Defects in THO/TREX-2 function cause accumulation
of novel cytoplasmic mRNP granules that can be cleared
by autophagy
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ABSTRACT

The nuclear THO and TREX-2 complexes are implicated in several steps of nuclear mRNP biogenesis, including transcription,
3’ end processing and export. In a recent genomic microscopy screen in Saccharomyces cerevisiae for mutants with
constitutive stress granules, we identified that absence of THO and TREX-2 complex subunits leads to the accumulation of
Pab1-GFP in cytoplasmic foci. We now show that these THO/TREX-2 mutant induced foci (“TT foci”) are not stress granules
but instead are a mRNP granule containing poly(A)* mRNA, some mRNP components also found in stress granules, as well
several proteins involved in mRNA 3’ end processing and export not normally seen in stress granules. In addition, TT foci are
resistant to cycloheximide-induced disassembly, suggesting the presence of mRNPs impaired for entry into translation. THO
mutants also exhibit defects in normal stress granule assembly. Finally, our data also suggest that TT foci are targeted by
autophagy. These observations argue that defects in nuclear THO and TREX-2 complexes can affect cytoplasmic mRNP
function by producing aberrant mRNPs that are exported to cytosol, where they accumulate in TT foci and ultimately can be

cleared by autophagy. This identifies a novel mechanism of quality control for aberrant mRNPs assembled in the nucleus.
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INTRODUCTION

The biogenesis of mRNAs involves a series of nuclear pro-
cessing and mRNA-protein (mRNP) remodeling events.
Nascent transcripts must be 5" capped, spliced, and terminat-
ed at the correct site, 3’ end processed and ultimately pack-
aged into an mRNP capable of export to the cytoplasm.
These events are tightly coordinated and subject to quality
control pathways that recognize and degrade transcripts
that have been improperly processed at any of these steps
(Fasken and Corbett 2009; Moore and Proudfoot 2009;
Porrua and Libri 2013; Schmid and Jensen 2013).

The nuclear THO complex connects and facilitates many
of these processes, including transcription elongation and
termination (Chédvez et al. 2000; Huertas and Aguilera
2003; Rondodn et al. 2003; Mason and Struhl 2005), 3’ end
processing (Libri et al. 2002), and recruitment of export fac-
tors to nascent mRNA (Strisser et al. 2002). In S. cerevisiae,
it is composed of four strongly interacting, but nonessential
subunits (Mftl, Hprl, Tho2, Thp2), two of which (Hprl,
Tho2) are conserved from yeast to humans. Tex1 has also
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been identified as a putative fifth subunit of this complex
(Gewartowski et al. 2012).

THO mutants also exhibit defective 3" end formation and
polyadenylation. Studies of induced HSP104 expression indi-
cate premature 3’ end truncation (Libri et al. 2002). Polyade-
nylation also appears impaired in THO mutants, which
results from destabilization of Fipl, a cofactor necessary
for full Papl poly(A) polymerase activity (Saguez et al.
2008). mRNAs such as HSP104 are then rapidly degraded
in THO mutants by the nuclear exosome (Libri et al.
2002), with defective polyadenylation and/or 3’ end process-
ing as reasons proposed to account for this effect (Saguez
et al. 2008). However, a small population of THO-regulated
mRNAs can escape such turnover, forming stalled mRNP
complexes (termed “heavy chromatin”) at the 3’ end of genes
that contain chromatin, polyadenylation factors, export
factors, and nuclear pore components (Libri et al. 2002; Rou-
gemaille et al. 2008; Qu et al. 2009). Indeed a low-abundance
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THO-TREX-2 defects induce novel mRNP granules

population of hyperadenylated transcripts is visible in THO
mutants, which may result from sequestration of cleavage
and polyadenylation factors on these stalled mRNPs (Qu
et al. 2009). Thus, exosome-mediated decay and nuclear
sequestration are two ways in which mRNAs misprocessed
in THO mutants are prevented from exporting to the cyto-
plasm (Rougemaille et al. 2007).

THO mutants also exhibit mRNA export defects. This is
suggested by the stalled export-factor containing mRNPs
that accumulate at 3’ gene ends (see above), and by nu-
clear poly(A)* accumulation in yeast (Strasser et al. 2002),
Drosophila (Rehwinkel et al. 2004) and human cells (Chi
et al. 2013). Studies of specific transcripts have also revealed
nuclear accumulation in yeast and human cells (Libri et al.
2002; Rougemaille et al. 2008; Katahira et al. 2009; Guria
etal. 2011). The THO complex aids binding of export factors
Sub2/UAP56 and Yral/Alyl to mRNA (Strisser et al. 2002;
Zenklusen et al. 2002) to form the transcription-export
(TREX) complex. Yral in turn recruits the primary mRNA
export protein Mex67/TAP, which can also be directly re-
cruited by Hprl, apparently bypassing Sub2 and Yral
(Gwizdek et al. 2006). The THO complex also facilitates load-
ing of the Serine/Argine rich (SR) proteins Gbp2 and Hrbl
(Hurt et al. 2004), which are implicated in quality control
of spliced mRNAs, and in mRNA export via Mex67 recruit-
ment (Hackmann et al. 2014). Thus, the THO complex may
facilitate mRNA export in many ways.

The global effects of the THO complex on mRNA tran-
scription, processing and export are not yet clear, but studies
in several systems suggest specific transcripts may depend
more on the THO complex than others. For example, knock-
down of THO components in Drosophila resulted in <20% of
the transcriptome showing significantly altered mRNA levels
(Rehwinkel et al. 2004); in similar studies in mice, the value
was only 3% (Guria et al. 2011). In mft1A yeast, around 400
genes were identified as putative THO complex mRNA tar-
gets, based on their fractionation in heavy chromatin com-
plexes (Rougemaille et al. 2008). In these and other studies,
mRNAs encoding heat shock proteins were particularly af-
fected in terms of levels and export, though at least in yeast,
not all heat shock protein mRNAs rely on THO for export
(Rollenhagen et al. 2007). Other studies have suggested that
highly expressed, long or G/C rich genes may be particularly
susceptible to THO-mediated regulation of transcription
elongation (Gémez-Gonzélez et al. 2011). Finally, Hprl
sumolyation may be key to the induction of acidic stress-re-
sponsive genes (Bretes et al. 2014). Taken together, it appears
that THO-TREX complexes are not essential for processing
and export of all mRNAs, but likely facilitate these processes,
particularly on subsets of mRNAs under various growth and
stress conditions.

The TREX-2 complex, which in yeast consists of Sac3,
Thp1, Susl, and Cdc31 is also conserved and also functions
in linking transcription and mRNA export. Unlike the
THO complex, the TREX-2 complex is mostly localized at

nuclear pores (Fischer et al. 2002; Rodriguez-Navarro et al.
2004; Umlauf et al. 2013), where it can recruit transcrip-
tionally active genes, partly via interactions with the SAGA
histone acetylase complex (Rodriguez-Navarro et al. 2004)
to facilitate their rapid and efficient export via a process
termed “gene gating.” TREX-2 mutants often share similar
phenotypes to THO mutants, including defects in transcrip-
tion elongation, elevated recombination (Gonzalez-Aguilera
et al. 2008; Tous et al. 2011), and mRNA export defects
(Strasser et al. 2002; Rodriguez-Navarro et al. 2004), al-
though distinct genetic interactions with Sub2 are observed
(Gonzélez-Aguilera et al. 2008). How the THO and TREX-
2 complexes interact to promote assembly of export-compe-
tent mRNPs remains unclear, and to date, no alterations in
cytoplasmic mRNA metabolism have been described due to
the presence of THO or TREX-2 mutations.

Previously, we identified THO and TREX-2 mutants in a
screen for Pabl-GFP forming cytoplasmic foci, with the
goal of identifying mutants that accumulated constitutive
stress granules (Buchan et al. 2013). Stress granules are con-
served, dynamic cytoplasmic assemblies of nontranslating
mRNPs that rapidly form during conditions of stress when
translation initiation becomes limiting and are otherwise
absent during normal growth. They contain mRNA, transla-
tion initiation factors and various mRNA binding pro-
teins and are thought to represent a pool of mRNPs stalled
in the process of translation initiation (Anderson and
Kedersha 2008; Buchan and Parker 2009). Stress granules in-
teract and share mRNA/protein components with a second
related mRNP granule, called P-bodies, which harbor more
mRNA decay factors. Prior studies have demonstrated that
mRNAs can transit back and forth between translation and
these granule states (Brengues et al. 2005; Kedersha et al.
2005; Bhattacharyya et al. 2006), arguing for the existence
of a cytoplasmic mRNP cycle. However, how newly exported
mRNAs enter and affect this cycle is poorly understood.

Stress granules are of interest not only because of effects
on mRNAs, but also because of roles in stress signaling path-
ways (Arimoto et al. 2008; Eisinger-Mathason et al. 2008;
Takahara and Maeda 2012; Thedieck et al. 2013), and
because of connections to degenerative diseases. Indeed,
amyotrophic lateral sclerosis (ALS), frontotemporal lobar
degeneration (FTLD), fragile X syndrome, and spinocere-
bellar ataxia-2 can result from mutations in stress granule
proteins, which increase their ability to aggregate (Nonhoff
et al. 2007; Didiot et al. 2009; Ito and Suzuki 2011; Kim
et al. 2013). Additionally, a hallmark of ALS, FTLD, and
some other degenerative diseases is the accumulation of “in-
clusion bodies” that compositionally resemble stress granules
(Ginsberg et al. 1998; Ito and Suzuki 2011; Dewey et al.
2012). This has led to the hypothesis that aberrant persistence
of stress granules might underpin pathogenesis in these dis-
eases due to altered regulation of mRNAs, cell signaling, or
defects in other processes affected by stress granule assembly
(Ramaswami et al. 2013).
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Here, we further analyzed the Pabl-GFP foci in THO/
TREX-2 mutants to determine whether defects in THO or
TREX-2 complexes led to the accumulation of constitutive
stress granules. We demonstrate that THO/TREX-2 mutant
induced foci (referred to as “TT foci”) are a new type of
mRNP granule containing poly(A)" mRNA, some stress
granule mRNP components, and proteins involved in
mRNA 3’ end processing and export that are not normally
seen in stress granules. Unlike stress granules, TT foci are
also resistant to cycloheximide-induced disassembly, sug-
gesting TT foci mRNPs exchange poorly with polysomes.
Finally, our data suggest that TT foci are targeted by autoph-
agy. These results suggest that a downstream consequence of
defects in THO/TREX-2 function is the export of defective
mRNPs, which accumulate in TT foci, and that autophagic
clearance of mRNP granules may be a broad phenomenon.

RESULTS

THO and TREX-2 null strains exhibit
constitutive foci exhibiting multiple
stress granule components

In a recent microscopy screen to examine stress granule and
P-body assembly in various viable gene deletion strains under
good growth conditions, all screened members of the related
THO (HPRI, MFT1, THP2, THO2) and TREX-2 complexes
(SAC3, THPI) exhibited Pab1-GFP foci in a modest but re-
producible population of cells (Buchan et al. 2013). Unlike
normal stress granules, these Pab1-GFP foci did not associate
with P-bodies (Buchan et al. 2013) raising the possibility that
they were different from stress granules. Thus, we performed
several experiments to determine if these assemblies were in
fact stress granules, an unrelated protein aggregate, or a var-
iant of stress granules with some different properties.

First, to better define the localization of all THO/TREX-2
foci, we examined Pabl and Edc3 (a marker of P-bodies) lo-
calization in THO/TREX-2 null strains in the presence of
Hoescht to stain DNA. As expected, most Pabl foci were in-
deed cytoplasmic (Fig. 1A). We also observed occasional
Pab1 aggregates that clearly occurred within the nucleus itself
(Fig. 1B). Pabl localization is thus altered in THO/TREX-2
null mutants, with cytoplasmic Pabl foci the predominant
novel feature.

Although Pabl is considered a core stress granule marker
we determined if other core components of stress granules
also assembled in TT foci. Using Ded1-mCh, Publ-mCh,
and Pbpl-mCh as additional markers of stress granules,
we observed strong colocalization of Pabl-GFP foci with
Publ-mCh foci (90%-100%), Dedl-mCh foci (74.5%—
100%), and slightly less colocalization with Pbpl-GFP
(54%—-100%, except for ~29% in the hpriA strain (Fig. 2;
Supplemental Table S1). This suggests that TT foci do share
some components with stress granules, but can vary in
composition.
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Hpr14 Pab1-GFP foci contain several nuclear factors

Since THO and TREX-2 complexes act at multiple stages of
mRNP biogenesis and export, we hypothesized that the TT
foci might consist of aberrant mRNPs produced in the
THO or TREX-2 mutants that were exported to the cytosol
but unable to enter translation. A prediction of this model
is that proteins involved in 3’ end formation and export
may be retained on the mRNA and accumulate in the TT
foci. To test this possibility, the THO complex member
HPRI1 was knocked out of multiple yeast GFP strains, which
feature a single ORF chromosomally tagged with GFP at the
C-terminus. GFP strains were selected because of known
roles in nuclear mRNP processing and export, including oth-
er THO and TREX-2 components. In addition, we used this
approach to determine whether other components of stress
granules were also in TT foci. For practical reasons, these
strains were transformed with Ded1-mCh as an alternative
marker of TT foci that form in the THO and TREX-2 mu-
tants. Localization of each factor was also compared to that
in WT cells under mid-log growth plus or minus stress
(Fig. 3; Supplemental Table S2).

Several important observations were made in this hprlA
strain background. First, the initiation factor and stress gran-
ule component e[F4G2 formed cytoplasmic foci that showed
strong overlap with Ded1 foci (Fig. 3A), showing that e[F4G2
is part of TT foci.

Second, Dbp5 (a DEAD-box helicase implicated in remod-
eling export mRNPs), Papl (poly(A) polymerase) and Glel
(Dbp5 regulator) also formed cytoplasmic foci that showed
partial overlap (68.5%, 58.3%, and 25.9%, respectively)
with Ded1 foci (Fig. 3B; Supplemental Table S2). Interesting-
ly, Dbp5 is observed in WT cell stress granules (Fig. 3) as well
as in hprlA Ded1-mCh foci, perhaps reflective of other doc-
umented roles in cytoplasmic function such as translation
termination (Gross et al. 2007). Thus, Dbp5 is an additional
components of TT foci shared with stress granules. In con-
trast, Papl and Glel are not observed in stress granules dur-
ing NaNj stress. Instead, Pap1 exhibits distinct relocalization
to a single nuclear focus, whereas Glel becomes increasingly
cytoplasmic in a diffuse manner. In summary, Pap1 and Glel
are unique components of TT foci, highlighting their differ-
ence from stress granules.

A third interesting observation was that the THO subunit
proteins Thpl and Mftl also formed cytoplasmic foci that
showed weak overlap with Ded1 foci (19.3% and 9.6%, re-
spectively), but did not localize to stress granules under stress
conditions (Fig. 3C; Supplemental Table S2). The accumula-
tion of Thpl and Mftl in at least some of TT foci seen in
hprlA strains provides additional evidence TT foci are dis-
tinct from stress granules.

In summary, there are clear differences in composition of
stress granules versus hprIA TT foci, including the unique
localization of Papl, Glel and to a lesser extent Thpl and
Mftl in TT foci. These compositional differences, coupled
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FIGURE 1. Deletion of THO and TREX-2 complex members leads to constitutive Pab1 foci under nonstress conditions. (A) Strains were transformed
with pRP1657 expressing Pab1-GFP (stress granule marker) and Edc3-mCh (P-body marker; shown only in merges due to space constraints), grown
to mid-log, incubated with hoescht DNA stain (10 pg/mL for 30 min), and examined. No difference in foci behavior was observed + hoescht. (B)
Examples of nuclear accumulation of Pabl, highlighted by pink arrowheads. Scale bar =2.5 uM. (C) Average number of cells with Pab1-GFP
(“TT”) foci. Data from three biological replicates (separate culture and transformant) with mean + SD shown. Paired one-tailed Student’s t-tests
were conducted to assess significance of mutant data relative to WT; (*) P<0.05, (**) P<0.01. (D) Average number of Pabl-GFP (“TT”) foci/
cell. Data from three biological replicates (separate cultures and transformant) with mean £ SD shown. Paired one-tailed Student’s t-tests were con-
ducted to assess significance of mutant data relative to WT; (*) P<0.05, (**) P<0.01

with knowledge of THO-TREX-2 function, preliminarily
suggest that THO/TREX-2 mutants may lead to accumula-
tion in the cytoplasm of mRNPs defective in remodeling
from nuclear and export processes.

TT foci contain mRNA

If TT foci represent pools of mRNPs they should include
mRNAs. To determine this, we conducted FISH on THO
and TREX-2 null strains and controls using an oligo(dT)
probe to look for polyadenylated mRNA. In addition,

we conducted immunofluorescence to probe for the localiza-
tion of endogenous Pabl foci in these strains. As controls we
examined WT cells plus or minus NaNj stress, which induces
stress granules in yeast that were previously shown to harbor
RNA with an RNA specific dye (RNAselect; data not shown).
We also examined a MEX67 ts strain (mex67-5) as a FISH
control, as this strain accumulates nuclear poly(A) signal at
the nonpermissive temperature (Santos-Rosa et al. 1998).
The key observation was that in THO or TREX-2 null
strains, Pab1 foci were observed which frequently colocalized
with oligo(dT) (Fig. 4), suggesting that TT foci harbor
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hpr1A
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FIGURE 2. Constitutive Pabl foci in THO and TREX-2 deletion strains
exhibit compositional similarities to stress granules. (A) Strains were
transformed with pRP2132 (Ded1-mCh) and pRP2478 (Pabl-GFP)
and examined in mid-log growth; WT strains were subject to 30 min
of 0.5% w/v NaNj stress to induce stress granules as a positive control.
Data representative of observations in two biological replicates (separate
culture and transformant). (B) Strains were transformed with pRP1920
(Pbpl-mCh) and pRP2478 (Pab1-GFP) and examined as in A. Data rep-
resentative of observations in two biological replicate experiments. Scale
bar = 2.5 uM. Colocalization frequencies summarized in Supplemental
Table S2.
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mRNA, similar to stress granules, which also exhibited Pabl
and oligo(dT) foci overlap (Fig. 4A). As expected, WT cells
fixed under normal growth conditions show mostly diffuse
dT signal, albeit occasional small foci are visible; these could
represent low levels of P-bodies or other structures where
mRNA accumulate. Importantly, these WT cell foci showed
no colocalization with Pabl immunofluorescence, which re-
mains diffuse under normal growth conditions (Fig. 4A).
Strong nuclear accumulation of polyadenylated mRNA in
the mex67-5 strain at the nonpermissive temperature was ob-
served as expected (Fig. 4B), while THO and TREX-2 null
strains also exhibited a similar, but less intense nuclear accu-
mulation of polyadenylated mRNA, consistent with prior re-
ports for a role of these complexes in export (Strisser et al.
2002). Notably, the extent of this nuclear signal was much re-
duced when FISH was combined with Pabl immunofluores-
cence (cf. Fig. 4A and 4B), which may reflect loss of signal
associated with additional wash steps in this combined pro-
cedure (also seen previously; Brengues and Parker 2007).

In summary, the presence of overlapping oligo(dT) and
Pab1 foci in TT foci strengthens the interpretation of these
foci as mRNP assemblies.

TT foci persist in the presence of cycloheximide

The hypothesis that TT foci arise from defective mRNPs un-
able to enter translation suggests they might be resistant to
the addition of cycloheximide. This is based on previous ob-
servations that mRNAs within stress granules can exchange
with polysomes and therefore, when cycloheximide is added
to cells with stress granules, they disassemble as polysomes
are stabilized (Kedersha et al. 2000; Sheth and Parker 2003;
Brengues et al. 2005). As expected, we observed that in WT
cells, preformed stress granules and P-bodies induced by
NaNj; (Fig. 5; Supplemental movie 1) and glucose depriva-
tion (not shown) can be disassembled by CHX addition in
WT cells over a 1-h period, albeit P-bodies are not completely
gone by this timepoint. In contrast, TT foci do not apprecia-
bly decline over this time period, albeit P-body levels did re-
duce, suggesting CHX was effective in these strains (Fig. 5;
Supplemental movie 2-3). This resistance to CHX suggests
that TT foci do not readily exchange their mRNPs with poly-
somes, and is consistent with the hypothesis that TT foci con-
sist of mRNPs unable to enter translation.

THO/TREX-2 mutants show alterations in stress
granule assembly during stress

Under normal circumstances, stress granules are only ob-
served during times of cellular stress that result in strong
global repression of translation, a condition that also increas-
es P-body levels. Since TT foci shared some components with
stress granules we hypothesized they might reduce the con-
centration of stress granule components in the cytosol and
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FIGURE 3. Factors involved in export and 3’ end formation partially colocalize with hprIA TT foci, or exhibit mislocalization in cells with such foci.
(A) hprlA eIFAG2-GFP strain transformed with pRP2132 (Ded1-mCh), examined under mid-log conditions. (B) hprIA or WT GFP-tagged strains
(Dbps5, Glel, Pap1) were transformed with pRP2132 (Ded1-mCh) and examined under mid-log conditions + NaNj; (30 min of 0.5% w/v). (C) Asin B
except Publ-mCh (pRP2150) was utilized in place of Ded1-mCh in specific Mftl or Thpl-GFP-tagged strains as indicated. In all hpriA data sets
above, pink arrowheads indicate colocalization of GFP-tagged proteins with Ded1-mCh; blue arrowheads indicate Ded1-distinct GFP foci. Data rep-
resentative of observations in two biological replicates (separate culture and transformant). Scale bar = 2.5 uM. Colocalization frequencies summa-

rized in Supplemental Table S2.

thereby alter stress granule formation during a stress
response.

We observed that, during NaNj stress conditions in mid-
log yeast, all THO mutants showed a modest impairment
of stress granule assembly relative to a WT strain (Fig. 6A—
C), although only mft1A, tho2A, and thp2A were statistically
significant. In contrast, TREX-2 mutants (sac34, thplA)
were not impaired in stress granule assembly; in fact sac3A ex-

hibited a modest, but significant increase in stress granules
compared to WT (Fig. 6A—C). P-bodies were more variable
across all strains both with and without stress (Fig. 6D,E),
albeit THO mutants were, like stress granules, generally im-
paired during stress relative to WT, whereas TREX-2 mutants
showed no significant effect.

Failure to induce normal stress granule levels during stress
in THO mutants could reflect a number of issues, one of
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Merge

mex67-5
30'37C

FIGURE 4. THO and TREX-2 TT foci harbor mRNA. (A) FISH using an oligo(dT) probe, combined with Pabl immunofluorescence was conducted
as detailed in Materials and Methods. Cells were additionally mounted in DAPI-containing media to visualize DNA. WT cells were stressed with NaN;
as previously described. Pink arrowheads indicate colocalization of RNA and Pabl signal. Percentage values indicate percentage of Pabl foci overlap-
ping with an oligo(dT) foci. Data representative of observations in two biological replicates (separate culture and transformant). Scale bar = 2.5 pM.
(B) FISH was conducted as in A, but without Pabl immunofluorescence. Notably, the nuclear accumulation of oligo(dT) signal in the nucleus was
more apparent, suggesting loss of signal due to the immunofluorescence protocol. Mex67-5 was shifted to the nonpermissive temperature for 30 min

prior to fixation. Scale bar = 2.5 uM

which is inefficient repression of translation. To assess this,
we conducted polysome analyses of WT and THO and
TREX-2 mutant strains during mid-log growth, and after ei-
ther a 15-min glucose repression or NaNj stress. We also ex-
amined recovery of polysomes 15-30 min after these stresses
had been removed, to assess if THO or TREX-2 mutations
may affect translational re-entry. In no case did we observe
significant deviations from wild-type responses (Fig. 7;
Supplemental Fig. 1). This suggests that THO and TREX-2
mutations do not have a broad effect on stress-induced trans-
lational repression or translational re-entry following stress.
It is thus possible that the defect seen in normal stress granule
induction is due to interference by THO and TREX-2 muta-
tions upon normal stress granule assembly mechanisms (see
Discussion).

1206 RNA, Vol. 22, No. 8

TT foci can be cleared via autophagy

We recently described an autophagic pathway (“granuloph-
agy”; Buchan et al. 2013) that can clear stress granules,
most prevalently after the post-diauxic shift and/or follow-
ing inactivation of the 5-3’ mRNA decay. Since TT foci
appeared resistant to CHX treatment, we hypothesized that
they might also be cleared from the cytosol by auto-
phagy. Consistent with this model, we occasionally ob-
served Pab1-GFP localization within vacuoles in our THO
and TREX-2 mutants during mid-log growth (e.g. mftIA
Fig. 1A, hprlA in Fig. 2B; Fig. 6, hprlA, mftlA stress
images, and thp2A nonstress image). To determine if TT
foci are indeed cleared by autophagy we performed three
experiments.
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First, we deleted atgl5A in a selection of THO mutant
strains. Atgl5 is a vacuolar lipase that aids in breakdown
of autophagosomes that enter vacuoles (Epple et al. 2001),
thus its absence facilitates visual detection of stress granule
autophagic intermediates (Buchan et al. 2013). Therefore,
an increase in detection of Pabl-GFP vacuolar signal in
THO atgl5A mutants versus an atgl5A strain alone would
support the hypothesis that TT foci are autophagic targets.
We observed a small, but clear accumulation of vacuolar
Pabl-GFP in mid-log growth in mftlA atgl5A and thp2A
atgl5A yeast relative to atgl5A yeast alone, where no such tar-
geting was observed (consistent with absence of stress gran-
ules and granulophagy activity under this condition (Fig.
8A,B; Buchan et al. 2013).

A second method to assess autophagic targeting of compo-
nents of TT foci, specifically in this case Pab1-GFP, is to uti-
lize a Western blot GFP-fragment assay in which GFP-tagged
proteins turned over by autophagy result in formation of
a slow-to-degrade, characteristic GFP-free band (or bands)
(Klionsky et al. 2012). We thus examined all THO and
TREX-2 null strains in our study, as well as texIA (putative
THO component) for evidence of Pabl-GFP turnover via
autophagic means in mid-log cells (Fig. 8C,D). As a positive
control, we also examined Pabl-GFP turnover in WT cells
subject to nitrogen starvation, which activates nonspecific
autophagy (Fig. 8E). As a negative control, argIA cells, which

are strongly impaired in activating autophagy, were also ex-
amined (Fig. 8D). Supporting our microscopy data, we ob-
served that all THO-TREX-2 mutants exhibited an increase
in autophagic turnover of Pab1-GFP relative to WT strains
(Fig. 8C,D). As expected, atglA cells exhibited almost no
GFP fragment accumulation, whereas WT cells exhibit ro-
bust GFP fragment accumulation during nitrogen depri-
vation (Fig. 8C-E). Notably, the presence of an atgl5A
deletion also inhibits fragment accumulation (Fig. 8E), pre-
sumably reflecting impaired autophagic turnover of Pabl-
GFP due to its protection in vacuolar autophagic bodies.
This further confirms the likelihood that THO and TREX-
2 mutants make use of autophagy for clearance of TT foci
components.

A third and final method to assess if TT foci can undergo
autophagy was to determine whether a subfraction of TT foci
colocalized with markers of autophagosomes. To do this ex-
periment we examined colocalization of TT foci in hprlA,
mftlA, and tho2A strains with the autophagosomal marker
Atg8. Although colocalization of autophagy proteins with
their substrates is often transient, in the absence of a block
to autophagy, we still observed several cases of clear colocal-
ization between TT foci (Dedl-mCh) and GFP-Atg8 (Fig.
8F). Specifically, in hpriA, mftlA, and tho2A strains, 10.8%,
11.7%, and 5.8%, of Ded1-mCh foci, respectively, localized
with Atg8 foci.
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Taken together, these data suggest that TT foci can be tar-
geted for autophagy, possibly via the same mechanism as
stress granules (“granulophagy”). This may explain the ab-
sence of visible TT foci in most cells.
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TREX-2 complexes; Mftl and Thpl).
Second, they persist in the presence of cy-
cloheximide, suggesting that the mRNAs
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that TT foci are distinct from stress
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from aberrant mRNPs produced in the
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(Rougemaille et al. 2007). Export of ab-
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capped and polyadenylated ncRNAs
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FIGURE 7. THO and TREX-2 mutants do not show gross defects in translational repression or translational re-entry following stress. (A) WT
BY4741 yeast, hprlA, mftlA, tho2A (THO), and sac3A (TREX-2) strains were examined via polysome analysis in mid-log, during NaNj stress (15
min 0.5% w/v), and following 30 min of recovery (media replacement). Data representative of observations in three biological replicates (separate
culture and transformant). (B) Quantitation of the NaN; polysome: 80S ratio before, during, and after stress. Mean £ SD shown. (C) WT BY4741
yeast, hprlA and tho2A strains were examined as above, but following 15 min of glucose deprivation, and following 15 min of recovery. Data repre-
sentative of observations in three biological replicates (separate culture and transformant). (D) Quantitation of the -Glucose polysome: 80S ratio be-
fore, during, and after stress. Mean + SD shown. Additional glucose deprivation traces are present in Supplemental Figure 4

the cytoplasm where the cytoplasmic decay machinery is
more important for their turnover (Thompson and Parker
2007; Marquardt et al. 2011). Interestingly, the Cole labora-
tory previously described aberrant cytoplasmic foci termed
RNA export granules (REGs) that were spatially distinct
from P-bodies (as TT foci are). These were observed in tem-
perature sensitive DBP5 and MEX67 mutants (Scarcelli et al.
2008), and like TT foci, exhibited resistance to cyclohexi-
mide. The similarity of REGs to TT foci thus further hints

at the idea that TT foci reflect a defect in exported mRNPs.
Future work identifying genes that suppress or exacerbate as-
sembly of TT foci, and conditions that may provoke their
assembly in a WT context will be critical to understand the
mechanism of TT formation. Defining the mRNP composi-
tion of these foci may also offer important insight into the
cellular consequences of TT foci assembly.

A broader implication of this work, and that of others, is
that cytoplasmic mRNA regulation can be perturbed in
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THO mutants. Specifically, we observe that stress granule as-
sembly is perturbed in THO (but not TREX-2) mutants in
response to NaNj stress (Fig. 6), and in response to multiple
stresses in an mft1A strain (Yang et al. 2014). Our polysome
data (Fig. 7; Supplemental Fig. 1) suggests this is unlikely to
be due to gross perturbations in translation repression or re-
covery following stress in THO/TREX-2 mutants, although
stress granule assembly could still be impaired in principle
by a failure to repress a subpopulation of mRNAs that our
polysome assays would not detect. Alternatively, stress gran-
ule assembly factors could be sequestered within TT foci.
However, since the percentage of cells with visible TT foci

1210 RNA, Vol. 22, No. 8

is usually low (6%-14%), sequestration in sub-microscopic
TT foci, or enhanced clearance of sequestered stress granule
assembly factors by autophagy (see below) could also be in-
volved. Inactivation or altered expression of stress granule as-
sembly factors could also explain the reduction in canonical
stress granule assembly we observe in THO mutants. This
could occur at multiple levels given the role of the THO com-
plex in nuclear mRNA biogenesis and export, but could
also involve altered cytoplasmic mRNA regulation as well.
For instance, mftlA strains fail to up-regulate translation of
an osmotic stress-responsive reporter mRNA during high
salt stresses (Yang et al. 2014). Ultimately, global translation
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assays such as ribosome profiling will best address the ques-
tion of do THO and TREX-2 proteins influence translation
and translation repression of specific populations of mRNAs.

Four observations argue that TT foci formed in the THO/
TREX-2 mutants can be, at least in part cleared from the cy-
tosol by autophagy. First, in various THO/TREX-2 mutants
we observe increased accumulation of Pab1-GFP in the vac-
uole. Second, in atgl5A mutants, which trap autophago-
somes in an intra-vacuolar state (Epple et al. 2003) we
observe that defects in the THO or TREX-2 complex leads
to an increase in Pabl-GFP vacuolar signal relative to WT
strains (Fig. 8). Third, we also observe that autophagic degra-
dation of Pab1-GFP, as assessed by a GFP fragment assay
commonly used in the autophagy field (Klionsky et al.
2012), is increased in THO and TREX-2 mutant strains
(Fig. 8). Finally, we observe colocalization of some TT foci
with Atg8. Taken together, these observations strongly sug-
gest that at least some TT foci are targeted for clearance by
autophagy, perhaps by the same mechanisms that target
stress granules for autophagy.

The clearance of aberrant mRNPs by autophagy may be
a general mechanism the cell has evolved to deal with
nonfunctional RNPs. Results herein suggest that aberrant
mRNP foci resulting from THO/TREX-2 defects can be tar-
geted by autophagy, in a manner reminiscent of stress granule
clearance via granulophagy (Buchan et al. 2013). We suggest
that autophagy may clear many RNP complexes from the cell
that are unable to be utilized or degraded by other pathways.
This general role of autophagy in RNA and RNP clearance
could be significant in disease states both as autophagy gener-
ally decreases with age (Cuervo 2008; Rubinsztein etal. 2011),
and due to mutations in autophagy factors that increase stress
granules and may promote ALS and FTLD (Ramaswami et al.
2013). Thus an understanding of the roles of autophagy in
both general RNA clearance and the clearance of aberrant
RNPs will be an area of important future work.

MATERIALS AND METHODS

Yeast strains and growth conditions

The genotypes of strains used in this study are listed in Supplemen-
tal Table S3. Strains expressing proteins C-terminally tagged with
GFP were obtained from the yeast GFP library (Huh et al. 2003).
HprlA strains in various strain backgrounds were generated via
integration of a hygromycin B cassette at the HPRI locus via homol-
ogous recombination. Strains were grown on either YEPD or syn-
thetic complete (SC) medium (0.17% yeast nitrogen base—Difco
and 5 g/L Ammonium sulfate—Fisher) supplemented with appro-
priate amino acids and nucleotides; in both cases, 2% glucose
(Glu) was used as a carbon source. Strains were grown at 30°C unless
otherwise stated. Yeast strains were transformed via a standard
lithium acetate technique. Nuclei were visualized using Hoescht
33342, incubated in cell media at a concentration of 0.5 mg/mL
for 20-30 min. Glucose deprivation and NaNj stresses were
conducted as previously described (Buchan et al. 2011). Nitrogen

starvation was conducted for 4 h in SC media lacking ammonium
sulfate and amino acids.

Plasmids

Plasmids used in this study are listed in Supplemental Table S3.
pRP2478 was generated by Xbal-Sall cleavage of Pabl-GFP, in-
cluding promoter, ORF and terminator sequences, from pRP1363
(Brengues and Parker 2007), and ligation into similarly cut pRS415.

Microscopy and image analysis

Screening that initially identified THO/TREX-2 subunits as har-
boring constitutive stress granule-like foci has been previously
described (Buchan et al. 2013). Analyses of protein localization,
and assembly of stress granules or P-bodies during stress was
conducted as previously described (Buchan et al. 2010), using a
Deltavision RT or Deltavision Elite microscope, with a 100X objec-
tive, and Image J/Fiji (Schindelin et al. 2012) software. For all quan-
titated data sets with biological replicates (indicated in legend), a
minimum of 50 cells per replicate were quantified. Protein localiza-
tion and stress granule/P-bodies were scored in a blind manner
(Buchan et al. 2010).

Oligo(dT) fluorescence in situ hybridization (FISH)

Five milliliters of yeast cultures (OD600 0.3-0.5) were incubated
with 4% formaldehyde for 45 min, followed by two washes in KPi
buffer (0.1 M KPi, pH 6.5), and one wash in wash buffer (1.2 M
sorbitol in KPi buffer), followed by incubation at 30°C with gentle
agitation in 1 mL spheroblasting buffer (100 pL 10 mg/mL zymolase
solution (Zymoresearch), 100 uL vanadyl ribonucleoside complex
(NEB), 2 pL B-mercaptoethanol (Sigma), and 3 uL RNase out
(Invitrogen). Once adequately spheroblasted (~90-120 min), cells
were spun and washed twice at low speed in wash buffer, resuspend-
ed in 300 pL wash buffer, then spotted onto concanavilin A treated
slides with “wells” demarked by hydrophobic coating (Tekdon), and
allowed to adhere for 1 h. Wells were washed once for 5 min with
wash buffer, KPi buffer, KPi buffer + 0.5% NP40 (to permeabilize
cells), and KPi buffer, followed by addition of ice cold 70% ethanol
and incubation in a humid chamber overnight at —20°C. The next
day, wells were aspirated, rehydrated with two 5 min washes in 2x
SSC, and one 10 min wash in 2x SSC/0.1%NP40/50% formamide.
Prehybridization involved preparation of Eppendorfs for each well
consisting of 12.5 pL of 2 mg/mL ssDNA and 6 pL of 4.8 mg/mL
yeast tRNA being dried down, and resuspended in 15 pL of hybrid-
ization solution 1 (800 uL formamide, 10 pL 1 M NaP buffer, 90 pL
dH20). These were incubated at 100°C for 3 min, chilled on ice for
3 min, then added to each well, followed by addition of 15 pL of
hybridization solution 2 to each well (25 pL formamide, 50 pL
20x SSC, 25 pL VRC, 10 pL 10 mg/mL BSA, 25 puL RNase out,
and 115 pL H,0). Slides were incubated in a humid box at 37°C
for at least 1 h, followed by hybridization, which repeats the prehy-
bridization steps except that 10 pL of 250 nM oligo(dT)25-FITC
LNA probe was additionally dried down in each Eppendorf prior
to resuspension in hybridization solution 1. Incubation at 37°C in
a humid box was done overnight. Wells were then twice washed
in 2x SSC/0.1%NP40/50% formamide (15 min at 37°C), once in
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2% SSC/0.19%NP40 (15 min at room temperature), twice in 1x SSC
(15 min at room temperature), and twice in 1X PBS (5 min room
temperature).

Yeast immunofluorescence

Following FISH, wells were washed in 30 uL PBS, blocked in PBS +
3% BSA (IgG free, Jackson Immunoresearch) for 1 h at room tem-
perature. Wells were washed twice with PBS, then incubated with
1:50 dilution a-Pabl rabbit sera (Cocalico Biologicals) in PBS +
3% BSA at room temperature for 3+ h. Wells were washed three
times with PBS, then incubated with 1:200 donkey a-rabbit Fluor
647 (Santa Cruz), and left at room temperature for 1 h protected
from light. Wells were washed five times with PBS (total 45 min),
mounted with vectashield containing DAPI (Vector Labs), and
stored at 4°C.

Polysome analysis

Polysome analyses were conducted as in Buchan et al. (2011) with
the following minor difference. Cells were either harvested in mid-
log (OD600 0.3-0.6), after being subject to 15-min stresses (0.5%
w/v NaNj3, or glucose deprivation) or after a 15-min recovery period
post stress (following replacement of stress media). Polysome traces
were analyzed using Fiji (Schindelin et al. 2012), with a common
baseline and vertical lines demarcating the 80S and polysome peak
regions. Areas under these curves were calculated to obtain the poly-
some/80S ratio.

Western blotting/GFP-fragment autophagic
turnover assay

Western blotting was conducted via standard methods. GFP was de-
tected with Mouse a-GFP (Biolegend B34, previously Covance
MMS-118P) at a 1:2000 dilution. Pgkl was detected with Mouse
a-Pgkl (Abcam, ab113687) at a 1:10,000 dilution. Goat a-Mouse
HRP (Santa Cruz) was used as a secondary antibody at a 1:5000 dilu-
tion. Blots were developed with the Supersignal West Dura kit
(Thermo Scientific). Detection of GFP fragments as evidence of
autophagic turnover of proteins has been described and validated
as previously described in Klionsky et al. (2012).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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