
6848–6863 Nucleic Acids Research, 2017, Vol. 45, No. 11 Published online 11 April 2017
doi: 10.1093/nar/gkx256

Nonsense-mediated mRNA decay in Tetrahymena is
EJC independent and requires a protozoa-specific
nuclease
Miao Tian1,2,3, Wentao Yang1,2, Jing Zhang1,2, Huai Dang4, Xingyi Lu1,2, Chengjie Fu1 and
Wei Miao1,*

1Key Laboratory of Aquatic Biodiversity and Conservation, Institute of Hydrobiology, Chinese Academy of Sciences,
Wuhan, Hubei 430072, China, 2College of Life Sciences, University of Chinese Academy of Sciences, Beijing
100049, China, 3Department of Chromosome Biology, Max F. Perutz Laboratories, University of Vienna, Vienna
A-1030, Austria and 4College of Life Sciences, Northwest Normal University, Lanzhou 730070, China

Received December 10, 2016; Revised March 31, 2017; Editorial Decision April 03, 2017; Accepted April 05, 2017

ABSTRACT

Nonsense-mediated mRNA decay (NMD) is essen-
tial for removing premature termination codon-
containing transcripts from cells. Studying the NMD
pathway in model organisms can help to eluci-
date the NMD mechanism in humans and improve
our understanding of how this biologically impor-
tant process has evolved. Ciliates are among the
earliest branching eukaryotes; their NMD mecha-
nism is poorly understood and may be primordial.
We demonstrate that highly conserved Upf proteins
(Upf1a, Upf2 and Upf3) are involved in the NMD
pathway of the ciliate, Tetrahymena thermophila.
We further show that a novel protozoa-specific nu-
clease, Smg6L, is responsible for destroying many
NMD-targeted transcripts. Transcriptome-wide iden-
tification and characterization of NMD-targeted tran-
scripts in vegetative Tetrahymena cells showed that
many have exon–exon junctions downstream of the
termination codon. However, Tetrahymena may lack
a functional exon junction complex (EJC), and the
Tetrahymena ortholog of an EJC core component,
Mago nashi (Mag1), is dispensable for NMD. There-
fore, NMD is EJC independent in this early branching
eukaryote.

INTRODUCTION

Nonsense-mediated mRNA decay (NMD) is an mRNA
quality control mechanism that degrades transcripts con-
taining premature termination codons (PTCs) to protect
cells from the potential deleterious effects of truncated pro-
teins (1,2). NMD substrates mainly result from nonsense

mutation and transcriptional error. However, a major group
results from alternative splicing (AS), suggesting that the
NMD and AS processes are tightly coupled to maintain a
steady-state transcriptome (3–6). Owing to its biological im-
portance, the NMD pathway has been extensively studied in
organisms from yeast to humans.

In most species investigated so far, the NMD pathway re-
quires a set of evolutionarily conserved up-frameshift pro-
teins (Upf1, Upf2 and Upf3) to initiate PTC-containing
transcript recognition and degradation (1). However, an-
other subset of NMD factors diverge in different eukary-
otic lineages (7). Therefore, two major models have been
proposed to explain PTC discrimination and the subse-
quent destruction of PTC-containing transcripts: the faux
3′-UTR model and the exon junction complex (EJC)-
enhanced model (7).

The faux 3′-UTR model was initially proposed to de-
scribe the NMD mechanism in the unicellular fungus Sac-
charomyces cerevisiae (8). According to this model, the
presence of a PTC extends the 3′-UTR region, which
then impairs the interaction between cytoplasmic poly(A)-
binding protein and eukaryotic release factors (eRFs), en-
abling Upf1 to interact with eRFs and elicit NMD (8,9).
This NMD mechanism was subsequently discovered in
many other multicellular organisms (such as humans and
Drosophila) and is thought to be evolutionarily conserved
(10,11). However, some reports appear to contradict this
mechanism (2). The EJC-enhanced model was proposed
to explain mammalian NMD, as other organisms either
lack the EJC (such as S. cerevisiae) or their EJC proteins
are not required for NMD (such as Caenorhabditis elegans)
(2,12). The EJC protein complex is recruited 20–24 nt up-
stream of the spliceosomal intron as a consequence of pre-
mRNA splicing, and is displaced by the translating ribo-
some. It is composed of an inner heterotetrameric core (con-
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sisting of eIF4A3, Btz, Y14 and Mago nashi) that serves
as a binding platform for an outer shell comprising Upf3,
Upf2 and other proteins (13,14).The current EJC-enhanced
model suggests that transcripts with a termination codon
(TC) located more than 50–55 nt upstream of an exon junc-
tion are susceptible to NMD (15). An EJC deposited near
to the 3′-UTR exon junction could interact with the SURF
complex (comprising metazoan-specific Smg1 and the evo-
lutionarily conserved Upf1 and eRF1/3 proteins) to trigger
NMD (16,17). However, the EJC-enhanced model has also
been challenged (18–20), and alternative models to explain
NMD have been recently proposed (2,21). For example, the
‘ribosome release model’ states that recruitment of Upf1
and additional factors to the termination ribosomes at the
PTC could help disassociate downstream post-termination
ribosomes as well as mRNPs and resolve RNA secondary
structures, which may make the unprotected 3′-UTR region
vulnerable to degradation. However, further experiments
are required to test these models. In conclusion, a robust
molecular basis for the NMD mechanism remains to be elu-
cidated.

In addition to their different PTC recognition mecha-
nisms, eukaryotic lineages have different methods of de-
grading PTC-bearing transcripts (22). For example, yeast
PTC-containing transcripts are deadenylated and/or de-
capped before exonuclease degradation (23,24). In con-
trast, mammalian nonsense transcripts are removed via
both endo- and exonucleolytic degradation: endonucle-
olytic degradation of PTC-containing transcripts is initi-
ated by cleavage by the conserved metazoan endoribonu-
clease Smg6 (25), and exonuclease degradation is initiated
by decapping and deadenylation mediated by Smg 5–7 and
their interacting partners (22).

Extensive research into the NMD pathways of eukary-
otic species ranging from unicellular fungi to mammals
has revealed that some components of the PTC recognition
and destruction machinery are conserved, while others are
divergent. Protozoa are a large group of early branching
eukaryotes and, hence, remote relatives of some common
model organisms (e.g. yeast, fruit flies, worms, mice and
plants). Therefore, investigating protozoan NMD mecha-
nism may improve our understanding of the origins and
evolution of this biologically and biomedically important
process. The few studies carried out in parasitic protozoa
so far suggest that the protozoan NMD mechanism is either
primitive or unique (26,27). However, two recent studies in
Paramecium tetraurelia proved that canonical NMD exists
in ciliated protozoa, although the identity of NMD com-
ponents and their roles in recognizing and destroying PTC-
containing transcripts are still poorly understood (28,29).

To investigate the NMD mechanism of ciliated protozoa,
we used Tetrahymena thermophila (hereafter referred to as
Tetrahymena) as a model organism because its genome is
comparatively well annotated, and genetic manipulation is
easier in this species than in other ciliates (30). Tetrahy-
mena has two functionally distinct nuclei. During vegeta-
tive growth, the germline micronucleus is transcriptionally
silent and all protein-coding RNAs are transcribed from the
somatic macronuclear genome. In this study, we first iden-
tified key factors in the Tetrahymena NMD pathway and
then evaluated transcriptome variation by deep sequencing

after the deletion of individual NMD factors. We found
that only one of the two Tetrahymena Upf1 homologs,
Upf1a, is responsible for directing NMD during vegeta-
tive growth, but that the Upf2 and Upf3 homologs are also
involved in NMD. Interestingly, the nuclease activity of a
metazoan Smg6-like, Nedd4-BP1, bacterial YacP nuclease
(NYN) domain-containing protein (named Smg6L) is im-
portant for Tetrahymena NMD. The discovery of Tetrahy-
mena NYN domain-containing Smg6L nuclease homologs
in many parasitic and free-living protozoa suggests this
protozoa-specific nuclease is involved in destroying PTC-
containing transcripts and could be a unique component
of protozoan NMD. In contrast, the Tetrahymena ortholog
of the human EJC core component, Mag1, is not required
for NMD in this organism. Further, analysis of in vivo
and in vitro protein interactions indicated that Tetrahymena
lacks a functional EJC. This finding is consistent with the
lack of EJC-binding motifs in Upf3 and Smg6L proteins in
Tetrahymena and in other ciliated and apicomplexan pro-
tozoa. Hence, the NMD pathway is EJC independent in
Tetrahymena and possibly also in other protozoa. Although
EJC is not required for Tetrahymena NMD, genome-wide
statistical analysis of NMD targets suggests that transcripts
with an intron located downstream of the TC are prefer-
entially destroyed via NMD. Therefore, PTC recognition
in Tetrahymena presumably largely relies on unknown fac-
tor(s) related to pre-mRNA splicing.

MATERIALS AND METHODS

Strains, culture conditions and drug treatment

Tetrahymena B2086 wild-type (WT; obtained from the
Tetrahymena Stock Center at Cornell University) and mu-
tant strains (Supplementary Table S1) were maintained in
Super Proteose Peptone (SPP) medium (1% Proteose Pep-
tone, 0.2% glucose, 0.1% yeast extract, 0.003% Sequestrene)
at 30◦C on a rotary shaker at 135 rpm. The germline mi-
cronuclear genome is transcriptionally silent in vegetative
growth; therefore, somatic macronuclear gene knockout,
mutant and C-terminal hemagglutinin (HA)-tagged strains
were generated by homologous recombination as previously
described (31). Briefly, the relevant plasmid was introduced
into starved B2086 cells via biolistic transformation (32)
and transformants were selected by increasing the paro-
momycin (Sigma-Aldrich, St Louis, MO, USA) concentra-
tion in culture medium until all macronuclear loci were
replaced via phenotypic assortment (33). Schematic dia-
grams of all constructs are shown in Supplementary Fig-
ures S1 and 2; primer sequences are listed in Supplementary
Table S2. Somatic gene knockout and knokdown strains
were confirmed by reverse transcription polymerase chain
reaction (RT-PCR), transcriptome sequencing and quan-
titative RT-PCR (qRT-PCR; Supplementary Figure S3).
The Smg6L NYN nuclease point mutation (Asp820 to Ala;
SMG6L-D820A strain) was confirmed by Sanger sequenc-
ing. To block protein synthesis, vegetative WT Tetrahymena
cells were incubated with 100 �g/ml cycloheximide (CHX)
(Beyotime, Shanghai, China; 20 mg/ml stock solution in
water) for 4 h, and then harvested for downstream analy-
sis.
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Gene identification and bioinformatics analysis

NMD factor homologs in Tetrahymena and other pro-
tists (Giardia lamblia, Ichthyophthirius multifilis, Oxytricha
trifallax, P. tetraurelia, Plasmodium falciparum, Stylony-
chia lemnae, Toxoplasma gondii, Trypanosoma brucei) were
identified using human NMD factor protein sequences as
query sequences for BLASTp searching against the respec-
tive proteomes (Supplementary Table S3). Orthologs were
confirmed by reciprocal BLASTp analysis. Sequences were
aligned using ClustalW and colored according to amino
acid sequence similarity using ESPript 3.0 (34). Phyloge-
netic trees were constructed using Mega5 with default set-
tings (neighbor-joining method) (35). Gene expression pro-
files shown in Figure 1C were retrieved from TetraFGD
(http://tfgd.ihb.ac.cn/) (36).

Total RNA isolation and reverse transcription-PCR analysis

Total RNA was extracted from 5 ml samples of vegeta-
tively growing Tetrahymena WT and mutant cells (density:
2.5 × 105 cells/ml) using an RNeasy Plus Mini Kit (Qi-
agen, Valencia, CA, USA) and treated with RQ1 RNase-
Free DNase (Promega, Madison, WI, USA) to remove ge-
nomic DNA. This preparation (2 �g) was used for cDNA
synthesis: first-strand cDNA was synthesized using ran-
dom hexamers (Promega, Madison, WI, USA) and an M-
MLV Reverse Transcriptase kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions with
added RNasin ribonuclease inhibitor (Promega, Madison,
WI, USA). Titanium Taq DNA Polymerase (Clontech Lab-
oratories, Palo Alto, CA, USA) was used to amplify DNA
fragments from both PTC-containing (PTC+) and normal
(FUNC) transcripts within the same reaction using primers
targeting a common region. PCR products were resolved by
3% agarose gel electrophoresis (in 0.5 × Tris-borate-EDTA
buffer) and stained with ethidium bromide (0.5 �g/ml). The
band intensity of PCR products was measured in ImageJ
(37) and used to calculate the ratio of PTC+ and FUNC
abundance. Real-time qRT-PCR was carried out using the
DNA Engine Opticon 2 System (Bio-Rad/MJ Research,
Hercules, CA, USA) in 20 �l reactions containing 10 �l Sso-
Fast EvaGreen PCR mix (Bio-Rad, Hercules, CA, USA)
and 0.4 �M primers. All primers used in this study are
listed in Supplementary Table S2. cDNA generated from
WT Tetrahymena total RNA was used as the control and
18S rRNA as the endogenous reference for normalizing
gene expression, performed using REST 2009 software (38).

Transcriptome sequencing and data analysis

Total RNA samples (3 �g) from vegetatively growing
ΔUPF1a, ΔMAG1, ΔSMG6L, SMG6L-NYNmu and WT
B2086 Tetrahymena cells were used for constructing pair-
end Illumina sequencing libraries and analyzed with a
HiSeq 2000 system (Illumina, San Diego, CA, USA). Two
biological replicates each of ΔUPF1a and WT B2086 were
used. After sequencing, filtered reads were mapped to the
Tetrahymena macronuclear genome (obtained from http://
ciliate.org/, release 2014) using the TopHat algorithm (Sup-
plementary Table S4) and novel transcripts were identified
using the Cufflinks toolkit (39). Differential gene expression

and exon expression (or usage) analyses were carried out us-
ing the Cuffdiff and DEXSeq algorithms, respectively (40).
The following criteria were used to identify transcripts up-
regulated in mutants: (i) the transcript FPKM (fragments
per kilobase of exon per million fragments mapped) should
be 2-fold higher in mutants than in WT cells; (ii) the tran-
script should be significantly upregulated in a sample with
biological replicates; or (iii) the transcript FPKM should
be higher and exon expression significantly different in the
mutant than in the WT strain (for ΔUPF1a only). To reduce
the likelihood of ambiguous results due to low read cover-
age, putative upregulated transcripts with FPKM values of
<3 were discounted. Similar criteria were applied for down-
regulated transcripts. Gene expression levels are listed in
Supplementary Table S5. Gene Ontology (GO) enrichment
analysis of genes differentially expressed in mutants was
done using the Bingo plugin (version 2.44) with default set-
tings in Cytoscape (version 2.8.3) (41,42). Detailed descrip-
tions of all data analysis procedures are provided in Supple-
mentary Figure S4. All transcriptome sequencing data de-
scribed in this study have been deposited in the NCBI Gene
Expression Omnibus (43) and are accessible through GEO
Series accession number GSE90899.

Identification of PTC-containing transcripts and analysis of
AS events

PTC-containing transcripts, including those with putative
upstream open reading frames (uORFs), were identified us-
ing the getorf algorithm and custom Perl scripts (44). A
PTC-containing transcript is canonically defined as hav-
ing the same translation start site as a normal transcript
annotated in the current Tetrahymena Genome Database
(TGD) but with a TC prior to that of the normal tran-
script. uORF-containing transcripts form a subcategory of
PTC-containing transcripts, and are defined according to
published criteria (45). Briefly, a putative uORF-containing
transcript should share an ORF with the normal transcript
but should have an additional translation start site within
its 5′-UTR region that drives translation of an extra puta-
tive protein containing more than 20 residues. In addition,
the entire uORF region should be covered by transcriptome
sequencing reads.

The AStalavista algorithm was used to classify AS events
(46). All AS events were further inspected by manually com-
paring structural differences between splicing isoforms in
Integrative Genomics Viewer (IGV) (47). To generate the
sequence logo for splice sites from both normal and PTC-
containing transcripts, a custom Perl script was first used
to extract sequences from around the splicing donor and
acceptor sites. After alignment, these sequences were sub-
mitted to the Pictogram online server (http://genes.mit.edu/
pictogram.html) for plotting the sequence logo and calcu-
lating its information content. Structural features of PTC-
containing and normal transcripts were analyzed using a se-
ries of custom Perl scripts, and statistical analysis and graph
plotting were carried out with R software. Detailed descrip-
tions of data analysis procedures can be found in Supple-
mentary Figure S4.

http://tfgd.ihb.ac.cn/
http://ciliate.org/
http://genes.mit.edu/pictogram.html
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Figure 1. Identification of NMD factor homologs in Tetrahymena. (A) A list of confirmed NMD factors in Homo sapiens (Hsap), Aradidopsis thaliana
(Atha) and Saccharomyces cerevisiae (Scer; solid circles) and NMD factor homologs in Tetrahymena (Tthe; open circles). *The two Upf1 homologs in
Tetrahymena were named Upf1a and Upf1b according to their protein sequence similarity with the H. sapiens protein. **Tetrahymena Smg6L contains
a NYN ribonuclease domain instead of the PIN domain found in the human Smg6 protein. (B) Comparison of protein domains in Tetrahymena NMD
factor homologs and human NMD factors. Outer circle, Tetrahymena NMD factor homologs; inner circle, human NMD factors. Gray ribbons indicate
known interactions between human NMD proteins; arrows indicate key protein–protein interaction domains absent or less well conserved in Tetrahymena.
(C) Relative gene expression profiles for the two Tetrahymena Upf1 homologs under conditions of vegetative growth (LI, LM and LH correspond to low,
medium and high cell density, respectively) and starvation (S-1 and S-3 indicate 1 and 3 h of starvation, respectively). Vertical axes indicate gene expression
in arbitrary units. (D) Sequence alignment of the NYN ribonuclease domain of protozoan Smg6L proteins and metazoan Zc3h12a proteins showing highly
conserved key residues in the catalytic center of NYN ribonuclease domain (labeled ‘C’; alignment of the whole region can be found in Supplementary
Figure S8E). Cele, Caenorhabditis elegans; Dmel, Drosophila melanogaster, Imul, Ichthyophthirius multifiliis; Otri, Oxytricha trifallax; Ptet, Paramecium
tetraurelia; Slem, Stylonychia lemnae; Tgon, Trypanosoma gondii.
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Immunoprecipitation and mass spectrometry data analysis

To pull down HA-tagged proteins from Tetrahymena cell ex-
tracts, strains expressing endogenous levels of C-terminally
HA-tagged proteins were maintained in SPP medium. The
WT strain was used as the control. Cells were harvested
during vegetative growth (cell density: 2–3 × 105 cells/ml)
and resuspended in lysis buffer (30 mM Tris-HCl, 20 mM
KCl, 2 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride,
0.1% Triton-X 100, 150 mM NaCl) containing cOmplete
proteinase inhibitor (Roche Diagnostics, Indianapolis, IN,
USA). Soluble proteins were incubated with EZview anti-
HA agarose beads (Sigma-Aldrich, St Louis, MO, USA) in
lysis buffer for 2 h at 4◦C. After stringent washing in ly-
sis buffer, HA-tagged proteins were eluted using HA pep-
tides (Sigma-Aldrich, St Louis, MO, USA) according to
the manufacturer’s instructions. Immunoprecipitation (IP)
products were analyzed by silver staining and immunoblot-
ted with an anti-HA tag antibody (clone 16B12, Covance,
Berkeley, CA, USA). To identify co-immunoprecipitating
proteins, an aliquot of each IP product was tryptic di-
gested and analyzed with an LTQ-Orbitrap tandem mass
spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). The MS/MS dataset was analyzed with Mascot
software using the Tetrahymena protein sequence (down-
loaded from the TGD; http://ciliate.org/index.php/home/
downloads). MS/MS raw data are listed in Supplementary
Table S6. Confidence scores for protein interactions identi-
fied by mass spectrometry were evaluated with SAINTex-
press software: confidence was set at a Bayesian false dis-
covery rate (FDR) value of <0.05 (48).

Recombinant protein purification and GST pull-down analy-
sis

The complete coding sequences for Tetrahymena Upf3,
Y14, Mag1 and eIF4A3 proteins, the Upf1a cysteine- and
histidine-rich (CH) domain (Upf1a-CH, 91–240 aa) and the
Upf2 C-terminus (Upf2-Cter, 922–1026 aa) were codon op-
timized and synthesized for Escherichia coli expression (se-
quences are listed in Supplementary Table S2). To gener-
ate an N-terminally GST-tagged or N-terminally 6 × His-
tagged recombinant protein, the codon-optimized sequence
was cloned into the pGEX-4T-1 (Amersham Biosciences,
Piscataway, NJ, USA) or pET-28a (+) (Novagen, Madi-
son, WI, USA) vector, respectively. Expression constructs
were transformed into competent E. coli BL21 (DE3) cells.
GST and GST-tagged proteins were purified using Glu-
tathione Sepharose 4B beads (GE Healthcare, Waukesha,
WI, USA) and His-tagged proteins were purified using His-
Pur Ni-NTA Resin (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.

For GST pull-down, 20 �g purified GST-tagged protein
or GST (control) was mixed with the same molar ratio of
purified His-tagged proteins and incubated with 20 �l Glu-
tathione Sepharose 4B resin at 4◦C for 30 min. The resin
was then washed with 10 bed volumes of 1 × phosphate
buffered saline buffer. Bound proteins were eluted with elu-
tion buffer (50 mM Tris-HCl, 10 mM glutathione, pH 8.0)
and analyzed by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by Coomassie
blue staining.

RESULTS

Bioinformatics identification of putative NMD factors in
Tetrahymena

Human protein sequences for key evolutionarily conserved
NMD factors (Upf 1–3), metazoan-specific SMG proteins
(Smg1 and Smg 5–7) and EJC core components (Y14,
Mago nashi, eIF4A3 and Mln51) were retrieved from the
UniProt database and homology searches were performed
to identify Tetrahymena NMD factor candidates (search re-
sults shown in Figure 1A; detailed list in Supplementary
Table S3). Tetrahymena harbors two mammalian Upf1 ho-
mologs: Upf1a has 49% identity and Upf1b has 37% iden-
tity to human Upf1. Sequence alignment of the Tetrahy-
mena Upf1 homologs suggested that, as in S. cerevisiae
Upf1, both lack the C-terminal [S/T]Q-rich motif present in
human Upf1 (Figure 1B). Upf1a is more likely than Upf1b
to be a key player in Tetrahymena NMD because its N-
terminal cysteine- and histidine-rich (CH) domain and cen-
tral helicase domain, which are essential for Upf1 function
in the NMD pathway, are more highly conserved (for a
detailed sequence analysis, see Supplementary Figure S5).
Moreover, UPF1a mRNA is much more abundant than
UPF1b mRNA during vegetative growth (Figure 1C) (49).

Protein sequence analysis showed that Tetrahymena Upf2
contains three conserved MIF4G domains, the third of
which is required to mediate the interaction between Upf2
and Upf3 (Figure 1B; Supplementary Figure S6A and B).
However, the Tetrahymena Upf2 C-terminal sequence has
weak similarity to its counterparts in yeast and humans
(Supplementary Figure S6C). Interaction of the Upf2 C-
terminal domain (and possibly also the N-terminal do-
main in humans) with the Upf1 CH domain is essential
for NMD (50,51), and this feature is conserved from yeast
to humans (52). Therefore, it was important to determine
whether Tetrahymena Upf1 and Upf2 proteins can inter-
act. Although Upf3 is the least conserved Upf protein in
Tetrahymena, sequence alignment identified key residues
that might mediate its interaction with Upf2 (Supplemen-
tary Figure S7B). Similar to yeast Upf3, Tetrahymena Upf3
lacks an EJC-binding motif, which reduces the likelihood
that an EJC-enhanced NMD pathway operates in Tetrahy-
mena.

SMG proteins are a family of metazoan-specific NMD
factors. Of these, Smg1 can directly phosphorylate C-
terminal [S/T]Q motifs in metazoan Upf1. Neither the
Tetrahymena nor S. cerevisiae genome has an SMG1 ho-
molog, and the lack of this protein kinase is consistent with
the absence of a target phosphorylation site in Tetrahy-
mena and yeast Upf1 homologs (Figure 1B and Supple-
mentary Figure S5A). Homologs of Smg5 and Smg7, which
bind to the C-terminal Smg1 phosphorylation site of hu-
man Upf1, are also absent in Tetrahymena. Interestingly, in
contrast to yeast, a human Smg6 homolog (named Smg6L,
for Smg6 like) with a ribonuclease domain and a con-
served Est1 DNA/RNA-binding domain was identified in
Tetrahymena. The Smg6L nuclease domain resembles the
NYN domain in the human ribonuclease Zc3h12a (Mcpip)
rather than the PilT N-terminus (PIN) domain in the hu-
man Smg6 ribonuclease (Supplementary Figure S8A–C).

http://ciliate.org/index.php/home/downloads


Nucleic Acids Research, 2017, Vol. 45, No. 11 6853

Further analysis of Smg6L proteins in several other cili-
ated and apicomplexan protozoa revealed that a C-terminal
NYN domain is common and that key residues in the nu-
clease catalytic center are highly conserved (Figure 1D). Al-
though previous studies revealed that the poorly character-
ized NYN ribonuclease domain has structural similarity to
the PIN domain, there is no evidence to support a role in
degrading PTC-containing transcript (53,54). In addition,
Tetrahymena Smg6L lacks the EJC-binding motif of human
Smg6, and its 14-3-3-like domain lacks key evolutionarily
conserved residues required to mediate an interaction with
phosphorylated Upf1 (Supplementary Figure S8D).

Interestingly, and in contrast to S. cerevisiae, Tetrahy-
mena has orthologs for three of the four core components of
human EJC (Figure 1A): Mago nashi (Tetrahymena Mag1),
Y14 and eIF4A3. All have high sequence similarity to their
metazoan counterparts, suggesting that they play a con-
served role in RNA metabolic processes (Supplementary
Figure S7C and E). In addition, BLAST searches identi-
fied orthologs of some EJC auxiliary factors in Tetrahymena
(listed in Supplementary Table S3).

Identification of NMD targets by transcriptome sequencing
of UPF1a-deleted cells

PTCs can be introduced by nonsense mutation, erroneous
transcription or aberrant pre-mRNA splicing. In addition,
normal transcripts containing an actively translated ORF
in the 5′-UTR (i.e. an uORF) or an aberrant feature (e.g. a
spliceosomal intron) in the 3′-UTR are also potential tar-
gets of mammalian NMD (55) and as such are expressed
at very low levels in normal cells. Therefore, disrupting this
mRNA quality control system by depleting NMD core fac-
tors can lead to the retention of PTC-containing transcripts,
thereby dramatically increasing their levels. Hence, varia-
tions in PTC-containing transcript expression in different
deletion mutants might reveal genuine NMD factors. Un-
fortunately, because of their low expression levels and aber-
rant sequence structure, PTC-containing transcripts (except
for potential uORF-containing transcripts) are likely to be
discarded during genome annotation and are therefore not
recorded in the current Tetrahymena genome annotation
(released in 2014) (56–58).

Bioinformatics analysis of the two Tetrahymena Upf1
proteins showed that Upf1a is more likely to be a func-
tional NMD factor. Hence, we generated a macronuclear
UPF1a knockout strain to investigate variations in PTC-
containing transcript expression by transcriptome sequenc-
ing (Supplementary Figure S3). Complete UPF1a knockout
is not lethal, leading only to a modest extension in genera-
tion time (Supplementary Table S7).

Over 60 and 64 million sequencing reads were mapped
to the Tetrahymena genome by Illumina sequencing and
read mapping, respectively, of deep sequencing libraries pre-
pared using total RNA extracted from two biological repli-
cates of ΔUPF1a and WT cells (Supplementary Table S4).
Subsequent gene expression quantification with the Cuffd-
iff algorithm identified 875 genes with at least 2-fold higher
expression in ΔUPF1a than in WT cells: these were defined
as upregulated genes in ΔUPF1a (Supplementary Table S5).
As uORFs in transcripts might also trigger NMD, we inves-

tigated whether putative uORFs were present in these up-
regulated genes. In total, 119 putative uORF-coding regions
(with a product length of >20 amino acids) were found in
the 23 430 quantifiable genes (genes with expression val-
ues; accounting for 86.7% of Tetrahymena protein-coding
genes), and 14 of these uORF genes were upregulated in the
ΔUPF1a mutant. Fisher’s exact test indicated that uORF-
containing genes are significantly enriched in the pool of
genes upregulated in ΔUPF1a (P-value = 0.0003564). As
another major group of NMD targets is generated by AS,
we also searched for PTC-bearing transcripts derived from
AS isoforms. Using the Cufflinks toolkit, the DEXSeq al-
gorithm, and manual validation with IGV, we identified 274
NMD-sensitive transcripts generated by AS. Among these,
25 isoforms harbor a putative uORF (Supplementary Table
S8). Detailed descriptions of the analysis procedures can be
found in Supplementary Figure S4.

To verify that structural annotation and quantification of
the expression of newly assembled PTC-bearing isoforms
were accurate, we performed qRT-PCR and/or RT-PCR
analyses of 15 gene loci. Nonsense transcripts derived from
these gene loci are formed via different types of AS. As ex-
pected, the size of RT-PCR products amplified from PTC-
containing and normal isoforms were consistent with anno-
tations for novel assembled isoforms (Figure 2; Supplemen-
tary Figures S9 and 10). Moreover, qRT-PCR and/or RT-
PCR confirmed that PTC-containing isoform levels were
significantly higher in ΔUPF1a than in WT cells.

In general, blocking translation with an inhibitor such
as CHX leads to the inefficient degradation of NMD tar-
gets, although some exceptions have been reported (5,59).
Therefore, we investigated whether expression of the newly
identified PTC-containing transcripts was changed by CHX
treatment. Both qRT-PCR and RT-PCR results showed
pronounced retention of those PTC-containing transcripts
generated by alternative donor splicing after CHX treat-
ment (Figure 2D; Supplementary Figures S9 and 10). This
result suggests that NMD targeting of this class of PTC-
containing transcripts may rely on translation. Some, but
not all, PTC-containing transcripts generated by other
types of AS were also retained in CHX-treated cells. The
partial overlap between the groups of PTC-containing tran-
scripts retained in NMD mutants and those retained in
CHX-treated cells has also been observed in plants (5).

Experimental confirmation of NMD factors

Bioinformatics analysis of Tetrahymena NMD factor ho-
mologs showed that some domains responsible for mediat-
ing interactions between NMD factors in other organisms
are not conserved in Tetrahymena (Figure 1B). Sequence
divergence among these NMD factor homologs prompted
us to investigate whether they have conserved functions
in the NMD pathway. The loss of NMD factors dramati-
cally upregulates PTC-bearing transcripts. Hence, we gener-
ated macronuclear gene knockout (or knockdown) mutants
for five newly identified human NMD factors in Tetrahy-
mena: the other three Upf proteins, the EJC core compo-
nent Mag1, and the conserved protozoan Smg6L protein
(Supplementary Figure S3). Bona fide Tetrahymena NMD
factors were identified by measuring the relative expression
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Figure 2. Analysis of the structure and expression of PTC-containing
transcripts. (A) The PTC-introducing alternatively spliced first exon of
UBC9 is significantly upregulated in ΔUPF1a compared with WT cells (in-
dicated by the counting bin E003). The short horizontal lines indicate the

of PTC-bearing isoforms in mutants of several NMD factor
by RT-PCR.

Results of qRT-PCR and/or RT-PCR showed that all
PTC-bearing isoforms tested were significantly upregulated
in ΔUPF2 and ΔUPF3 cells compared with the WT control,
suggesting that Upf2 and Upf3 are involved in the Tetrahy-
mena NMD pathway (Figure 2D; Supplementary Figures
S9 and 10). In contrast, loss of the less highly conserved
Tetrahymena UPF1b gene did not perturb PTC-containing
transcript degradation, revealing that its protein product is
not required for NMD. By carefully comparing the extent
of PTC-containing transcript upregulation in different mu-
tants, we found that UPF1a and UPF2 gene locus disrup-
tion causes the greatest retention of nonsense transcripts,
while UPF3 knockout has a reduced effect.

We next investigated whether the protozoa-specific
Smg6L nuclease is involved in NMD. For this, we first in-
vestigated changes in nonsense transcript levels in SMG6L
knockout cells by qRT-PCR. Levels of the vast majority of
NMD targets tested were significantly perturbed in SMG6L
knockout cells (Figure 2; Supplementary Figures S9 and
10), suggesting that the protozoa-specific Smg6L protein
has an evolutionarily conserved role in NMD. Next, to in-
vestigate whether Smg6L nuclease activity is required for
NMD, we produced a Tetrahymena strain expressing en-
dogenous levels of a Smg6L mutant with a truncated NYN
ribonuclease domain (termed SMG6L-NYNmu). Complete
deletion of the NYN domain-coding sequence was con-
firmed by both RT-PCR and transcriptome sequencing
of the SMG6L-NYNmu-expressing strain (Supplementary
Figure S3). As for whole gene deletion, qRT-PCR indi-
cated substantial upregulation of NMD targets in SMG6L-
NYNmu compared with WT cells (Figure 2; Supplemen-
tary Figures S9 and 10). In addition, in silico analysis of
the sequence and structural features of the Tetrahymena
Smg6L NYN domain revealed conservation of the residues
essential for ribonuclease activity (Figure 1D). We there-
fore substituted Smg6L Asp820 (positively charged; corre-
sponding to human Zc3h12a/Mcpip Asp141) with a neutral
alanine to form SMG6L-D820A. Sanger sequencing anal-
ysis of the mutated region confirmed complete substitution
of the target residue (Supplementary Figure S3). Unsur-
prisingly, NMD targets were also upregulated in SMG6L-
D820A cells (Figure 2E). However, in contrast to ΔSMG6L

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
relative expression of each exon region in different samples; the purple box
indicates an alternative exon with significant differential expression. (B)
Accumulation of sequencing reads derived from the PTC-introducing al-
ternative exon (red arrow) of UBC9 can be observed in ΔUPF1a and both
SMG6L mutants, but not in WT and ΔMAG1 strains. All y-axes are set to
the same scale. (C) Model of the gene encoding full-length Ubc9 protein,
showing PTC-containing (PTC+) and normal (FUNC) transcripts. The
open reading frame of each transcript is shown in black; triangles indicate
the locations of primers used for RT-PCR and qRT-PCR analyses. (D) RT-
PCR and qRT-PCR analyses of PTC-containing transcripts in different
cells. ‘PTC+/FUNC’ indicates the band intensity of the PTC-containing
transcript relative to the normal transcript; CHX100, cycloheximide (100
�g/ml) treated cells (see ‘Materials and Methods’section). *P-value < 0.05,
**P-value < 0.01. (E) Mutagenesis of a key catalytic residue (Asp820) in
the Smg6L NYN domain leads to significant accumulation of a subset of
PTC-bearing transcripts (uncropped agarose gel images are shown in Sup-
plementary Figure S11).
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Figure 3. Fold change in expression of PTC-containing transcripts in the ΔUPF1a, ΔSMG6L, SMG6L-NYNmu and ΔMAG1 strains. (A) Heatmap rep-
resentation of the fold change in expression for each PTC-containing transcript in ΔUPF1a, ΔSMG6L, SMG6L-NYNmu and ΔMAG1 mutants compared
with WT cells. Pearson correlation was used for hierarchical clustering analysis. (B) Cumulative distribution by fold change in expression of PTC-containing
transcripts in each mutant.

and SMG6L-NYNmu cells, substitution of Asp820 led to sig-
nificant upregulation of only a subset of NMD targets. This
result suggests that mutation of a critical residue in the cat-
alytic center of Smg6L only partially impairs its function
in the NMD pathway. To summarize, our data demonstrate
that the protozoa-specific Smg6L protein has an evolution-
arily conserved role in directing NMD target degradation.

Because several distinct mechanisms (and their corre-
sponding factors) govern mRNA turnover in eukaryotes,
we next investigated whether Tetrahymena NMD depends
solely on Smg6L-mediated mRNA decay. When compar-
ing the relative expression of PTC-containing transcripts in
ΔUPF1a, ΔSMG6L and SMG6L-NYNmu cells, only about
50% of targets showed twofold upregulation in both the
ΔSMG6L and SMG6L-NYNmus strains, far fewer than in
the UPF1a deletion strain (Figure 3).

EJC-binding motifs were not identified in Tetrahymena
Upf3 and Smg6L proteins, prompting us to investigate
whether EJC is involved in the Tetrahymena NMD path-
way. For this, we generated a macronuclear MAG1 knock-
out strain: complete absence of this locus was confirmed by
RT-PCR and RNA-seq analysis of vegetative ΔMAG1 cells
(Supplementary Figure S3). qRT-PCR analysis of NMD
target expression in ΔMAG1 versus WT cells suggested
that Mag1 protein does not contribute to the Tetrahymena
NMD pathway (Figure 2; Supplementary Figures S9 and
10). This finding was supported by transcriptome analy-
sis showing that very few NMD targets were upregulated
in MAG1 knockout cells (Figure 3). Moreover, hierarchical
clustering (Pearson correlation) of NMD revealed a com-
mon pattern of target expression in ΔUPF1a, ΔSMG6L,
and SMG6L-NYNmu cells, but not in ΔMAG1 cells (Fig-
ure 3A).

In vivo and in vitro interactions of Tetrahymena NMD factors
with EJC core component orthologs

A crucial step in delineating the molecular mechanisms of
Tetrahymena NMD is defining how NMD factors interact.
To identify in vivo interacting partners of the core Tetrahy-
mena NMD factor, Upf1a, we generated a strain express-
ing endogenous levels of HA-tagged Upf1a. First, we inves-
tigated the in vivo Upf1a interactome by IP of HA-tagged
proteins, followed by silver staining and immunoblotting. A
preliminary analysis of the silver staining pattern identified
two distinct bands specific to the Upf1a-HA sample (Fig-
ure 4A); immunoblotting revealed that the stronger band is
HA-tagged Upf1a.

To identify Upf1a co-eluting protein(s), IP products were
tryptic digested and analyzed by tandem mass spectrome-
try. Interestingly, Smg6L (117.9 kDa) was the top hit (Sup-
plementary Table S9). This is consistent with the silver
staining result: a band just below Upf1a (124.6 kDa) was
specific to the Upf1a IP sample (Figure 4A). Upf2 also
co-eluted with Upf1a, although this finding was only sup-
ported by two MS/MS spectra (Supplementary Table S9).
We did not observe the Upf2 band (122.5 kDa) in the silver
stained gel, probably because its similar molecular weight to
Upf1a prevented resolution of the proteins by SDS-PAGE.
Other proteins with putative functions in RNA processing
and protein synthesis also co-eluted exclusively with Upf1a,
suggesting that Upf1a functions in RNA metabolism. How-
ever, the confirmed NMD factor, Upf3, and the three EJC
core component orthologs, Mag1, Y14, and eIF4A3, failed
to co-purify with Upf1a.

To rule out the possibility that our IP method was
too stringent to identify weak protein interactions, we
cross-linked Tetrahymena cells with 0.1% paraformaldehyde
(PFA) before performing IP and tandem mass spectrometry
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Figure 4. Protein interactions of Tetrahymena NMD factors and EJC homologs. (A and B) Silver-stained Upf1a and Smg6L IP products. Reciprocal
IP-coupled mass spectrometry shows co-purification of Smg6L with Upf1a proteins (Supplementary Table S9). (C and D) GST pull-down shows that
the Upf1a CH domain physically interacts with the Upf2 C-terminus. The His-tagged Upf2 C-terminal sequence co-purifies with the GST-tagged Upf1a
CH domain but not with GST. (E) Silver-stained Mag1 IP products. (F) GST pull-down confirms that Mag1 and Y14 interact invitro and that neither
interacts with Upf3. Lanes 5 and 6 show His-tagged Mag1 co-purification with GST-tagged Y14, but not with GST. (G) GST pull-down shows no protein
interaction between GST-tagged eIF4A3 and other EJC homologs (Mag1-Y14 and Upf3). *A contaminant that could not be completely removed during
eIF4A3 purification. All interacting proteins identified by IP-coupled mass spectrometry are listed in Supplementary Table S9.

using exactly the same procedure as before. In the crosslink
IP, Smg6L was again identified as the top hit (spectrum
number: 8), but this time Upf2 was the second top hit (spec-
trum number 6, Supplementary Table S9). However, neither
Upf3 nor other EJC homologs were identified as Upf1a-
interacting proteins after PFA cross-linking. Lack of Upf1b
involvement in the Tetrahymena NMD pathway was con-
firmed by IP-coupled mass spectrometric analysis of the
Upf1b interactome: no interaction between Upf1b and any
known NMD factor was observed in normal and PFA-
crosslink IPs (Supplementary Table S9).

We next performed reciprocal IPs using a strain express-
ing endogenous levels of HA-tagged Smg6L. As expected,
Upf1a was the top hit for Smg6L co-purifying proteins, con-
firming the interaction between Upf1a and Smg6L (Figure
4B and Supplementary Table S9). However, IP experiments
were not performed in the presence of RNase, so further ex-
periments are required to demonstrate whether the Upf1a–
Smg6L interaction is direct or mediated by RNA. Upf2,
Upf3, and Tetrahymena EJC core component orthologs all
failed to co-purify with Smg6L. The latter finding is consis-
tent with the lack of an EJC-binding motif in Smg6L (Fig-
ure 1B).

To characterize the Upf1a–Upf2 interaction mechanism,
we performed a GST pull-down assay to determine whether
the Upf1a CH domain interacts with the Upf2 C-terminal
region. Interestingly, although in silico analysis indicated
that these two regions lack the key conserved residues re-
quired for protein binding and have limited amino acid simi-
larity in relevant binding areas (Supplementary Figures S5B

and 6C), GST pull-down suggested that they do interact in
vitro (Figure 4C and D). Human Upf2 is reported to bind
to Upf1 in a bipartite manner, in which both the C-terminal
�-helical and �-hairpin motifs of Upf2 contribute to the in-
teraction with Upf1 (51). The secondary structure of the
Tetrahymena Upf2 C-terminus was therefore analyzed us-
ing the JPred algorithm (60), revealing a �-helical motif
and a �-hairpin motif with structural similarity to the cor-
responding motifs in human Upf2 (Supplementary Figure
S6C). These structures may therefore mediate the Upf1a–
Upf2 interaction.

Loss-of-function analysis of the EJC core component,
Mag1, demonstrated that this protein is not involved in the
NMD pathway. Therefore, we doubt whether Tetrahymena
EJC components can interact, as they do in mammals. To
delineate the in vivo Mag1 interactome, an HA tag cod-
ing sequence was added to the 3′ terminus of the endoge-
nous MAG1 ORF region by homologous recombination.
IP-coupled tandem mass spectrometry of the protein prod-
uct identified an EJC component core component ortholog,
Y14 (13.9 kDa), as the top hit for Mag1 co-eluting proteins
(Supplementary Table S9). Consistent with the MS/MS re-
sult, silver staining analysis of Mag1-HA IP products iden-
tified a specific band of ∼14 kDa (Figure 4E). However, no
other EJC component orthologs were identified in Mag1
IPs (Supplementary Table S9). As expected, Smg6L and
Upf3 (which have no EJC-binding motifs), and Upf1a and
Upf2 did not co-purify with Mag1.

GST pull-down confirmed that Mag1 and Y14 interact in
vivo (Figure 4F). This result, along with the Mag1 IP data,
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suggests that Mag1 and Y14 interact directly. When His-
tagged Upf3 was also included in the GST pull-down assay,
it did not interact with Y14 (Figure 4F). Thus, Tetrahymena
Upf3 does not interact with the Mag1–Y14 heterodimer.
We next performed GST pull-down to test whether Upf3
and the Mag1–Y14 heterodimer interact with the Tetrahy-
mena EJC homolog, eIF4A3. Unsurprisingly, none of these
proteins co-eluted with GST-tagged eIF4A3 (Figure 4G).
In conclusion, in vivo and in vitro analyses of interac-
tions among Tetrahymena EJC core component orthologs
demonstrated that Y14–Mag1, Upf3 and eIF4A3 do not
interact. Therefore, the evolutionarily conserved EJC core
complex is probably absent in this organism.

Bioinformatics analysis of the structural features of NMD-
associated transcripts in Tetrahymena

To investigate the features of PTC-introducing AS events
in Tetrahymena, we first categorized AS subtypes using the
AStalavista algorithm (46), followed by manual inspection
in the IGV genome browser. Figure 5A depicts typical AS
subtypes. Our analysis showed that nearly 50% of PTCs
are introduced by alternative donor splice sites and fewer
by alternative acceptor splice sites (Figure 5B, outer circle).
Interestingly, 21 NMD targets were generated via the re-
cently defined exitron splicing process (61). Moreover, pu-
tative uORF-containing transcripts were mainly produced
by alternative 5′-UTR (Figure 5B, inner circle). By com-
paring the flanking sequences of PTC-introducing AS sites
with those of normal splice sites, we showed that PTC-
introducing AS sites have a canonical ‘GT–AG’ boundary.
However, the composition of intronic nucleic acids prox-
imal to the exon–intron boundary is more divergent in
PTC-introducing splice sites than in canonical splice sites
(Supplementary Figure S12). Therefore, aberrant splicing
at these ‘weak’ splice sites might be the main cause of PTC-
containing transcripts.

According to the canonical EJC-dependent NMD model
in mammals, the main feature of NMD targets is the pres-
ence of a PTC located >50 nt upstream of the last spliceo-
somal intron. In contrast, NMD in S. cerevisiae, the fruit
fly and the nematode generally functions in a ‘3′-UTR-
dependent’ manner and NMD targets are transcripts with
longer 3′-UTRs. We therefore attempted to identify the PTC
recognition mechanism by investigating the structural fea-
tures of Tetrahymena NMD targets.

First, we used custom Perl scripts to investigate whether
the 3′-UTRs of PTC-bearing transcript are significantly
longer than those of normal transcripts (i.e. without PTCs).
The 3′-UTR regions of Tetrahymena transcripts are poorly
characterized: according to the current release of the anno-
tated Tetrahymena genome, only 1235 genes (4.5% of the to-
tal) have annotated 3′-UTR regions. Using RNA-seq data,
we re-annotated the 3′-UTRs of normal transcripts. As a
result, the number of genes with known 3′-UTR regions
increased to 4781. Using this expanded dataset, the me-
dian 3′-UTR length was compared in normal and NMD-
sensitive transcripts (consisting of both PTC-containing
transcripts and putative uORF-containing transcripts) us-
ing the Wilcoxon rank sum test. Statistical analysis showed
that NMD-sensitive transcripts have significantly longer 3′-

UTR regions compared with normal transcripts (P-value
= 1.8e-135; Figure 5C). To investigate the relationship be-
tween 3′-UTR length and the levels of transcript expression
in ΔUPF1a and WT cells, we first classified normal and
NMD-sensitive transcripts into four groups according to
their 3′-UTR length distribution (Figure 5D). The median
fold change difference in transcript expression was com-
pared among the different groups using the Wilcoxon rank
sum test. This analysis revealed that the median fold change
in expression was significantly higher for transcripts with
longer 3′-UTRs (Figure 5D, groups 3 and 4) than for those
with shorter 3′-UTRs (Figure 5D, groups 1 and 2). These
results suggest that long 3′-UTR sequences may represent a
marker for Tetrahymena NMD targets. However, the mod-
est fold change in expression of transcripts with long 3′-
UTRs in ΔUPF1a cells persuaded us to investigate other
representative features of NMD targets.

Previous research into the Schizosaccharomyces pombe
NMD mechanism suggested that an exon junction near
to the TC triggers NMD (62). Therefore, we performed a
statistical analysis of TC-proximal exon junction localiza-
tion in 18 387 intron-containing normal transcripts and 285
intron-containing PTC-bearing transcripts. Exon junctions
were enriched around PTCs compared with normal TCs
(Figure 5E and Supplementary Figure S13). Therefore, to
investigate whether transcripts with an exon junction near
to a TC are more susceptible to NMD, we classified both
normal and PTC-bearing transcripts into six groups ac-
cording to the relative distance from the TC to the nearest
exon junction, and analyzed their susceptibility to NMD by
comparing the median fold change in transcript expression
among groups (Figure 5F). Interestingly, NMD suscepti-
bility seems to be modestly enhanced if an exon junction
is located near to a TC (Figure 5F, group 4), but is greatly
enhanced if the TC-proximal exon junction is downstream
(rather than upstream) of the TC, even if it’s further away
(Figure 5F, groups 5 and 6). This result suggests that the
Tetrahymena PTC recognition mechanism is not similar to
that of S. pombe, but instead may resemble that of the mam-
malian EJC-enhanced model. Indeed, only 14.3% of tran-
scripts within group 4 have exon junctions located over 55
nt downstream of the TCs, compared with 76.5 and 90.8%
in groups 5 and 6, respectively (Supplementary Figure S14).

To determine whether an exon junction within the 3′-
UTR (or 3′-UTR intron) is a characteristic of Tetrahymena
NMD targets, we first compared NMD susceptibility by
measuring the fold change in expression of all transcripts
with different 3′-UTR lengths and either containing or lack-
ing a 3′-UTR intron. As depicted in Figure 5G, transcripts
with a 3′-UTR intron are more susceptible to NMD than
those without. In addition, for transcripts with a 3′-UTR
intron, those with a long 3′-UTR had a significantly higher
fold change in expression compared with those with a rel-
atively short 3′-UTR (Figure 5G, group 4 versus groups 5
and 6). Besides, as depicted in Figure 5H (group 1 and 2),
transcripts without a 3′-UTR intron are generally not sus-
ceptible to NMD, even if there is an exon junction close to
the TC. In contrast, transcripts containing a 3′-UTR intron
are highly susceptible to NMD, even if their TCs are not
proximal to an exon junction (Figure 5H, group 3). There-
fore, the presence of a 3′-UTR-located spliceosomal intron
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Figure 5. Bioinformatics analysis of PTC-bearing transcripts. (A) Schematic representation of several typical alternative splicing (AS) types. (B) Pie charts
showing the relative proportions of PTC-introducing AS events (outer circle), uORF-introducing AS events and uORFs within normal transcripts (inner
circle). (C) Comparison of 3′-UTR length showing that 3′-UTRs of PTC-containing transcripts are significantly longer than those of normal transcripts.
(D) Comparison of 3′-UTR length and relative fold change in expression of transcripts in ΔUPF1a and WT cells. Transcripts were divided into four groups
according to 3′-UTR length (based on the length distribution of 3′-UTRs in normal and PTC-containing transcripts). L1, length of the 3′-UTR region. (E)
Localization and distribution of exon junctions near to a termination codon (TC) in intron-containing normal and PTC-bearing transcripts. L2, relative
distance from the TC to its nearest exon junction. §Negative value indicates an exon junction located upstream of the TC. (F) Comparison of the positions
of exon junctions near to a TC and the relative fold change in expression of transcripts in ΔUPF1a and WT cells.(G) Comparison of 3′-UTR length and
relative fold change in expression of transcripts with or without a 3′-UTR intron in ΔUPF1a and WT cells. (H) Comparisons of the position of the exon
junction near to a TC and the relative fold change in expression of transcripts with or without 3′-UTR intron in ΔUPF1a and WT cells. ***P-value < 0.001
(Wilcoxon rank sum test). (I) Analysis of PTC-introducing AS events suggests they are highly likely to occur within the first two 5′ introns. (J) Analysis of
PTC localization within transcripts shows they are highly likely to occur within the 5′-proximal region of transcripts.
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(or exon junction) is more likely to be a marker for NMD
targets. Moreover, for transcripts with a 3′-UTR intron,
those with TC-proximal exon junctions (Figure 5H, group
4) have a slightly (but significantly) higher median fold
change in gene expression in NMD-deficient cells, which
suggests that, in the presence of a 3′-UTR intron, a TC-
proximal exon junction could enhance NMD.

To determine how 3′-UTR introns are formed, we an-
alyzed the distribution of PTC-introducing AS sites (Fig-
ure 5I). Interestingly, nearly 80% of PTC-introducing AS
events occurred within the first two 5′ introns. Tetrahymena
intron-containing genes have an average of 5.1 introns. Con-
sequently, we found that >80% of PTCs generated by AS are
located in the 5′ half of PTC-containing transcripts (Figure
5J). Therefore, introduction of a PTC into the 5’ proximal
region redefines or ‘extends’ the 3′-UTR region, thus raising
the possibility that a spliceosomal intron (or exon junction)
is located within the redefined 3′-UTR region (Figure 5J).

Bioinformatics analysis of the function of PTC-bearing genes

We performed GO enrichment analysis to reveal the bio-
logical processes and molecular functions of PTC-bearing
genes (i.e. NMD targets) and thus the biological role of
NMD in vegetative cells. First, PTC-bearing genes were not
associated with a particular biological process, suggesting
that NMD controls genes are involved in a range of bio-
logical processes. This is consistent with the notion that the
NMD pathway functions in general mRNA quality control.
Second, analysis of the molecular functions of PTC-bearing
genes showed significant enrichment of those encoding pro-
teins with nucleic acid binding, GTPase and methyltrans-
ferase activities (Supplementary Table S10). These data sug-
gest that the NMD pathway is important for maintaining
these molecular functions at a steady state. Moreover, be-
cause eukaryotic homologs are lacking, 135 of PTC-bearing
genes have no GO terms at all. Since ancient genes shared
by many species are more likely to be functionally character-
ized, these 135 PTC-bearing genes are probably ciliate spe-
cific (63).

We also checked the description of each PTC-containing
gene from the TGD and used the Kyoto Encyclopedia of
Genes and Genomes pathway database to assign these genes
to particular biological pathways. Similar to observations in
human cells (64), some PTC-containing genes are involved
in spliceosome formation, for example, the Tetrahymena or-
tholog of human splicing factor SF1, and Tetrahymena U1
and U2 snRNPs (Supplementary Table S8). Expression of
some human core spliceosomal genes is reported to be crit-
ically autoregulated by a coupled AS–NMD mechanism
(64,65). Therefore, our identification of PTC-containing
transcripts derived from genes encoding core splicing com-
ponents provides a starting point to investigate whether
such a post-transcriptional gene regulatory mechanism ex-
ists in this early branching eukaryote.

DISCUSSION

Identification and characterization of conserved and lineage-
specific Tetrahymena NMD factors

Tetrahymena has two Upf1 homologs, but only one (Upf1a)
is required for NMD in vegetative growth, while the other
(Upf1b) is dispensable (Figure 2; Supplementary Figures
S9 and 10). Compared with Upf1b, Upf1a has a slightly
higher sequence similarity to human Upf1a (Supplemen-
tary Figure S5). Moreover, Upf1a serves as a binding plat-
form for other NMD factors (e.g. Smg6L and Upf2, see Fig-
ure 4 A–D and Supplementary Table S9), whereas Upf1b
does not interact with any known NMD factor (Supple-
mentary Table S9). As Upf1 is a multifaceted protein re-
quired for NMD as well as mediating DNA replication,
telomere maintenance and several mRNA degradation pro-
cesses (66), we cannot exclude the possibility that Upf1b
may also function in processes other than the NMD.

Initially, the weak sequence similarity between the C-
terminal domains of Tetrahymena Upf2 and its metazoan
counterpart made us doubt the existence of a physical in-
teraction between Upf1a and Upf2 (Supplementary Figure
S6C). However, in vivo and in vitro analyses confirmed that
Upf1a and Upf2 interact. Comparison of the secondary
structures of Tetrahymena and human Upf2 C-terminal re-
gions suggested that the Tetrahymena Upf2 C-terminus may
adopt a structure resembling the Upf1-binding domain of
human Upf2, thus enabling it to bind Upf1a (Supplemen-
tary Figure S6C). Moreover, conservation of this structural
determinant in human and Tetrahymena Upf2 proteins sug-
gests that the interaction between the Upf1 CH domain and
the Upf2 C-terminus may be conserved throughout eukary-
otes.

Tetrahymena Upf3 contains the conserved residues re-
quired to interact with the third MIF4G domain of Upf2
(Supplementary Figure S7B). Although Upf3 did not co-
elute with Upf2 in Upf1 IP experiments, the possibility that
Upf3 binds to Upf2 cannot be ruled out. We clearly showed
that Upf3 is an important mediator of Tetrahymena NMD
(Figure 2; Supplementary Figures S9 and 10). However,
the extent of PTC-containing transcript accumulation was
lower in ΔUPF3 cells than in ΔUPF1 and ΔUPF2 cells.
A Upf3-independent NMD pathway has been described in
human cell lines (67); therefore, the presence of a similar
pathway in Tetrahymena may explain the partial retention
of PTC-containing transcripts in ΔUPF3 cells.

Interestingly, a homolog of the metazoan Smg6 endori-
bonuclease is also involved in Tetrahymena NMD. The
metazoan-specific PIN domain-containing Smg6 protein
was first identified in C. elegans. Its endoribonuclease ac-
tivity has since been reported to be involved in PTC-
bearing transcript degradation in Drosophila and many
other higher eukaryotes (25,68–70). Metazoan Smg6 is re-
cruited to PTC-containing transcripts via direct interaction
with Upf1 (25,71,72). Similarly, we observed an interac-
tion between Tetrahymena Smg6L and Upf1a (Figure 4A
and B; Supplementary Table S9). However, as our co-IP
experiments were performed without RNase treatment, we
cannot rule out the possibility that this interaction is in-
direct and RNA mediated. Unlike the metazoan homolog,
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Figure 6. Schematic diagram showing how Tetrahymena NMD factors are involved in PTC-containing transcript degradation. Analyses of gene function,
protein interactions and transcript structures have shown that the Tetrahymena NMD pathway functions in an EJC-independent manner. The evolutionary
conserved NMD factor Upf1a plays a central role in the NMD pathway: it serves as a binding platform for Upf2 (and possibly Upf3) and recruits the
protozoa-specific nuclease Smg6L to degrade PTC-containing transcripts. Although NMD-targeted transcripts are enriched with exon–exon junctions
downstream of the TC, the EJC core component Mag1 is not required for NMD and not all EJC homologs can interact with one another. Therefore,
further investigations are needed to identify possible novel factor(s) involved in PTC identification.

Tetrahymena Smg6L has an NYN ribonuclease domain (in-
stead of a PIN domain) in its C-terminus. In eukaryotic
proteins, the NYN ribonuclease domain is usually found
along with other RNA-binding domains and may there-
fore function in RNA processing, e.g. microRNA biogen-
esis, virus RNA degradation, tRNA processing and small
nucleolar RNA maturation (53,73–75). However, to our
knowledge, a requirement for an NYN domain-containing
protein in PTC-containing transcript destruction has not
been reported. Our observation that many PTC-containing
transcripts are dramatically retained in ΔSMG6L cells, as
well as in cells expressing Smg6L protein with a truncated
NYN domain or mutated NYN catalytic site, provides ev-
idence that this NYN domain-containing protein is in-
volved in Tetrahymena NMD (Figures 2 and 3; Supplemen-
tary Figures S9 and 10). It will be interesting to discover
whether Smg6L endoribonuclease function is necessary for
Tetrahymena NMD. Our identification of Smg6L homologs
in other protozoa (including both free-living and parasitic
protists; Figure 1D, Supplementary Figure S8 and Table S3)
suggests that an NYN domain-containing Smg6L protein
may be specifically required for the NMD pathway in cil-
iated and apicomplexan protozoa. It is thus possible that
this conserved NYN domain-containing protein gained a
new function in PTC-bearing transcript degradation by fus-
ing to an Est1 DNA/RNA-binding domain. This finding
improves our understanding of the functional divergence
of NYN domain-containing proteins during evolution. Al-
though Smg6L interacts with Upf1a, transcriptome anal-
ysis of ΔUPF1a and ΔSMG6L mutant cells showed that
around 50% of PTC-containing transcripts are specifically
retained in ΔUPF1a cells (and not in Smg6L mutants; Fig-
ure 3B). A similar observation that substantial NMD oc-
curs in humans and Drosophila with SMG6 deficiency (76–
78) is explained by partial compensation for the loss of
SMG6 by an Smg6-independent pathway in metazoan cells
(16,70,78). Therefore, additional factor(s) may act redun-
dantly with Smg6L in the degradation of NMD targets in
Tetrahymena.

Tetrahymena NMD is EJC independent

Unlike in S. cerevisiae, three orthologs of mammalian EJC
core components (Mago nashi, Y14 and eIF4A3) and ho-
mologs of many EJC auxiliary components are present
in Tetrahymena (Figure 1A and Supplementary Table S3).
However, in vivo and in vitro protein interaction analyses
showed that not all of Tetrahymena EJC orthologs inter-
act with one another (Figure 4E–G). For example, Mag1
was found to directly interact with Y14 proteins, but not
with other EJC components (Figure 4E–G and Supple-
mentary Table S9), supporting the notion that Mago nashi
and Y14 protein co-evolved as a heterodimer (79). Our
results are similar to those of Choudhury et al., who re-
cently reported that the Drosophila Y14–Mago heterodimer
is not likely form a complex with eIF4A3 (80); moreover,
Drosophila NMD is mainly EJC independent (81,82). Com-
parative protein sequence analysis suggested that the lack of
interaction among Tetrahymena EJC component orthologs
might be due to the absence of residues required to medi-
ate eIF4A3–Y14/Mag1 interactions (Supplementary Fig-
ure S7C–E). Consistent with this, knockout of the Tetrahy-
mena EJC core component, Mag1, did not affect NMD
pathway function (Figures 2 and 3; Supplementary Figures
S9 and 10). Moreover, the EJC-binding motif present in
the metazoan NMD factors Smg6 and Upf3 is absent in
Tetrahymena NMD factors (Supplementary Figures S7A
and 8A). Inspection of the amino acid sequences of EJC
orthologs and NMD factor homologs showed that a lack
of residues and motifs required to mediate these protein–
protein interaction is a common feature of other protists
(data not shown). Overall, these data indicate that the
NMD pathway of Tetrahymena, and probably of all ciliated
protozoa, functions in an EJC-independent manner.

NMD is generally believed to facilitate intron gain events,
and the extent of intron proliferation correlates with the
complexity (or robustness) of NMD mechanism (83–85).
For instance, the EJC-enhanced NMD pathway seems to be
exclusive to lineages that may have undergone intron gain
and thus have a high intron density, such as vertebrates and
plants (Supplementary Figure S15) (86). In contrast, EJC
components are mostly dispensable for NMD in lineages
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that have undergone intron loss (such as Drosophila and ne-
matodes) (81,82,87–89). For example, recent reports indi-
cate that the Drosophila EJC proteins associate with nascent
transcripts in an intron-independent manner and that the
Y14–Mago nashi heterodimer is unlikely to form a com-
plex with eIF4A3 (80). Our experimental confirmation of an
EJC-independent NMD mechanism in Tetrahymena pro-
vides supportive evidence that NMD is largely independent
of EJC in lineages that have undergone intron loss.

We identified 274 PTCs induced by different types of AS
in Tetrahymena (Figure 5B, outer circle; Supplementary Ta-
ble S8), despite its relatively intron-poor genome. There-
fore, aberrant AS is still an important mechanism for induc-
ing PTC-containing transcripts in this organism. We found
that a large proportion (around 80%; Figure 5I) of PTC-
introducing aberrant AS events took place within the first
two 5′ introns and, correspondingly, that >85% of PTCs are
located in the 5′ half of transcripts (Figure 5J). This pro-
cess extends the 3′-UTR and thus increases the likelihood of
spliceosomal introns being located downstream of the TC.
Interestingly, transcripts that have an intron within the 3′-
UTR region are more likely to be NMD targets in Tetrahy-
mena (Figure 5G and H). Although this finding suggests
an EJC-enhanced NMD mechanism, our experiments ruled
out this possibility in Tetrahymena (Figures 2–4). Therefore,
preferential NMD targeting of transcripts with an intron
located downstream of the TC in Tetrahymena presumably
relies on unknown factors related to pre-mRNA splicing
(Figure 6). Nevertheless, we noticed that 16.5% of PTCs
are located within the last exon and are still targeted by
NMD (Supplementary Figure S13, right panel), suggest-
ing 3′-UTR intron is not required for eliciting NMD degra-
dation of these transcripts. Therefore, as found for all or-
ganisms investigated to date, some NMD events cannot be
explained by current NMD models (2). Additional NMD
mechanism(s) may be necessary to target such transcripts
in Tetrahymena; alternatively, NMD may be simply a pas-
sive consequence of premature termination of translation,
as suggested by Brogna et al. (2). For example, retention
of PTC-containing transcripts by the Tetrahymena ΔUPF1a
mutant seems to fit the recently proposed ‘ribosome release
model’ (2). According to this model, in WT cells, Upf1a
and its interacting proteins may disassociate proteins (in-
cluding post-termination ribosomes and mRNPs) bound to
the coding sequence downstream of the PTC, thus making
the unprotected 3′-UTR region vulnerable to degradation.
Therefore, the preferential localization of PTCs in the 5′ half
of PTC-containing transcripts in Tetrahymena may cause
exposure of a large fraction of the coding region down-
stream of the PTC to nucleases, which may facilitate its
degradation (Figure 5J). In contrast, in ΔUPF1a cells, the
corresponding regions of PTC-containing transcripts re-
main coated with proteins, enabling the transcript to evade
degradation. However, further experiments are needed con-
firm that this model explains Tetrahymena NMD. Over-
all, our identification of NMD factors and their interacting
partners, along with sequence characterization of NMD-
targeted transcripts, provides a starting point for further in-
vestigations into the NMD mechanism in this early branch-
ing eukaryote.
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