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SUMMARY

The THO/TREX complex mediates transport of nascent mRNAs from the nucleus towards the cytoplasm in

animals, and has a role in small interfering RNA-dependent processes in plants. Here we describe five

mutant alleles of Arabidopsis thaliana THO2, which encodes a core subunit of the plant THO/TREX complex.

tho2 mutants present strong developmental defects resembling those in plants compromised in microRNA

(miRNA) activity. In agreement, not only were the levels of siRNAs reduced in tho2 mutants, but also those

of mature miRNAs. As a consequence, a feedback mechanism is triggered, increasing the amount of miRNA

precursors, and finally causing accumulation of miRNA-targeted mRNAs. Yeast two-hybrid experiments and

confocal microscopy showed that THO2 does not appear to interact with any of the known miRNA biogene-

sis components, but rather with the splicing machinery, implying an indirect role of THO2 in small RNA bio-

genesis. Using an RNA immunoprecipitation approach, we found that THO2 interacts with miRNA

precursors, and that tho2 mutants fail to recruit such precursors into the miRNA-processing complex,

explaining the reduction in miRNA production in this mutant background. We also detected alterations in

the splicing pattern of genes encoding serine/arginine-rich proteins in tho2 mutants, supporting a previ-

ously unappreciated role of the THO/TREX complex in alternative splicing.
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INTRODUCTION

Among the mechanisms for post-transcriptional gene

silencing in plants, small RNA-dependent gene regulation

plays a central role (Baulcombe, 2004). MicroRNAs (miR-

NAs) are a specific class of small RNAs (mostly 21–22
nucleotides long) that mediate endogenous gene silenc-

ing (Jones-Rhoades et al., 2006). In plants, DICER-LIKE1

(DCL1) processes mature miRNAs from long primary

miRNA transcripts (pri-miRNAs) that form a stem–loop
secondary structure. During processing in nuclear dicing

bodies, DCL1 requires the assistance of the zinc finger

protein SERRATE (SE) and the double-stranded RNA-

binding protein HYPONASTIC LEAVES1 (HYL1) for accu-

rate excision of the miRNAs (Fang and Spector, 2007; Fu-

jioka et al., 2007; Voinnet, 2009). The mature miRNAs

associate with an ARGONAUTE (AGO) protein and guide

the RNA-Induced Silencing Complex (RISC) Complex,

through sequence complementarity, to their target

mRNAs, ultimately silencing them. In contrast, production

of small interfering RNAs (siRNAs), a different class of

small RNAs, is based on processing of a highly comple-

mentary double-stranded RNA by a DCL1-independent

pathway. In a very specialized pathway, trans-acting siR-

NAs (tasiRNAs) and secondary siRNAs are produced from

Trans-acting siRNA (TAS) or even mRNA transcripts after

initial cleavage by a miRNA (Chapman and Carrington,

2007). The production of tasiRNAs follows a particular

process that shares components with both the miRNA

and siRNA biogenesis pathways.
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In yeast and animals, the THO/TREX complex has been

characterized as a multimeric protein complex that medi-

ates transcription elongation (yeast), splicing of mRNAs

(animals), and export of mRNAs from the nucleus (both

yeast and animals) (Reed and Cheng, 2005). In all studied

organisms, the complex comprises TEX1 and several THO

subunits as well as accessory proteins (Dufu et al., 2010;

Moon et al., 2011; Gewartowski et al., 2012). A plant THO

core complex, similar to the metazoan THO/TREX complex,

has been identified in Arabidopsis. It consists of at least

eight proteins: THO1/HPR1/EMU, THO2, THO3/TEX1, THO4,

THO5, THO6, THO7 and UAP56 (Furumizu et al., 2010; Ja-

uvion et al., 2010; Yelina et al., 2010). Mutations in the Ara-

bidopsis TEX1, THO6 and THO1 genes cause a reduction in

the siRNA levels from TAS genes, inverted repeat (IR)

genes and transgenes (Jauvion et al., 2010). The tho1

mutant alleles were also found to affect the alternative

splicing patterns of transcripts encoding serine/arginine-

rich proteins (Furumizu et al., 2010).

To date, the functional specialization of other plant THO

components in plants has not been fully dissected. Among

them is the core component THO2, which we investigated

here. The yeast gene encoding THO2 was first identified as

a gene affecting transcription elongation of HYPERRECPM-

BINATION PROTEIN 1 (HPR1) (Piruat and Aguilera, 1998). In

Arabidopsis, null mutations in THO2 cause embryo lethal-

ity, whereas null mutations in THO1 and TEX1 (hpr1 and

tex1, respectively) cause developmental defects including

dwarf stature, leaf serration, curly leaves and embryonic

defects (Furumizu et al., 2010; Jauvion et al., 2010; Yelina

et al., 2010). The embryo lethality of tho2 mutants suggests

that THO2 has essential roles that go beyond those of other

members of the complex. However, that lethality is a major

problem with respect to the study of THO2 functions, and

has hampered our understanding of the functional special-

ization of THO2.

Here we elucidated the function of Arabidopsis THO2 by

exploring a set of five mutant alleles ranging from null to

hypomorphic. The identification of viable tho2 mutant

alleles allowed us to study the functions of THO2. We

showed that plants containing mutations in the THO2 gene

present serious developmental defects, with failures in all

the small RNA pathways that we examined, including miR-

NAs, tasiRNAs and siRNAs. As a consequence of the

reduced production of miRNA, a feedback mechanism is

triggered, increasing the amount of miRNA precursors and

causing a concomitant over-accumulation of miRNA-tar-

geted mRNAs. We found that THO2 does not appear to

interact with any of the known miRNA biogenesis compo-

nents, but rather with the splicing machinery, implying an

indirect role of THO2 in small RNA biogenesis. Our studies

showed that THO2 interacts with miRNA precursors, assist-

ing their transport into the miRNA-processing complex. In

tho2 mutant plants, the miRNA precursors fail to associate

with the processing complex, specifically with HYL1,

explaining the reduction in miRNA production observed in

this mutant background. We also found that alternative

splicing was compromised in tho2 mutants, possibly

reflecting a second conserved role for THO2. The severity

and multiplicity of the molecular pathways affected in tho2

mutants may explain why mutations in this gene cause

more severe developmental problems than the lack of any

other component of the THO/TREX complex.

RESULTS

Identification and characterization of several Arabidopsis

THO2 mutants

The study of the biological functions of THO2 was particu-

larly challenging until now because no homozygous

tho2 alleles had yet been isolated. Previously studied

T-DNA mutant lines for THO2, specifically the tho2-1

(SALK_072011c) and tho2-2 (SALK_130342) mutants,

aborted at embryonic stages (Furumizu et al., 2010; Jauvion

et al., 2010; Yelina et al., 2010). These mutants feature T-

DNA insertions in exons 16 and 18, respectively (Figure 1a).

Consistent with these previous reports, we failed to identify

mature plants homozygous for these alleles. However, we

observed a population of tiny seedlings, which accounted

for approximately 6% of the tho2-1 and tho2-2 segregation

populations, after seeds were sown on MS plates. These

seedlings never developed true leaves, had very short roots,

failed to develop and died (Figure 1b,c). PCR analysis con-

firmed that all these tiny seedlings were homozygous for T-

DNA insertions at the THO2 locus (Figure 1d). These results

showed that even though most tho2-1 and tho2-2 homozy-

gous embryos abort, some reached very early developmen-

tal stages and may be used for further experimentation.

Recently a genetic screen using an artificial microRNA

(amiRNA) targeting the luciferase reporter gene was per-

formed to identify proteins acting in the miRNA pathway

(Manavella et al., 2012a). Whole-genome sequencing fol-

lowed by SHORE mapping allowed mapping of the locus

responsible for the miRNA dysfunction in one of the iso-

lated mutant plants to chromosome 1, where a new poly-

morphism in the THO2 (At1g24706) gene was identified.

This mutant, tho2-5, contains a C?T mutation that results

in a non-synonymous substitution of serine by phenylala-

nine (Figure 1a). The tho2-5 plants showed a dwarf stature

and narrow curly leaves, and produced few seeds (Fig-

ure 2a–c). Transformation of the mutants with the wild-

type THO2 cDNA, driven by its own promoter and fused to

mCitrine, restored silencing of the luciferase reporter and

reversed the tho2-5 morphological defects, confirming that

the mutation in THO2 is the cause of the observed pheno-

type (Figure 2a–c). A second mutant, tho2-6, was isolated

from an activation tagging screening performed in our lab-

oratory. The position of the T-DNA insertion was estab-
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lished by TAIL-PCR, and mapped to the 50 UTR of THO2

(Figure 1a). Segregation analysis and PCR-assisted geno-

typing allowed us to isolate homozygous tho2-6 plants that

contain a single copy of the T-DNA insertion. These mutant

plants developed curly leaves and had a bushy reduced

stature (Figure 3a–c). The plants present an abnormal dis-

tribution of petals (Figure 3d), atrophic anthers that fail to

produce mature pollen grains leading to complete sterility

(Figure 3e), fusion of the carpels that form twisted pistils

exposing the ovules (Figure 3f), and a large number of tric-

homes in the floral buds (Figure 3g). Inspection of dis-

sected siliques from heterozygous plants revealed that

15% of the ovules (n = 553), which are probably homozy-

gous for the T-DNA insertion, aborted (Figure 3h,i).

Additionally, we analyzed an uncharacterized tho2 allele

(SALK_144229) that contains a T-DNA insertion in intron 30

towards the end of the gene (Figure 1a). Plants homozy-

gous for this allele, named tho2-7, were able to reach matu-

rity, showing small stature, serrated leaves, an increased

number of trichomes on their sepals, and short anther fila-

ments and pistils (Figure 4a–f). Approximately 5% of the

flowers of mutant plants had five petals (Figure 4d). Their

fertility was reduced to less than 20% compared to hetero-

zygous plants due to embryonic abortion (Figure 4h,i).

Expression of THO2 in wild-type and mutant Arabidopsis

plants

RT-PCR expression analysis of THO2, using primers sets

designed to flank the mutation sites (Figure 1a), revealed

that tho2-1, tho2-2 and tho2-7 produced truncated versions

of the THO2 mRNA (Figure 5a). tho2-6 showed intact but

strongly reduced levels of THO2 mRNA, while tho2-5, as

expected from plants with a non- synonymous point muta-

tion, showed no change in the abundance or size of the

mRNA (Figure 5a). Considering the mutant phenotypes, it

is conceivable that tho2-1 and tho2-2 are null alleles, tho2-

6 is a knockdown allele, and tho2-5 and tho2-7 are hypo-

morphic. Thus the new mutant alleles tho2-5, tho2-6 and

tho2-7 may become very useful tools to study the biologi-

cal function of THO2, the core protein of the THO/TREX

complex. RT-PCR experiments showed that, in wild-type

plants, THO2 is expressed at very similar levels in the

flower buds, mature flowers, stems, leaves, roots and

whole seedlings, as well as in pollen at all developmental

stages, including isolated spores, unicellular, bicellular and

tricellular phases, and mature pollen (Figure 5b).

THO2 is required for accumulation of miRNAs, tasiRNAs

and siRNAs

Components of the Arabidopsis THO/TREX complex, such

as TEX1 and THO1, have been described as important part-

(a)

(b) (c)

(d)

Figure 1. Identification of tho2-1a and tho2-2 homozygous plants.

(a) Gene structure of THO2 showing single nucleotide substitution and T-

DNA insertion sites in tho2-1, tho2-2, tho2-5, tho2-6 and tho2-7. Black boxes

and lines represent exons and introns, respectively; white boxes represent

50 and 30 UTRs. Arrows indicate the position of primer sets used for RT-PCR

analysis in Figure 5(a).

(b) Fourteen-day-old seedlings of tho2-1 grown on an MS plate, showing

arrested growth. Arrows indicate tho2 homozygous seedlings. Scale

bar = 1 mm.

(c) Magnified view of homozygous seedling shown in (b). Scale

bar = 1 mm.

(d) PCR genotyping of homozygous tho2-1 and tho2-2 seedlings.

(a) (b)

(c)

Figure 2. Isolation and characterization of tho2-5.

(a) Phenotype of 20-day-old Col-0, tho2-5 mutant

and complemented plants.

(b) Bioluminescence phenotype of tho2-5 mutants,

complemented mutants, reporter lines (35S:

Luc;35S:amiRLuc) and Pro35S:LUC controls. The

upper panels show bioluminescence activity; the

colored scale indicates low luminescence (blue) to

high luminescence (white). The lower panels show

bright-field images of the same plants.

(c) Dissected siliques of Col-0, tho2-5 and the com-

plemented mutant.
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ners in several small RNA pathways (Furumizu et al., 2010;

Jauvion et al., 2010; Yelina et al., 2010). To test whether

THO2 is involved in siRNA biosynthesis, we crossed tho2

mutants (tho2-6 and tho2-7) with JAP3 transgenic lines.

These transgenic plants express an inverted repeat version

of the PHYTOENE DESATURASE (PDS) gene under the

control of the phloem-specific SUC2 promoter (SUC2p:

PDS-IR; Smith et al., 2007). JAP3 plants exhibit a unique

phenotype of photo-bleaching around the leaf veins, con-

sequence of the silencing of the PDS gene by the SUC2p:

PDS-IR construct. Segregation analysis and PCR-assisted

genotyping revealed that wild-type plants or plants hetero-

zygous for the tho2-6 and tho2-7 alleles retain the typical

JAP3 photobleaching phenotype (Figure 6a). In contrast,

all plants homozygous for the mutations completely lost

the photobleaching phenotype and showed the typical

tho2-6 or tho2-7 leaf shape (Figure 6a). Quantitative RT-

PCR analyses demonstrated that the level of PDS tran-

scripts was higher in the JAP3/tho2-6 and JAP3/tho2-7

plants than in the original JAP3 line (Figure 6b). This over-

accumulation of the PDS transcript correlated with a reduc-

tion in PDS-derived siRNAs observed in both the tho2-6

and tho2-7 mutant backgrounds (Figure 6c).

As the tho2-5 allele was isolated from a miRNA-activity

based screening, we wished to determine whether THO2

also has a role in the miRNA pathway. To determine

whether THO2 is required for miRNA biogenesis or action,

we evaluated the steady-state levels of mature miRNAs

and miRNA-targeted mRNAs in tho2 mutants by Northern

blotting and quantitative RT-PCR, respectively. We found

that miRNA levels were strongly reduced in all tested tho2

mutants, with the exception of tho2-7, which showed nor-

mal miRNA levels (Figure 6d). Interestingly, no changes

were detected for miR171, which suggests that THO2 is not

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 3. Phenotypic characterization of tho2-6

mutant plants.

(a) tho2-6 and Col-0 plants at the early rosette-leaf

stage.

(b) Leaf proliferation and delayed bolting in tho2-6

plants.

(c) tho2-6 and wild-type plants at 42 days old.

(d–g) Flowers, anthers, pistils and inflorescences of

wild-type and tho2-6 plants.

(h, i) Dissected siliques of wild-type and tho2-6

plants. Red arrows indicate aborted ovules.
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involved in generation of this miRNA. The reduction in

miRNA levels was paralleled by higher accumulation of

several miRNA-target mRNAs (TCP3 targeted by miR319;

MYB33 targeted by miR159; ARF8 targeted by miR167; AP2

and TOE2 targeted by miR172) (Figure 6e). All tested tho2

mutant alleles showed higher levels of miRNA precursors

than wild-type plants (Figure 6f). Such accumulation of

miRNA precursors is a common transcriptional feedback

response to low mature miRNA levels, as observed in

plants mutated in other miRNA biogenesis factors (Song

et al., 2007; Laubinger et al., 2008; Ben Chaabane et al.,

2013; Wu et al., 2013). The primers used to detect miRNA

precursors in this work cannot distinguish between pri-

miRNA and pre-miRNA sequences. We have used the term

miRNA precursors as a general term to refer to both RNA

intermediate molecules. As shown for mutants of other

THO/TREX complex components (Jauvion et al., 2010; Yeli-

na et al., 2010), all tested tho2 mutants showed a marked

reduction in secondary siRNA derived from TAS1 and

endogenous siRNA (Figure 6d). We observed that inclusion

of a THO2 genomic fragment in the tho2-5 mutant back-

ground reverses the reduction in small RNAs, thus con-

firming that THO2 is responsible for this phenotype

(Figure S1a). For both the RNA blots (Figure 6d) and the

quantitative RT-PCR experiments (Figure 6e,f) we used

hyl1-2 mutants as control plants. Mutants in hyl1 show

reduced production of miRNAs, over-accumulation of miR-

NA precursors, and a concomitant increase in miRNA-tar-

geted transcripts (Han et al., 2004; Song et al., 2007).

THO2 is associated with miRNA precursors and is required

for their recruitment into the miRNA-processing complex

With the aim of understanding how THO2 acts in the miR-

NA pathway, we co-transformed plants with THO2:eGFP

and HYL1:mCherry constructs, and observed the localiza-

tion of the proteins using a confocal microscope. Our

observations revealed that THO2 accumulated in the

nucleus, specifically in nuclear speckles different to those

in which the miRNA biogenesis machinery is located (Fig-

ure 7a). The same nuclear expression pattern was

observed for tho2-5 mutants rescued using the gTHO2:

mCitrine construct (Figure S1b). In accordance with this

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4. Phenotypic characterization of tho2-7

mutant plants.

(a) tho2-7 and Col-0 plants at the early rosette-leaf

stage.

(b) tho2-7 and Col-0 wild-type plants at 42 days old.

(c) Leaf series of tho2-7 showing serration of leaf

edges compared with wild-type leaves.

(d–g) Flowers, inflorescences, anthers and pistils of

wild-type and tho2-7 plants.

(h, i) Dissected siliques of wild-type and tho2-6

plants. Red arrows indicate aborted ovules.
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observation, we were not able to detect any interaction in

a yeast two-hybrid interaction screen using THO2 fused to

GAL4-BD and a collection of 18 known small RNA-related

proteins fused to GAL4-AD (Figure S2).

The facts that THO2 does not interact with any miRNA

biogenesis factor and that it is also involved in other small

RNA pathways suggests that it may act in early steps that

are common to all these pathways, such as transport or

stabilization of the primary double-stranded RNA precur-

sors. In order to test whether THO2 associates with miRNA

precursors, we used THO2:eGFP transgenic plants to

immunoprecipitate the fusion protein and search for asso-

ciated RNA molecules. After selecting plants by fluorescent

microscopy, we pulled down the THO2:eGFP fusion using

an anti-GFP antibody. Total or THO2-associated RNA was

extracted from the input and immunoprecipitate fractions,

and used to synthesize cDNA. RT-PCR experiments

revealed that all tested miRNA precursors associate with

THO2 (Figure 7b). We then evaluated whether the

observed association is important for recruitment of miR-

NA precursors into the processing complex. In order to test

this scenario, we evaluated the HYL1-associated miRNA

precursors by using an anti-HYL1 antibody to co-immuno-

precipitate the protein in the tho2-5 mutant background.

Interestingly, we found a reduction in the HYL1-associated

miRNA precursors in tho2-5 plants (Figure 7c,d) despite

these mutants containing more pri/pre-miRNAs than wild-

type plants (Figure 6f). The association of THO2 with miR-

NA precursors and the reduced association with HYL1

observed in the tho2-5 background suggest a role for

THO2 in transport of these RNA molecules to the

processing complex or in their stabilization. Interestingly,

the precursors of miR171a, which were not drastically

reduced in tho2 mutant plants (Figure 6d), appeared to be

poorly associated with THO2 (Figure 7b). In tho2-5

mutants, the level of HYL1-associated miR171a precursors

appeared unchanged compared to wild-type plants (Fig-

ure 7c,d), suggesting an alternative pathway for this miR-

NA.

THO2 is required for splicing in Arabidopsis plants

In humans, the THO/TREX complex is involved in splicing

through interaction with the spliceosomes (Rappsilber

et al., 2002). In Arabidopsis, it has been shown that muta-

tions in the emu/tho1 locus affect the alternative splicing

of genes encoding serine/arginine-rich (SR) proteins (Furu-

mizu et al., 2010). Supporting this reported role of the

THO/TREX complex during mRNA splicing, we detected a

partial overlap between the nuclear localization of THO2

and SRp34, a canonical spliceosome component (Fig-

ure 7e). Despite sharing localization in the same nuclear

speckles, THO2 also localized in the cell nucleolus, a fea-

ture that is not shared with SRp34, suggesting additional

roles of THO2. We also performed RT-PCR using mRNAs

extracted from tho2 seedlings to determine the splicing

patterns of several SR genes encoding proteins involved in

RNA splicing. Our analysis indicated that, of all tested SR

genes, only SR34b showed a differential splicing pattern in

all tho2 alleles compared to wild-type plants (Figures 7f

and S3a). To further examine the alternative splicing pat-

terns of SR34b, we used capillary electrophoresis to ana-

lyze the splicing isoforms in samples from the tho2-6

mutant. Double-stranded DNA derived from the splicing

fragments was generated by RT-PCR and separated in a

(a)

(b)

Figure 5. Expression of THO2.

(a) Expression of THO2 measured by RT-PCR in

tho2-1, tho2-2, tho2-5, tho2-6 and tho2-7 plants. For

tho2-6, tissues from leaf (LF), stem (ST) and floral

buds (BD) were analyzed. Histone was used as a

loading control. The positions of primer sets used

for the analysis are shown in Figure 1(a).

(b) RT-PCR analysis of THO2 expression in Col-0

floral bud (BD), open flower (FL), stem (ST), leaf

(LF), root (RT), and whole seedling (SD), and at dif-

ferent developmental stages of Col-0 pollen: mature

pollen (MP), pollen in tricellular (TC), bicellular (BC),

unicellular (UC) phases and isolated spores (IS).

Histone was used as control.

© 2015 The Authors
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capillary electrophoresis device. The resulting pattern for

each sample reflects the sizes of the observed splicing

forms. The analysis confirmed the differential splicing pat-

tern of SR34b in tho2-6 mutants, clearly showing a shift to

smaller transcript fragments in the mutant (Figure 7g). We

did not find any difference in the splicing pattern of intron-

containing or intron-contained miRNA genes between

mutant and wild-type plants (Figure S3b). Given these find-

ings, it is possible that aberrant splicing or mRNA destabi-

lization of general small RNA factors may generate a

reduction in miRNA biogenesis, contributing to the

observed miRNA reduction. Alternatively, given the THO/

TREX function in mRNA transport, it may be possible that

the mRNAs of miRNA-related factors fail to reach the ribo-

somes, and thus are not translated. Quantitative RT-PCR

analysis showed no significant difference in the mRNA

accumulation of several miRNA factors (Figure S4a). We

only detected a slight increase in AGO1 mRNA in the

mutant plants, probably a consequence of the reduction in

miR168, thus discounting a mRNA destabilization scenario.

RT-PCR analysis of the mRNAs of miRNA-related factors

showed no differential splicing patterns between wild-type

and mutant plants, at least for tested regions of the tran-

scripts (Figure S4b). Such observations discount the possi-

(a) (b)

(c)

(d)

(e) (f)

Figure 6. Effects of mutation in THO2 on accumula-

tion of small RNAs.

(a) Phenotypes of the JAP3/tho2-6 and JAP3/tho2-7

mutants.

(b) Quantitative RT-PCR analyses of PDS expression

in JAP3, JAP3/tho2-6 and JAP3/tho2-7 plants. Error

bars indicate 2 9 standard error of the mean

(SEM).

(c) RNA blots for PDS-derived siRNAs. The U6 small

nuclear RNA (U6) was used as a loading control.

(d) RNA blots for detecting miRNAs, TAS1-derived

tasiRNAs (siRNA 255) and siR1003. U6 was used as

a loading control. The relative abundance of small

RNAs was calculated by measuring the band inten-

sity using ImageJ (http://imagej.nih.gov/ij/), and is

indicated above each band.

(e, f) Quantitative RT-PCR analysis of miRNA targets

and miRNA precursors. Error bars indicate

2 9 standard error of the mean (SEM).
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(a)

(b) (c)

(d) (e)

(f) (g)

Figure 7. THO2 binds miRNA precursors, delivers them to the processing complex, and regulates mRNA splicing in Arabidopsis.

(a) Confocal microscopy images showing the nuclear localization of THO2:eGFP and HYL1:mCherry.

(b) RT-PCR to detect THO2-associated miRNA precursors in RNA immunoprecipitation samples. C, 3xGFP:NLS transgenic plants were used as a negative control

for un-specific binding. T, THO2:eGFP transgenic plants. Lanes 5 and 6 (‘No AB’) show RT-PCR performed on samples to which no antibody was added during

the RNA immunoprecipitation protocol. RT-PCR measurement of HYL1 mRNA was performed to exclude un-specific binding of THO2. b-TUBULIN2 mRNA was

used as a control mRNA. The ‘No RT’ control was performed using a mixture of primers amplifying the miR159a, 167a, 171a and 172a precursors. Band intensity

was quantified using ImageJ, and is indicated below each band.

(c) RNA immunoprecipitation assay performed using an anti-HYL1 antibody.

(d) Quantitative RT-PCR analysis of the RNA immunoprecipitation miRNA precursors. Data are expressed as a ratio between the immunoprecipitate and input

fractions for Col-0 plants (blue bars) and tho2-5 mutants (red bars). Expression levels were normalized against the levels of b-TUBULIN2 (At5g62690) in the input

fraction. Error bars indicate 2 9 standard error of the mean (SEM).

(e) Confocal microscopy images showing partial co-localization of THO2:eGFP and SR34p:RFP.

(f) RT-PCR analysis of splicing patterns of SR34b in wild-type, tho2 mutants and tho2-5 complemented mutants (tho2-5+ gTHO2). Histone was used as a loading

control.

(g) Splicing isoforms of SR34b generated in tho2-6 and Col-0 were analyzed via capillary electrophoresis. Various sizes of isoforms (in bp) are indicated.
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bility that aberrant splicing of miRNA biogenesis factors

contributes to the reduction in their production. Finally,

Western blotting using antibodies against HYL1, AGO1 and

DCL1 revealed no significant change in the accumulation

of these proteins in the mutant plants (Figure S4c). These

results indicate that, at least for these miRNA-related

genes, mRNA translation is not affected in the mutants.

The observed over-accumulation of AGO1 in the tho2-5

mutant may potentially reflect loss of the miR168–AGO1

regulation node.

ABA HYPERSENSITIVE 1 (ABH1), CAP-BINDING PRO-

TEIN 20 (CBP20) and DAWDLE (DDL) are miRNA biogene-

sis co-factors involved in mRNA splicing and miRNA

precursor stabilization (Kim et al., 2008; Laubinger et al.,

2008; Yu et al., 2008). The overlap between these proteins

and THO2 functions led us to speculate whether THO2

interacts with them. However, our yeast two-hybrid results

indicated that THO2 does not interact, at least directly, with

ABH1, CBP20 or DDL (Figure S5). In any case, these results

do not exclude the possibility that the THO/TREX complex,

once fully assembly, interacts with these proteins to fulfill

its miRNA-related functions.

DISCUSSION

The THO/TREX complex is highly conserved in multiple

organisms, acting in various contexts. In humans, it is a

key component of the mRNA export machinery, and

appears to be primarily associated with spliced mRNA (Ma-

suda et al., 2005; Chi et al., 2013). THO2 is the largest pro-

tein of the complex, and is considered to be its core (Pena

et al., 2012). Based on the fact that THO2 null mutants in

Arabidopsis die at the embryonic stage, it has been pro-

posed that the protein is essential for assembly of the com-

plex and its function, and therefore for the survival of the

plant (Furumizu et al., 2010; Jauvion et al., 2010; Yelina

et al., 2010). The isolation of viable tho2 alleles, described

in the present work, is a major breakthrough for study of

the THO/TREX complex. Despite developmental defects,

ranging from abnormal floral organs and leaf serrations to

partial embryo lethality, observed in the newly character-

ized tho2-5, tho2-6 and tho2-7, these mutants represent a

unique genetic tool for studying THO2, the core protein of

the THO/TREX complex (Pena et al., 2012).

As observed in mutant plants for other components of

the THO/TREX complex, tho2 mutants show reduced siR-

NA-mediated silencing, with a concomitant reduction in

the steady-state levels of siRNAs and tasiRNAs. We also

observed reduced levels of mature miRNAs and over-accu-

mulation of miRNA-targeted mRNAs in the tho2 mutant

plants (Figure 6). Previous reports have shown that other

components of the complex, such as THO1, regulate miR-

NA accumulation (Furumizu et al., 2010). However, TEX1,

which is required for siRNA and tasiRNA production, does

not appear to be involved in the miRNA pathway (Yelina

et al., 2010). Our data show that the tho2 mutants present

morphological and molecular phenotypes more severe

than those observed in mutants for other THO/TREX com-

ponents (Furumizu et al., 2010; Jauvion et al., 2010; Yelina

et al., 2010). This observation suggests that THO2 is central

for the functionality of the complex, while each accessory

protein may have a more specific function. This is sup-

ported by the extreme phenotype of the tho2 mutants and

the embryonic lethality of the THO2 null alleles. It is proba-

ble that, in the absence of THO2, but not of the other com-

ponents, the whole complex fails to assemble. However,

more experimentation is required to confirm this. Interest-

ingly, the tho2-7 mutation, which generates a truncated

messenger lacking the very last portion of the gene, does

not lead to any alteration in miRNA accumulation, but still

induces reduction of tasiRNAs, siRNA silencing and alter-

native splicing similar to what is observed for the other

alleles (Figures 6 and 7). This may indicate that the missing

portion of THO2 is, either by itself or through an interact-

ing partner, dispensable for the miRNA regulation but

essential for the other small RNA molecules. A potential

candidate in this last scenario is TEX1, as it has been

described as not being required for miRNA accumulation,

but its mutation drastically affects both the accumulation

of tasiRNAs and SUC2p:PDS transgene siRNAs (Smith

et al., 2007; Yelina et al., 2010). However, it has been

reported in yeast that the C-terminal region of the THO2

protein, a poorly conserved region of the protein, interacts

with nucleic acids but has little effect on the integrity of the

complex (Pena et al., 2012).

Despite many studies examining the function of the

plant THO/TREX complex, it remains unclear how the com-

plex acts in small RNA pathways. Using a yeast two-hybrid

approach, we observed that THO2 did not interact with any

of the tested miRNA processing components (Figures S1

and S5). This observation, together with the fact that THO2

is found in a different subcellular localization to the miRNA

processing factors, suggests that the effect on this pathway

is not at the miRNA processing level. This idea is in agree-

ment with the possibility that THO2 acts in multiple small

RNA pathways. It has been proposed that the THO/TREX

complex is required for transporting siRNA/tasiRNA pre-

cursors to an unknown subcellular location for their pro-

cessing (Yelina et al., 2010). This is consistent with the

known function of the complex in mRNA trafficking in

fungi and metazoans (Reed and Cheng, 2005). In the pres-

ent work, we show experimental evidence supporting such

a scenario. We show that THO2 is able to interact with

miRNA precursors, an interaction that appears to be impor-

tant for recruitment of these molecules to the processing

complex. The fact that tho2 mutants fail to accumulate sev-

eral classes of small RNAs may suggest that the complex

has a broad affinity for a common component of all these

pathways. Thus it is possible that the THO/TREX complex
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recognizes and transports double-stranded RNA, which,

despite the difference in their origin and nature, is a com-

mon feature of all small RNA precursors. Results obtained

in previous reports (Furumizu et al., 2010; Jauvion et al.,

2010; Yelina et al., 2010) suggest that each individual com-

ponent of the THO/TREX complex in plants, other than

THO2, specifically affects a small RNA pathway, probably

by differential preference for precursors.

In recent years, it has become evident that the miRNA

pathway is linked or at least affected by the splicing

machinery. Proteins such as SE, the cap-binding complex

and TOUGH have been found to play roles in miRNA bio-

genesis and alternative splicing in Arabidopsis (Kim et al.,

2008; Laubinger et al., 2008; Ren et al., 2012). Our results

revealed similar dual roles for THO2. Not surprisingly, the

weak loss-of-function alleles of tho2 display morphological

defects similar to se, cbp80, and cbp20 mutants, while both

se and tho2 null mutants die at embryonic stages (Hug-

ouvieux et al., 2001; Bezerra et al., 2004; Papp et al., 2004).

We found that THO2 shared nuclear localization with the

canonical splicing factor SR34p, and identified a case of

abnormal alternative splicing in the tho2 mutants. A gen-

ome-wide analysis of alternative splicing in plants mutated

in each of the genes encoding components of the complex

is required in order to understand how this process is

affected by dysfunction of the complex.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

The tho2-5 mutant was isolated in a previously described for-
ward-genetics screen (Manavella et al., 2012a). tho2-1
(SALK_072011), tho2-2 (SALK_130342) and tho2-7 (SALK_144229)
were obtained from the Arabidopsis Biological Research Center
(https://abrc.osu.edu/). The tho2-6 mutant was isolated from an
Arabidopsis thaliana Landsberg erecta (Ler) activation tagging
screen performed using the pSKI015 vector as previously
described (Weigel et al., 2000). All seeds were sown on soil or
MS plates, and were cold-treated in the dark for 3 days before
transfer to growth chambers under long-day conditions (16 h
light/8 h of dark) at 22°C/20°C (day/night). PCR primers used to
genotype tho2 alleles are listed in Table S1.

Transgenes

The miRNA–reporter transgenic lines (35S:Luc;35S:amiRLuc) and
control lines (35S:Luc) have been described previously (Manavella
et al., 2012b). A triple GFP construct with nuclear localization sig-
nal (3xGFP:NLS) has been described previously (Mathieu et al.,
2007). THO2:eGFP and HYL1:mCHERRY constructs were obtained
by RT-PCR-mediated cDNA amplification, cloning into pCR8GW-
TOPO (Life Technologies, www.lifetechnologies.com), and recom-
bined into modified pGREEN vectors under the control of the
CaMV 35S promoter to generate C-terminal fusions with the fluo-
rescent proteins. The SRp34:RFP construct has been described
previously (Lorkovic et al., 2004). The THO2 genomic construct
(gTHO2), used to rescue tho2-5 mutants, was generated by fusing
the PCR-amplified THO2 cDNA and a 2000 bp fragment upstream

of the THO2 transcription start site. The obtained product was
cloned into pCR8GW-TOPO, and recombined into a modified
pGREEN vector to generate a mCitrine C-terminal fusion. Yeast
two-hybrid constructs were obtained by cloning the specific
cDNAs into pCR8GW-TOPO, followed by recombination into the
pDEST32 or pDEST22 vectors (Life Technologies). Arabidopsis
thaliana JAP3 and tho2-5 mutant plants were transformed using
the flower-dip method (Clough and Bent, 1998). Transgenic seed-
lings were selected using 50 mg ml�1 kanamycin on plates or
0.1% ammonium glufosinate on soil. At least 15 T1 seedlings were
analyzed for each construct. Transient infiltration of Nicotiana
benthamiana leaves was performed as described previously (de
Felippes and Weigel, 2010).

TAIL-PCR analysis

Genomic DNA samples were prepared from young leaves using a
modified cetyl trimethyl ammonium bromide method (Murray and
Thompson, 1980). To determine the sequences flanking the T-
DNA insertion, we used nested pSKI015-specific primers (TR1,
TR2, and TR3) and an arbitrary degenerate primer (P7) as
described by Liu et al. (1995). The resulting PCR products were
sequenced. The right border region was located using RB1, RB2
and RB3 primers. All primer sequences used are listed in Table
S1.

Expression analysis

Total RNA was extracted using an RNeasy plant mini kit (Qiagen,
www.qiagen.com) according to the manufacturer’s instructions.
Primers for RT-PCR and quantitative RT-PCR were designed in the
intron flanking regions. cDNA synthesis from 1 lg total RNA was
performed using an ImpromII reverse transcription system kit
(Promega, www.promega.com/), with an oligo(dT) primer, accord-
ing to the manufacturer’s instructions. Quantitative RT-PCR, small
RNA gel blots, confocal microscopy and luciferase measurements
were performed as previously described (Manavella et al., 2012b).
RNA blots to detect PDS-derived siRNAs were performed using a
radioactively labeled PCR-amplified fragment of the PDS gene as
probe. Primers used for quantitative PCR and as RNA probes are
listed in Table S1. Western blot analysis was performed using
anti-HYL1, anti-DCL1 and anti-AGO antibodies (Agrisera, www.
agrisera.com/) as previously described (Manavella et al., 2013).

Yeast two-hybrid assays and confocal microscopy

Yeast two-hybrid assays were performed using the ProQuestTM two-
hybrid system (Life Technologies), according to the manufacturer’s
instructions. To reduce auto-activation of THO2, we added 40–
120 mM 3-amino-1,2,4-triazole to the selection medium. For the
microscopy experiments, N. benthamiana leaves were transiently
co-transformed with a THO2:eGFP fusion and a HYL1:mCherry or
SR34p:RFP fusion (de Felippes andWeigel, 2010), and imaged using
a TCS SP2 confocal microscope (Leica, http://www.leicamicrosys-
tems.com/) on day 3 after infiltration.

RNA immunoprecipitation assay

RNA immunoprecipitation experiments were performed as previ-
ously described (Terzi and Simpson, 2009). Fifteen-day-old THO2:
eGFP, 3xGFP:NLS, Col-0, hyl1-2 and tho2-5 plants were grown on
MS agar plates. An anti-GFP antibody (Abcam, www.abcam.com),
an anti-HYL1 antibody (Agrisera) and Protein G–agarose beads
(Life Technologies) were used to immunoprecipitate protein–RNA
complexes. After elution of protein–RNA complexes, RNA and
proteins were extracted using TriPure reagent (Roche, http://
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www.roche.com). First-strand cDNA and RT-PCR of the associated
RNAs were performed as described above.

Splicing fragment analysis

RT-PCR fragments were analyzed using a Fragment AnalyzerTM

automated CE system (Advanced Analytical Technologies, http://
www.aati-us.com/). Diluted samples (1/10) were prepared using a
DNF-910/15L80M dsDNA reagent kit (Advanced Analytical Tech-
nologies), according to the manufacturer’s instructions. Separa-
tion results were analyzed using PROSize� 2.0 software
(Advanced Analytical Technologies).
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