
RESEARCH ARTICLE

The RHEB–mTOR axis regulates expression of Tf2 transposons
in fission yeast
Yukiko Nakase1 and Tomohiro Matsumoto1,2,*

ABSTRACT
The human TSC2 gene, mutations in which predispose individuals to
the disease tuberous sclerosis complex (TSC), encodes a GTPase-
activating protein for the GTPase RHEB. Loss of TSC2 results in
constitutive activation of RHEB and its target mammalian target of
rapamycin (mTOR). We have previously reported that fission yeast
(Schizosaccharomyces pombe) Tf2 retrotransposons (hereafter
Tf2s) are abnormally induced upon nitrogen starvation in cells
lacking the tsc2+ gene (Δtsc2), a homolog of the human TSC2 gene,
and in cells with a dominant-active mutation in the fission yeast RHEB
GTPase (rhb1-DA4). We report here that induction of Tf2s in these
mutants is suppressed upon overexpression of the cgs2+ gene, which
encodes a cAMP-specific phosphodiesterase, or upon deletion of
components in the glucose/cAMP signaling pathway, namely Cyr1,
Pka1, Tor1 and the stress-activated transcription factor Atf1. The
results suggest that the glucose/cAMP signaling pathway is
downregulated when cells are starved for nitrogen. We also show
that Tf2 proteins are degraded via autophagy, which is under control
of Tor2, a homolog of human mTOR. It appears that failure in the two
processes, downregulation of the glucose/cAMP signaling pathway
and induction of autophagy, allows abnormal induction of Tf2s upon
nitrogen starvation in Δtsc2 and rhb1-DA4 cells.

KEY WORDS: Tuberous sclerosis complex, RHEB–mTOR,
Transposon, Nitrogen starvation, Glucose/cAMP signaling,
Autophagy

INTRODUCTION
Transposable elements (TEs) were first reported as DNA sequences
that can move from one location to another in the genome
(McClintock, 1950). They are found in both prokaryotes and
eukaryotes, and make up ∼50% of the human genome and up to
90% of the maize genome (SanMiguel et al., 1996). Depending on
the intermediate required for mobilization, TEs are categorized into
two groups, retrotransposons (class I) and DNA transposons (class
II). Class I TEs are first transcribed from DNA to RNA by a reverse
transcriptase, which is often encoded by the TE itself. The RNA
produced is then transcribed to DNA, which is inserted back into the
genome. Transposition of Class II TEs, which does not involve an
RNA intermediate, is catalyzed by several enzymes (transposases).
The transposase makes a cut at the target site in the genome,

producing sticky ends, then cuts out the DNA transposon and ligates
it into the target site.

In order to maintain the genome integrity, expression of TEs are
normally suppressed by the host mechanisms. Expression of
retrotransposons is suppressed by DNA methylation in mammals
(Crichton et al., 2014; Li et al., 2015). Recent studies also have
suggested that histone methylation plays a role as a suppressor in
human and mouse (Hutnick et al., 2010; Leung and Lorincz, 2012).
RNA interference (RNAi) is an additional mechanism to suppress
expression of TEs in various organisms (Dumesic and Madhani,
2014). While expression and propagation of TEs are considered to
be harmful for the host genome, TEs, when induced by stresses,
serve as a useful source for the creation of new genetic variability,
which consequently helps the host organisms adapt to stresses
(Capy et al., 2000). Interestingly, TEs are abundantly expressed in
mammalian oocytes and early embryos (Evsikov et al., 2006;
Peaston et al., 2004). It has been shown that TEs play critical roles
in gene regulation for the specification of cell types in early
mammalian development (Macfarlan et al., 2012). Furthermore,
TEs are active in developing neurons (Muotri et al., 2005) and in the
adult brain (Baillie et al., 2011), resulting in mosaicism whereby
cells within an individual have a different genetic makeup. These
findings strongly suggest that TEs do not act as simple parasitic
sequences, but have co-evolved with the host organisms.

In the fission yeast Schizosaccharomyces pombe, the Tf2 element
is a class I TE with a genome of 4.9 kb (Hoff et al., 1998). The
genome of fission yeast contains only 13 copies of Tf2 occupying
less than 0.5% of the genome, suggesting that propagation/
amplification of the Tf2 retrotransposons (hereafter denoted Tf2s)
has been highly restricted in this organism.

We have previously shown that, upon nitrogen starvation, Tf2s
are abundantly induced in cells lacking the tsc1+ or tsc2+ gene, a
fission yeast homolog of human genes TSC1 or TSC2 (Nakase et al.,
2006). Mutations in the human genes TSC1 and TSC2 predispose
individuals to the disease tuberous sclerosis complex (TSC), which
is characterized by widespread development of benign tumors
called hamartomas (European Chromosome 16 Tuberous Sclerosis
Consortium, 1993; Kwiatkowski and Short, 1994; van Slegtenhorst
et al., 1997). TSC1 and TSC2 proteins form a heterodimer
and control cell growth/proliferation by regulating the activity of
the small GTPase RHEB (Garami et al., 2003; Inoki et al., 2002;
Manning and Cantley, 2003). When the environment is not
favorable for growth/proliferation, the TSC1–TSC2 complex
converts RHEB into an inactive form by stimulating hydrolysis of
GTP bound to RHEB. Mammalian target of rapamycin (mTOR) is a
major target of RHEB and promotes protein synthesis for cell
proliferation when stimulated by the RHEB GTPase (Fingar and
Blenis, 2004; Raught et al., 2001). Functional loss of TSC1 or TSC2
therefore leads to prolonged activation of RHEB and its target
mTOR.We and other groups have shown that fission yeast Tsc1 and
Tsc2 regulate Rhb1, a homolog of RHEB, which, in turn, targetsReceived 11 June 2018; Accepted 1 October 2018
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Tor2 in fission yeast, a homolog of mTOR (Mach et al., 2000;
Matsumoto et al., 2002; Matsuo et al., 2007; van Slegtenhorst et al.,
2004). When the environment is favorable for proliferation, active
Tor2 stimulates protein synthesis and suppresses the onset
of meiosis.
In this study, we have attempted to understand the underlying

mechanism that allows abnormal induction of Tf2s upon nitrogen
starvation in cells lacking the tsc2+ gene (Δtsc2). Through a genetic
screen for a suppressor of Δtsc2, we have identified the cgs2+ gene,
which encodes a cAMP-specific phosphodiesterase that is known to

act as a regulator in the glucose/cAMP signaling pathway (Matviw
et al., 1993). Consistently, deletion of components in the glucose/
cAMP signaling pathway, namely Cyr1, Pka1 and Tor1, also
suppresses the abnormal induction of Tf2s seen in both Δtsc2 cells
and cells that have dominant-active mutation in the Rhb1 GTPase
(rhb1-DA4). These results suggest that the glucose/cAMP signaling
pathway is downregulated when cells are starved for nitrogen. We
also show that Tf2s are degraded via autophagy, which is under
control of Tor2, a homolog of human mTOR. Failure in the two
processes, downregulation of the glucose/cAMP signaling pathway

Fig. 1. Expression of Tf2 retrotransposons in Δtsc2 under
nitrogen starvation. (A) Tf2s are excessively expressed
in Δtsc2. WT and Δtsc2 cells were pre-cultured overnight in
nitrogen-rich medium containing 3% glucose (EMM+N) and
then transferred to nitrogen-poor medium containing 3%
glucose (EMM−N). Total RNAs were analyzed by northern blot
hybridization with Tf2 as a probe. (B) The GFP-tagged
retrotransposon gene Gag localizes as distinct dots in the
cytoplasm. Cells were cultured as in A. The Tf2-13 gene was
tagged with GFP and chromosomally integrated for expression
from the native promoter. GFP–Tf2 Gag formed virus-like
particles (VLPs) in Δtsc2 cells 3 h after nitrogen starvation.
Scale bar:10 μm. (C) Tf2s are induced earlier in Δtsc2 cells than
in WT cells. Cells were cultured and collected as in A. Tf2 RNA
levels were analyzed by qRT-PCR. Data are presented as
mean±s.e.m. (n=3). (D) Tf2s are excessively expressed in the
Tor2 active mutant tor2s65, but are suppressed in the Tor2 loss-
of-function mutant tor2ts10. Cells were treated and analyzed as
in A. +, nitrogen rich; −, 2.5 h after nitrogen starvation.

Fig. 2. Involvement of glucose/cAMP signaling pathway
in expression of Tf2s. (A) cgs2+ is a multicopy suppressor
of Δtsc2 mutant. Cells were transformed with pAL-KS
vector, or plasmids expressing cgs2+ or tsc2+.
Transformants were treated and analyzed as in Fig. 1A.
(B) cgs2+ partially suppresses the resistance of Δtsc2 and
rhb1-DA4 strains to canavanine. Transformants were
suspended in liquid EMM at a concentration of 107 cells/ml,
and 5 μl of the suspension was spotted onto an EMM+N
plate (left) or EMM+N containing canavanine (60 mg/ml;
right). They were incubated for 3 days at 30°C. (C) Tf2s are
not induced under glucose starvation. Lanes 1 and 5, cells
were grown to mid-log phase in nitrogen-rich medium
containing 3% glucose and then transferred onto glucose-
depleted medium (0.1% glucose) for 6 h. Lanes 2 and 6,
cells were cultured as for lanes 1 and 5. After that, cells were
shifted to nitrogen-poor and glucose-depleted medium for
2 h. Lanes 3 and 7, cells were grown to mid-log phase in
nitrogen-rich medium containing 3% glucose. Lanes 4 and
8, cells were cultured as for lanes 3 and 7. After that, cells
were shifted to nitrogen-poor medium containing 3%
glucose for 2 h. Tf2 mRNA levels were analyzed by qRT-
PCR. Data are presented as mean±s.e.m. (n=3)
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and induction of autophagy, allows abnormal induction of Tf2s
upon nitrogen starvation in Δtsc2 and rhb1-DA4 cells. Our study
has revealed a novel role of the RHEB–mTOR axis in regulation
of expression of Tf2s, which may contribute to adaptation to the
nutrient stress and/or protection of the integrity of the genome.

RESULTS
Expression of Tf2 retrotransposons upon nitrogen starvation
We have previously shown that Tf2 retrotransposon genes were
abundantly expressed in mutants null for tsc1 or tsc2 (Δtsc1 or
Δtsc2) under nitrogen-poor conditions (Nakase et al., 2006). As
shown in Fig. 1A, Tf2s were rapidly induced and the level of
expression reached a peak 2–3 h after nitrogen starvation in Δtsc2
cells. We examined the timing of the induction of Tf2s in detail. Tf2s
were induced ∼40 min after nitrogen starvation in wild-type (WT)
cells and they were induced faster in Δtsc2 cells, by ∼10 min
(Fig. 1C). Using fluorescence microscopy, we observed the
expression and localization of the GFP-tagged retrotransposon
gene gag encoding the capsid protein. Gag forms virus-like particles
(VLPs) including retrotransposon mRNAs, reverse transcriptase
and integrase, which are required for integration into the host
genome (Swanstrom and Wills, 1997). Gag proteins tagged with
GFP localized as distinct dots in the cytoplasm after nitrogen

starvation and the fluorescence intensity of GFP was stronger in
Δtsc2 cells than in WT cells (Fig. 1B).

Tor2, which is a member of the TORC1 complex, is regulated by
Tsc1/2 (Weisman et al., 2007). In Δtsc2 cells, Tor2 is constitutively
activated and prevents induction of the mei2+ gene after nitrogen
starvation (Nakase et al., 2006). In cells expressing the dominant-
active Tor2 mutant tor2s65, Tf2s were significantly expressed after
nitrogen starvation. Expression of the temperature-sensitive Tor2
mutant tor2ts10, which causes a partial loss of function, suppressed
expression of Tf2s in Δtsc2 cells (Fig. 1D). These results suggested
that Tor2 plays a key role in regulation of Tf2s expression after
nitrogen starvation.

Glucose/cAMP signaling regulates Tf2s expression
In order to reveal the underlying mechanism(s) to allow induction of
Tf2s in Δtsc2, we attempted to isolate and characterize a multicopy
suppressor of Δtsc2. As we previously reported (Nakase et al.,
2013), a loss of tsc2+ caused defective uptake of a variety of amino
acids, including arginine, and, thereby, conferred resistance to
canavanine, a toxic analog of arginine. By selecting and subcloning
a plasmid in a fission yeast genomic DNA library that was able to
reverse the resistance to canavanine, we identified the cgs2+ gene,
which encodes a cAMP phosphodiesterase (PDE). As shown in

Fig. 3. Contribution of glucose/cAMP signaling pathway
to expression of Tf2s in response to various stresses.
(A) Δpka1 and Δcyr1 suppresses expression of Tf2s in Δtsc2
and rhb1-DA4 cells. Cells were treated and analyzed as in
Fig. 1A. (B) Δtor1 suppresses expression of Tf2s in the Δtsc2
mutant. Cells were treated and analyzed as in Fig. 1C. (C) Heat
stress cause expression of Tf2s. Cells were grown to mid-log
phase in nitrogen-rich medium containing 3% glucose
(Stephan et al., 2009) at 26°C and then shifted to 39°C for 1 h
(left) or to EMM–N for 1 h (right). Tf2 RNA levels were analyzed
by qRT-PCR. Data are presented as mean±s.e.m. (n=3).
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Fig. 2B, overexpression of cgs2+ partially suppressed the resistance
to canavanine of Δtsc2. It also partially suppressed expression of
Tf2s (Fig. 2A). We previously reported that Tf2s were induced in the
rhb1-DA4 mutant, which is a dominant-active mutant of the Rhb1
GTPase (Murai et al., 2009). Overexpression of cgs2+ also partially
suppressed expression of Tf2s in the rhb1-DA4 mutant (Fig. 2A).
Because Cgs2 was best known as a negative regulator of the

intracellular cAMP level in a feedback control of glucose/cAMP
signaling (Wang et al., 2005), we tested the effect of glucose
starvation on expression of Tf2s. Cells grown to mid-log phase in
nitrogen-rich medium containing 3% glucose were transferred to
glucose-depleted medium (0.1% glucose) for 6 h. As shown in
Fig. 2C (lanes 1 and 5), no apparent expression of Tf2s was observed
in WT or Δtsc2 cells. When these glucose-starved cells were further
shifted to glucose-depleted and nitrogen-poor medium, weak
induction of Tf2s was observed in Δtsc2 (lane 6). The results
indicated that depletion of glucose did not induce expression of Tf2s.
We next examined the genetic interaction between Δtsc2 and

deletion mutants of other components in the glucose/cAMP
signaling pathway, namely Cyr1, Pka1 and Tor1. By producing
cAMP, Cyr1 activates the cAMP-dependent protein kinase Pka1
(Welton and Hoffman, 2000). Cgs2 antagonizes Cyr1 by converting
cAMP into AMP (Matviw et al., 1993). Because overexpression of
Cgs2 suppressed the induction of Tf2s in Δtsc2, we expected that
deletion of cyr1+ would also suppress the induction. As shown in
Fig. 3A, the level of expression of Tf2s was dramatically reduced in
the double mutant Δtsc2 Δcyr1. Likewise, deletion of pka1+

suppressed the induction of Tf2s in Δtsc2 and rhb1-DA4 cells.
Overexpression of pka1+, on the other hand, resulted in induction of
Tf2s in the WT strain starved for nitrogen (Fig. S1A). Because Atf1

is a stress-activated transcription factor under control of Pka1
(Kanoh et al., 1996), we suspected that Atf1 was responsible for
transactivation of Tf2s. As shown in Fig. S1B, the expression level
of Tf2s upon nitrogen starvation decreases in the double mutant
Δatf1 Δtsc2. The level of Tf2s in Δpka1 Δtsc2 was lower than that
in Δatf1 Δtsc2, suggesting that Pka1 might also control other
transcription factors, such as Atf21 and Atf31 (Mata et al., 2007), to
mediate transactivation of Tf2s.

Tor1, which forms the TORC2 complex with Ste20, Sin1 and
Wat1 (Matsuo et al., 2007), is required for survival under stress
conditions (Kawai et al., 2001; Weisman and Choder, 2001). It was
reported that the glucose/cAMP signaling pathway activates
TORC2 and its downstream element, Gad8 (Cohen et al., 2014).
We found that Δtor1 could suppress expression of Tf2s in Δtsc2 after
nitrogen starvation (Fig. 3B).

We also examined the contribution of the components in the
glucose/cAMP signaling pathway to induction of Tf2s in response
to heat shock. As shown in Fig. 3C, Cyr1 and Pka1 were required for
efficient induction of Tf2s upon heat shock. These results suggested
that the glucose/cAMP signaling pathway is involved in Tf2s
expression upon nitrogen starvation as well as heat shock.

The glucose/cAMP signaling pathway in Δtsc2 cells
The results described above suggested that a culprit for abnormal
induction of Tf2s inΔtsc2was the glucose/cAMP signaling pathway,
which was continuously upregulated by the RHEB–mTOR axis.
We analyzed the glucose/cAMP signaling pathway biochemically
to determine a component targeted by RHEB–mTOR axis. We first
measured the level of cAMP upon nitrogen starvation. As shown in
Fig. S2A, the level of cAMP at 1 h after nitrogen starvation dropped

Fig. 4. Degradation of Tf2-containing VLPs by autophagy.
(A) The timing of autophagy and expression of Tf2s.WT cells were
cultured and collected as in Fig. 1A. The atg8+ gene was tagged
with CFP and chromosomally integrated for expression from the
native promoter. Processing of CFP-tagged Atg8 can serve as a
marker for autophagy. During autophagy, free CFP derived from
CFP-Atg8 can be detected as shown. (B) Tf2mRNAs accumulate
in the autophagy mutants Δatg1 and Δatg13. Cells were treated
and analyzed as in Fig. 1D. (C) GFP-Tf2 Gag is transported to the
vacuole. Each strain expressing GFP-Tf2 Gag was cultured and
collected as in Fig. 1A and examined by using fluorescence
microscopy. Cpy1–mCherry serves as a vacuole lumen marker.
(D) GFP-Tf2 Gag is degraded by autophagy. Each strain
expressing GFP-Tf2 Gag was cultured and collected as in
Fig. 1A. The ratio of free GFP intensity to GFP-Tf2 Gag intensity
was calculated using NIH ImageJ and shown in arbitrary units.
Representative experiments are shown (n=3).
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both in the WT and Δtsc2 strains. Although the level at 2 h after
nitrogen starvation recovered in the Δtsc2 strain, the difference of
the levels between the WT and Δtsc2 strains, which was relatively
small, might not be biologically significant. We therefore examined
Pka1, a kinase regulated by cAMP. Previous studies reported that
Pka1 undergoes inhibitory phosphorylation when cells were starved
for glucose for several hours or more (Gupta et al., 2011; McInnis
et al., 2010). As shown in Fig. S2B (left panel), Pka1 was
phosphorylated in WT and Δtsc2 strains that were first starved for
glucose for 6 h and additionally both for glucose and nitrogen for
2 h. The result indicated that Pka1 normally undergoes inhibitory
phosphorylation in the Δtsc2 strain. When cells were simply starved
for nitrogen alone for 2 h, Tf2s were highly expressed in the Δtsc2
strain, but Pka1 was not phosphorylated (Fig. S2B, right panel),
indicating that Pka1 is not negatively regulated in response to
nitrogen starvation.
Taken together, we speculate that a culprit for abnormal induction

of Tf2s in Δtsc2 might be a component functioning at the
downstream of Pka1 (see Discussion).

Tf2 VLPs degradation by autophagy
Although the results described above show that glucose/cAMP
signaling is involved in the regulation of expression of Tf2s, it
was still unclear how activated Tor2 (Tor2s65, Fig. 1D) allowed
induction of Tf2s upon nitrogen starvation, as was the case in
Δtsc2 cells.
In budding yeast, selective autophagy downregulates

transposition of the retrotransposon Ty1 by eliminating Ty1 virus-
like particles (VLPs) from the cytoplasm under nutrient-poor
conditions (Suzuki et al., 2011). In addition, autophagy is regulated
by Tor2 in many organisms (Blommaart et al., 1995; Noda and
Ohsumi, 1998). We thus attempted to examine whether autophagy
represses Tf2s in fission yeast.
As shown in Figs 1A and 3A, Tf2s were slightly induced in WT.

In order to reveal the correlation between the onset of autophagy and
accumulation of Tf2s, we monitored these two events after nitrogen
starvation. Expression of Tf2s was quickly induced and reached a
peak 2 h later in WT (Fig. 4A). We used the marker protein CFP–
Atg8 to monitor autophagy. When autophagy is induced, CFP is cut
from Atg8, and we can monitor autophagy by detecting free CFP
(Sun et al., 2013). After nitrogen starvation, free CFP was detected
2 h later and it kept increasing thereafter (Fig. 4A), suggesting
that autophagy, which appeared to be activated at or around the
onset of reduction of Tf2s, might be responsible for eliminating
Tf2s in WT. As shown in Fig. 4B, deletion of a gene required for
autophagy (atg1+ or atg13+), indeed significantly promoted
expression of Tf2s.
In budding yeast under nutrient-poor conditions, GFP–Ty1 Gag

(Ty1 Gag protein tagged with GFP), which is a component of VLPs,
is transported to the vacuolar lumen, where GFP alone is released
from GFP-Ty1 Gag by autophagotic proteolysis (Suzuki et al.,
2011). As GFP is resistant to further degradation, its fluorescence
can be detected in the vacuolar lumen. The activity of autophagy,
thus, can be measured with two indices; the amount of free GFP as
determined by immunoblotting and the as visualized by assessing
internalization of GFP in the vacuolar lumen by a fluorescent
microscope. We employed a similar strategy and attempted to test
whether Tf2s mRNAs were degraded via autophagy in fission yeast.
As shown in Fig. 4C, fission yeast GFP–Tf2 Gag was localized as

distinct dots in cytoplasm 2 h after nitrogen starvation. In cells
lacking atg1+, a gene essential for initiation of autophagy, GFP–Tf2
Gag remained around the vacuole, but was not transported to the

vacuolar lumen 12 h after nitrogen starvation (Fig. 4C). We also
found that during autophagy, free GFP derived from GFP–Tf2 Gag
was detected in WT cells, but not in Δatg1 cells (Fig. 4D). Taken
together, these results suggest that fission yeast GFP–Tf2 Gag is not
degraded by autophagy.

Inactivation of Tor2 causes autophagy and represses
expression of Tf2s
Having shown that expression of fission yeast Tf2s is repressed by
autophagy, we next attempted to investigate a role of Tor2, a key
regulator of autophagy, in the regulation of Tf2s. Under nutrient-rich
conditions, Tor2 is activated and inhibits autophagy. In tor2ts10

mutant cells, Tor2 is inactivated at the restrictive temperature
regardless of nitrogen availability (Matsuo et al., 2007), and allows
the onset of autophagy.

Apb1 is a fission yeast homolog of human CENP-B, and inhibits
expression of Tf2s. In the Δabp1 mutant, Tf2s are constitutively
expressed even under nitrogen-rich conditions (Cam et al., 2008).
Inactivation of Tor2 in Δabp1 thus allowed us to assess the
contribution of autophagy to the elimination of Tf2 mRNAs under
nitrogen-rich conditions. As CFP–Atg8 is processed by proteolysis
and CFP is released upon the onset of autophagy (Mukaiyama et al.,
2009; Sun et al., 2013), it was used as an indicator of the activity of
autophagy. As shown in Fig. 5A, upon the shift to a restrictive
temperature of tor2ts10 (30°C), CFP was released from CFP–Atg8
and expression of Tf2s was gradually decreased in the Δabp1

Fig. 5. Role of mTOR in repression of autophagy. (A) Under nitrogen-rich
conditions, the tor2ts10 mutant induces autophagy and suppresses expression
of Tf2s in Δabp1 cells. At the restrictive temperature (30°C), tor2ts10 could
cause autophagy even in nitrogen-rich conditions. Tf2s were constitutively
expressed in the Δabp1 mutant. Each strain expressed CFP–Atg8 and was
grown to mid-log phase at 26°C and then shifted to 30°C for the indicated time.
(B) GFP-Tf2 Gag signals disappeared in tor2ts10 Δabp1 cells grown at 30°C
for 4 h. Cells were cultured and collected as in A and examined by using
fluorescence microscopy. Scale bar: 10 μm.
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tor2ts10 double mutant. Furthermore, we observed the localization
of GFP-Tf2 Gag and found that GFP-Tf2 Gag, which was able to
form VLPs in the cytoplasm in Δabp1 tor2ts10 at the permissive
temperature (26°C), almost disappeared after the shift to 30°C for
4 h (Fig. 5B). These results suggest that autophagy can be a primary
means to repress expression of Tf2s, and Tor2 activity had a great
influence on it.

Induction of Tf2s due to suppression of autophagy
in Δtsc2 cells
As a loss of Tsc2 resulted in activation of Tor2 even under nitrogen-
poor conditions (Matsuo et al., 2007), we hypothesized that the
strong induction of Tf2s in Δtsc2 cells under nitrogen starvation was,
at least in part, attributable to suppression of autophagy by Tor2.
Supporting this hypothesis, the activity of autophagy, as measured
by release of CFP from CFP–Atg8, is lower in Δtsc2 cells than that
in WT (Fig. 6A). We also found that Tf2s were significantly
expressed in Δatg1 upon nitrogen starvation, but that Δatg1 did not
have any additive contribution to the level of Tf2s in Δtsc2 Δatg1
cells (Fig. 6B). In addition, we found that tor2ts10, when introduced
into Δtsc2 cells, could allow the onset of autophagy, which, in turn,
suppresses Tf2s expression (Fig. 6C,D). It should be noted that the
level of Tf2s induced in tor2ts10was lower than that inWT (Fig. 6D),
suggesting that Tor2 might play a role in promoting expression of
Tf2s under nitrogen-poor conditions.

Taken together, these results prove our hypothesis that the high
level of expression of Tf2s in Δtsc2 cells was due to Tor2 activation,
even under nitrogen starvation, which suppressed autophagy.

Functional relationship between autophagy and glucose/
cAMP signaling
Finally, we investigated the relationship between autophagy and the
glucose/cAMP signaling, which was shown to regulate expression
of Tf2s (Figs 2 and 3). We found that Δpka1 almost completely
suppressed expression of Tf2s in Δatg1 after nitrogen starvation
(Fig. 7A), indicating that Pka1 was required for induction of Tf2s
even when autophagy was suppressed. Furthermore, the level of
Tf2s in Δcgs2 Δatg1 double mutant were higher than each of the
single mutants (Fig. 7B). These results suggested that the glucose/
cAMP signaling and autophagy regulated expression of Tf2s
in parallel.

DISCUSSION
We have shown here that Tf2s are abnormally induced inΔtsc2,
rhb1-DA4 and tor2s65 cells, all of which activate the RHEB–mTOR
axis even under nitrogen-poor conditions. The results of the
subsequent study suggested that abnormal induction of Tf2s is due
to a failure in, at least, two processes: downregulation of the glucose/
cAMP signaling pathway and RHEB–mTOR axis, and induction of
autophagy that normally degrades Tf2 mRNAs.

Fig. 6. Induction of Tf2s due to
suppression of autophagy in Δtsc2 cells.
(A) There is a low level of autophagy induced
in Δtsc2 cells after nitrogen starvation (−N).
Each strain expressing CFP–Atg8 was
cultured as treated and analyzed as in
Fig. 4A. The top panel shows western
blot analysis. The lower panel shows the
quantification of the result shown in the top
panel. The free CFP intensity was calculated
using NIH ImageJ and shown in arbitrary
units. (B) The Δtsc2 mutant expresses more
Tf2s than the autophagy mutant Δatg1. Cells
were treated and analyzed as in Fig. 1C. The
top panel shows northern blot analysis.
The lower panel shows the qRT-PCR of Tf2
mRNA levels. (C) tor2ts10 suppresses the
autophagy defect in Δtsc2 cells. Each strain
expressing CFP–Atg8 was treated and
analyzed as in Fig. 4A. The top panel shows
western analysis. The lower panel shows the
quantification of the result shown in the top
panel. The free CFP intensity was calculated
using NIH ImageJ and shown in arbitrary
units. (D) tor2ts10 suppresses Tf2s
expression in Δtsc2. Each strain was
analyzed as in Fig. 2E. The top panel shows
northern blot analysis. The lower panel
shows the qRT-PCR of Tf2 mRNA levels.
Results shown in A and C are a
representative experiment (n=3). In B and D,
the data are presented as mean±s.e.m.
(n=3).
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Regulation of the glucose/cAMP signaling pathway by
RHEB–mTOR axis
Our screen for multicopy suppressors of Δtsc2 identified the cgs2+

gene, a negative regulator of the glucose/cAMP signaling pathway.
In addition to overexpression of the cgs2+ gene, deletion of cyr1+,
pka1+ and tor1+, all of which are required for the glucose/cAMP
signaling pathway, can suppress abnormal induction of Tf2s in
Δtsc2 upon nitrogen starvation. Likewise, abnormal induction of
Tf2s in cells with a dominant-active mutant of the Rhb1 GTPase
(rhb1-DA4) can be suppressed by overexpression of the cgs2+ gene
as well as deletion of pka1+. These results indicate that induction of
Tf2s in Δtsc2 and rhb1-DA4 cells is, at least in part, attributable to
abnormal activation of the glucose/cAMP signaling pathway. We
propose that, although the activity of the glucose/cAMP signaling
pathway is directly regulated by the availability of glucose, it is also
regulated by the RHEB–mTOR axis depending on the availability
of nitrogen (Fig. 8). This way, cellular proliferation/metabolism can
be controlled in a manner that is coordinated with the availability of
both glucose and nitrogen. In Δtsc2 and rhb1-DA4 mutants, the
RHEB–mTOR axis continuously stimulates the glucose/cAMP
signaling pathway even when cells are starved for nitrogen. Our
biochemical analysis (the level of cAMP and inhibitory
phosphorylation of Pka1) indicated that Pka1 is normally
regulated in Δtsc2. We thus speculate that the RHEB–mTOR axis
targets a component of the glucose/cAMP signaling pathway that is
downstream of Pka1. Although a number of proteins have been
identified as targets of mTOR kinase (Otsubo et al., 2017), none of
them are involved in the glucose/cAMP signaling pathway. Future
study is needed to understand how the RHEB–mTOR axis regulates
the glucose/cAMP signaling pathway.

Degradation of Tf2s by autophagy
Because deletion of cyr1+ and pka1+ in Δtsc2 cells still allows
expression of Tf2s at a level higher than in WT cells upon nitrogen
starvation, we suspected that another mechanism was involved in

the regulation of Tf2s. Guided by a previous study in budding yeast
(Suzuki et al., 2011), we have tested here whether autophagy is
responsible for degradation of Tf2mRNAs. Our analysis has shown
that: (1) the autophagic activity increases upon nitrogen starvation,
and (2) even under nitrogen-rich conditions, autophagic activity
also increases when Tor2 is inactivated. We have also confirmed
that deletion of a gene required for autophagy (atg1+ or atg13+)
allows accumulation of Tf2mRNAs upon nitrogen starvation. These
results indicate that continuous activation of RHEB–mTOR axis in
Δtsc2 and rhb1-DA4 mutants prevents induction of autophagy
targeting Tf2 mRNAs (Fig. 8).

Although RHEB–mTOR axis is continuously activated in Δtsc2
and rhb1-DA4 mutants, Tf2s are not abnormally induced under
nitrogen-rich conditions. Nitrogen starvation is therefore a crucial
requirement for induction of Tf2s. Expression of Tf2s is silenced by
multiple mechanisms, including chromatin-mediated mechanisms,
such as binding of CENP-B homologs (Cam et al., 2008; Lorenz
et al., 2014), histone modifications (Lorenz et al., 2014) and histone
chaperones (Anderson et al., 2009), as well as by RNA-mediated
mechanisms (Woolcock et al., 2011; Yamanaka et al., 2013). We
speculate that silencing by some of these mechanisms is relieved
upon nitrogen starvation.

Fig. 7. The glucose/cAMP signaling pathway functions in parallel to
autophagy. (A) Δpka1 suppresses expression of Tf2s in Δatg1. Cells were
treated and analyzed as in Fig. 1C. (B) Expression of Tf2s in the Δatg1 Δcgs2
double mutant is higher than in each single mutant. Cells were treated and
analyzed as in Fig. 1C. The data are presented as mean±s.e.m. (n=3).

Fig. 8. A model for the regulation of expression of Tf2s under nitrogen
starvation. In WT cells upon nitrogen starvation (−N), the RHEB–mTOR axis,
which is inactivated by Tsc2, no longer activates the glucose/cAMP signaling
pathway, which promotes expression of Tf2s via Atf1 and/or another
transcriptional factor (TF). Inactivation of RHEB–mTOR axis also allows
induction of autophagy targeting Tf2 mRNAs. In Δtsc1/2 cells, the RHEB–
mTOR axis, which is active even under nitrogen-poor conditions, continuously
induces expression of Tf2s and inhibits autophagy, causing accumulation of
Tf2 mRNAs.
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Previous works have demonstrated that some of the fission yeast
retrotransposons induced in response to various forms of stress are
integrated into the promoters of the stress-responsive genes,
suggesting a role of induction of retrotransposons in adaptation
(Feng et al., 2013; Sehgal et al., 2007). In this study, we have shown
that Tf2s in the WT cells are transiently induced in response to
nitrogen starvation. Some of these Tf2s may contribute to
adaptation. We have also shown that expression/accumulation
of Tf2s induced in the WT cells are effectively suppressed by the
RHEB–mTOR axis, likely for protection of the genome integrity.
Human endogenous retroviruses (HERVs), which occupy ∼8% of
the human genome, have been shown to be a cause of neurological
disorders (Küry et al., 2018). Because our study with fission yeast
has shown that retrotransposons are abnormally induced in Δtsc2
cells, loss of the TSC2 gene in humans may allow abnormal
expression of HERVs, which may, in turn, contribute to the
symptoms of the disease TSC, as well as other neurological
disorders.

MATERIALS AND METHODS
Yeast strains and growth media
The S. pombe strains used in this study are listed in Table S1. S. pombe cells
were grown in YEA and EMM containing the appropriate nutrient
supplements as described previously (Moreno et al., 1991). The incubation
temperature was 26°C. All yeast transformations were performed with the
lithium acetate method (Gietz et al., 1992; Okazaki et al., 1990).

Screen for multicopy suppressors of Δtsc2
The Δtsc2 mutants (AE512) were transformed with an S. pombe genomic
library containing the partially digested Sau3AI DNA fragment constructed
in a multicopy plasmid, pAL-KS (Tanaka et al., 2001). Plasmids were
recovered from canavanine-resistant and Leu+ transformants, and their
nucleotide sequences were determined. A BLAST search was performed to
identify the obtained sequences, and the region covered by the inserted
genomic sequence was determined.

Northern blot analysis
Total RNA was prepared from cultured S. pombe as described previously
(Jensen et al., 1983) and fractionated on a 0.8% gel containing 3.7%
formaldehyde (Thomas, 1980). The probe for Tf2 was PCR-amplified from
a S. pombe genomic DNA library and labeled with [α-32P]dCTP using
standard methods. The Tf2 primer sets used were: 5′-ATGTCCTACGCA-
AATTATCGTTATATG-3′, 5′-CTTGTACTTTCCCTGTTTGTCTG-3′.
This probe contained the conserved Tf2 element sequence.

qRT-PCR
Total RNAs were prepared from cultured S. pombe as described previously
(Jensen et al., 1983). Aliquots of total RNA were used for the synthesis of
cDNA by the ReverTra Ace quantitative real-time RT-PCR (qRT-PCR)
Master Mix with gDNA Remover (TOYOBO) in accordance with the
manufacturer’s instructions. The synthesized cDNAs were quantified using
MyiQ2 (Bio-Rad) and SYBR qPCR Mix (Bio-Rad). Expression profiles
for individual Tf2 cDNAs were normalized against act1+ cDNA levels.
The primer sets used were: for Tf2-13, 5′-CTGGAAATGGACACCAACA-
CAA-3′, 5′-TACGGCTCCTACAGCGACATCT-3′; for act1+, 5′-CTTTCT-
ACAACGAGCTTCGTGTTG-3′, 5′-GAGTCATCTTCTCACGGTTGGAT-
3′. Data are presented as mean±s.e.m.

Microscopy
Cells were observed with an Axioplan2 imaging digital microscope (ZEISS)
and a AxioCam MRm digital CCD camera (ZEISS).

CFP–Atg8 processing assay
Cell lysates were prepared using a post-alkaline extraction method (Matsuo
et al., 2006) and a boiling-SDS-glass bead method (Masai et al., 1995).

Samples were separated by 4–20% SDS-PAGE (Bio-Rad) and
immunoblotted with an anti-GFP antibody [1:1000, #11814460001,
Roche, clones 7.1 and 13.1 (Prasher et al., 1992)].

Western blotting
Cell lysates were prepared using a Laemmli buffer method (Masai et al.,
1995). Samples were separated by 4–20% SDS-PAGE (Bio-Rad) and
immunoblotted with an anti-GFP antibody [1:1000, #11814460001, Roche,
clones 7.1 and 13.1 (Prasher et al., 1992)]. Blots were also probed with the
anti-α-tubulin antibody TAT-1 (1:10,000, gift from Keith Gull, University
of Manchester, UK), to normalize protein loading. Immunoreactive bands
were visualized by chemiluminescence (Thermo) with horseradish
peroxidase-conjugated sheep anti-mouse IgG (GE Healthcare) antibody.

cAMP assay
The level of cAMP was measured using a commercial kit (GE Healthcare).
At intervals, aliquots were taken, mixed with an equal volume of 10%
trichloroacetic acid (TCA) and frozen in liquid nitrogen for 10 min. After
thawing, samples were kept at 4°C overnight. Cell debris was removed by
centrifugation (13,400 g for 5 min), and the supernatants were repeatedly
extracted with water-saturated ether to remove TCA. The cAMP content was
determined according to the supplier’s instructions.
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