', 3'-UTR (477) Rev = 5'-AGCCT-
CAGAAGCTAATTCAG-3',3'-UTR (637) Rev =5'-CTGGTT-
GCTTCTCACACCAG-3".The SHMT15'-UTR truncations
were cloned using the following primers: 5'-UTR Fwd = 5'-
GCCTGGCGCGCAGAGTGCACCTTCC-3',5'-UTR Rev = 5'-
TGCACTGGTTCGAAGCTGCCTAGCGAC-3', 5'-UTR (104)
Rev = 5'-GCGCACCGCCGCGGGCCAGCCACG-3',5-UTR
(105) Fwd = 5'-GGGGCGTTGGGTCAGCGGGTCTGGG-3/,
5'-UTR (50) Fwd = 5'-TTCGGGGTTTGGGGTTGGAGCG-
GCTG-3',5'-UTR (150) Rev = 5'-GCCGCCGCCGGTGCCA-
CCAGTCCC-3',5'-UTR (114) Rev = 5'-CCAACGCCCCGC-
GCACCGCCGCGG-3',5'-UTR (131) Rev = 5'-GTCCCAGA-

31086 JOURNAL OF BIOLOGICAL CHEMISTRY

CCCGCTGACCCAACGCC-3'. The pcDNA 3 template
containing the hepatitis C virus IRES 3’ of the Renilla luciferase
reporter gene and 5’ of the firefly luciferase reporter gene was a
gift from the laboratory of Partho Ray.

In Vitro Transcription—DNA templates were linearized and
purified using the Roche PCR clean-up column. The templates
were transcribed using the Ambion MEGAscript kit (for un-
capped mRNA) or mMESSAGE mMACHINE kit (for capped
mRNA) according to the manufacturer’s protocol. For prepa-
ration of radiolabeled mRNA for electrophoretic gel mobility
shift assays, 50 uCi of a-3?P-labeled rUTP (800 Ci/mm,
PerkinElmer Life Sciences) was included in in vitro transcrip-
tion reactions. The crude mRNA was treated with DNase I
(Ambion) for 15 min at 40 °C and precipitated in 2 m LiCl at
—80 °C. AllRNA procedures were conducted under RNase-free
conditions, and all mRNA was stored with recombinant
RNasin® ribonuclease inhibitor (Promega). The mRNA was
quantified by spectrophotometry and its quality verified by
electrophoresis.

SiRNA Transfections—MCEF-7 cells were grown to ~40%
confluence in 6-well plates. The cells were transfected with
either 5 nm negative control siRNA (Ambion) or CUGBP1
siRNA (Qiagen; sense, r(GGAACUCUUCGAACAGUAU)-
dTdT; antisense, r(AUACUGUUCGAAGAGUUCC)dCdG)
using HiPerFect transfection reagent (Qiagen) according to the
manufacturer’s instructions. Following incubation with siRNA
for 50 h at 37 °C, the cells were either lysed and subjected to
SDS-PAGE/immunoblot analysis to determine knockdown
efficiency or used in mRNA transfection experiments.

RNA Affinity Chromatography—1.0 nmol of the indicated in
vitro transcribed mRNA (uncapped and polyadenylylated) was
incubated with 1.0 nmol of biotinylated oligo(dT) probe (Pro-
mega) and 200 ul of packed streptavidin-agarose (Novagen) in
TMK buffer (50 mm Tris, pH 7.5, 10 mm MgCl,, 150 mm KCl)
for 1 h at 4 °C. After extensive washing with TMK bulffer, the
agarose was resuspended in TMK buffer containing 1.0 nmol of
the in vitro transcribed reverse complement of SHMT15'-UTR
(RevUTR) mRNA (competitor mRNA, uncapped and non-
polyadenylylated), 3.0 mg of whole cell extract, 150 ug of yeast
tRNA (Ambion), and 600 units of recombinant RNasin® Ribo-
nuclease inhibitor (Promega). Following incubation for 1 h at
4 °C, the agarose was washed extensively with TMK buffer, and
bound proteins were eluted in 2X SDS-PAGE sample buffer
(160 mm Tris, pH 6.8, 20 mm DTT, 4% SDS, 20% glycerol) at
95 °C for 5 min. The eluted proteins were separated by SDS-
PAGE and either stained with Coomassie Blue or subjected to
Western blot analysis. Sequencing was performed at the Har-
vard Microchemistry Facility by microcapillary reverse-phase
high pressure liquid chromatography nanoelectrospray tandem
mass spectrometry (uLC/MS/MS).

RNA Immunoprecipitation—MCEF-7 cells were grown to
~95% confluence and then treated with 10,000 wJ/cm? UVC
(254 nm) using the Stratagene UV Stratalinker 2400. 22 h after
UV treatment, the cells were treated with formaldehyde at a
final concentration of 1%. After a 20-min incubation at room
temperature, the cross-linking reaction was quenched by the
addition of glycine to a final concentration of 125 mm. Follow-
ing a 10-min incubation at room temperature, the cells were
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washed in cold phosphate-buffered saline and resuspended in
lysis buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 1% Nonidet
P-40, 5 mm EDTA, 1 mm PMSF, 1:100 dilution of protease
inhibitor mixture (Sigma), 1 unit/ml recombinant RNasin®
ribonuclease inhibitor (Promega)). Following a 30-min incuba-
tion on ice and centrifugation at 13,000 rpm for 10 min at 4 °C,
the supernatant was removed and diluted 1:10 in immunopre-
cipitation buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mm EDTA,
16.7 mm Tris, pH 8, 167 mm NaCl, 1 mm PMSF, 1:100 dilution of
protease inhibitor mixture (Sigma), 1 unit/ml recombinant
RNasin® ribonuclease inhibitor (Promega)). 1-ml aliquots of
the diluted lysate were incubated with 10 ug of antibody over-
night at 4 °C. The antibodies used include ImmunoPure goat
IgG (Pierce), ImmunoPure mouse IgG (Pierce), goat anti-
hnRNP H (N-16, Santa Cruz Biotechnology), and mouse anti-
CUGBP1 (3B1, Santa Cruz Biotechnology). 100 ul of packed
immobilized protein G (Pierce) was then added, and the lysate
was incubated for 2 h at 4 °C in the presence of 0.1 mg/ml
bovine serum albumin. After washing the beads once in low-
salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20
mM Tris, pH 8, 150 mMm NaCl), once in high-salt wash buffer
(0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20 mMm Tris, pH 8,
500 mM NaCl), once in LiCl wash buffer (0.25 m LiCl, 1% Non-
idet P-40, 1% deoxycholate, 1 mMm EDTA, 10 mm Tris, pH 8), and
twice in TE (10 mM Tris, pH 8, 1 mm EDTA), bound proteins
were eluted in elution buffer (1% SDS, 0.1 M NaHCO,, 1 unit/ml
recombinant RNasin® ribonuclease inhibitor (Promega)) at
room temperature for 15 min. To reverse the cross-linking,
NaCl was added to a final concentration of 200 mm, and the
samples were heated at 65 °C for 3 h. Following treatment with
Proteinase K for 45 min at 42 °C, the nucleic acids were purified
by phenol/chloroform extraction followed by ethanol precipi-
tation. DNA was then removed by treatment with DNase I (Pro-
mega) according to the manufacturer’s protocol. Reverse tran-
scription was carried out on the remaining RNA using the
SuperScript III first-strand synthesis system for reverse tran-
scription-PCR (Invitrogen) according to the manufacturer’s
protocol. The resulting cDNA was amplified using the 5'-UTR
(50) Fwd, 5'-UTR (150) Rev, 3’-UTR Fwd, and 3'-UTR (236)
Rev primers described above.

Western Blotting—Proteins were separated by SDS-PAGE
and transferred to a PVDF membrane. The membrane was
blocked with 5% nonfat dry milk in phosphate-buffered saline
containing 1% Nonidet P-40 for 1 h at room temperature, incu-
bated with primary antibody overnight at 4 °C, and incubated
with horseradish peroxidase-conjugated anti-IgG for 1-3 h at
room temperature. After each incubation, the membrane was
washed with phosphate-buffered saline, 0.1% Tween 20. Pro-
teins were visualized using SuperSignal® substrate (Pierce) fol-
lowed by autoradiography. When necessary, membranes were
stripped with 0.2 M NaOH. Mouse anti-CUGBP1 (3B1, Santa
Cruz Biotechnology) was used at a 1:10,000 dilution, sheep anti-
human SHMT1 was used at a 1:40,000 dilution, goat anti-
hnRNP H (N-16, Santa Cruz Biotechnology) was used at a 1:500
dilution, mouse anti-PABP (10E10, Santa Cruz Biotechnology)
was used at a 1:1000 dilution, mouse anti-phosphoserine/thre-
onine (BD Transduction Laboratories) was used at a 1:1000
dilution, and mouse anti-GAPDH (Novus Biologicals) was used
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at a 1:40,000 dilution. Goat anti-mouse IgG, rabbit anti-sheep
IgG, and rabbit anti-goat IgG were all purchased from Pierce
and used at a 1:5,000 dilution.

Purification of Recombinant Proteins—BL21* cells were
transformed with pMAL, CUGBP1-pMAL, hnRNP H2-pMAL,
Paip2-pGEX, or pGEX vector and grown to mid-log phase. Pro-
tein synthesis was induced with isopropyl B-p-thiogalactopy-
ranoside (final concentration 0.1 mm) for 16 hat 18 °C. The cells
were lysed in B-PER (Pierce) followed by sonication with a
Branson digital sonifier at 50% amplitude with intermittent
icing. After removal of the insoluble material, the clarified
supernatant was applied directly to an amylose resin (New Eng-
land Biolabs) for purification of MBP-tagged proteins or GST-
Bind resin (Novagen) for purification of GST-tagged proteins,
and the protein was purified according to the manufacturer’s
protocol. The purity of the protein was determined by SDS-
PAGE, and its concentration was determined using the Lowry
assay as modified by Bensadoun and Weinstein (26).

RNA Electrophoretic Gel Mobility Shift Assays—20 nm a->>P-
labeled RNA and the indicated amount of recombinant protein
were added to the binding buffer (20 mm Tris, pH 7.5, 5 mm
MgCl,, 1 mm EDTA, 8 mm DTT, 2 ug bovine serum albumin,
1.25 pg of yeast tRNA (Ambion), 10% glycerol, 40 units of
recombinant RNasin® ribonuclease inhibitor (Promega)) for a
total volume of 10 ul. The binding reaction was incubated at
37 °Cfor 15 min and then run on a 4% native polyacrylamide gel
at 32 mA. Electrophoresis buffer contained 25 mm Tris base, 0.2
M glycine, and 1 mm EDTA. For competition experiments, 200
nM, 1 uMm, or 2 uM unlabeled RNA was preincubated with the
protein for 5 min prior to its addition to the binding reaction.

Depletion of Proteins from Rabbit Reticulocyte Lysate and in
Vitro Translation Reactions—To deplete PABP, Flexi® rabbit
reticulocyte lysate (Promega) was incubated with GST-Paip2-
bound resin for 1 h at 4 °C. The resin was then collected by
centrifugation, and the supernatant was subjected to a second
incubation with GST-Paip2-bound resin for 1 h at 4 °C. The
resin was then collected by centrifugation, and the supernatant
was used in in vitro translation reactions. To immunodeplete
CUGBP1 or hnRNP H, Flexi® rabbit reticulocyte lysate was
incubated with mouse anti-CUGBP1 (3B1, Santa Cruz Biotech-
nology) or goat anti-hnRNP H (N-16, Santa Cruz Biotechnol-
ogy) for 1 h at 4 °C. Immobilized protein A/G beads (Pierce)
were then added. Following a 1-h incubation at 4 °C, the beads
were collected by centrifugation, and the supernatant was used
in in vitro translation reactions. In vitro translation reactions
(25 wl) contained 12.5 ul ofFlexi® rabbit reticulocyte lysate, 20
uM amino acids, 2 mm DTT, 100 ng of yeast tRNA (Ambion), 80
mm KCl, 0.5 mm magnesium acetate, 20 units of recombinant
RNasin® ribonuclease inhibitor (Promega), and 125 ng of in
vitro transcribed mRNA. When necessary, the mRNA was pre-
incubated with recombinant protein for 10 min at room tem-
perature prior to its addition to the in vitro translation reaction.
Reactions were carried out at 30 °C for 20 min. Renilla and
firefly luciferase expression was quantified on a Veritas micro-
plate luminometer (Turner Biosystems) using the Dual-Glo
luciferase assay system (Promega) according to the manufac-
turer’s protocol.
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FIGURE 1. The poly(A) tail and PABP are not required for maximal SHMT1 IRES activity. A, the bicistronic
mRNA used to quantify SHMT1 IRES activity. It consists of (in the 5’ to 3’ direction) a cap analog, the Rluc
reporter gene, the alternatively spliced form of the human SHMT1 5’-UTR lacking exon 2 (25), the Fluc reporter
gene, and where indicated, the full-length human SHMT1 3’-UTR and a 30-nucleotide poly(A) tail (25). B, in vitro
translation assays were carried out using rabbit reticulocyte lysate and in vitro transcribed bicistronic mRNAs
with (5'-UTR + 3’-UTR) and without (5’-UTR) the SHMT1 3’-UTR. The white bars represent the ratio of IRES-
mediated translation (Fluc) to cap-dependent translation (Rluc) of bicistronic mRNA containing a 30-nucleo-
tide poly(A) tail, and the dark bars represent the Fluc/Rluc of bicistronic mRNA lacking a poly(A) tail. The relative
ratio for each bicistronic mMRNA containing a poly(A) tail was given a value of 1.0. The data represent the
average of three independent experiments =+ S.E. C, the bicistronic mMRNAs described in A were labeled with
32p, and in vitro translation assays were performed as described under "Experimental Procedures.” The RNAs
were resolved on an agarose gel and transferred to a positively charged nylon membrane. For each transcript,
the left lane represents the mRNA before the in vitro translation reaction, and the right lane represents the
transcript after the in vitro translation reaction. D, rabbit reticulocyte lysate was incubated with either GST
(Control) or GST-Paip2 (PABP-depleted). The depletion of PABP by GST-Paip2 but not GST alone was confirmed
by immunoblotting (right) using an antibody against PABP. GAPDH served as a control for equal protein
loading. The graph on the left shows the relative IRES activity (as measured by Fluc/Rluc) of the bicistronic
mRNAs in control (striped bars) and PABP-depleted (black bars) rabbit reticulocyte lysate. The relative luminos-
ity for each bicistronic mRNA in the control reaction was given a value of 1.0. The data represent the average of
three independent experiments *+ S.E.

and 5'-TCGGATCCTCAGTAG-
GGCTTGCTGT-3" (EcoRI and
BamHI sites are shown in bold).
hnRNP H2 ¢DNA was amplified
and cloned into the pGAD plasmid
(Clontech) wusing the following
primers: 5'-TCCATATGATGAT-
GCTGAGCACGGAAG-3' and 5'-
TCCTCGAGCTAAGCAAGGTTT-
GACTG-3'. The Ndel and Xhol sites
are shown in bold. The pGBK-
CUGBP1 vector was transformed
into yeast strain AH109, and stable
clones were maintained in Trp—drop-
out medium. The pGAD-hnRNP
H2 vector was transformed into
yeast strain Y187, and stable clones
were maintained in Leu— dropout
medium. The transformed yeast
were then mated following the
Clontech Matchmaker protocol.
After a 24-h mating, cells were
plated on His—, Leu—, Trp— drop-
out medium containing X-a-gal
and incubated at 30 °C for 4 days.
Clones were validated against neg-
ative controls according to the
Matchmaker protocol.
Coimmunoprecipitation—MCEF-7
cells were grown to ~95% confluence,
and formaldehyde was added to a
final concentration of 1%. After a
20-min incubation at 37 °C, the cross-
linking reaction was quenched by the
addition of glycine to a final concen-
tration of 125 mM. After a 10-min
incubation at 37 °C, the cells were
washed in cold Tris-buffered saline,
harvested, and resuspended in lysis
buffer (50 mm Tris, pH 7.5, 150 mm
NaCl, 1% Nonidet P-40, 5 mm
EDTA, 1 mMm PMSEF, 1:100 dilution
of protease inhibitor mixture

mRNA Transfections—MCE-7 cells at ~95% confluence
were incubated in Opti-MEM (Invitrogen) containing a 1:100
dilution of DMRIE-C transfection reagent (Invitrogen) and 5
png/ml mRNA (capped and polyadenylylated) for 4 h at 37 °C
and 5% CO,. The Opti-MEM was then replaced with a-MEM
and the cells incubated for an additional 6 h at 37 °C and 5%
CO.,,. Renilla and firefly luciferase expression was quantified on
a Veritas microplate luminometer (Turner Biosystems) using
the Dual-Glo luciferase assay system (Promega) according to
the manufacturer’s protocol. Where indicated, cells were
treated with 10,000 uJ/cm® UVC (254 nm) using the Stratagene
UV Stratalinker 2400 12 h prior to the mRNA transfection.

Yeast Two-hybrid Assay—CUGBP1 cDNA was amplified and
cloned into the pGBK plasmid (Clontech) using the follow-
ing primers: 5-TCGAATTCATGAACGGCACCCTGGA-3’
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(Sigma)). The cells were sonicated five times for 30 s with a
Branson digital sonifier at 25% amplitude with intermittent
icing. Following centrifugation at 13,000 rpm for 32 min at 4 °C,
the supernatant was removed and incubated overnight with 10
pg of antibody at 4 °C. The antibodies used include Immuno-
Pure goat IgG (Pierce), mouse anti-HA (Santa Cruz Biotechnol-
ogy), goat anti-hnRNP H (N-16, Santa Cruz Biotechnology),
and mouse anti-CUGBP1 (3B1, Santa Cruz Biotechnology). 100
pl of packed immobilized protein G (Pierce) was then added,
and the lysate was incubated for 3 h at 4 °C. After washing the
beads extensively with lysis buffer, bound proteins were eluted
in elution buffer (50 mm Tris, pH 7.5, 10 mm EDTA, 1%SDS) at
95 °C for 10 min. To reverse the cross-linking, 6X SDS-PAGE
sample buffer (480 mm Tris, pH 6.8, 60 mm DTT, 12% SDS, 60%
glycerol) was added to a final concentration of 1X, and the
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samples were heated at 95 °C for 20 min. For the recombinant
protein immunoprecipitation, 1 ug of MBP-CUGBP1 was com-
bined with 1 ug of MBP-hnRNP H2 and 4 ug of antibody in a
final volume of 1 ml. Following an overnight incubation at 4 °C,
100 pl of packed immobilized protein G (Pierce) was added,
and the mixture was incubated for 3 h at4 °C. After washing the
beads extensively with lysis buffer, bound proteins were eluted
in 2X SDS-PAGE sample buffer (160 mm Tris, pH 6.8, 20 mm
DTT, 4% SDS, 20% glycerol) at 95 °C for 10 min.

Hippuristanol Treatment—MCE-7 cells were transfected
with in vitro transcribed mRNA according to the protocol
above. 10 h after transfection, the indicated amount of hip-
puristanol (a gift from Junichi Tanaka, University of the
Ryukyus, Japan) or an equal volume of vehicle (DMSO) was
added to the culture medium, and the cells were and incubated
at 37 °C and 5% CO,, for an additional 11 h. Luciferase activity
was then quantified as stated above.

Introduction of Open Reading Frames (ORFs) into the SHMT1
5'-UTR—A stop codon was introduced into the 5'-UTR of the
bicistronic construct lacking the 3’-UTR according to the
QuikChange II site-directed mutagenesis protocol (Stratagene)
using the following primers: Stop Fwd = 5'-GTCGCTAGGC-
AGCTTCGAACTAGTGCAATG-3' and Stop Rev = 5'-CAT-
TGCACTAGTTCGAAGCTGCCTAGCGAC-3'. Start codons
were then introduced into the resulting construct via
QuikChange II site-directed mutagenesis using the follow-
ing primers: 52 AUG Fwd = 5'-GGTCCAGCGCCAAGTA-
TGGGGTTTGGGGTTGG-3', 52 AUG Rev = 5'-CCAAC-
CCCAAACCCCATACTTGGCGCTGGACC-3', 70 AUG
Fwd = 5'-GGGTTTGGGGTTGGAATGGCTGGTCACG-
TGGC-3',70 AUG Rev = 5'-GCCACGTGACCAGCCATT-
CCAACCCCAAACCC-3', 82 AUG Fwd = 5'-GGAGCGG-
CTGGTAACATGGCTGGCCCGC-3', 82 AUG Rev = 5'-
GCGGGCCAGCCATGTTACCAGCCGCTCC-3', 103 AUG
Fwd = 5'-GGCTGGCCCGCGGCGGAGCATGGGGCGTT-
GGGTCAGC-3', 103 AUG Rev = 5'-GCTGACCCAACGCC-
CCATGCTCCGCCGCGGGCCAGCC-3', 118 AUG Fwd =
5'-GGGCGTTGGGTCATGGGGTCTGGGACTGG-3', 118
AUG Rev = 5'-CCAGTCCCAGACCCCATGACCCAACG-
CCC-3/, 139 AUG Fwd = 5'-GGGACTGGTGGCATGGGC-
GGCGGCGTAG-3',139 AUG Rev = 5'-CTACGCCGCCGC-
CCATGCCACCAGTCCC-3', 151 AUG Fwd = 5'-GCAC-
CGGCGGCGGCATGGGACGGAGGCGTCG-3', 151 AUG
Rev = 5'-CGACGCCTCCGTCCCATGCCGCCGCCGGTGC-
3',169 AUG Fwd = 5'-GGACGGAGGCGTGGCATGGCA-
GCTTCGAAC-3’, and 169 AUG Rev = 5'-GTTCGAAGC-
TGCCATGCCACGCCTCCGTCC-3'. The stop and start
codons are shown in bold. To determine whether the intro-
duction of the start codon affected the secondary structure
of the mRNA, each start codon was mutated via QuikChange
II site-directed mutagenesis using the following primers: 52
GUG Fwd = 5'-GGTCCAGCGCCAAGTGTGGGGTTTG-
GGGTTGG-3',52 GUG Rev = 5'-CCAACCCCAAACCCC-
ACACTTGGCGCTGGACC-3',70 UUG Fwd = 5'-GGGTT-
TGGGGTTGGATTGGCTGGTCACGTGGC-3', 70 UUG
Rev = 5'-GCCACGTGACCAGCCAATCCAACCCCAAA-
CCC-3/, 82 UUG Fwd = 5'-GGAGCGGCTGGTAACTTGG-
CTGGCCCGC-3',82UUGRev = 5'-GCGGGCCAGCCAAG-
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FIGURE 2. Proposed model for the IRES-mediated translation of SHMT1.
In this model, an interaction between an ITAF bound to the 5’-UTR of the
SHMT1 transcript and another ITAF bound to the 3'-UTR of the SHMT1 tran-
script serves to circularize the mRNA. This results in the formation of a closed
loop similar to the one that is typically formed by the elFAG/PABP/poly(A) tail
interaction.

TTACCAGCCGCTCC-3', 103 UUG Fwd = 5'-GGCTGGCC-
CGCGGCGGAGCTTGGGGCGTTGGGTCAGC-3', 103 UUG
Rev = 5'-GCTGACCCAACGCCCCAAGCTCCGCCGCGG-
GCCAGCC-3',118 AUA Fwd = 5'-GGGCGTTGGGTCATA-
GGGTCTGGGACTGG-3',118 AUA Rev = 5'-CCAGTCCC-
AGACCCTATGACCCAACGCCC-3', 139 AUA Fwd = 5'-
GGGACTGGTGGCATAGGCGGCGGCGTAGG-3', 139
AUA Rev = 5'-CCTACGCCGCCGCCTATGCCACCAGT-
CCC-3/,151 UUG Fwd = 5'-GCACCGGCGGCGGCTTGGG-
ACGGAGGCGTCG-3', 151 UUG Rev = 5'-CGACGCCTCC-
GTCCCAAGCCGCCGCCGGTGC-3', 169 UUG Fwd = 5'-
GGACGGAGGCGTGGCTTGGCAGCTTCGAAC-3', and
169 UUG Rev = 5'-GTTCGAAGCTGCCAAGCCACGCCT-
CCGTCC-3'. The mutated start codons are shown in bold. All
mutations were verified by sequencing at the Cornell Biotech-
nology Resource Center.

RESULTS

The poly(A) Tail and PABP Are Not Required for Maximal
SHMT1 IRES Activity—To investigate the influence of the
poly(A) tail on the cap-independent translation of SHMT1, the
IRES activity of bicistronic mRNAs with and without the stim-
ulatory SHMT1 3'-UTR (25) and with and without an A, tail
(Fig. 1A) was determined in vitro using nuclease-treated rabbit
reticulocyte lysate. This cell-free system was selected over a cell
culture model, as it eliminates the potential for artificially
reduced translation efficiency of the non-polyadenylylated
bicistronic mRNA resulting from decreased competition with
endogenous polyadenylylated mRNAs. IRES-mediated transla-
tion, as measured by the ratio of firefly luciferase (Fluc) to
Renilla luciferase (Rluc) activity, was independent of the
poly(A) tail when the SHMT1 3'-UTR was present in the tran-
script (Fig. 1B). However, removal of the 3'-UTR resulted in a
40% decrease in the IRES-mediated translation of non-polyad-
enylylated RNA relative to RNA containing a poly(A) tail (Fig.
1B). Changes in the stability of the bicistronic mRNA lacking
the 3'-UTR were not responsible for the observed stimulatory
effect of the poly(A) tail (Fig. 1C).

The poly(A) tail affects IRES activity through its interaction
with PABP (8 —15). Depletion of PABP from rabbit reticulocyte
lysate with immobilized Paip2 (27) significantly reduced PABP
protein levels (Fig. 1D). Depletion of PABP by this procedure
has been shown not to affect the concentration of other initia-
tion factors (7). PABP depletion had no significant effect on the
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FIGURE 3. The interaction of CUGBP1 with the SHMT1 UTRs. A, RNA was immunoprecipitated from UV-
treated MCF-7 whole cell extract using an antibody against IgG (control for nonspecific binding) or CUGBP1.
The RNAin lanes 1-3 (+RT) was reverse-transcribed into cDNA and then analyzed by PCR using primers speci-
fic to either the SHMT1 5’-UTR or the SHMT1 3’-UTR. The RNA in lanes 4-6 (—RT) did not undergo the reverse
transcription step. Rather, they were analyzed directly by PCR to control for DNA contamination in the immu-
noprecipitates. Lanes 1 and 4 (Input) represent 1% of the RNA used in the immunoprecipitation. B, electro-
phoretic mobility shift assays were carried out in the presence of excess yeast tRNA to eliminate nonspecific
binding of the probe, radiolabeled SHMT1 3’-UTR, and recombinant MBP-CUGBP1. A 10X, 50X, and 100X
molar excess of unlabeled SHMT1 3’-UTR was also added in lanes 3, 4, and 5, respectively, to determine binding
specificity. C, electrophoretic mobility shift assays were carried out using radiolabeled SHMT1 3'-UTR and
increasing concentrations of MBP-CUGBP1. The fraction of the 3’-UTR bound by the recombinant protein was
quantified using Chemilmager 4400 from Alpha Innotech Corp. The dissociation constant (K,) was determined
using GraphPad Prism. D, electrophoretic mobility shift assays were carried out using radiolabeled SHMT1
3'-UTR truncation mutants in the absence and presence of MBP-CUGBP1. The nucleotides of the 3'-UTR that
comprise the truncation mutant are listed above each gel. The nucleotide at the 5'-end of the 3'-UTR is labeled
1. The nucleotide at the 3’-end of the 3'-UTR is labeled 637. E, MCF-7 whole cell extract was either not treated
or treated with A-phosphatase (PPase) and analyzed by Western blot using antibodies against CUGBP1 and
phosphorylated serine and threonine residues. GAPDH served as a control for equal protein loading. F, the
extracts from E were applied to RNA affinity columns to which either the SHMT1 5’-UTR or the RevUTR had been
attached. Proteins that bound to the UTRs were eluted and analyzed by Western blotting using an antibody
against CUGBP1.

IRES-mediated translation of the polyadenylylated bicistronic
mRNA containing the SHMT1 3’-UTR but reduced the IRES
activity of the polyadenylylated bicistronic mRNA lacking the
3'-UTR by 45% (Fig. 1D). These results led to the formulation of
a model for the IRES-mediated translation of SHMT1 in which
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interactions between ITAFs bound
to the 5'-UTR of the transcript and
ITAFsbound to the 3'-UTR serve to
circularize the transcript, thereby
eliminating the need for both the
poly(A) tail and PABP (Fig. 2).

CUGBP1 Binds to the SHMTI1
3'-UTR—A promising candidate
for the 3'-UTR-binding protein in
our model was CUG-binding pro-
tein 1 (CUGBP1), an isoform of the
hnRNP hNab50 (28) that has been
shown to stimulate the IRES-medi-
ated translation of SHMT1 (25).
The effect of CUGBP1 on IRES
activity is significant only when
the 3'-UTR of SHMT1 is included
in the transcript (25), indicating
that the protein might act by bind-
ing to the 3’-UTR of the mRNA.
The binding of CUGBP1 to the
SHMT1 3’-UTR was confirmed in
mammary adenocarcinoma (MCF-
7) cells by RNA immunoprecipita-
tion using an antibody against
CUGBP1 and amplification of the
immunoprecipitated RNA  with
PCR primers specific to the SHMT1
3'-UTR (Fig. 3A4).

The binding of CUGBP1 to the
SHMT1 3'-UTR was also con-
firmed in vitro by RNA electro-
phoretic mobility shift assays
(EMSAs) using recombinant MBP-
CUGBP1 and an excess of nonspe-
cific competitor tRNA (Fig. 3B). The
addition of MBP alone had no effect
on the mobility of the SHMT1
3’-UTR (data not shown), and
MBP-CUGBP1 binding was abol-
ished upon the addition of a molar
excess of unlabeled 3'-UTR (Fig.
3B), indicating that the interaction
was specific. As the EMSA was per-
formed in the absence of other pro-
teins, the results of the experiment
indicate that CUGBP1 is capable of
binding to the 3'-UTR of SHMT1
independent of any auxiliary fac-
tors. The dissociation constant (K ;)
of MBP-CUGBP1 binding to the
3’-UTR was determined to be 150
nm (Fig. 3C).

CUGBP1 has been reported to bind several consensus
sequences including (CUG),, triplet repeats (28), GU-rich
elements (UGUUUGUUUGU) (29), and Bruno response ele-
ments (AAUGUAUGUUAAUUGUAUGUAUUA) (30). The
3'-UTR of SHMT1 contains a partial Bruno response element
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FIGURE 4. Interaction of hnRNP H2 with the SHMT1 UTRs. A, MCF-7 whole cell extract was applied to RNA
affinity columns to which either the SHMT1 5’-UTR or the RevUTR had been attached. Proteins that bound to
the UTRs were eluted, separated by SDS-PAGE, and visualized by Coomassie Blue staining. The protein marked
with an asterisk was excised from the gel and analyzed by uLC/MS/MS. B, the SDS-polyacrylamide gel from A
was transferred to a PVDF membrane and analyzed by Western blotting using an antibody against hnRNP H.
G, electrophoretic mobility shift assays were carried out in the presence of excess yeast tRNA to eliminate
nonspecific binding of the probe, radiolabeled SHMT1 5’-UTR, and recombinant MBP-hnRNP H2. A 10X, 50X,
and 100X molar excess of unlabeled SHMT1 5’-UTR was also added in lanes 3, 4, and 5, respectively, to deter-
mine binding specificity. D, electrophoretic mobility shift assays were carried out using radiolabeled SHMT1
5'-UTR and increasing concentrations of MBP-hnRNP H2. The fraction of the 5’-UTR bound by the recombinant
protein was quantified using Chemilmager 4400 from Alpha Innotech Corp. The dissociation constant (K;) was
determined using GraphPad Prism. E, electrophoretic mobility shift assays were carried out using radiolabeled
SHMT1 5’-UTR truncation mutants in the absence and presence of MBP-hnRNP H2. The nucleotides of the
5’-UTR that comprise the truncation mutant are listed above each gel. The nucleotide at the 5’-end of the
5'-UTR s labeled 1. The nucleotide at the 3'-end of the 5’-UTR is labeled 790. F, RNA was immunoprecipitated
from UV-treated MCF-7 whole cell extract using an antibody against IgG (control for nonspecific binding) or
hnRNP H. The RNA in lanes 1-3 (+RT) was reverse-transcribed into cDNA and then analyzed by PCR using
primers specific to either the SHMT1 5’-UTR or the SHMT1 3’-UTR. The RNA in lanes 4- 6 (—RT) did not undergo
the reverse transcription step. Rather, they were analyzed directly by PCR to control for DNA contamination in
the immunoprecipitates. Lanes 1 and 4 (Input) represent 1% of the RNA used in the immunoprecipitation.
G, whole cell extract (WCE) from cells that were treated with either negative control siRNA (—CUGBP1 siRNA) or
siRNA directed against CUGBP1 were applied to RNA affinity columns to which either the cSHMT 5’-UTR or the
¢SHMT 3’-UTR had been attached. Proteins that bound to the UTRs were eluted, separated by SDS-PAGE, and
visualized by Western blotting using antibodies against CUGBP1 or hnRNP H. For the whole cell extract, equal
protein loading was confirmed by using an antibody against GAPDH. For the affinity column elutions, equal
protein loading was confirmed by staining the gel with Coomassie blue after transfer.

SHMT1 5’'UTR
SHMT1 3'UTR

Loading Control
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(UGUAUGUU) at nucleotide posi-
tions 496 —503. However, mutation
of this sequence did not affect the K,
of CUGBP1 binding in EMSAs (data
not shown). To map the CUGBP1
binding site on the SHMT1 3'-UTR,
the ability of recombinant protein to
bind a series of 3'-UTR truncation
mutants was determined by EMSA.
The addition of MBP-CUGBP1 had
no effect on the mobility of
3'-UTR(1-157), but it did decrease
the mobility of 3’-UTR-(1-200),
3/-UTR-(1-236), 3'-UTR-(1-317),
3’-UTR-(1-477), and the full-
length 3'-UTR (3'-UTR-(1-637))
(Fig. 3D). These results indicate that
CUGBP1 binds to the 5'-end of the
SHMT1 3'-UTR between nucleo-
tides 157 and 200. This region con-
tains a partial GU-rich element
(UUUGUUU) located at nucleotide
positions 167-173.

CUGBP1 Binding to the SHMT1
5'-UTR Requires an Auxiliary
Factor—MBP-CUGBP1 did not
bind to the SHMT1 5'-UTR in
EMSAs (data not shown). However,
the results from RNA immunopre-
cipitation experiments using an
antibody against CUGBP1 revealed
that the endogenous protein is asso-
ciated with the SHMT1 5'-UTR in
MCE-7 cells (Fig. 3A). Taken
together, these data suggest that
CUGBP1 binding to the SHMT1
5'-UTR requires either a post-
translational modification that is
absent from the bacterially-ex-
pressed protein or an auxiliary fac-
tor that binds to both the SHMT1
5'-UTR and to CUGBP1.

CUGBP1 is known to be phos-
phorylated in vivo (31, 32). To deter-
mine whether the phosphorylation
status of CUGBP1 affects its inter-
action with the SHMT1 5'-UTR,
RNA affinity chromatography was
carried out using in vitro tran-
scribed RNA and either untreated
or phosphatase-treated MCF-7
whole cell extract (Fig. 3E). Phos-
phatase treatment did not interfere
with the ability of the SHMT1
5'-UTR to pull down CUGBP1 (Fig.
3F), making it unlikely that a
CUGBP1 post-translational modifi-
cation is required for the RNA/pro-
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tein interaction. We therefore hypothesized that CUGBP1
interacts with the 5'-UTR through its association with a novel
SHMT1 ITAF that binds directly to the 5'-UTR.

Identification of hnRNP H2 as a SHMTI 5'-UTR-binding
Protein—To identify the SHMT1 5'-UTR binding protein,
RNA affinity chromatography was carried out using in vitro
transcribed mRNA. The RevUTR, which lacks IRES activity
(25), was used as a control for nonspecific binding. Analysis of
the eluate revealed that a protein of ~50 kDa bound to the
SHMT1 5'-UTR but not the RevUTR (Fig. 44). uLC/MS/MS
identified this protein as hnRNP H2. Immunoblotting using an
antibody against hnRNP H confirmed these results (Fig. 4B),
although the antibody cannot distinguish between hnRNP H1
and hnRNP H2, which are 96% identical (33).

To further investigate the binding of hnRNP H2 to the
SHMT1 5'-UTR, EMSAs were carried out using recombinant
MBP-hnRNP H2 and an excess of nonspecific competitor
tRNA. The results revealed that MBP-hnRNP H2 (but not MBP
alone; data not shown) binds directly and specifically to the
5'-UTR (Fig. 4C) with a K, of 260 nm (Fig. 4D). To map the
hnRNP H2 binding site, the ability of the recombinant protein
to bind several different 5'-UTR truncation mutants was deter-
mined by EMSA. MBP-hnRNP H2 bound to 5'-UTR-(105-
190), 5'-UTR-(50-150), 5-UTR-(1-114), 5-UTR-(1-131),
and the full-length 5'-UTR (5'-UTR-(1-190)) but not to
5'-UTR-(1-104) (Fig. 4E), indicating that nucleotides 105-114
comprise the hnRNP H2 binding site on the SHMT1 5'-UTR.
This region contains a run of G nucleotides followed by a C
(GGGGC), a sequence that has been shown to promote hnRNP
H1 and hnRNP H2 binding specifically (34).

RNA immunoprecipitation using an antibody against
hnRNP H verified that the association between hnRNP H1/H2
and the SHMT1 5'-UTR occurs in vivo (Fig. 4F). It also revealed
that hnRNP H2 interacts with the 3'-UTR of SHMT1 (Fig. 4F),
although it did not bind to the 3’-UTR directly in EMSAs (data
not shown). In vitro the binding of hnRNP H2 to the 3’-UTR
decreased significantly upon CUGBP1 depletion; in contrast,
CUGBP1 depletion had little effect on the binding of hnRNP H2
to the 5'-UTR (Fig. 4G). These results are consistent with a role
for hnRNP H2 as the auxiliary factor that enables CUGBP1 to
interact with the SHMT1 5'-UTR.

hnRNP H2 Interacts with CUGBPI—If hnRNP H2 indeed
serves as the auxiliary factor for the interaction between
CUGBP1 and the SHMT1 5'-UTR, hnRNP H2 and CUGBP1
must interact physically. To test this hypothesis, a yeast two-
hybrid analysis was performed. An hnRNP H2-GAL4-activat-
ing domain fusion and a CUGBP1-GAL4 DNA-binding domain
fusion were expressed in the Saccharomyces cerevisiae strains
Y187 and AH109, respectively. The mating of these strains acti-
vated the HIS3 and MELI reporter genes (as evidenced by the
growth of blue colonies on SD/Leu—/Trp—/His— medium
containing X-a-gal; data not shown), providing evidence that
the two proteins interact. The results of the yeast two-hybrid
assay were confirmed by both the coimmunoprecipitation of
CUGBP1 with the hnRNP H antibody (Fig. 54) and the coim-
munoprecipitation of hnRNP H with the CUGBP1 antibody
(Fig. 5B) from MCEF-7 cell extracts. Although it has been
reported previously that hnRNP H and CUGBP1 interact in an
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FIGURE 5. hnRNP H2 binds to CUGBP1 in an RNA-independent manner.
CUGBP1 (A) and hnRNP H (B) were coimmunoprecipitated from MCF-7 whole
cell extracts using antibodies against hnRNP H and CUGBP1, respectively. The
no antibody, IgG, and hemagglutinin (HA) coimmunoprecipitations serve as
controls for nonspecific binding. CUGBP1 (C) and hnRNP H (D) were coimmu-
noprecipitated from a mixture of recombinant hnRNP H2 and recombinant
CUGBP1 using antibodies against hnRNP H and CUGBP1, respectively. The no
antibody and IgG coimmunoprecipitations serve as controls for nonspecific
binding.

RNA-dependent manner in myoblasts (35), our data suggest
that the interaction is RNA-independent, as the two proteins
coimmunoprecipitated from a mixture containing only recom-
binant hnRNP H2 and recombinant CUGBP1 (Fig. 5, C and D).

Depletion of CUGBPI or hnRNP H2 Results in a Decrease in
the IRES-mediated Translation of Non-polyadenylylated
SHMT1 mRNA—If an interaction between hnRNP H2 bound
tothe 5'-UTR of the mRNA and CUGBP1 bound to the 3'-UTR
functions to circularize the SHMT1 transcript, then removal of
these factors from nuclease-treated rabbit reticulocyte lysate
should reveal a requirement for the poly(A) tail. Indeed, the
immunodepletion of CUGBP1 (Fig. 6A) and hnRNP H2 (Fig.
6B) reduced the IRES activity of the non-polyadenylylated
bicistronic mRNA containing the SHMT1 3'-UTR to levels
similar to those obtained when the IRES activity of the non-
polyadenylylated bicistronic mRNA lacking the 3'-UTR was
measured in rabbit reticulocyte lysate containing both factors.
The immunodepletion of CUGBP1 and hnRNP H2 had no
effect on the IRES activity of the non-polyadenylylated bicis-
tronic mRNA lacking the SHMT1 3'-UTR. The addition of
MBP-tagged recombinant protein (Fig. 6, A and B), but not
MBP alone (data not shown), to the immunodepleted extracts
restored the IRES activity of the non-polyadenylylated bicis-
tronic mRNA containing the SHMT1 3’-UTR to the levels of its
polyadenylylated counterpart, demonstrating that the immu-
nodepletion procedure did not completely remove any other
factor required for cap-independent translation. However, con-
sistent with an RNA-independent interaction between CUGBP1
and hnRNP H2, the immunodepletion of CUGBP1 did reduce the
levels of hnRNP H present in the nuclease-treated rabbit reticulo-
cyte lysate (Fig. 6A) and vice versa (Fig. 6B).

Like the immunodepletion of CUGBP1 from rabbit reticulo-
cyte lysate, the deletion of all but the first 157 nucleotides from
the SHMT1 3'-UTR in the bicistronic mRNA resulted in a 50%
decrease in the IRES activity of non-polyadenylylated mRNA
relative to that of its polyadenylylated counterpart (Fig. 6C).
This requirement for the poly(A) tail was not observed when
the SHMT1 3'-UTR contained nucleotides 1-200, 1-236,
1-317, and 1-477 (Fig. 6C). As only the 1-157 3'-UTR trunca-
tion mutant is incapable of binding CUGBP1 (Fig. 3D), these
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FIGURE 6. CUGBP1 and hnRNP H2 depletion result in a dependence on the poly(A) tail. CUGBP1 (A) and hnRNP H (B) were immunodepleted from rabbit
reticulocyte lysate as described under "Experimental Procedures.” The depletion of these proteins was confirmed by immunoblotting (right) using antibodies
against CUGBP1 (A) and hnRNP H (B). GAPDH served as a control for equal protein loading. The graphs on the left show the IRES activities of the bicistronic
mRNAs containing a 30-nucleotide poly(A) tail (white bars) or lacking a poly(A) tail (dark bars) as measured in control rabbit reticulocyte, CUBBP1 (A)- or hnRNP
H (B)-depleted rabbit reticulocyte lysate, or immunodepleted lysate supplemented with recombinant CUGBP1 (A) or hnRNP H2 (B). The relative ratio of
Fluc/Rluc for each bicistronic mRNA containing a poly(A) tail was given a value of 1.0. The data represent the average of three independent experiments *+ S.E.
C,the 3'-UTR of the bicistronic mRNA was truncated by removal of nucleotides from the 3'-end, and the IRES activity of these truncation mutants was measured
in rabbit reticulocyte lysate. The white bars represent the IRES activity of the truncated bicistronic mRNA containing a 300nucleotide poly(A) tail, and the shaded
bars represent the IRES activity of the truncated bicistronic mRNA lacking a poly(A) tail. The relative ratio for each truncated bicistronic mRNA containing a
poly(A) tail was given a value of 1.0. The data represent the average of three independent experiments = S.E.

NOVEMBER 6, 2009-VOLUME 284-NUMBER 45  \ASEMB\_ JOURNAL OF BIOLOGICAL CHEMISTRY 31093



SHMTT1 IRES

activity of hepatitis C virus (Fig. 7A),
which is known to be elF4A-inde-
pendent (42). However, it did result
in asignificant decrease in the IRES-
mediated translation of SHMT1
(Fig. 7B).

To locate the ”"landing” point of
the ribosome within the SHMT1
5'-UTR, a series of ORFs was intro-
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duced throughout the IRES by site-
directed mutagenesis of the bicis-
tronic construct. A common stop
codon (UAG) was placed at the
3’-end of the IRES, but the locations
of the start codon (AUG) varied.
The ORFs were engineered within
the 5'-UTR so that they were out
of frame with the downstream
ORF of Fluc. All AUG codons were
placed in a sequence context that
is highly favorable for initiation
(with a purine three nucleotides
upstream of the AUG and a G in
position +4) (43) to eliminate
leaky scanning by the 40 S riboso-
mal subunit (Fig. 7C). It was antic-
ipated that if the inserted ORFs
were located downstream of the
ribosome entry site, IRES activity
would decrease. However, if the
ORFs were located upstream of
the ribosome entry site, IRES

v~
RGN activity would be unaffected.

FIGURE 7. Ribosome scanning occurs between nucleotides 103 and 118 of the SHMT1 5’-UTR. MCF-7 cells
were transiently transfected with polyadenylylated bicistronic mRNAs containing the hepatitis C virus IRES (A)
or the SHMT1 5’-UTR (B) and then treated with the indicated amount of hippuristanol. Following 11 h of
treatment, Fluc (white bars) and Rluc (dark bars) expression was quantified as described under "Experimental
Procedures.” The relative luminosity in untreated cells was given a value of 1.0. The data represent the average
of three independent experiments = S.E. C, the sequence of the SHMT1 5’-UTR indicating the positions of the
inserted open reading frames. The location of each start and stop codon is underlined, and the letters above the
underlined nucleotides indicate changes to the wild-type sequence that were made by site-directed mutagen-
esis. D, MCF-7 cells were transiently transfected with bicistronic mRNAs containing the mutated SHMT1
5'-UTRs. The number of each mutant represents the position of the A in the AUG or AUA, or the U in the UUG.
The relative ratio of Fluc/Rluc for each the wild-type (WT) bicistronic mRNA was given a value of 100%. The data

The mRNA produced from each
mutated bicistronic construct was
transiently transfected into MCEF-7
cells, and IRES activity was meas-
ured and compared with the wild
type and stop codon only controls
(Fig. 7D). The introduction of start
codons at positions 52, 70, 82, and

represent the average of at least three independent experiments = S.E.

results further support a role for CUGBP1 in circularizing the
SHMT1 transcript.

IRES-mediated Translation of SHMTI Involves Ribosome
Scanning—Internal initiation has been shown previously to
proceed by a “land and scan” mechanism, whereby the 40 S
ribosomal subunit binds upstream of the initiation codon and
then migratesina5’-3' direction until AUG recognition occurs
(36-38). Consistent with this mechanism, most cellular IRESes
have been found to require eIF4A (7), a DEAD box helicase that
unwinds mRNA secondary structure and thereby facilitates
ribosome binding and scanning (39, 40). To determine whether
ribosome scanning is involved in the IRES-mediated transla-
tion of SHMT1, cells were treated with hippuristanol, a small
molecule inhibitor of the eIlF4A helicase (41). As in previous
reports (41), hippuristanol treatment did not reduce the IRES
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103 resulted in similar reductions

in IRES activity. However, the
mutation of these AUGs to GUG or UUG also resulted in
reduced IRES activity, indicating that mutations at these
positions affect luciferase expression simply by perturbing
the RNA structure. In contrast, the introduction of start
codons at positions 118, 139, 151, and 169 resulted in
reduced IRES activity that could be completely rescued by
mutation of the AUGs to AUA or UUG, indicating that the
40 S ribosomal subunit begins scanning between nucleotides
103 and 118 of the SHMT1 5'-UTR. The gradual increase in
IRES activity of the 118, 139, 151, and 169 AUG mutants is
consistent with reinitiation, a process by which ribosomes
remain associated with the mRNA following the translation
of an upstream ORF and then reinitiate at a downstream
OREF. The shorter the upstream ORF, the greater the effi-
ciency of reinitiation (44).
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DISCUSSION

There are few conserved properties shared among cellular
IRESes in terms of their sequence, size, or structure, indicating
that a universal mechanism for their mode of action is unlikely.
This is evidenced by the growing list of ITAFs, many of which
have only been implicated in the cap-independent translation
of a small percentage of the known IRES-containing mRNA
transcripts. In this study, we have provided evidence that the
IRES-mediated translation of SHMT1 proceeds by a unique
mechanism in that it involves two novel ITAFs, CUGBP1 and
hnRNP H2, and does not require either the poly(A) tail or
PABP.

The direct binding of hnRNP H2 to the SHMT1 5'-UTR, the
direct binding of CUGBP1 to the SHMT1 3'-UTR, and the
RNA-independent interaction between hnRNP H2 and
CUGBP1 are all consistent with a model for the IRES-mediated
translation of SHMT1 whereby an hnRNP H2/CUGBP1 bridge
results in the circularization of the mRNA. Formation of this
bridge would replicate a function of the e[F4G/PABP/poly(A)
tail interaction and would account for the finding that both the
poly(A) tail and PABP are dispensable when the SHMT1
3'-UTR, CUGBP1, and hnRNP H2 are present but are required
for maximal SHMT1 IRES activity in the absence of any one of
these factors. It also accounts for the previously observed stim-
ulatory effect of the SHMT1 3'-UTR on IRES activity (25). Such
a model of IRES-mediated translation is not unprecedented.
The finding that several non-polyadenylylated viral RNAs con-
tain sequences in their 3'-UTRs that are required for efficient
IRES-mediated translation led to the hypothesis that an RNA/
RNA or RNA/protein bridge can be established between the
IRES and the 3’-UTR (23, 45—-47). However, this is the first
report, to our knowledge, that demonstrates a cellular IRES/
protein bridge experimentally.

Because endogenous SHMT1 mRNA is polyadenylylated and
therefore can presumably bind PABP, why would it utilize an
alternative set of factors to form a closed loop? One hypothesis
comes from examining the CUGBP1 binding site on the
3’-UTR. The data from this study indicate that CUGBP1 binds
between nucleotides 157 and 200, which is more than 400
nucleotides upstream of the start of the poly(A) tail. Conse-
quently, the interaction of CUGBP1 with the IRES would
result in the formation of a much smaller closed loop than an
interaction between PABP and the IRES. A smaller closed
loop would likely increase the efficiency of 40 S ribosomal
subunit recycling.

It remains to be determined whether hnRNP H2 and
CUGBP1 serve any additional role(s) in the IRES-mediated
translation of SHMT1 aside from circularizing the transcript.
The proximity of the hnRNP H2 binding site (between nucleo-
tides 105 and 114) and the 40 S ribosomal subunit binding site
(between nucleotides 103 and 118) on the SHMT1 5’-UTR,
combined with the previously reported association between
CUGBP1 and the « and B subunits of elF2 (48), raises the pos-
sibility that the ITAFs may physically recruit the translation
initiation machinery to the 5'-UTR. In support of this model,
preliminary results from our laboratory suggest that hnRNP H2
and CUGBP1 interact with eI[F4A (data not shown). Further
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work is needed to investigate the requirement of the other
canonical initiation factors in the IRES-mediated translation of
SHMT1 and to determine whether the essential initiation fac-
tors bind to the SHMT1 ITAFs.

The role of ferritin in the IRES-mediated translation of
SHMT1 also remains to be determined (25). Heavy chain ferri-
tin (H ferritin) is not present in polysomes, but ongoing studies
indicate that H ferritin stimulates SHMT1 IRES activity by
enhancing the interaction of hnRNPH2 and CUGBP1 during
the assembly of the initiation complex.?
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