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ABSTRACT

Platelet production is induced by the cytokine
thrombopoietin (TPO). It is physiologically critical
that TPO expression is tightly regulated, because
lack of TPO causes life-threatening thrombocyto-
penia while an excess of TPO results in thrombocy-
tosis. The plasma concentration of TPO is controlled
by a negative feedback loop involving receptor-
mediated uptake of TPO by platelets. Furthermore,
TPO biosynthesis is limited by upstream open read-
ing frames (UORFs) that curtail the translation of the
TPO mRNA. uORFs are suggested to activate RNA
degradation by nonsense-mediated decay (NMD)
in a number of physiological transcripts. Here, we
determine whether NMD affects TPO expression.
We show that reporter mMRNAs bearing the seventh
TPO uORF escape NMD. Importantly, endogenously
expressed TPO mRNA from HuH?7 cells is unaffected
by abrogation of NMD by RNAi. Thus, regulation of
TPO expression is independent of NMD, implying
that mRNAs bearing uORFs cannot generally be
considered to represent NMD targets.

INTRODUCTION

Physiological platelet production by megakaryocytes depends
on the cytokine thrombopoietin (TPO). The circulating serum
levels of TPO are very low (<100 pg/ml) and tightly regulated.
Lack of TPO signaling results in life-threatening thrombocy-
topenia (1) and an excess of TPO causes dangerous thrombo-
cytosis (2,3). The regulation involves an important negative
feedback loop of TPO uptake and degradation by platelets.
The plasma TPO level reciprocally correlates to the mass of
megakaryocytes and platelets, which degrade this cytokine

following its uptake by specific membrane receptors (2).
Furthermore, TPO synthesis is tightly regulated in hepatocytes
and bone marrow stromal cells. Translation of TPO is physio-
logically inhibited by seven upstream open reading frames
(uORFs) in the 5'-untranslated region (5'-UTR) of the TPO
mRNA (4). The seventh uORF has been shown to be of par-
ticular importance, because it overlaps with the start codon of
the TPO-coding open reading frame (ORF) and strongly
inhibits initiation of TPO translation (5). Mutations in the
5'-UTR of the TPO gene, which cause hereditary thrombocy-
tosis (HT), inactivate the inhibitory function of uORF 7 and
abolish this translational control (4-7). In these cases, patho-
logically high TPO levels are observed, leading to an increased
number of platelets in the peripheral blood. Thus, the tight
regulation of TPO expression at multiple levels appears to be
critical for its physiological function.

The specific architecture of the TPO mRNA with its uORFs
suggests that this mRNA might be targeted not only by trans-
lational regulation but also by a mRNA surveillance pathway
called nonsense-mediated mRNA decay (NMD) (8,9). NMD
represents a splicing- and translation-dependent pathway of
RNA degradation which limits the expression of transcripts
bearing premature translation termination codons (10-12). In
the TPO mRNA, the physiological uORFs introduce several
upstream translation termination codons that would, according
to current models of NMD, be expected to induce down-
modulation of the transcript by NMD (10-14).

The splicing dependence of NMD is mediated by a multi-
protein complex that is deposited ~20 nts upstream of the
exon—exon junction (15). This exon-junction complex (EJC)
provides a potential binding platform for factors involved in
mRNA export and NMD (15). Some components of the EJC
accompany the mRNA to the cytoplasm and remain bound
until they are removed by translating ribosomes (16).
NMD-activating stop codons have at least one downstream
EJC that is proposed to tag aberrant mRNAs for rapid decay
(10,17). In contrast, normal stop codons are usually not fol-
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lowed by an exon—exon junction (18). In the case of TPO
mRNA, the stop codons at the end of the uORFs are followed
by several introns. For the recognition of the spatial relation-
ship between the termination codon and the EJC, active trans-
lation of the respective mRNA is required. Interference with
any step of translation abrogates NMD and thus stabilizes
PTC-containing transcripts (11,19).

NMD activation by uORFs has mostly been studied in
Saccharomyces cerevisiae. In yeast, the effects of both natural
as well as artificially introduced uORFs were analyzed. In
the presence of artificial uORFs, mRNA levels of the yeast
genes CAT (20) and CYC1 (21) are reduced. The genes
GCN4 and YAPI naturally harbor several uORFs. Interest-
ingly, they were shown to contain stabilizing elements (STE)
that actively prevent degradation of their mRNAs via NMD
(22-24). These STEs are located between the uORFs and
the start codon. For the yeast gene YAP2, a natural uORF
overlapping with the ORF strongly destabilizes the mRNA
(25). However, this destabilization occurs independently of
the central NMD factor Upflp (26). Thus, the canonical
NMD pathway seems not to be involved.

Genome-wide microarray analyses revealed that uORF-
containing transcripts in mammals as well as in yeast represent
a major class of natural NMD targets (13,14). In yeast, a large
number of uORF-containing mRNAs were up-modulated
when either of the essential NMD factors (Upflp, Upf2p or
Upf3p) were deleted (14). Likewise, depletion of hUpf1 (also
called Rentl) increases the expression levels of a large number
of mammalian mRNAs containing natural uORFs (13).

Since the TPO mRNA harbors several uORFs that are fol-
lowed by downstream exon—exon junctions, it would also be
expected to represent a natural NMD target. NMD might thus
add to levels of regulation of TPO synthesis.

Surprisingly, our analysis of normal and mutant TPO shows
that the TPO mRNA escapes NMD and naturally occurring
uORFs in mammalian mRNAs do not necessarily trigger
NMD. We suggest that the NMD resistance of TPO may be
physiologically required to maintain normal levels of TPO
synthesis and avoid thrombocytopenia.

MATERIALS AND METHODS
Plasmid constructs

The TPO-minigene was generated by PCR amplification of the
TPO exons 3, 4 and 5 with the translational initiation codon
and part of the 5-UTR from human genomic DNA (sense
primer, 5-TTTTCTCGAGCCTCACCCTTGGCCCGCC-3;
antisense primer, 5'-TTTTTTTTGCGGCCGCTTATCACTT-
GTCGTCATCGTCCTTGTAGTCGGTTTTCCATTCTCCC-3'
containing the sequence of a FLAG epitope and a stop
codon). The PCR product was gel purified, digested with
Xhol and Notl and inserted into the multiple cloning site of
the pCl-neo vector (Promega).

The intron of the TPO Alntron 4 construct was deleted by
overlapping PCR using the primer 5-CTGGGCACTGGCT-
CAGTCTGCTGTGAAG-3’ together with the TPO sense and
antisense primers.

The mutants AG and AATG were constructed by site-
directed mutagenesis using overlapping PCR (primer seque-
nces available upon request). TPO AG [for position of the

AG mutation see (5)] was used as parental vector for the
NS 27, NS 29, NS 40 and NS 40 Alntron 4 constructs.
Construct TPO NS 40 AATG was derived from TPO AATG
construct using the same mutagenesis primer as for the
NS 40 construct. The B-globin+300+elll transfection control
and [-globin wild-type (wt) and NS39 were described
previously (11,27).

The identity of all constructs was confirmed by DNA
sequencing on an ABI Prism 3100 Sequencer (Applied Bio-
systems) using the BigDye Terminator Sequencing Kit 3.1
(Applied Biosystems).

Cell culture and transfection

HeLa (cervix carcinoma) and HuH7 cells (hepatoma) were
grown in DMEM supplemented with 10% fetal calf serum
(FCS) and 1% penicillin/streptomycin at 37°C and 5% CO,.
Cells were transiently transfected by calcium phosphate pre-
cipitation (28) in 10 cm plates using 30 g of the test construct
DNA, 1 ug of a green fluorescent protein (GFP) expression
vector and 5 ug B-globin+300 DNA as a control for trans-
fection efficiency. Cells were washed after 20 h and harvested
24 h later.

Transient transfection of siRNA

Transient transfection of siRNAs was carried out using
Oligofectamine reagent (Invitrogen) according to the manu-
facturer’s recommendations as described (29). The siRNA
oligonucleotides used for transfections were purchased as
annealed, ready-to-use duplexes from Dharmacon. The siRNA
target sequences were: Luciferase (AA-CGUACGCGGAAU-
ACUUCGA), hUpfl (AA-GAUGCAGUUCCGCUCCAUU).

Immunoblot analysis

An aliquot of 10 ug of protein lysate was separated on an
polyacrylamide gel according to standard protocols and
transferred to PVDF membranes. Monoclonal anti-FLAG
antibody (Sigma) was used at 1:2000, monoclonal anti-tubulin
at 1:7500, polyclonal anti-B-globin at 1:2000 and polyclonal
anti-hUpf1 at 1:500 dilutions. Horseradish peroxidase (HRP)-
conjugated anti-mouse IgG or anti-rabbit IgG antiserums
(Sigma) were used at 1:5000 dilutions. Signals were detected
using ECL or ECL-plus reagent (Amersham).

RNA analysis

Total cytoplasmic RNA was isolated as described (29,30).
Northern blot analysis was performed with 3 g of total cyto-
plasmic RNA. Probes were prepared by in vitro transcription
in the presence of [(x-32P]GTP (Perkin Elmer). The TPO probe
was transcribed with T3 polymerase from an EcoRI-linearized
pCl-neo TPO Alntron 4 plasmid. The B-globin probe was
transcribed with SP6 polymerase from a BamHI-linearized
plasmid containing exon III of the B-globin gene.

Hybridization was carried out overnight in Church buffer
[0.5 M Na,HPO,4, | mM EDTA, 7% SDS (pH 7,2)] at 65°C.

Band intensities were quantified by imaging in a FLA-3000
Phosphorlmager (Fujifilm). Percentages correspond to mean
values that were calculated from at least three independent
experiments. A representative blot is shown.



Quantitative real-time PCR (LightCycler)

First strand cDNA was synthesized using MuMLV RNase
H- RT (MBI Fermentas) according to the manufacturer’s pro-
tocol using 1 pug of RNA. We carried out real-time PCR, using
the LightCycler™ system (Roche Diagnostics, Mannheim,
Germany). Expression analyses was performed with single-
stranded cDNA and gene-specific primers (primer sequences
are available on request) using the FastStart DNA Master SYBR
Green kit (Roche Diagnostics). The expression levels are the
means of three independent experiments. Melting curves of
the PCR products were performed for quality control.

RESULTS
Transfected TPO reporter mRNAs are NMD-resistant

We generated a series of mutant TPO minigenes consisting of
exons 3 to 5 including the important uORF7 (4-7). The mini-
genes contain a C-terminal FLAG-tag to facilitate identifica-
tion of the protein product (Figure 1A).

The minigene series was designed to specifically address
two central requirements for NMD in mammals: translation
and splicing. Interference with either translation or splicing
has previously been shown to abolish NMD (10-12,
17,19,27,31). The AG and AATG variants of our TPO mini-
gene address the translation dependence, and the Alntron
4 construct the splicing dependence.

A single G-nucleotide deletion in the 5'-UTR of the TPO
gene has been shown to cause HT in a Japanese family (5).
This deletion, referred to as AG (Figure 1A), dramatically
increases TPO synthesis, because it bypasses the translation
inhibition of uORF7 by shifting it into the same reading frame
as TPO, thus allowing the synthesis of an N-terminally
extended TPO polypeptide with full biological activity. Con-
sequently, the AG mRNA does not contain a PTC and is thus
not expected to be targeted by NMD. Another mutant, called
AATGT7, was constructed by removing the start codon of uORF
7. In this mRNA, translation would be predicted to initiate
exclusively at the ATG of the TPO-coding ORF (ATGS).
Analogous to the AG mRNA, no degradation by the NMD
pathway is predicted. TPO intron 4 is located in the minigene
at a NMD-supporting position 127 nt downstream of the
termination codon of the uORF7, i.e. more than the required
55 nt downstream of the stop codon (10,11). The splicing
of this intron is therefore expected to be essential to direct
the corresponding reporter mRNA to the NMD pathway, if
translation is initiated at uORF7 (15,17). This intron was
removed in the construct referred to as Alntron 4. This manip-
ulation should render the resulting mRNA NMD insensitive,
because no EJC can be deposited at a position downstream
of the termination codon of uORF7. If NMD contributes to
the control of the TPO expression, we expect to observe an
increase of mRNA levels of all three mutant constructs in
comparison to wt.

Expression of wt and mutant mRNAs were analyzed in
HeLa cells that were transiently transfected with different
minigene constructs together with a control for transfection
efficiency. Efficient splicing of intron 3 and intron 4 in the wt,
AG, AATG 7 and Alntron 4 (only intron 3 splicing assessed)
mRNAs was confirmend by RT-PCR (data not shown) and
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by the identical mobility of the TPO wt, AG, AATG 7
and Alntron 4 mRNAs during RNA-gel electrophoresis
(Figure 1B). With this experimental approach, we observed
slightly, but reproducibly higher expression levels for the AG
and AATG 7 mRNAs when compared to the wt mRNA
(Figure 1B, lanes 1-3). In contrast, the TPO Alntron 4
mRNA was expressed at wt levels (Figure 1B, lane 4).
Notably, the deletion of intron 4 removes the only exon—exon
junction downstream of the uORF 7 termination codon.
Therefore, the small increase of steady-state mRNA levels
observed for AG and AATG 7 is likely caused independent
of NMD. In conclusion, the steady state-levels of the TPO
reporter mRNAs were not strongly affected by manipulations
that typically inhibit NMD.

Expression of the TPO-FLAG protein was only observed
when either the AG or the AATG 7 constructs were transfected
(Figure 1C). This indicates that translation is efficiently ini-
tiated at AUG 7 (AG), but can also be initiated at AUG 8
(AATG 7), if AUG 7 is lacking. In the wt and Alntron
4 mRNAs, translation initiates at AUG 7 and terminates
downstream of AUG 8 (Figure 1A). In this arrangement,
the translation of uORF7 is known to interfere with the
initiation at the TPO ORF (5), which explains the absence
of TPO-FLAG proteins encoded by these constructs
(Figure 1C). In the AG mRNA, translation starts from
AUG 7 and terminates at the physiological stop codon. The
resulting protein also contains amino acids encoded by
uORF7 and is therefore 23 amino acids longer than the protein
translated from the TPO AATG 7 mRNA.

A specific way to address the contribution of NMD to the
expression levels of TPO wt is to deplete endogenous hUpf1
(29,32,33). This was accomplished by transfecting HeLa cells
with siRNAs targeting hUpf1. Efficient hUpfl depletion was
confirmed by immunoblot anylysis with a hUpf1-specfic anti-
body (Figure 1E). We compared TPO wt expression to TPO
Alntron 4 and TPO AG as NMD specificity controls, because
these mRNAs are not targeted by NMD. B-globin wt and NS
39 served as validated positive NMD controls (11,29). hUpf1
depletion up-modulated the positive control, NS 39 mRNA,
about 4-fold (Figure 1D lanes 7 and 8 versus lanes 9 and 10),
which is similar to levels observed in previous studies (29) and
proves the functional effect of the hUpfl depletion on
NMD. In contrast, depletion of hUpfl led to a comparable
up-modulation of TPO wt, TPO Alntron 4 and TPO AG (nega-
tive controls) mRNAs. As TPO Alntron 4 and TPO AG do not
represent NMD targets, the equal up-modulation of TPO wt,
Alntron 4 and AG mRNA is likely not a consequence of NMD
inhibition (Figure 1D compare lanes 1-3 versus lanes 4-6).
A slight up-modulation was also observed for -globin wt
(Figure 1D, compare lanes 7 and 9). Thus, the observed
increase of TPO wt mRNA is probably not caused by inhibi-
tion of NMD, but rather represents an NMD-unrelated
response that enhances mRNA expression.

An important characteristic of NMD is its translation depen-
dence. This hallmark can be used to discriminate NMD from
translation-independent degradation pathways. We analyzed
the mRNA expression levels of TPO wt, Alntron 4 and AG
in the presence of cycloheximide, which stabilizes PTC-
containing mRNAs (19). Steady state levels of all tested
TPO mRNAs are slightly increased in cells treated with cyclo-
heximide when compared to untreated cells (Figure 1F).
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Figure 1. The TPO wt mRNA is not subjected to NMD. (A) Schematic representation of the TPO minigene used in this study. Boxes and lines represent exons and
introns, respectively. The bold arrow (8) marks the position of the translation initiation codon for TPO. Numbers and arrows indicate the position of the seven uORFs
of TPO. The minigene contains uORF 7 and the indicated parts of exons 3, 4 and 5. A FLAG-tag for immunoblot detection is present at the 3’ end of the minigene. The
positions of the AG and AATG 7 mutations are indicated. The arrows below the different construct schemes represent the major translation products of the respective
mRNAs. (B) Northern blot of cytoplasmic RNA from HeLa cells transfected with the TPO minigene wt (lane 2) and mutants (AG, lane 3; AATG 7, lane 4; Alntron 4,
lane 5). Messenger RNA levels were calculated after normalization to the level of the control mRNA (B-globin+300+ellI) to control for variations in transfection
efficiencies and gel loading. Signals were quantified as described in Materials and Methods. Percentages represent mean values that were calculated from at least three
independent experiments. (C) Immunoblot analysis of TPO protein expression. The TPO protein was detected with an anti-FLAG antibody. The asterisk indicates a
nonspecific cross-reactive band. To control for equal transfection efficiency and gel loading, the blot was reprobed with a -globin-specific antibody that detects the B-
globin control protein (B-globin+300+elll). (D) Northern blot analysis of total cytoplasmic RNA from cells that were transfected with siRNAs directed against hUpf1
to specifically deplete endogenous hUpf1 protein (lanes 4-6, 9, 10). Cells transfected with siRNAs directed against luciferase (lanes 1-3, 7, 8) served as controls. 20 h
after siRNA treatment, cells were cotransfected with TPO minigene constructs wt (lanes 1 and 4), Alntron 4 (lanes 2 and 5), AG (lanes 3 and 6) and 3-globin wt (lanes 7
and 9) and NS 39 (lanes 8 and 10) together with the control plasmid. (E) Immunoblot analysis of HeLa cell extracts transfected with hUpf1 siRNA shown in (D).
Immunoblotting was performed with a hUpf1-specific antibody (lower panel). The membrane was reprobed with a tubulin-specific antibody (upper panel) to control
for equal loading. (F) Northern blot of cytoplasmic RNA from HeLa cells transfected with the TPO minigene wt (Ianes 1 and 4) and mutants (Alntron 4, lanes 2 and 5;
AG, lanes 3 and 6) together with the control plasmid. Cycloheximide (CHX, 12 pg/ml) was added to the cell culture medium 5 h prior to harvest. CHX-treated (lanes
1-3) or untreated (lanes 4-6) cells were transfected, washed and harvested simultaneously. Expression of the mRNAs was analyzed as described in Figure 1B.



We conclude that the equal up-modulation of TPO wt,
Alntron 4 and AG mRNA by cycloheximide treatment is
not caused by inhibition of NMD, but rather represents
another, translation-dependent effect.

These data further corroborate that the TPO reporter mRNA
is not degraded by NMD despite the presence of upstream
termination codons in a NMD-competent position.

Endogenous TPO mRNA is NMD-resistant

Because the experiments described above were performed
with transfected minigenes that lack some features of the
physiological architecture of the TPO mRNA, we wanted to
challenge the conclusions of these data by an analysis of
endogenous full length TPO mRNA. We established by
RT-PCR that the hepatoma cell line HuH7 endogenously
expresses TPO mRNA. The expression levels of TPO
mRNA in HuH7 cells were comparable to that in HepG2
cells (data not shown). HuH7 cells were transfected with
siRNA against hUpfl and mRNA levels of TPO, GAPD
and SC35 were measured by RT-PCR and quantitative real-
time PCR (LightCycler™). Immunoblot analysis of protein
lysates from HuH7 cells transfected with siRNAs against
luciferase or hUpfl showed that hUpfl was depleted to less
than 10% (Figure 2C). GAPD mRNA steady-state levels
served as an internal standard for normalization that is not
affected by hUpfl depletion. The splicing factor SC35 (also
referred to as SFRS2) regulates its own expression by an
autoregulatory feedback loop that involves activation of
splice-sites in the 3’-UTR of the SC35 mRNA (40). The trans-
cripts that undergo splicing in the 3’-UTR are degraded by
NMD and thus serve as a positive control for effective
NMD-inhibition by hUpfl depletion (33). Accordingly, the
expression of NMD-sensitive SC35 was increased after
hUpf1 depletion (Figure 2B), confirming the efficient inhibi-
tion of NMD by the hUpf1 depletion in HuH7 cells. In contrast
to SC35, the expression levels of TPO mRNA were not incre-
ased, showing directly that the endogenously expressed TPO
transcripts in HuH7 cells do not represent NMD targets
(Figure 2B).

Elongation of uORF 7 leads to a hUpfl-independent
reduction of TPO mRNA expression

Early PTCs in the B-globin and BRCA1 mRNAs do not acti-
vate NMD suggesting that transcripts with short ORFs may not
be efficient NMD substrates (30,34,35). It is therefore con-
ceivable that the uORF7 of the TPO mRNA is too short to
elicit NMD. We thus increased the length of the short uORF 7
by introducing a termination codon into the AG construct at
codon 40 (NS 40 AG) (Figure 3A). Here, the AG construct was
used to prevent translation termination at the normal termina-
tion codon of uORF 7. The length of this ORF is thus similar to
that of B-globin NS 39, which is known to efficiently induce
NMD. The mRNA expression of NS 40 AG was reduced to
40% of the wt mRNA and to 29% of the AG mRNA
(Figure 3B) suggesting that this longer ORF is sufficient to
activate NMD.

We analyzed the splicing dependence of the decreased
expression of NS40 AG by deleting intron 4. Indeed, deletion
of intron 4 increases the abundance of this mRNA 1.5-fold
(Figure 3B, lane 8), but this level of expression is still
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Figure 2. Endogenous full-length TPO mRNA is NMD resistant. (A) RT-PCR
analysis of endogenous HuH7 TPO after hUpf1 depletion. Cells were trans-
fected with siRNAs specific for hUpf1 to deplete endogenous hUpf1 protein
(cDNA used in lanes 2, 4, 6). Cells transfected with siRNAs directed against
luciferase (cDNA used in lanes 1, 3, 5) served as negative controls. Cells were
harvested 72 h after siRNA transfection. After first strand cDNA synthesis, PCR
with gene specific primers for TPO (lanes 1 and 2), GAPD (lanes 3 and 4) and
SC35 (lanes 5 and 6) were performed using cDNA from luciferase- (lanes 1, 3,
5) or hUpf1-siRNA transfected cells (lanes 2, 4, 6). (B) Quantitative RT-PCR
analysis of endogenous HuH7 TPO after hUpf1 depletion. LightCycler™ ana-
lysis was performed to determine the expression levels of TPO, GAPD and
SC35 in cells transfected with hUpfl siRNAs compared to luciferase-treated
cells. cDNAs from the first strand synthesis described in (A) was used for
LightCycler analysis. All expression levels were normalized to GAPD expres-
sion levels. NMD-sensitive SC35 served as positive control for the inhibition of
NMD. SC 35 primers specifically amplify the spliced 3'-UTR with two splice
variants (1,6 and 1,7 kb) as described previously (33). The level of up-
modulation and standard deviations are indicated. Values and standard errors
were calculated from five independent experiments. (C) Immunoblot analysis
of protein lysates from HuH7 cells transfected with siRNAs against luciferase
as a negative control (luc, lanes 1-4) or hUpf1 (lane 5) using a hUpf1 specific
antibody. Dilutions corresponding to 50, 20 or 10% (lanes 2—4) of the initial
protein amount (lane 1) from luciferase-siRNA transfected cells were loaded to
assess the efficiency of the hUpf1 depletion. Reprobing with a tubulin specific
antibody was performed as a loading control.
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Figure 3. An elongated uORF decreases TPO mRNA expression. (A) Schematic representation of mutated TPO minigenes. The positions of the respective
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(B) Northern blot of cytoplasmic RNA from HeLa cells cotransfected with either the TPO minigene wt (lane 3) or mutants (AG, lane 4; AATG 7, lane5; Alntron 4, lane
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Cytoplasmic RNA from untransfected HeLa-cells (lane 1) or cells transfected with only the control plasmid (lane 2) is shown. Expression of the mRNAs was analyzed
as described in Figure 1B. Percentages and standard deviations (SD) are based on three independent experiments.

significantly lower than the AG mRNA expression. Deletion of
intron 4 in the AG mRNA without the NS 40 mutation
decreased mRNA expression ~1.8-fold (Figure 3B, lane 9).
These results are consistent with the possibility that the TPO
NS40 mRNA could be subjected to NMD.

If the short length of the uORF determines the weak
NMD-efficiency of the TPO wt mRNA, decreasing the length
of the uORF in TPO NS40 AG is expected to lower the NMD
efficiency. This was tested using the construct NS 40 AATG 7,
which lacks the start codon of uORF 7 (Figure 3A). Thus,
translation initiates exclusively at AUG 8 and terminates
at the 17th codon, a position corresponding to NS 40 in
the AG mRNA (NS40 AG). This preserves the position
of the termination codon, but shortens the length of the

translated sequence. The mRNA expression levels of this
mutant were slightly lower than wt mRNA levels, markedly
lower than AATG 7 mRNA levels (i.e. the parental vector),
but higher than the TPO NS40 AG expression levels.
This suggests that the length of the translated uORF modul-
ates NMD-efficiency, but additional determinants also play
a role.

Could the position of the termination codon affect
NMD-efficiency of the TPO wt mRNA and hence represent
such an additional determinant? The termination codon of
uORF7 is created by splicing, i.e. 2 nt of the codon are loca-
ted in the third exon and 1 nt in the fourth. It has been demon-
strated previously that nonsense codons which surround
the splice site are efficiently recognized by NMD (36).



To recapitulate this important aspect in the context of the
TPO mRNA, we created constructs NS 26 AG and NS28
AG that harbor termination codons either in exon 3 (NS26)
or in exon 4 (NS28) at positions adjacent to the physiological
termination codon of uORF 7 at position 27 (Figure 3A).
These mutations were constructed in the AG backbone in
order to prevent translation termination at the physiological
termination codon of uORF 7. None of these manipulations
significantly altered mRNA expression when compared
to wt, although in all cases translation of the uORF terminates
more than 50 nt upstream of the last exon junction. This
indicates that the splitting of the termination codon by an
intron is not causing the NMD-insensitivity of the TPO
mRNA, confirming earlier findings with the TCR-beta
mRNA (36).

As only elongation of the uORF from 27 to 40 amino acids
(NS 40 AG) significantly decreased mRNA steady-state levels,
the short length of the uORF of the transcript rather than
the position of its termination codon could be responsible
for the NMD-insensitivity.

However, when hUpfl was depleted to a level that resulted
in a more than 3.5-fold up-modulation of the B-globin NS 39
control mRNA (29), TPO NS40 AG increased less than 1.8-
fold when compared to TPO AG (Figure 4). This remarkable
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difference between B-globin NS 39 and TPO NS40 AG
suggests that the TPO NS40 AG mRNA is not efficiently
regulated by hUpfl. As in Figure 1D and E, efficient hUpf1
depletion was verified by immunoblot analysis with a
hUpf1-specific antibody (Figure 4B).

In summary, our data indicate that the down-modulation
of the TPO NS 40 AG transcript in comparison to TPO wt
and TPO AG is only partially hUpfl-dependent and not
predominantly caused by canonical hUpfl-dependent NMD.

DISCUSSION

A significant proportion of mammalian mRNAs contain
short uORFs that precede the ORF encoding the actual
gene product (37,38). These uORFs are located in the 5’
part of the transcript and thus terminate upstream of one
or more downstream introns. Such arrangements of termina-
tion codons located more than 50 nt upstream of the final
exon—exon junction commonly activate an mRNA surveil-
lance pathway, referred to as nonsense-mediated mRNA-
decay (10-12). In yeast as well as in mammals, mRNAs
with uORFs represent a major class of natural NMD targets
(13,14). The human TPO mRNA contains seven uORFs,
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Figure 4. Increasing the length of the TPO uORF results in a hUpf1-independent decline of mRNA steady-state levels. (A) Northern blot analysis of total cytoplasmic
RNA from HeLa cells that were transfected with siRNAs directed against hUpf1 to specifically deplete endogenous hUpf1 protein (lanes 5-8, 11, 12). Cells
transfected with siRNAs directed against luciferase (lanes 1-4, 9, 10) served as negative controls. After 20 h the siRNA treatment, cells were cotransfected with TPO
minigene constructs wt (lanes 1 and 5), Alntron 4 (lanes 2 and 6), AG (lanes 3 and 7), NS40 AG (lanes 4 and 8), B-globin wt (lanes 9 and 11) and NS 39 (lanes 10 and 12)
together with the control plasmid. Percentages are means that were calculated from three independent experiments. (B) Immunoblot analysis of HeLa cell extracts
transfected with hUpf1l siRNA. Immunoblotting was performed with a hUpf1-specific antibody (lower panel). The membrane was reprobed with a tubulin-specific

antibody (upper panel) to control for equal loading.
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all of them terminating more than 50 nt 5’ of at least six
exon—exon junctions. Therefore we expected that the TPO
mRNA represents one of the natural targets of the NMD
pathway and that NMD represented an additional level to
limit physiological TPO expression (9).

We tested this hypothesis by using a minigene that contains
the region harboring all previously described mutations caus-
ing HT and also includes uORF7, AUG 8 (start-codon for
TPO) and intron 4 that is located in a NMD-competent position
>50 nt downstream of the termination codon of uORF7. Our
analysis of different TPO mutants revealed that TPO mRNA
steady-state levels are slightly elevated when produced from
a construct without a translated uORF (AATG 7 and AG), as
compared to wt levels. In contrast, deletion of intron 4 did not
increase TPO mRNA expression. These data indicate that
NMD does not play a major role in the regulation of the
TPO mRNA expression.

Our data employing the reporter constructs were validated
by hUpfl depletion in transfected HeLa cells as well as in
HuH7 cells that express endogenous TPO. RNAi against
hUpf1 has been demonstrated previously to specifically inhibit
NMD of nonsense-mutated [-globin or T-cell receptor
mRNAs (29,32). Despite efficient depletion of hUpfl that
significantly stabilized known NMD-targets (B-globin NS
39, SC35), expression levels of the TPO wt mRNA did not
display a stronger increase than the negative controls TPO AG
and TPO Alntron 4. A similar up-modulation was also
observed for B-globin wt mRNA after hUpfl depletion
when expressed from the same expression vector as TPO
and is therefore not necessarily related to NMD inhibition.
These data demonstrate that both the endogenous full-
length TPO mRNA and the mRNA expressed from the
TPO reporter are - at most - only marginally regulated by a
canonical hUpf1-dependent NMD. However, our data cannot
rule out the possibility that the TPO wt mRNA is targeted
by another, hUpfl independent degradation mechanism.

The uORF 7 is relatively short and spans only 27 codons.
Human B-globin mRNAs with such short ORFs (i.e. early
termination codons) do not undergo NMD (30). We therefore
investigated if the potential NMD insensitivity is due to the
short length of the uORF. We show that increasing the length
of the TPO uORF does indeed lead to a decrease of TPO
mRNA expression. This decrease was only partly reverted
by a hUpfl knockdown. Thus, hUpfl-dependent NMD does
not represent the main cause of the decreased TPO NS40 AG
expression, but may be partially involved to modulate TPO
NS40 AG mRNA expression.

What prevents the TPO wt mRNA from being degraded
via the NMD pathway although it bears all the necessary
hallmarks of a NMD-sensitive transcript? The presence of a
stabilizer element, as has been reported for the yeast GCN4
and PGK1 mRNAs (22,39) might offer a potential explanation.
The mechanism of action of stabilizer elements in yeast is
unknown, but a typical feature seems to be their position
between the uORF Ter and the ORF AUG (39). In contrast,
TPO uORF7 overlaps with the coding ORF (AUG 8) suggest-
ing that any putative TPO stabilizer element would have to
act in a different manner than the described yeast stabilizer
elements. Such a difference may thus explain the lack of any
apparent sequence homologies between the 5-UTR of the
TPO gene with the yeast stabilizer elements.

It is well conceivable that the NMD-insensitivity of the
TPO mRNA is the sum of a combination of NMD-efficiency
decreasing features. These include the short length of the
uORF7, that seems to represent a weak suppressor of TPO
wt NMD. Addtional modulators could be (A) an unfavorable
sequence context at the exon—exon junctions that do not
allow for the efficient recruitment of NMD-activating EJC
components, or (B) the presence of an unusual stabilizing
element (as outlined above). Such an arrangement of
NMD-limiting characteristics could be the reason, why a soli-
tary basis for the NMD-insensitivity of the TPO-mRNA could
not be determined.

In conclusion, the data presented here demonstrate that the
TPO mRNA does not represent an endogenous NMD target
and that the tight control of physiological TPO expression is
independent of NMD-mediated regulation of mRNA stability.
On the contrary, NMD resistance of TPO mRNA might have
evolved to maintain adequate TPO mRNA levels and avoid
thrombocytopenia.

Our data also demonstrate that naturally occurring
mammalian uORFs do not necessarily trigger NMD. The
presence of uORFs in the 5-UTRs of many genes involved
in cellular growth and differentiation (37,38) therefore does
not qualify them as endogenous NMD targets per se.
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