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Abstract Endosomal sorting complex required for
transport (ESCRT) is involved in membrane protein deg-

radation through the recognition and sorting of ubiquity-

lated cargo proteins into the multivesicular body before
fusion with the lysosome/vacuole. However, recent studies

have challenged this canonical cellular function of ESCRT

and have implicated a role for this machinery in multiple
intracellular pathways. Here, we provide evidence that

ESCRT complexes contribute to the regulation of tran-

scription elongation in Saccharomyces cerevisiae. Most
strains deficient in each subunit of ESCRT-0, -I, -II, and -

III showed significant sensitivity to 6-azauracil or myco-

phenolic acid, a phenotype associated with transcription
elongation defects. Moreover, these deletion strains sig-

nificantly reduced transcription activation through Gcn4, a

regulator of the general amino acid control. The tran-
scription factor Rim101, which is proteolytically activated

through the multimerized component Vps32/Snf7 of

ESCRT-III and its collaborative proteins, was not associ-
ated with transcription elongation or Gcn4 activation. In

addition, we observed that ESCRT complexes were
crosslinked at the 30 region of the coding sequence in the

actively transcribed gene. In summary, these results sug-

gest that ESCRT complexes promote genes transcription

during the late stages of elongation and are required for
transcription activation through Gcn4.
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Introduction

ESCRT complexes, including five distinct protein com-

plexes (ESCRT-0, -I, -II, -III and the Vps4 complex), play
a pivotal role in cell sorting and the degradation of ubiq-

uitylated membrane proteins. With the successive recruit-

ment of ESCRT subcomplexes on the membrane,
endocytic cargo proteins are incorporated and gathered into

the intraluminal vesicles of the multivesicular body

(MVB). Degradation occurs when protein-containing ves-
icles are released into the vacuolar lumen after fusion of

the MVB with the lysosome/vacuole (Saksena et al. 2007).

ESCRT complexes play an additional role in mediating
alkaline pH adaptation through interactions with tran-

scription factor Rim101, which senses an ambient alkaline
pH and regulates target gene transcription to trigger

adaptive processes. The activation of the Rim101 pathway

is dependent on the ESCRT-III subunit Vps32/Snf7, which
accumulates to form filamentous multimers (Maeda 2012).

A recent study has shown that Vps32/Snf7 regulates the

expression of transcription factor Nrg1 by activating the
Rim101 pathway and further affecting SUC2 gene

expression, which is suppressed under high glucose con-

ditions (Weiss et al. 2008). Another study demonstrated
that the defects in TIR1 promoter-driven b-galactosidase

activity observed in snf7D and rim101D mutants could be

recovered and complemented using the truncated RIM101
allele, RIM101-531 (Snoek et al. 2010), suggesting that
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both Vps32/Snf7 and Rim101 participate in the anaerobic

upregulation of TIR1, whose expression strictly relies on
the surrounding oxygen condition.

However, accumulating evidence has revealed a role for

ESCRT complexes in several non-endosomal pathways,
which include the transcriptional regulation of gene

expression through these complexes (Slagsvold et al. 2006).

Mammalian ESCRT-II was initially purified, and a direct
association with RNA polymerase II elongation factor ELL

through the formation of the Holo-ELL complex was
observed, which promotes the catalytic rate of transcription

elongation (Shilatifard 1998). Some subunits of the yeast

ESCRT-II complex, Vps36, Vps22 and Vps25, have shown
functional and structural homology with mammalian ESC-

RT-II components, Eap45, Eap30 and Eap20, respectively

(Kamura et al. 2001; Schmidt et al. 1999). In addition, the
mammalian tumor susceptibility gene 101 (Tsg101) was

identified as the yeast homolog of Vps23 (Babst et al. 2000).

Tsg101 contains a multiple DNA-binding domain and a
proline-rich region near the leucine-zipper DNA-binding

motif, suggesting a role as a transcription factor (Mitchell

and Tjian 1989). It was also suggested that Tsg101 functions
as a transcriptional suppressor for estrogen and other nuclear

receptors (Watanabe et al. 1998).

Moreover, deleting multiple yeast genes involved in vesicle
fusion at the MVB impairs Gcn4-mediated transcription acti-

vation (Zhang et al. 2008), and yeast mutants lacking the PI(3)P

kinase Vps34, or its associated protein kinase Vps15, impairs
transcription elongation (Gaur et al. 2013). These data strongly

suggest that ESCRT complexes not only play a central role in

MVB sorting and membrane abscission but are also signifi-
cantly involved in the regulation of gene transcription.

In the present study, we provided evidence supporting a

role for ESCRT in the regulation of gene transcription. The
results show that most ESCRT complex proteins, which are

indispensable for resistance against 6-azauracil (6-AU), my-

cophenolic acid (MPA) and sulfometuron methyl (SM),
associate with transcription elongation during the late stages

of transcription and are required for Gcn4-mediated tran-

scription activation.

Materials and methods

Yeast strains and plasmids

The strains and plasmids used in this study are listed in

supplementary materials, Tables S1 and S2.

Preparation of whole cell extracts and immunoblotting

Yeast whole cell extract was prepared as previously
described (Song and Ahn 2010). Immunoblotting was

performed using standard methods with antibodies against

histone H3K4me3 (ab8580; Abcam), H3K36me3 (ab9050;
Abcam), H3K79me3 (ab2621; Abcam), H3K56ac (07-677;

Millipore), and histone H3 (ab1791; Abcam).

Chromatin immunoprecipitation (ChIP)

The procedures and quantitation were performed as pre-
viously described (Ahn et al. 2004, 2009). The sequences

of the oligonucleotides used in this study are listed in
supplementary Table S3. To control for amplification

efficiency and label the incorporation of different primers,

the ratios of each gene-specific product to that of a non-
transcribed region of chromosome V were calculated from

the input sample signals.

Spotting assay

Spotting assay was performed as previously described
(Song and Ahn 2010). Strains transformed with the URA3

plasmid, pRS316, were tested for sensitivity to 150 lg/ml

of 6-AU or 15 lg/ml of MPA. Strains without plasmid
were tested for sensitivity to 1.0 ll/ml of SM or 100 mM

hydroxyurea (HU).

Reporter gene assays

The reporter gene assays were performed as previously
described (Zhang et al. 2008). The enzyme activity (nmol/

min per mg of protein) was calculated using the formula

(0.3 9 OD420)/(0.0045 9 volume 9 [protein] 9 time), with
the volume of extract added in ml, [protein] in the extract in

mg/ml, and time of reaction in min.

In vivo analysis of histone ubiquitylation

The relative levels of ubiquitylated histone H2B were
analyzed as previously described (Song and Ahn 2010).

The histones were precipitated using 20 % trichloroacetic

acid, followed by immunoprecipitation with anti-FLAG
M2-agarose (A2220; Sigma) and elution into SDS-sample

buffer after boiling for 5 min. After electrophoresis on a

15 % SDS–polyacrylamide gel, the ubiquitylated histones
were probed using an anti-FLAG antibody (F3165; Sigma).

Results

ESCRT complex plays a role in transcription regulation
but not DNA synthesis

Among the Vps proteins required for normal vesicular
protein trafficking, Vps15 and Vps34, components of the
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class D Vps proteins, play a critical role in transcription

elongation through the physical proximity of these proteins
to the nuclear pores and transcribed chromatin (Gaur et al.

2013). Thus, we examined whether the class E Vps pro-

teins, including ESCRT complexes, are also involved in
transcription regulation. We initially attempted to deter-

mine whether the ESCRT complex or other Vps proteins

associated with ESCRT are involved in transcription
elongation using 6-AU and MPA plate assays. Both drugs

act as competitive inhibitors of inosine monophosphate
dehydrogenase, which diminishes GTP pools. 6-AU also

inhibits URA3-encoded orotidylic acid decarboxylase,

whose activity is crucial to ensure the normal intracellular
UTP pools (Exinger and Lacroute 1992). Consistent with a

previous report (Gaur et al. 2013), VPS15 and VPS34

deletion strains showed significant sensitivity to 6-AU and
MPA to a degree comparable with that of the rad6D strain

(Fig. 1a). Rad6 is a ubiquitin ligase for histone H2B, which

associates with transcription elongation (Choudhary et al.

2005). Interestingly, we observed that strains deficient in
each subunit of ESCRT (ESCRT-0, -I, -II, and -III) also

showed significant sensitivity to 6-AU or MPA to varying

extents, except for strains lacking Hse1 of ESCRT-0,
Mvb12 of ESCRT-I, and subunits of Vps4. Thus, our

results show that most subunits of class E Vps ESCRT

complexes are involved in the regulation of transcription
elongation.

Next, we assessed whether DNA synthesis was inter-
rupted when vesicular trafficking is blocked. Hydroxyurea

(HU) prevents the DNA synthesis process by lowering

deoxyribonucleotide (dNTP) pools through the inhibition
of ribonucleotide reductase, which catalyzes the conversion

of ribonucleotides to dNTPs (Koc et al. 2004). Consistent

with the results of a previous genome-wide screen showing
that vps15 and vps34 mutants exhibit an HU sensitivity

phenotype (Hartman and Tippery 2004), we observed that

Fig. 1 ESCRT complexes are involved in the regulation of tran-
scriptional elongation. a and b Exponentially growing cells were
spotted onto SC (control), SC ? 6-AU (150 lg/ml), and SC ? MPA
(15 lg/ml of MPA) plates (a) or YPD and YPD ? HU (100 mM)

plates (b) in tenfold serial dilutions. The growth of each strain was
examined after 2 or 3 days at 30 "C. Cells lacking Rad6 or Asf1 were
used as controls for (a) and (b), respectively
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strains lacking Vps15 or Vps34 exhibited high sensitivity

to HU to a degree comparable with that of the asf1D strain,
which is significantly sensitive to HU (Tyler et al. 1999).

However, the ESCRT deletion strains and the strain defi-

cient in ESCRT-III adaptor protein Bro1 showed no sen-
sitivity to HU (Fig. 1b). These results suggest that the

ESCRT complexes regulate transcription elongation in a

manner different from Vps15 and Vps34, which does not
involve protecting DNA synthesis.

ESCRT complexes maintain transcription activation

through Gcn4

We further determined whether mutations in the class E

Vps genes exhibit the SM-resistant phenotype. SM inhibits

isoleucine and valine biosynthesis, resulting in amino acid
starvation in vivo (de Aldana et al. 1994). The transcription

activator Gcn4 regulates amino acid biosynthesis in S.

cerevisiae, a process known as general amino acid control
(GAAC). In response to SM, the Gcn4 activator binds to

amino acid biosynthetic genes, thereby enhancing the

expression of these molecules (Hinnebusch 2005). Con-

sistent with a previous report (Zhang et al. 2008), most of
the ESCRT mutants displayed significant sensitivity to SM

(Fig. 2a), which was similar but more severe than the

sensitivity of these mutants to 6-AU or MPA (Fig. 1).
Particularly, ESCRT-II and -III mutants led to an even

stronger growth reduction than that of vps15 and vps34

mutants. However, in parallel with the results from the
6-AU or MPA sensitivity assay, mutants defective in the

ESCRT-0 subunit Hse1, ESCRT-I subunit Mvb12 and
Vps4 complex showed cell growth comparable to wild-type

(WT) in response to SM treatment. Hence, these results

support the idea that ESCRT complexes are involved in the
regulation of gene transcription.

We also determined that whether mutations in ESCRT

complexes, which show a significant SM-sensitive pheno-
type, also lead to impaired transcription activation through

the Gcn4 activator. It has been reported that the disruption

of vesicular trafficking at endosomes attenuates transcrip-
tional activation through Gcn4. Specifically, mutations in

genes of class E and class C/D Vps proteins decrease the

Fig. 2 ESCRT mutants attenuate transcription activation through
Gcn4. a The indicated deletion strains were grown on SC (control)
plates or SC ? SM (1 lg/ml) plates without Ile and Val in tenfold
serial dilutions. Cells lacking Rad6 were used as controls.
b Schematic diagram of the plasmid used in the reporter assay.
pKN7 is a low-copy (lc) plasmid containing the HIS3-GUS reporter
gene harboring the HIS3 promoter region from position -450 to -3,

with respect to the ATG start codon, and the GUS coding sequence
expressing b-glucuronidase. c b-glucuronidase reporter assay in the
indicated deletion strains harboring the HIS3-GUS reporter plasmid.
The indicated strains were grown on SC medium lacking Ile, Val and
Ura at a final A600 of 0.5–0.6 and induced with 0.5 lg/ml of SM for
2.5 h. The means and standard deviations from triplicate experiments
are plotted as percentages of the WT value
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transcriptional activation through Gcn4 (Zhang et al.

2008). The b-glucuronidase reporter assay was performed
in strains transformed with a plasmid harboring the Gcn4-

dependent transcriptional reporter gene. b-glucuronidase is

specifically induced from this plasmid through a GUS gene
with the 50 non-coding sequence substituted with the HIS3

promoter (Fig. 2b). We observed that cells deficient in the

Gcn4 activator could not induce b-glucuronidase when the
indicated amino acids were starved and SM, an inhibitor of

the isoleucine and valine biosynthesis, was added. In
addition, the induction of b-glucuronidase through SM

treatment in cells lacking most of the ESCRT complexes

was significantly impaired, consistent with a previous study
showing that mutations in VPS32/SNF7 of ESCRT-III,

VPS22 of ESCRT-I or VPS34 showed a significant

decreased in transcriptional activation through Gcn4
(Zhang et al. 2008). Strains lacking Hse1, Mvb12, and

most of the Vps4 subunits showed enzymatic activity

indistinguishable from that of WT cells, consistent with the
results shown in Fig. 2a. Intriguingly, cells lacking Did2, a

Vps protein, showed a significant decrease in the expres-

sion of b-glucuronidase (Fig. 2c) and a SM phenotype
similar to WT (Fig. 2a).

To further support the role of ESCRT complexes in

transcriptional activation through Gcn4, a b-galactosidase
reporter assay was performed using strains transformed

with the pHYC2 plasmid. This plasmid is a CYC1-lacZ

fusion reporter with a high copy number and contains the
Gcn4-response element (GCRE) in the upstream activation

sequence (UAS), which functions as a Gcn4 binding site

(supplementary Fig. S1A). The transcriptional activation
through Gcn4, detected using the CYC1-lacZ fusion

reporter, remained impaired in most of the ESCRT mutants

but to a lesser extent compared with the results obtained
using the HIS3-GUS reporter. In addition, unlike the results

shown in Fig. 2a, the induction of CYC1-lacZ in hse1D or

vps4D mutants was also impaired (supplementary Fig.
S2B), and did2D suppressed the induction of the reporter

gene. It appears that an impaired induction of the high copy

numbers of CYC1-lacZ or an inefficient activation of the
CYC1 promoter in this reporter might occur in those

mutant cells. Taken together, these results suggest that

ESCRT complexes are required for transcriptional activa-
tion through Gcn4.

Rim101 pathway is not involved in transcriptional
regulation through ESCRT complexes

To explore the underlying mechanism through which
ESCRT complexes regulate transcription, we determined

whether the Rim101 pathway is involved in this regulation

because the formation and activation of Rim101 is strongly
dependent on the ESCRT-III subunit, Vps32/Snf7

(reviewed in (Maeda 2012)). In this context, the filament

structure of Vps32/Snf7 provides a platform for the asso-
ciation of Vps32/Snf7 with Rim13 protease, the yeast

ortholog of mammalian calpain-7, and Rim20, the protease

substrate-recognizing adaptor, on the endosomal mem-
brane. Under alkaline conditions, the transcription factor

Rim101, recruited through Rim20 and processed by the

removal of its C-terminal tail through Rim13, acts as a
transcriptional repressor, regulating a set of target genes for

the induction of adaptive responses. Seven dedicated
components, including Rim8, Rim9, Rim13, Rim20,

Rim21, Dfg16 and Ygr122w, associate with the Rim101

pathway, and any defects in this pathway can lead to the
dysfunction of Rim101 proteolysis (Rothfels et al. 2005;

Xu and Mitchell 2001). However, although the activation

of Rim101 is closely associated with the ESCRT compo-
nent Vps32/Snf7, there was no evidence supporting the

involvement of the components of Rim101 in the regula-

tion of transcription elongation; cells lacking Rim8, Rim9,
Rim13, Rim20, Rim21, Dfg16 or Ygr122w showed WT

growth after treatment with 6-AU, MPA or SM (Fig. 3a, b).

Next, we determined whether the defects in the Rim101
pathway attenuate transcription activation through Gcn4 in

a manner similar to that observed in bro1D (Fig. 2c and

supplementary Fig. S1B). Our results show that none of the
Rim101 pathway mutants, including rim20D, displayed

defects in the activation of the reporter genes (Fig. 3c, d).

Cells lacking Rim20, Rim101 and Ygr122w, even showed
a slight increase under induction conditions compared with

WT. Thus, the results also suggest that the role of the

association between Bro1 and Vps32/Snf7 in the Gcn4-
mediated activation of transcription is quite different from

that of the Rim20-Vps32/Snf7 interaction, supporting the

idea that the Rim101 pathway, unlike ESCRT complexes,
is not involved in transcription activation.

ESCRT complexes are recruited to actively transcribed
genes

Given that ESCRT complexes showed sensitivity to 6-AU,
MPA, or SM and defects in transcription activation through

Gcn4, we performed ChIP experiments to determine whe-

ther each component of ESCRT complexes is associated
with actively transcribed regions. We employed a well-

known gene, PMA1, which is constitutively transcribed

with a high transcription rate in yeast cells (Ahn et al.
2004). The ChIP experiment was performed using TAP-

tagged ESCRT strains, whose mutants showed remarkable

sensitivity to 6-AU and MPA (Fig. 1a). Surprisingly, the
class E Vps proteins, including Vps27, Vps23, Vps22,

Vps20, and Vps32/Snf7, were recruited at the 30 end of the

coding region but showed little recruitment at the pro-
moter, 50 coding region or 30 untranslated region. Vps4 and
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Vps34 showed crosslinking patterns similar to those of

ESCRT complexes. Consistent with a role for ESCRT
complexes in transcription elongation or transcription

activation through Gcn4, the results of the ChIP assay

further demonstrate that ESCRT complexes are involved in
the regulation of transcription, particularly during the late

stages of elongation.

The ESCRT-I complex does not associate with histone
ubiquitylation

One of the key requirements supporting the effective
recruitment of the ESCRT complex onto the endosomal

membrane is the protein ubiquitylation of the cargo pro-

teins (MacDonald et al. 2012). Indeed, certain ESCRT

Fig. 3 Rim101 pathway mutants do not affect transcription activa-
tion through Gcn4. a This assay was performed as described in
Fig. 1a. Cells lacking Dst1 were used as controls. b This assay was
performed as described in Fig. 2a. c b-glucuronidase reporter assay in
the indicated deletion stains harboring HIS3-GUS reporter plasmid
pKN7. The expression of HIS3-GUS reporter in the indicated mutant
strains was assayed as described in Fig. 2c. The means and standard
deviations from three independent cultures, performed in triplicate,

are plotted as percentages of the WT value. d b-galactosidase reporter
assay in the indicated deletion stains harboring the CYC1-lacZ
reporter plasmid pHYC2. A schematic diagram of pHYC2 is shown in
the top panel. pHYC2 is a high-copy (hc) plasmid containing two
copies of the Gcn4p binding site from HIS4 inserted upstream from
the CYC1 promoter and the translational start site fused to lacZ. The
means and standard deviations from three independent cultures,
performed in triplicate, are plotted as percentages of the WT value
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components, such as Vps23, Vps36 and Mvb12, contain

ubiquitin-binding domains (UBD) and act collectively to
recognize and interact with ubiquitylated cargo proteins

(Shields et al. 2009). In particular, all the ESCRT-I sub-

units are involved in transcriptional regulation (Figs 1, 2,
4) and some of these components (Vps23 and Mvb12)

contain the domain for binding to ubiquitylated proteins.

Thus, we examined whether the ESCRT-I complex inter-
acts with or modulates the ubiquitylation of histone H2B, a

modification closely associated with the activation of
transcription through the methylation of histone H3 at

lysine residues 4 and 79 (Chandrasekharan et al. 2010;

Song and Ahn 2010; Sun and Allis 2002). To examine
histone ubiquitylation, we used a yeast strain containing the

Flag-tagged HTB1 gene and the hemagglutinin (HA)-tag-

ged UBI4 gene as WT. We observed that the ubiquitylated
H2B histones in the WT strain were completely lost in the

strain bearing an arginine substitution on lysine 123 of

H2B (Flag-htb1-K123R) and significantly elevated in cells
lacking Ubp8, a histone deubiquitylase in S. cerevisiae.

However, ESCRT-I mutants, including vps23D, vps28D,

vps37D and mvb12D, showed H2B ubiquitylation levels
indistinguishable from the WT strain (supplementary Fig.

S2A). In addition, the global levels of histone H3 meth-

ylation at lysine residues 4 and 7 remained unchanged in
vps23D, vps28D, vps37D and mvb12D strains, while these

modifications were significantly reduced in the Flag-htb1-

K123R mutant (supplementary Fig. 2B). Therefore, our
results show that the ESCRT-I complex does not play a

role in modulating histone H2B ubiquitylation, despite the

role of this complex in transcription regulation and the
strong implication of this machinery in the binding of ub-

iquitylated proteins.

Discussion

Based on the results obtained in the present study, we

propose that ESCRT subunits, whose mutants exhibit high
sensitivity to 6-AU or MPA, play an undiscovered role in

transcription elongation. However, some exceptions, such

as hse1D, mvb12D, and strains lacking Vps3 components,
show little sensitivity to 6-AU or MPA (Fig. 1a). The

ubiquitin interaction motif (UIM)-containing protein Hse1

forms a complex with Vps27, which interacts with ubiq-
uitylated cargo and ESCRT-I Vps23 (Bilodeau et al. 2003).

However, in contrast to the loss of Vps27, the loss of Hse1

resulted in resistance to 6-AU or MPA. A previous finding
demonstrated that the recruitment of Hse1 to the endo-

somal membrane requires Vps27, but the localization of

Vps27 is observed despite the loss of Hse1 (Bilodeau et al.
2002), suggesting that the lack of drug sensitivity in hse1D
cells might reflect a smaller defect in the recruitment of

ESCRT components to the endosome than that observed in
vps27D. We also observed little sensitivity to 6-AU and

MPA in cells lacking Mvb12. Mvb12 associates with

Vps23 and Vps36 to efficiently sort MVB cargo through
UBD. However, the ESCRT-I complex assembles on the

Fig. 4 ESCRT complex is recruited to the actively transcribed gene,
PMA1. a Schematic diagram of PMA1. The TATA/promoter region
and open reading frame are represented with gray and white boxes,
respectively. The major polyadenylation site of the PMA1 gene is
indicated with arrows. The bars and numbers below the PMA1 gene
show the positions of the PCR products used in ChIP analysis. b ChIP

analyses of the ESCRT subunits and accessory proteins on the PMA1
gene. The asterisk denotes the PCR products amplified from the ARS
(autonomously replicating sequence), a nontranscribed region of
chromosome V, indicated in all reactions as a background control.
c Quantitation results of the ChIP experiments
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membrane after the loss of Mvb12 (Shields et al. 2009),

potentially explaining why the Mvb12 mutant displayed
drug resistance unlike other ESCRT-I mutants. In addition,

the Vps4 complex is responsible for disassembly but not

the assembly of the ESCRT-III complex on the membrane,
and the vps4 mutant shows the accumulation of ESCRT

proteins on the endosomal membrane (Shestakova et al.

2010). Therefore, our results suggest that the aggregation
and recruitment of ESCRT complexes on the endosomal

membrane are likely associated with a role in transcription
elongation.

As an isoleucine and valine biosynthesis inhibitor, SM is

often employed to determine the defect of mutants in
evoking general amino acid control in vivo (Hampsey

1997). Consistent with the study of A.G. Hinnebusch and

colleagues (Zhang et al. 2008), our results showed that the
majority of ESCRT mutants conferred strong sensitivity to

SM, similar but to a more severe extent, to the sensitivity to

6-AU and MPA (Fig. 1a, 2a). Global gene expression
profiling of yeast treated with SM revealed that the induced

genes includes those that participate in amino acid syn-

thesis, the stress response and DNA damage repair (Jia
et al. 2000). However, under HU exposure, all the ESCRT

mutant strains exhibited a WT phenotype, suggesting that

the sensitivity induced through SM is not associated with
DNA repair but might primarily reflect the deficiency of

ESCRT mutants in evoking the activation of gene tran-

scription associated with general amino acid control.
Consistent with the SM-sensitive phenotype observed in

ESCRT mutants, the results of our reporter gene assay

showed demonstrated that the ESCRT complex positively
affects transcription activation through Gcn4.

The ESCRT-III subunit Vps32/Snf7 plays an indis-

pensable role in the Rim101 pathway, providing a platform
for association with Rim13 and Rim20. In addition, ESC-

RT-I and -II proteins and the ESCRT-III components,

Vps32/Snf7 and Vps20, are required for the Rim101 pH-
response pathway in S. cerevisiae, a relationship also

conserved in Candida albicans (Xu et al. 2004). Therefore

we examined whether the Rim101 pathway is involved in
the regulation of transcription through ESCRT complexes.

We performed 6-AU, MPA and SM sensitivity assays and

the Gcn4-mediated transcription activation assay in cells
lacking subunits of the Rim101 pathway (Fig. 3). How-

ever, our results show that the Rim101 pathway, regardless

of its significant dependence upon ESCRT complexes, does
not associate with the regulation of transcription elongation

and is not involved in the induction of genes for general

amino acids. These results strongly suggest that the MVB
pathway provides signals for the regulation of general

transcription elongation under physiological conditions, in

contrast to those under alkaline conditions.

In the present study, we provided evidence that ESCRT

complexes regulate transcription elongation. Our results
suggest that these complexes regulate gene transcription

during the late stages of elongation and transcriptional

activation through Gcn4, which functions independent of
the Rim101 pathway or changes in histone modifications,

such as H2B ubiquitylation or H3 lysine methylation. The

two class D components, Vps 15 and Vps34, localize with
nuclear pores at nucleus-vacuole junctions, and the loss of

one of these proteins impairs transcription elongation and
leads to the impaired localization of the induced GAL1

gene to the nuclear periphery (Gaur et al. 2013). Therefore,

we cannot exclude the possibility that ESCRT complexes
might regulate transcription through transcription-coupled

mRNA processing steps, such as mRNA export.
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