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INTRODUCTION

mRNA surveillance mechanisms are pathways utilized by organisms to ensure fidelity

and quality of mRNA molecules. In eukaryotes, an elaborate set of quality control systems

has evolved to ensure that the multistep process of gene expression is accurately executed.

These mechanisms function at various steps of the mRNA biogenesis pathway to detect and

degrade transcripts that have not been properly processed. Nonsense-mediated mRNA decay

system (NMD) is a conserved eukaryotic mRNA quality control system involved in detection

and decay of mRNA transcripts which contain premature termination codons (PTCs).

Truncated proteins translated from these PTC containing mRNAs may be harmful to the

organism, by causing deleterious dominant-negative, and gain of function effects. In addition

to its quality-control function, NMD regulates the expression of several physiological mRNAs

(Rehwinkel et al., 2006). Although the core trans-acting NMD factors Upf1, Upf2, Upf3 and

Smg7 are conserved from yeast to mammals, the cis-acting NMD elements are different

(Amrani et al., 2004; Hwang és Maquat, 2011). In yeast and invertebrates, the NMD system

identifies a stop codon as a PTC if the 3'UTR (untranslated region) of the mRNA is unusually

long (long 3’UTR-based NMD) (Amrani et al., 2004). PTC identification is a translation

termination dependent mechanism. For efficient termination the eukaryote release factor 3

(eRF3) component of the terminating ribosome should bind to the poly(A) tail binding protein

(PABP). However, if the 3’UTR is unusually long, eRF3 fails to interact with PABP. Thus the

termination will be inefficient. In this case, the UPF1 NMD factor can bind the eRF3

component of the terminating ribosome and recruit the UPF2-UPF3 factors. Formation of the

UPF1-UPF2-UPF3 functional NMD complex triggers the rapid degradation of the selected

transcript (Amrani et al., 2004). In mammals, the presence of an intron in the 3’UTR increases

the efficiency of NMD (intron-based NMD). Mammalian splicing leads to the deposition of a

protein complex called exon-junction complex (EJC) onto the mRNA 20-25 nt upstream of

the exon-exon boundary. Normally the translating ribosome with the help of the associated

PYM protein removes EJC from the mRNA unless it locates in the 3’UTR (Bono and

Gehring, 2011). EJC located in the 3’UTR dramatically intensifies NMD because it serves as

a binding platform for UPF3 and UPF2, thereby promoting the formation of UPF1-UPF2-

UPF3 functional NMD complex (Le Hir and Seraphin, 2008; Daguenet et al., 2012).

Although NMD is well examined in mammals, yeast and Drosophila, little was known about

plant NMD when our group has started to study NMD in plants. Previously our group has

found that in plants both the long 3’UTR-based NMD and intron-based NMD act efficiently,

which appear to be unique among eukaryotes (Kertész et al., 2006). Furthermore we have
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shown that the core NMD factors UPF1, UPF2, UPF3 and SMG7 are required for both types

of plant NMD, whereas the plant orthologs of two EJC proteins (Y14 and Mago) are involved

only in intron-based plant NMD (Kerényi et al., 2008).

During the first part of my PhD program I experimentally tested whether upstream

open reading frames (uORF) in the 5’UTR could modify the stability of mRNAs., If an uORF

in the 5’UTR is translated, the 3’UTR downstream of the stop of uORF will be long and

might harbour introns. Thus these transcripts can -at least in theory- trigger strong NMD. As

~20-30% of plant transcripts harbor an uORF (Hayden and Jorgensen, 2007), if uORFs can

trigger NMD, the uORFs containing transcripts would be the most important targets of plant

NMD. Therefore we wanted to clarify whether plant NMD can be activated by uORFs.

The main part of my PhD program was to unravel the molecular mechanism and the

regulation of plant intron-based NMD. It has been widely believed, that long 3’UTR-based

NMD is the conserved form of eukaryotic NMD and that the intron-based NMD has evolved

only in vertebrates (Durand and Lykke-Andersen, 2011). Our previous result that intron-based

NMD is active in plants was apparently conflicting with this model. To clarify whether

vertebrate and plant intron-based NMD are products of convergent evolution or intron-based

NMD is evolutionary conserved, we wanted to unravel the molecular mechanism and

regulation of plant intron-based NMD. We thought that comparing the operation of plant and

vertebrate intron-based NMD systems would help us to better understand the evolution of the

eukaryotic NMD.

THE AIM OF THIS PROJECT

I. The first part of my PhD program was to experimentally test whether transcripts containing

upstream open reading frame (uORF) in its 5’UTR could be targeted by plant NMD. In

theory, if an uORF is translated, the 3’UTR downstream of the uORF’s stop could be long

and it could harbour introns, thus it could efficiently trigger NMD.

I.1. We wanted to clarify if uORFs could also act as NMD cis elements and if they can trigger

NMD, what are the main requirements of NMD induction.

II. The main part of my PhD program was to unravel the molecular and the regulation of plant

intron-based NMD. The eukaryotic NMD evolution model assumes that the long 3’UTR-

based NMD is the evolutionary ancient form and intron-based NMD has evolved in

vertebrates to efficiently eliminate the misproducts of alternative splicing (Rehwinkel et al.,

2006; Durand and Lykke-Andersen, 2011). Interestingly, we found that intron-based NMD

also operates in plants (Kerényi et al., 2008). We hypothesised that comparing the mechanism
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and regulation of plant and vertebrate intron-based NMD systems, would help us to better

understand the evolution of the NMD pathway.

II.1. In mammals intron-based NMD is mediated by EJC complex containing four core

proteins: Y14, Mago, eIF4A3 and Barentsz (Buchwald et al., 2010). We wanted to test

whether an EJC-like complex also plays a role in plant intron-based NMD.

II.2. In mammals PYM protein functions as an EJC disassembly factor. The ribosome

associated PYM protein removes the EJC from the mRNA during translation (Bono and

Gehring, 2011). If an EJC-like complex is involved in plant NMD and if PYM also plays a

role in recycling of plant EJC-like complex, plant PYM should be involved in intron-based

plant NMD. Thus we aimed to study the function of PYM in plant intron-based NMD.

II.3. We hypothesized that plant NMD is strictly regulated and that the simplest regulatory

system would be a feedback control. Previously our group has shown that the transcript of

plant SMG7, which is essential for both intron-based and long 3’UTR based NMD, is targeted

by NMD (Kerényi et al., 2008). Plants are the only eukaryotes in which both types of NMD

operate efficiently. Therefore we hypothesized that NMD regulation in plants could be

complex and that the two NMD systems could be controlled separately. Our next goal was to

identify this hypothetical intron-based NMD autoregulatory circuits in plants.

METHODS

For molecular biological and microbial methods the well established protocols were followed.

Here only the plant specific experimental systems are described.

1. U1DN co-infiltration based transient NMD test system

Agroinfiltration is the most efficient transient gene expression method in plants. The tested

gene is cloned into Agrobacterium tumefaciens and then the leaves of Nicotiana benthamiana

are infiltrated with the agrobacterium. The tested gene will be strongly expressed in the

infiltrated patch. Previously we have elaborated an efficient agroinfiltration-based transient

NMD test system. We have demonstrated that agroinfiltration of the dominant negative form

of UPF1 NMD factor (U1DN) leads to the inactivation of NMD in the infiltrated patch. Thus

co-infiltration of U1DN with a GFP-based NMD target gene will lead to green fluorescence

and high NMD target transcript level (Kertesz et al. 2006). The NMD sensitivity of an gene

can be tested by comparing the expression level of a test gene, when it is infiltrated with or

without the U1DN.

GFP fluorescence was detected 3days post infiltration by using a handhold long-wave

ultraviolet lamp. GFP mRNA level was quantified by RNA gel blot analysis.
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2. VIGS-NMD assay

VIGS-NMD assay could be efficiently used to identify putative plant NMD trans factors

(Kerényi et al., 2008). Using VIGS (Virus Induced Gene Silencing) we can transiently silence

the hypothesized NMD trans factor in N. benthamiana plants. Agroinfiltration of different

NMD reporter constructs into the leaves of the silenced plants will allow us to test the long

3’UTR-, and intron-based NMD activity in the silenced plants. To trigger VIGS, leaves of 21-

day-old N. benthamiana were infected with a mixture of three Agrobacterium cultures. One

expressed P14, the second expressed TRV RNA1 (Ratcliff et al., 2001), whereas the third

expressed TRV2-PDS VIGS vector or its derivatives. The silenced plants were agroinfiltrated

with the NMD reporter constructs 10-14 days post infection.

RESULTS

I.1 Plant upstream ORFs can trigger NMD in a size-dependent manner

uORFs can negatively regulate the expression of the major ORF by inhibiting its

translation. However, it has not been experimentally tested if plant uORF can destabilize a

transcript by triggering NMD. In theory, if an uORF is translated, the 3’UTR downstream of

the uORF stop could be long and it could harbour introns, which could efficiently trigger

NMD. Since uORFs are present in ~20- 30% of plant transcripts, uORF containing transcripts

might be the most abundant targets of plant NMD (Hayden and Jorgensen, 2007). To

experimentally test this, we have cloned the 5’UTRs of 5 uORF containing Arabidopsis genes

which were overexpressed in NMD deficient mutants (Hayden and Jorgensen, 2007). These

5’UTR segments were incorporated into a binary vector between the 35S promoter and the

GFP reporter gene and then the NMD sensitivity of these test constructs were studied in

agroinfiltration assays. We have shown that the translated plant uORFs in the 5’UTR can

trigger NMD in a size-dependent manner, 15 or 31 amino acid (aa) long uORFs were unable

to activate NMD, while a similar but longer (50 aa long) uORF induced NMD efficiently. Our

bioinformatical analysis revealed that relatively few plant mRNAs (2%) harbour uORFs with

NMD critical length, explaining why only a small subset of uORF containing genes are

regulated by NMD. We hypothesized that efficient reinitiation of the downstream major ORF

could protect short uORF containing transcripts from NMD (Vilela and McCarthy, 2003). Our

results suggest that short uORFs (15–31 aa long) fail to trigger NMD independently whether

the reinitiation is effective or inefficient, suggesting that reinitiation is not required for NMD
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resistance of short uORF containing transcripts. We have also shown that uORFs could

decrease GFP (major gene) expression without inducing NMD decay. This finding support the

previous results that plant uORFs can regulate gene expression by influencing the translation

efficiency of the major gene (Tabuchi et al., 2006).

II.1. The plant orthologs of EJC components are required for intron-based plant NMD.

Mammalian intron-based NMD is mediated by the EJC complex consists of Y14-Mago and

eIF4A3-Barentsz heterodimers (Daguenet et al., 2012). Previously we have found that in

plants, like in vertebrates, the 3’UTR introns trigger NMD in a position-dependent manner

and that the homologs of two vertebrate EJC core components, Y14 and Mago are required

for intron-based plant NMD (Kerényi et al., 2008). Thus we hypothesized that plant intron-

based NMD, like vertebrate NMD, is mediated by an EJC-like complex. Using VIGS-NMD

assays we have demonstrated, that plant homologs of eIF4A3 and Barentsz are also required

for plant intron-based NMD. Our results indicate that the plant homologs of all four

mammalian EJC core factors are required for the intron-based NMD but none of them is

essential for the long 3’UTR-based NMD. These data strongly support that in plants, like in

mammals, an EJC-like complex couples splicing and NMD.

II.2. Ribosome connected PYM functions as an EJC disassembly factor in plants

In mammals, PYM acts as an EJC disassembly factor. In mammalian cytoplasm, PYM binds

to the translating ribosomes and facilitates the removal of EJCs from the transcripts (Bono

and Gehring, 2011). We assumed that PYM could also functions as an EJC disassembly factor

in plants. We identified and functionally characterized plant homolog of mammalian PYM.

We found that in plants, like in mammals, overexpression of PYM (or its N-terminal region)

inhibits intron-based NMD but did not affect on long 3’UTR-based NMD. Our results suggest

that PYM functions as an EJC disassembly factor in plants. The molecular basis of the PYM

action might be also conserved. We propose that the C-terminal region of PYM binds to the

translating ribosome, while its N-terminal domain is involved in the disassembling of EJC.

II.3. Plant NMD is controlled by complex autoregulatory circuits in plants.

In addition to eliminating PTC containing aberrant mRNAs, NMD also directly

regulates the expression of several wild-type transcripts having NMD cis element. Thus, the

intensity of NMD might be strictly controlled. The simplest regulation would be a negative
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feed-back control, in which the expression of one or more NMD trans factor are regulated by

NMD. Previously, we have shown that plant NMD is autoregulated as the transcript of the

SMG7 core NMD factor is targeted by NMD. Plant SMG7 has an unusually long 3’UTR and

it harbors two introns (Kerényi et al., 2008). Since SMG7 is a core NMD trans factor that is

essential for both long 3’UTR- and intron-based plant NMD, we hypothesized that its

expression could be regulated by both types of NMD. Indeed we have found that plant SMG7

transcript can sense the efficiency of both types of NMD. 3’UTR introns of SMG7 are

required to trigger intron-based NMD, but the 3’UTR without the introns is also long enough

to induce long 3’UTR-based NMD.

The structure (but not the sequence) of SMG7 3’UTR is strongly conserved in

angiosperms. It contains two introns, from which the first intron is too close to the stop to

induce NMD, while the distal intron is in an NMD relevant position. The surprising feature of

the SMG7 3’UTR is the strong conservation of the stop proximal intron, which in theory is

not required for the induction of intron-based NMD. We hypothesized that the stop proximal

intron is conserved because it is essential for the splicing of the distal intron. We confirmed

this assumption demonstrating that splicing of the stop proximal intron of SMG7 is required

for the correct and efficient splicing of the distal intron and that splicing of the distal intron

triggers intron-based NMD. These results can explain the strong conservation of the unusual

3’UTR structure of the SMG7 transcripts within angiosperms.

In plants, both the long 3’UTR-based and the intron-based NMD systems act

efficiently. Thus plant NMD might have a complex autoregulatory circuit, in which the

regulation of intron-based and long 3’UTR based NMD is separated. We have shown that the

mRNA of the plant Barentsz, which is involved only in intron-based NMD, is targeted

exclusively by intron-based NMD. Importantly, the structure of Barentsz 3’UTR is also

conserved in angiosperms suggesting that the intron-based NMD-Barentsz autoregulatory

circuit is physiologically important.

DISCUSSION

1. Only a small subset of uORF containing genes are regulated by NMD

Our analysis revealed that only a small subset of uORF containing genes is regulated

by NMD in plants. We have demonstrated that reinitiation did not alter the NMD resistance of

the short uORF containing mRNAs in plants. Instead we propose that short uORFs can not

trigger NMD because their translation termination is efficient, while longer uORFs induce
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NMD because their translation termination is inefficient. It was shown that in mammals and

plants, PTCs very close to the start codon do not subject mRNAs to NMD (Inacio et al., 2004;

Hori and Watanabe 2007). It is proposed that early PTCs do not trigger NMD because eIF4G

translation initiation factor and the eIF4G bound PABP are released from the ribosome only

gradually during elongation, therefore PABP can interact with the eRF3 component of the

terminating ribosome if a short ORF but not if a longer ORF is translated (Silva et al., 2008).

However, further experiments are necessary to unravel the biological importance of these new

NMD cis elements in gene regulation.

2. Intron-based NMD is evolutionary conserved

Our results indicate that the plant and the vertebrate intron-based NMD systems are

evolutionary conserved and that a similar EJC-mediated intron-based NMD system already

functioned in the stem eukaryotes. The eukaryotic NMD evolution model assumes that the

long 3’UTR-based NMD is the evolutionary ancient form of NMD that functioned already in

the common ancestor of extant eukaryotes (stem eukaryotes or LECA) (Rehwinkel et al.,

2006). NMD evolution model proposed that intron-based NMD has evolved only in

vertebrates to efficiently eliminate the misproducts of alternative splicing (Rehwinkel et al.,

2006; Durand and Lykke-Andersen, 2011). However our data strongly suggest that plant and

mammalian intron-based NMD show many similarities in their mechanism and factor

requirement, strongly supporting our hypothesis that both types of NMD (long 3’UTR-based

and intron-based NMD) system functioned in stem eukaryotes. In lineages, in which intron

loss dominated (invertebrates, yeast) (Csuros et al., 2007), the splicing and the NMD could be

evolutionarily uncoupled, thus long 3’ UTR became the dominant NMD cis element. By

contrast, in extremely intron dense lineages, in which alternative splicing is very widely used

(vertebrates), intron-based NMD could become much more efficient and introns are the

dominating NMD cis factors. Although plants are intron dense organisms, intronless genes are

also frequent in plant genome ( 20%), thus plant NMD machinery has evolved under dual

constrains, it should efficiently identify PTC-containing mRNAs derived from either

intronless or intron containing genes. Therefore, long 3’UTR and intron-based PTC

recognition machinery should work efficiently in plants.

3. Complex autoregulation of plant intron-based NMD

Our present and previous (Kerényi et al., 2008) results suggests that two

autoregulatory circuits might allow partially separated homeostatic regulation for the two

types of NMD in plants. We have shown that 3’UTR of the SMG7 core NMD factor that is
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required for both types of NMD, can sense the efficiency of both types of NMD. Relevantly, I

have demonstrated that plant Barentsz, which is involved only in intron-based NMD, contain

intron-based NMD features and is controlled exclusively by intron-based NMD. Both SMG7

and Barentsz mediated NMD autoregulation is conserved in Angiosperms (Benkovics et al.,

2010).

The SMG7 mRNAs are targeted by NMD in plants and in animals, suggesting that the SMG7-

NMD autoregulatory system is ancient, presumably it was already functional in the stem

eukaryotes (Mendell et al., 2004; Huang et al., 2011). Importantly, intron-based NMD does

not play a role in the autoregulation of animal NMD, transcripts of SMG7 are direct targets of

long 3’UTR-based NMD (Huang et al., 2011). Therefore, it seems that the intron-based

autoregulatory circuit of SMG7 is plant specific. Our results suggest that intron-based SMG7

regulation might have evolved in the plant lineage before the dicot-monocot separation.

Interestingly the Barentsz-NMD autoregulatory circuit is plant specific. We propose

that in vertebrates, the intron-based NMD is extremely efficient and acts during only the

pioneer round of translation, thus it might not be used for fine regulation, instead the

expression of NMD factors are controlled by long 3’UTR-based NMD.

In conclusion NMD activity is autoregulated in most (if not in all) eukaryotes (Huang et al.,

2011). Furthermore, recently was shown, that NMD activity is cell and tissue specific in

mammals (Huang et al., 2011). In the future we would like to test whether the activity of plant

NMD is influenced by different stress conditions and by different developmental or

environmental signals.

SHORT SUMMARY OF OUR RESULTS

1. We have identified the 5’UTR located uORFs as new NMD cis element and showed that

they act in a size dependent manner.

2. We have found that plant homologs of Barentsz and eIF4A3 are essential for plant intron-

based NMD.

3. Our data indicate that in plants, like in vertebrates, intron-based NMD is mediated by an

EJC-like complex and that EJC is not required for long 3’UTR-based plant NMD.

4. Our results suggest that PYM functions as an EJC disassembly factor in plants like in

mammals.

5. We have demonstrated that plant NMD is regulated by complex autoregulatory circuits.
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6. We have shown that the mRNA of SMG7 core NMD factor can sense the efficiency of

both types of NMD, while the expression of Barentsz, which is involved only in intron-

based NMD, is controlled exclusively by intron-based NMD.
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