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ABSTRACT Target of rapamycin complex 1 (TORCT) is activated in response to
nutrient availability and growth factors, promoting cellular anabolism and prolifer-
ation. To explore the mechanism of TORCI1-mediated proliferation control, we
performed a genetic screen in fission yeast and identified Sfp1, a zinc-finger tran-
scription factor, as a multicopy suppressor of temperature-sensitive TORC1 mutants.
Our observations suggest that TORC1 phosphorylates Sfp1 and protects Sfp1 from
proteasomal degradation. Transcription analysis revealed that Sfp1 positively regu-
lates genes involved in ribosome production together with two additional transcrip-
tion factors, Ifh1/Crf1 and Fhl1. Ifh1 physically interacts with Fhl1, and the nuclear
localization of Ifh1 is regulated in response to nutrient levels in a manner dependent
on TORC1 and Sfp1. Taken together, our data suggest that the transcriptional regula-
tion of the genes involved in ribosome biosynthesis by Sfp1, Ifh1, and Fhl1 is one of
the key pathways through which nutrient-activated TORC1 promotes cell
proliferation.
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INTRODUCTION

he target of rapamycin (TOR), a Ser/Thr protein kinase that belongs to the phos-

phoinositide 3-kinase (PI3K)-related kinase family, is highly conserved among
eukaryotes from yeast to humans." TOR kinase participates in two structurally and
functionally distinct protein complexes termed TOR complex 1 (TORC1) and 2 (TORC2).
TORC1 controls cell growth, proliferation, and metabolism in response to a variety of
cues including nutrient availability, growth factors, and cellular energy, while TORC2 is
mainly regulated by growth factors and cellular stress to promote cell survival.?

Mammalian TORC1 (mTORC1) is regulated by two types of small GTPases localized
to lysosomes, Rheb and Rag. The GTP-loaded form of Rheb activates mTORC1 by dir-
ectly interacting with mTOR.? Rheb is negatively regulated by the TSC complex, which
carries GTPase-activating protein (GAP) activity toward Rheb.* Growth factors stimulate
the PI3K-PDK1-Akt pathway, thereby inducing phosphorylation and inactivation of
the TSC complex.®> Amino acid availability activates mTORC1 through the action of the
Rag heterodimer, RagA/B bound to RagC/D, which is anchored to lysosomal mem-
branes by a protein complex called Ragulator.®™® The GTP-loaded form of RagA/B binds
to mTORC1 and mediates the recruitment of mTORC1 to the lysosomal surface where
Rheb activates mTORC1.”® RagA/B is negatively regulated by the GAP complex
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GATOR1, which is inhibited by another protein complex called GATOR2 to activate
mTORC1 in the presence of amino acids.’

It has been found in diverse eukaryotes that TORC1 regulates multiple cellular proc-
esses to control cell growth and proliferation. When active, TORC1 stimulates anabolic
processes, such as biosynthesis of proteins, lipids, and nucleotides, by phosphorylating
its downstream effectors." mTORC1 augments protein translation via its substrates,
p70 S6 kinase 1 (S6K1) and the eukaryotic translation initiation factor 4E-binding pro-
tein (4E-BP)."®"" mTORC1 also increases lipid synthesis by activating the sterol respon-
sive element-binding protein (SREBP) transcription factors through Lipin 1.'?
Conversely, mTORC1 inhibits catabolic processes such as autophagic degradation of
macromolecules by regulating the core autophagy complex ATG13-ULK1-FIP200.">'*
The balance between anabolic and catabolic processes is crucial for cellular homeosta-
sis; hence, defective human TORC1 signaling often culminates in metabolic disorders
and cancer.'® To better understand how TORC1 regulates cellular physiology, compre-
hensive identification of the TORC1 substrates and detailed characterization of the
molecular events downstream of TORC1 are necessary.

TORC1 and its upstream regulators including Rheb, TSC, Rag, Ragulator, GATOR1,
and GATOR?2 are well conserved in the fission yeast Schizosaccharomyces pombe, a uni-
cellular model eukaryote.'®'” Fission yeast has two TOR kinases, Tor1 and Tor2, which
form TORC2 and TORC1, respectively.'®'® As in mammalian cells, fission yeast TORC1
phosphorylates multiple substrates to control diverse cellular processes.”® Although
functional TORC1 is essential for fission yeast viability,'®?'2* none of the known fac-
tors downstream of TORC1 is essential for cell proliferation; for instance, absence of
Psk1, a TORC1 substrate orthologous to S6K1, or ablation of the S6K1 phosphorylation
sites in the ribosomal S6 protein cause no apparent growth defect.>*** In this study, to
understand the mechanism by which TORC1 promotes cell proliferation in fission
yeast, we explored factors downstream of TORC1. We screened for genes whose over-
expression restores proliferation of TORC1-defective mutants, and thereby identified
the Sfp1 transcription factor, which plays an important role in the expression of the
ribosomal protein (RP) and ribosomal biogenesis (Ribi) genes. Our study has success-
fully linked the proliferation-promoting function of TORC1 to the control of protein
synthesis through ribosome production.

RESULTS

The sfp1™ gene is a multicopy suppressor of hypomorphic TORC1 alleles. To gain
insights into the mechanism by which TORC1 controls cell proliferation, we set out to
identify factors downstream of TORC1 in the proliferation-controlling pathway. An S.
pombe genomic library constructed with the multicopy vector pAL?® was screened for
genes whose overexpression suppresses the growth defect of tor2-13, a temperature-
sensitive (ts) mutant of the tor2™ gene that encodes the catalytic subunit of TORC1.22
The screen isolated a plasmid, pALSK53, which suppressed the ts growth phenotype
and rapamycin sensitivity of the tor2-13 mutant (Fig. 1A). We found that the plasmid
was also able to complement other tor2 mutant alleles, such as tor2-19°2 and tor2-
287'® (Fig. 1A). DNA sequencing analysis revealed that pALSK53 contains the sfp1™
gene (SPAC16.05c), which encodes a hypothetical zinc-finger transcription factor simi-
lar to its Saccharomyces cerevisiae ortholog (Fig. 1B). We cloned the Sfp1-coding
sequence and its promoter region into a multicopy plasmid and confirmed that the
sfp1™ gene is capable of suppressing the growth defect and rapamycin sensitivity of
tor2 ts cells (Fig. 1C). Thus, we conclude that overexpression of Sfp1 can alleviate the
proliferation defects caused by compromised TORC1 function. The alleviation was
dependent on the zinc finger domains of Sfp1. Truncation of amino acids 84 to 105
or amino acids 293 to 442 of Sfp1, which removes the N-terminal or C-terminal zinc
finger domains, resulted in reduced growth defect suppression in the tor2-287 mutant
compared to full-length Sfp1 (Fig. 1D).
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FIG 1 The sfp1™ gene is a multicopy suppressor of TORC1 hypomorphic alleles. (A) Growth assessment of wild-type (WT) and tor2 mutant strains carrying
the indicated vectors. Serial dilutions of the indicated cells were spotted onto solid EMM medium with or without rapamycin (100 ng/mL), followed by
incubation at the specified temperatures. (B) Schematic representation comparing Sfp1 in S. pombe and S. cerevisiae. (C) Growth assessment of wild-type
and tor2-287 mutant strains carrying either an empty vector, pALSK53, or pSNP-Sfp1-FLAG expressing FLAG-tagged Sfp1 under its native promoter.
(D) Growth assessment of wild-type and tor2-287 mutant strains carrying either an empty vector or pSNP vectors expressing various forms of Sfp1
including the full-length protein and truncated versions with one (A84-105) or two (AC150) of the zinc finger domains removed. (E) TORC1 activity in wild-
type and tor2-287 mutant strains carrying either an empty vector or pSNP-Sfp1-FLAG. Cells were cultured in liquid EMM medium at 25°C and shifted to
36°C. TORC1 activity was assessed by detecting TORC1-dependent phosphorylation of Psk1 (Psk1-P). Samples were probed with an anti-Spc1 MAPK
antibody as a loading control. (F) TORC1 activity in wild-type and Asfp1 cells was monitored as in (E). Cells were grown in liquid EMM medium and shifted
to the same medium without nitrogen. (G and H) Serial dilutions of wild-type and AsfpT cells were spotted onto solid YES medium with or without 100 ng/
mL rapamycin (G) or onto solid medium with 3% glucose or glycerol as the carbon source (H). (I) The indicated strains were spotted in serial dilutions onto

solid YES medium. (J) TORC1 activity during nitrogen starvation was monitored in wild-type and indicated mutant strains as described in (F).

We next examined whether overexpression of Sfp1 restores TORC1 activity in the
tor2 ts mutant. TORCT activity was monitored by the phosphorylation status of Psk1, a
cellular TORC1 substrate®® The level of Pskl phosphorylation was comparable
between wild-type and tor2-287 cells growing at 25 °C (Fig. 1E). Upon temperature shift
to the restrictive temperature, dephosphorylation of Psk1 was observed with similar
kinetics both in the presence and absence of Sfp1 overexpression (Fig. 1E), suggesting
that Sfp1 does not affect TORC1 activity. Thus, the complementation of the tor2
mutant phenotypes by Sfp1 overexpression is not attributed to the restoration of
TORC1 activity.

We then constructed a strain whose sfp1" gene is deleted (Asfp7). TORC1 activity
monitored by the Psk1 phosphorylation was comparable between wild-type and Asfp1
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cells before and after nitrogen starvation (Fig. 1F), further confirming that Sfp1 does
not affect TORC1 activity. In contrast, the Asfp7 mutant exhibited a modest growth
defect as well as limited rapamycin sensitivity (Fig. 1G), consistent with the notion that
Sfp1 is involved in cell proliferation regulated by TORC1. Although the growth defect
of the AsfpT mutant was observed on glucose medium, it grew normally on medium
containing glycerol as the carbon source (Fig. TH), similar to the situation in budding
yeast.”” Notably, the absence of Sfp1 modestly alleviates the growth defect of the
mutants lacking functional GATOR1 (Fig. 11); the absence of GATOR1 causes a severe
growth defect due to deregulated TORC1 activation,?® and therefore, the observed
genetic interaction corroborates a functional link between Sfp1 and TORC1. We also
confirmed that the Asfp7 mutation did not significantly affect TORC1 activity before
and after nitrogen starvation in cells lacking GATOR1 (Fig. 1J). Taken together, these
results suggest that Sfp1 controls cell proliferation downstream of, or in parallel with,
TORCI.

TORC1 promotes stable expression of Sfp1. To determine whether Sfp1 is under
regulation by TORC1, we examined the expression pattern of Sfp1 in the presence and
absence of TORC1 activity. In the tor2-287 and tor2-13 mutants, the Sfp1 protein dra-
matically decreased within 2h after shifting to the restrictive temperature (Fig. 2A),
suggesting that stable expression of the Sfp1 protein depends on TORC1 activity.
Consistently, rapamycin treatment of these tor2 mutants also caused a severe reduc-
tion in the Sfp1 level even at the permissive temperature (Fig. 2B). Conversely, no sig-
nificant change in the amount of Sfp1 was observed in wild-type cells treated by
rapamycin (Fig. 2B), probably because rapamycin does not effectively abolish TORC1
activity and cell proliferation in wild-type fission yeast (Fig. 1A).%

To further corroborate that the Sfp1 protein level is regulated by TORC1, we exam-
ined the Sfp1 level during nitrogen or glucose starvation, conditions known to inacti-
vate TORC1.2*%° Sfp1 became undetectable when either of these major nutrients was
depleted to suppress TORC1 activity, which was monitored by the Psk1 phosphoryl-
ation (Fig. 2C and D); after the growth medium was replenished with the nutrients, the
Sfp1 expression was restored along with reactivation of TORC1. Consistent with the
immunoblotting analysis, loss of the Sfp1 signal in the nucleus was observed by
microscopy (Fig. 2E). In the Aim/T mutant lacking the functional GATOR1 complex,
both TORC1 inactivation and reduction of Sfp1 were slower than those in the wild-type
strain (Fig. 2F). These results show a clear correlation between TORC1 activity and Sfp1
protein levels.

We noticed that, after prolonged nitrogen starvation, the Sfp1 protein level grad-
ually recovered (Fig. 2G), but not during glucose starvation up to 10h (Fig. 2H). As
nitrogen starvation, but not carbon starvation, effectively induces autophagy in fission
yeast,”® we assumed that the recovery of Sfp1 is due to autophagy, which generates
nitrogen sources and mitigates TORC1 suppression. To test such a possibility, we uti-
lized the mutants defective in the autophagy induction (Aatgi3) or the autophagic
protein degradation in vacuoles (Aisp6).*® As expected, the Sfp1 level did not recover
in those autophagy-defective mutants even after 6-h starvation of nitrogen (Fig. 2I).
We also assessed TORC1 activity by examining the phosphorylation of Psk1 and its tar-
get, the S6 protein, confirming that autophagy mitigates TORC1 suppression (Fig. 2J).
These observations further emphasize the tight regulation of the Sfp1 protein level by
nutrient availability through TORC1 activity.

Although the level of the Sfp1 protein is regulated in response to nutrients, a previ-
ous transcriptome analysis indicated that the sfo7" mRNA level does not change
significantly during starvation.?' Therefore, we hypothesized that the Sfp1 protein is
post-translationally regulated through proteasomal degradation. To test this hypoth-
esis, we utilized a ts mutant of the 26S proteasome subunit, mts3-1, in which the ubi-
quitin-dependent proteolysis is compromised at the restrictive temperature of 36 °C.3?
After incubation of wild-type and mts3-1 strains at 36 °C for 2 h, both strains were sub-
jected to nitrogen starvation and the Sfp1 level was monitored by immunoblotting.
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FIG 2 TORC1 facilitates stable expression of Sfp1. (A) C-terminal FLAG-tagged Sfp1 was expressed from its native chromosomal locus and analyzed by
immunoblotting. The indicated strains were grown in liquid YES medium at 25°C and then shifted to 36°C. TORC1 activity was assessed as in Fig. 1E.
(B) The indicated strains were grown in liquid YES medium and shifted to the same medium with 200 ng/mL rapamycin. (C and D) Cells expressing Sfp1-
FLAG were grown in liquid EMM medium and shifted to the same medium without nitrogen (C) or glucose (D). After 60 min of starvation, ammonium
(C) or glucose (D) was added. (E) Cells expressing Sfp1 tagged with C-terminal mNeonGreen (mNG) from its native chromosomal locus were subjected to
microscopy analysis. Z-axial images were collected, and mid-section images after deconvolution were shown. The number of cells exhibiting Sfp1 nuclear
signal under nitrogen-rich and nitrogen-deficient conditions was quantified. Scale bars, 5 um. (F) The indicated strains were grown in liquid EMM medium
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The reduction of the Sfp1 protein upon nitrogen starvation was significantly delayed in
the mts3-1 mutant (Fig. 2K), suggesting that the stability of Sfp1 during starvation is
regulated by the proteasome. This finding was further validated with the proteasome
inhibitor bortezomib.®® In its presence during nitrogen starvation, Sfp1 degradation
was impaired (Fig. 2L). Therefore, under nutrient-rich conditions, active TORC1 protects
the Sfp1 protein from proteasomal degradation.

Finally, to gain deeper insights into the involvement of TORC1 in regulating Sfp1,
we investigated the possibility that TORC1 directly phosphorylates Sfp1. An in vitro kin-
ase assay using Sfp1 as a substrate indicated that Sfp1 is a substrate of TORCI1
(Fig. 2M).

Sfp1 is a transcription factor that regulates genes involved in ribosome
production. The results shown above indicate that nutrient-activated TORC1 positively
regulates the Sfp1 transcription factor by stabilizing it. In order to understand the cellu-
lar function of the TORC1-Sfp1 pathway, we undertook the identification of the genes
whose expression is controlled by the Sfp1 transcription factor. Exponentially growing
wild-type and Asfp1 cells were subjected to gene expression profiling analysis by the
RNA-sequencing (RNA-seq) technique, and the genes with their expression altered by
the Asfpl mutation were determined. In comparison with the wild-type strain, 152
genes were upregulated and 318 genes were downregulated in the Asfp1 strain. The
GO function analysis suggested that the genes downregulated in the Asfp1 mutant are
implicated in multiple biological functions including RNA helicase activity, RNA bind-
ing, and cyclic compound binding. Importantly, apparent enrichment of the ribosome-
related GO terms was observed (Fig. 3A).

Ribosome biogenesis requires the expression of the two major classes of genes, the
RP genes encoding the ribosome subunits and the Ribi genes encoding the factors
that assist rRNA processing and assembly of the ribosome.>* Our RNA-seq data indi-
cated that among 141 RP and 292 Ribi genes in fission yeast (Supplementary material,
Table S1), 31.9% of the RP genes (45 genes) and 26.4% of the Ribi genes (77 genes) are
downregulated in the Asfp7 mutant (Fig. 3B and C, and Supplementary material, Table
S2). Collectively, these results imply that the Sfp1 transcription factor promotes the
expression of the genes required for ribosome biosynthesis, a critical process for pro-
tein synthesis linked to cell growth.

Sfp1 functions with the Ifh1-Fhl1 complex in the regulation of ribosome
production. An Sfp1 ortholog in S. cerevisiae regulates the expression of the RP genes,
together with the forkhead-like transcription factor Fhl1 that interacts with the Ifh1
coactivator and the Crfl corepressor.>*” The genes encoding Ifh1 and Crfl are
derived from the duplication of a single ancestral gene.® Fission yeast harbors a single
ortholog of Ifh1/Crf1 encoded by SPAC22H10.11¢, which we will refer to as Ifh1 here-
after. While fission yeast Ifh1 exhibits limited homology with budding Ifh1/Crf1, mul-
tiple sequence alignment analysis predicts the presence of a forkhead-binding domain
and the CK2 consensus phosphorylation sites, which are known to be involved in the
function of Ifh1/Crf1 in budding yeast (Fig. 4A).>° Fission yeast also possesses Fhl1
(Fig. 4A), which plays a role in the transcription of nitrogen starvation-responsive
genes.*°

To probe the functional relationship among Sfp1, Ifh1, and Fhl1 in fission yeast, we
investigated the genetic interaction among the null mutations of these transcription
factors. When compared to wild-type cells, the mutants lacking any one of these

Molecular and Cellular Biology

FIG 2 Legend (Continued)

and shifted to the same medium without nitrogen. (G and H) Sfp1 protein levels during prolonged nitrogen (G) or glucose (H) starvation. (I and J) The indicated
strains were grown in liquid EMM medium and shifted to the same medium without nitrogen. LE, long exposure. (K) Wild-type and mts3-1 cells were incubated at
36°C for 2h before nitrogen starvation and analyzed as in (F). (L) Sfp1 protein degradation during nitrogen starvation was monitored in the presence or absence of
the proteasome inhibitor bortezomib (1 mM), with the degradation of the proteasome target Cut8 as a control. (M) In vitro TORC1 kinase assay. TORC1 was
immunoprecipitated from cells expressing FLAG-tagged Mip1 and incubated with recombinant "®4E-BP1, GST, or GST-Sfp1. Phosphorylation and proteins were

visualized by autoradiography and Coomassie staining (CBB), respectively.
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FIG 3 Sfp1 is a transcription factor that regulates genes involved in ribosome production. (A) GO functional analysis of genes that are downregulated
in the Asfp? mutant in comparison to the wild-type strain. The x axis (in logarithmic scale) represents adjusted P values. Gene ratio is defined as
cluster frequency over genome frequency associated with a GO term. (B and C) Box (B) and MA (C) plots depicting the fold change of the downregulated
RP (n = 141) and Ribi (n = 292) genes in the Asfp1 mutant relative to the wild type. Significant differences between the wild type and the mutant are

denoted by asterisks (P < 0.05).

transcription factors exhibited slow-growth phenotypes, with that of the Aifh7 mutant
being the most severe (Fig. 4B). Importantly, no significant additive phenotype was
observed when the mutations were combined (Fig. 4B), suggesting that Sfp1, Ifh1, and
FhI1 function in the same pathway that regulates cell proliferation. Consistently, like
the Asfp1 mutation (Fig. 11), the Aifh1 and Afhl1 mutations were also able to ameliorate
the growth defect caused by the absence of the functional GATOR1 complex (Fig. 4C).

We further examined the physical interaction among Sfp1, Ifh1, and Fhi1 by
co-immunoprecipitation assays. Ifh1 was co-immunoprecipitated with Fhl1 both in
nutrient-rich and nutrient-starved conditions (Fig. 4D), whereas we currently have not
succeeded in detecting the interaction of Sfp1 with Ifh1 or Fhl1 (data not shown). The
interaction between Fhl1 and Ifh1 was impaired in the mutant expressing Fhl1 without
the N-terminal 150 amino acid residues (Fig. 4E), indicating that the Ifh1-FHI1 inter-
action depends on the forkhead-associated (FHA) domain of Fhi1. The Ifh1-Fhl1 associ-
ation was detected both in the presence and absence of Sfp1, suggesting that Sfp1 is
not required for their interaction (Fig. 4F). It was found, however, that the amount of
the Ifh1-Fhl1 complex was reduced in the Asfp7 mutant when compared to that in the
wild-type strain.

To investigate whether Ifh1 and Fhl1 are involved in the expression of the genes
regulated by Sfp1, RNA-seq analyses were carried out with the Aifh7 and Afhl1
mutants. In comparison to the wild-type strain, 57 genes were upregulated and 272
genes were downregulated in Aifh1, while 66 genes were upregulated and 101 genes
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were downregulated in Afhl1. Based on the GO function enrichment analysis, most of
the downregulated genes in the two mutant strains were categorized as the “structural
constituent of ribosome” (Fig. 4G), implying that both Ifh1 and Fhl1 are involved in
ribosome production. As Sfp1 promotes the transcription of the Ribi and RP genes, we
checked if Ifh1 and Fhl1 also regulate these two gene classes. As expected, 81.6% (115
out of 141) of the RP genes and 1% (3 out of 292) of the Ribi genes exhibited downre-
gulation in the Aifh17 mutant (Fig. 4H, Supplementary material, Table S3). Similarly, the
AfhlT mutant displayed a reduction in 34% (48 out of 141) of the RP genes and 1.7% (5
out of 292) of the Ribi genes (Fig. 41 and Supplementary material, Table S4), most of
which were also downregulated in the AifhT mutant (Fig. 4J). The comparison of these
gene expression profiles suggests that Ifh1 and Fhl1 primarily regulate the RP genes
whereas Sfp1 regulates both RP and Ribi genes. This conclusion was further confirmed
by the RT-PCR analysis of some representative genes; expression of the Ribi genes
rlp7" and cms1t was reduced in the Asfp? mutant but not in the Aifh1 and Afhl1
mutants, whereas the transcripts of the RP genes such as rps403*, rps1402*, and
rps2501* were reduced in all the three mutants (Fig. 4K). The RNA-seq data collectively
suggest that the genes regulated by Ifh1 and Fhl1 significantly overlap; particularly,
these transcription factors appear to play an important role in the expression of the RP
genes. Many of those RP genes are also affected by Sfp1, although Sfp1 controls the
expression of a number of Ribi genes independently of Ifh1 and Fhl1.

Sfp1, Ifh1, and Fhi1 bind to the RP and Ribi genes. To uncover the target genes of
Sfp1, Ifh1, and Fhl1 in fission yeast, we conducted ChIP-seq (chromatin immunoprecipi-
tation followed by sequencing) experiments using strains expressing these proteins
tagged with C-terminal FLAG. Our analysis identified 555, 606, and 577 genes as tar-
gets for Sfp1, Ifh1, and Fhl1, respectively, with a substantial overlap of 42.9% (351 out
of 818) (Fig. 5A). Functional enrichment analysis of the target genes exhibited signifi-
cant enrichment in GO terms such as structural constituent of ribosome and structural
molecule activity, consistent with our RNA-seq results (Fig. 5B). Moreover, 20.1%, 22%,
and 14.8% of genes bound by Ifh1, Fhl1, and Sfp1, respectively, were RP genes
(Fig. 5C). Subsequently, ChIP-qPCR assays were conducted on two representative RP
genes, rps25017 and rps14027, confirming the enrichment of Ifh1, Fhi1, and Sfp1 at
these loci (Fig. 5D and E). The binding peaks of these three transcription factors at the
RP genes were not confined to their promoter regions (Fig. 5D and E), raising the possi-
bility that those factors are implicated in various aspects of gene expression.

Unlike the RP genes, the Ribi genes account for only a small fraction of the genes
bound by Ifh1, Fhi1, and Sfp1 (3.8%, 4.2%, and 4.3%, respectively) (Fig. 5F). While Sfp1
impacts the expression of numerous Ribi genes, it is bound to only 8.2% of the total
Ribi genes. This was confirmed by ChIP-qPCR assays, where we were unable to detect
Sfp1 binding at cms1™ despite observing a substantial downregulation of this gene in
the Asfp1 mutant (Fig. 5G). In contrast, Sfp1 binding to another Ribi gene, rip7*, which
exhibited reduced expression upon Sfp1 deletion, was detectable, and the co-occu-
pancy of Ifh1, Fhi1, and Sfp1 at this locus was observed (Fig. 5H). Thus, ChIP can detect
Sfp1 binding at a significant portion of the RP genes, but only a small fraction of the
Ribi genes.

To examine the role of Ifh1 in the binding of Sfp1 to its targets, we analyzed Sfp1
binding to the RP and Ribi genes in the absence of Ifh1. We observed a significant
reduction in the enrichment of Sfp1 at RP genes, such as rps2501" and rps1402*, in the
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FIG 4 Legend (Continued)

followed by anti-FLAG and anti-myc immunoblotting. To assess the function of the FHA domain, full-length (FL) Fhl1 was compared with a version lacking the N-
terminal 150 amino acids (AN150) (E). (G) GO functional analysis of genes downregulated in the Aifh7 and Afhl/T mutants. The x axis (in logarithmic scale) represents
adjusted P values. Gene ratio is defined as cluster frequency over genome frequency associated with a GO term. (H and 1) Box and MA plots illustrating the fold
change of the RP and Ribi genes that are downregulated in the Aifh1 (H) and AfhlT (I) mutants. Asterisks indicate a significant difference compared to wild type
(P < 0.05). (J) Venn diagram depicting the overlap of the downregulated RP and Ribi genes among the Aifh1, Afhl1, and Asfp1 mutants. (K) Relative expression levels
of representative RP (rps403*, rps1402*, and rps2507™) and Ribi (rlp7" and cms1™) genes in the indicated strains, as determined by RT-PCR. Data represent the

mean £SD (n = 3). Asterisks denote a significant difference relative to wild type (P < 0.05).
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FIG 5 Sfp1, Ifh1, and Fhi1 bind to the RP and Ribi genes. (A) Venn diagram representing the overlap of ChIP-seq target genes among Sfp1, Ifh1, and Fhli1.
(B) GO functional analysis of target genes for Sfp1, Ifh1, and Fhl1. The x axis (in logarithmic scale) represents adjusted P values. (C) Venn diagram
representing the overlap between the RP genes and target genes for Ifh1, Fhi1, or Sfp1. (D and E) Bar graphs indicate fold enrichment of Ifh1, Fhi1, and
Sfp1 at representative RP genes relative to prp3™ (left). Data represent the mean+SEM (n = 3). IGV tracks depict binding peaks of Ifh1, Fhi1, and Sfp1 at
the indicated gene loci (right). Y axes represent log2 ratio of immunoprecipitation to input (IP/input), and x axes mark chromosome regions. Black boxes
represent corresponding genes, with white arrows signifying the direction of transcription. (F) Venn diagram indicating the overlap between the Ribi genes
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Aifh1 mutant (Fig. 5I). In contrast, the interaction of Sfp1 with rlp7" remained
unaffected by the absence of Ifh1 (Fig. 5J), consistent with our finding that rip7™*
expression is independent of Ifh1 (Fig. 4K). These results suggest that Ifh1 facilitates
the recruitment of Sfp1 to the RP genes, thereby promoting their expression.

Ifh1 is under the regulation of TORC1. As Ifth1 and Fhl1 are involved in the expres-
sion of the RP genes that are under the regulation of Sfp1, we examined whether Ifh1
and Fhl1 are also controlled by TORC1. When TORC1 was inactivated in the tor2-13 or
tor2-287 mutants at the restrictive temperature, the electrophoretic mobility of Ifh1
was notably decreased (Fig. 6A). The slow migrating form of Ifh1 was also observed
when TORCT was inactivated in wild-type cells starved of nitrogen (Fig. 6B).
Phosphatase treatment experiments confirmed that slow-migrating Ifh1 was its phos-
phorylated form (Fig. 6B). In contrast, the Ifh1 mobility was not affected by the loss of
the Ste20 subunit of TORC2 (Fig. 6C), indicating that TORC2 is not involved in the Ifh1
phosphorylation. These data suggest that the phosphorylation status of Ifh1 is under
regulation by TORC1.

Remarkably, we discovered that Ifh1 accumulates in the nucleus in a TORC1-
dependent manner. In wild-type cells expressing Ifh1 with the fluorescent mEGFP tag,
Ifh1 appeared to be concentrated in the nucleus, with some cytoplasmic signals (Fig.
6D). When TORC1 was inactivated by nitrogen starvation (Fig. 6D) or the tor2-287
mutation (Fig. 6E), the nuclear accumulation of Ifh1 was largely lost while no change in
the Ifh1 protein levels was observed (Fig. 6B), implying that TORC1 promotes the
nuclear localization of Ifh1. Moreover, the nuclear signal of Ifh1 was also significantly
reduced in the AsfpT mutant (Fig. 6F), though neither the protein level nor the mobility
shift of Ifh1 was affected by the AsfpT mutation (Fig. 6G). Therefore, we infer that Sfp1
stabilized by TORC1 promotes the nuclear localization of Ifh1 independently of the
phosphorylation state of Ifh1; inactivation of TORC1 triggers Sfp1 degradation (Fig. 2),
which results in the release of Ifh1 from the nucleus. It should also be noted that the
nuclear localization of Ifh1 is not dependent on Fhl1 (Fig. 6H). Fhl1 was constitutively
found in the nucleus, without being affected by TORC1 inactivation (Fig. 6D) or the
loss of Sfp1 (Fig. 6F).

These results suggest that the TORC1-Sfp1 pathway regulates the Ifh1 nuclear
localization, and together with Fhl1, controls the genes involved in ribosome produc-
tion, promoting cell proliferation in fission yeast (Fig. 6l).

DISCUSSION

TORC1 promotes the biosynthesis of cellular macromolecules through the phos-
phorylation of a variety of substrates. As in other eukaryotes, TORC1 in fission yeast is
essential for cell viability; the null mutants of the TORC1 components, such as Tor2 and
Mip1, and that of the TORC1 activator Rhb1 are lethal.'®?'~2*> Nevertheless, the known
substrates of TORC1 are apparently dispensable for cell viability,?®>>*' raising the pos-
sibility that there may be additional unknown TORC1 substrate(s) crucial for cell prolif-
eration in fission yeast.

In this study, we have identified the transcription factor Sfp1 in S. pombe as a gene
product whose overexpression complements the growth defect and rapamycin sensi-
tivity of the TORC1-hypoactive mutants. In addition, the loss of Sfp1 brings about rapa-
mycin sensitivity and can mitigate the TORC1-hyperactive mutants, consistent with the
idea that Sfp1 mediates the TORC1 function in promoting cell proliferation. Our data
also suggest that nutrient-activated TORC1 phosphorylates and stabilizes the Sfp1 pro-
tein by preventing its proteasome-dependent degradation. Collectively, our findings
support the notion that Sfp1 is a direct target of TORC1 in fission yeast.

In budding yeast, which is phylogenetically distant from fission yeast, an Sfp1 ortho-
log promotes cell growth when fermentable glucose is the carbon source.?”*?
Similarly, fission yeast Sfp1 appears to play a significant role in growth control when
cells grow on glucose as the carbon source, but not on non-fermentable glycerol
(Fig. TH). In budding yeast, Sfp1 acts as a transcription factor that positively regulates
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the RP and Ribi genes and promotes ribosome production.?>*?™** |t is phosphorylated
by TORCT, leading to its nuclear localization in a manner regulated by Mrs6, a Rab
escort protein whose function remains unclear.***” When TORC1 is inactivated upon
starvation, Sfp1 is dephosphorylated and relocated to the cytoplasm, leading to
attenuation of ribosome biogenesis.>****%* |n human cells, an Sfp1 ortholog called
juxtaposed with another zinc finger protein 1 (JAZF1) is associated with tumor progres-
sion.**=" Like yeast Sfp1, JAZF1 promotes ribosome biosynthesis, and its nuclear local-
ization is positively regulated by high glucose.>® It would be of great interest to
investigate whether JAZF1 promotes cell proliferation in response to nutrient availabil-
ity under the regulation of mTORC1.

Our RNA-seq analyses suggest that fission yeast Sfp1 regulates the RP and Ribi
gene transcription. A comprehensive study in budding yeast by ChIP and chromatin
endogenous cleavage (ChEC) has found that Sfp1 directly controls many of the RP and
Ribi genes as well as other growth-promoting genes.*? Thus, the role of the Sfp1 tran-
scription factor in the expression of the ribosome biosynthesis genes appears to be
conserved between fission yeast and budding yeast. The cellular ribosome content is
tightly linked to cellular growth control.>*>* Upon nitrogen or glucose starvation in fis-
sion yeast, TORC1 inactivation allows Sfp1 to be degraded, which may contribute to
bringing protein synthesis to a halt through the downregulation of ribosome
biosynthesis.

In addition to Sfp1, this study has characterized two additional transcription factors,
Fhi1 and Ith1, which form a complex that plays an important role in the expression of
the genes required for ribosome production. Our RNA-seq analyses revealed that Sfp1
regulates both RP and Ribi genes, while the Ifh1-Fhl1 complex primarily contributes to
RP gene expression (Figs. 3 and 4). This observation was further confirmed by ChIP-
Seq, where the target genes of these three transcription factors were found to be pre-
dominantly associated with ribosome biogenesis (Fig. 5B). We successfully verified the
co-occupancy of Sfp1, Fhi1, and Ifh1 at the RP genes (Fig. 5D and E). In addition, we
encountered a limitation in detecting Sfp1 binding at the Ribi genes (Fig. 5G and H),
consistent with previous findings in budding yeast that ChIP was not effective in
detecting the binding of Sfp1 at most of the Ribi genes it regulates.**>> Therefore, it
remains possible that Sfp1 in fission yeast binds to more of the Ribi genes to promote
their expression.

Fhi1 and Ifh1 orthologs are present in budding yeast where Fhl1 forms a complex
with one of the paralogous transcription coregulators, Ifh1 or Crf1.36:384556-38 Fh|q jn
budding yeast specifically and constitutively resides at the RP gene promoters.
Under nutrient-rich conditions, the RP gene expression is induced by Fhl1 associated
with the Ifh1 coactivator, which is replaced by the Crf1 corepressor under starvation
and stress conditions to suppress the RP genes.>¢*%7>85° Fission yeast has only a single
Ifh1/Crf1 ortholog that we here call Ifh1, as it appears to serve as an activator, rather
than a repressor, of the RP gene expression since our RNA-seq data showed that
removal of Ifh1 caused significant downregulation of the RP genes (Fig. 4G-J).

Our findings indicate that in fission yeast, Ifh1 physically interacts with Fhl1 through
the FHA domain of Fhl1, similar to the mechanism reported in budding yeast.>’>®
Despite the interaction between Ifh1 and Fhl1, fewer RP genes are downregulated in
the AfhlT mutant compared to the Aifh1 mutant (Fig. 4H and I). Possibly, Sfp1 or other
transcription factors may facilitate the association of Ifh1 with the RP genes, as Rap1,
Hmo1, and Fpr1 in budding yeast cooperate with Ifh1 in the regulation of ribosome
biogenesis.*>>¢-861

Ifh1 accumulates in the nucleus only in the presence of ample nitrogen, whereas
Fhi1 is constitutively localized in the nucleus (Fig. 6D). The Ifh1-Fhl1 interaction was
largely unaffected by the nitrogen availability and hence, we speculate that the basal
level of Ifh1 in the nucleus is sufficient to produce the bulk of Ifh1-FhlT complex. The
nuclear accumulation of Ifh1 is dependent on both TORC1 activity and Sfp1 (Fig. 6D to F).
One explanation is that TORC1 indirectly regulates the Ifh1 localization through Sfp1

36,59
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because Sfp1 is degraded upon TORC1 inactivation (Fig. 2). Therefore, it is possible
that Sfp1 or Sfp1-induced gene products interact with Ifh1 and promote the nuclear
localization of Ifh1. Alternatively, Sfp1 organizes the chromatin structure that is suitable
for the chromatin binding of Ifh1. Indeed, the genetic interaction among Sfp1, Fhl1,
and Ifh1 suggests that they function in the same pathway (Fig. 4B). Furthermore, most
of the RP genes whose expression is reduced in the Asfp7 mutant are also downregu-
lated in the Aifh1 and AfhlT mutants. Thus, our findings are consistent with the model
that the TORC1 inactivation upon starvation induces the Sfp1 degradation, which
delocalizes Ifh1 from the nucleus, leading to a decrease in the Fhl1-Ifh1 complex
required for the RP gene expression.

In addition to the nuclear localization, the phosphorylation status of Ifh1 appears to
be regulated by TORC1; the phosphorylated, slow-migrating form of Ifh1 was detected
when TORC1 is inactivated (Fig. 6A and B). Thus, TORC1 may activate a protein phos-
phatase that dephosphorylates Ifh1 or inhibit a protein kinase that phosphorylates
Ifh1. Identification of such a phosphatase or kinase as well as the role of the Ifh1 phos-
phoregulation is of interest for future studies. The phosphorylation of the budding
yeast Crf1 corepressor, which is orthologous to Ifh1 in fission yeast, is also negatively
regulated by TORC1.3® Thus, there might be a conserved mechanism by which TORC1
regulates the Ifh1/Crf1 proteins through modulation of their phosphorylation. It should
be, however, noted that budding yeast Crf1 phosphorylated in the absence of TORC1
activity is translocated into the nucleus, in contrast to fission yeast Ifh1 whose nuclear
localization is dependent on active TORCT.

Together with earlier studies in budding yeast, our results in fission yeast suggest
that the control of ribosome production through the expression of the RP and Ribi
genes is one of the key mechanisms by which nutrient-activated TORC1 promotes cell
growth and proliferation. Despite the mechanistic differences, the conservation of this
cellular function of TORC1 in the distant yeast species points to the possibility that
mammalian TORC1 also regulates ribosome biosynthesis to promote cell growth and
proliferation in response to nutrient and growth factors. Ribosome synthesis is a com-
plex cellular process that requires proper regulation to balance the supply and demand
of protein production for cellular homeostasis. Indeed, dysregulation in ribosome bio-
genesis is deleterious enough to bring about cancerous cell proliferation and other dis-
orders.®>%3 As an excellent model organism to study TORC1 signaling,®* fission yeast is
expected to be instrumental in attaining a more comprehensive understanding of how
TORC1 controls ribosome biogenesis and cell proliferation in eukaryotic cells.

MATERIALS AND METHODS

Fission yeast strains and general techniques. Fission yeast strains used in this study are listed in
Table S5 (Supplementary material). Growth media and genetic manipulations for fission yeast have been
described previously.?®%> For mating and sporulation assays, homothallic haploid cells were spotted on
SSA sporulation plates, incubated at 25 °C for 48 h, and analyzed by microscopy.®® Fluorescence micros-
copy analysis was performed as described previously.?%®

Spot test assay. Cells were cultured in YES/EMM liquid medium at 30 °C until reaching ODgqo 1.0-2.0
and the spot test assay was performed as described previously.?®%> For temperature sensitive mutants,
the liquid cultures were incubated at 25°C. Images were captured by the LAS-4000 system (Fuijifilm,
Japan).

Multicopy suppressor screen. We screened an S. pombe genomic library in the multicopy vector
pAL for plasmids that could suppress the growth defect of tor2 temperature-sensitive mutants at the
restrictive temperature. Plasmids from growing colonies were isolated and reintroduced into the tor2
mutants to confirm their suppressive effects. Through sequencing the suppressing plasmids, we identi-
fied 69 genomic clones from approximately 6 x 10° transformants. Among the clones, one was found to
contain the sfp1™ gene, which is responsible for the observed suppression.

Immunoprecipitation, immunoblotting and mobility shift assay. Immunoprecipitation and
immunoblotting analyses were carried out as described previously.?®> For mobility shift assay, phos-
phatase treatment was performed as described previously.®” The protein samples were resolved by SDS-
PAGE, transferred to nitrocellulose, and probed with antibodies as follows: anti-phospho-p70 S6K (Cell
Signaling Technology, USA), anti-Spc1,°® anti-FLAG (M2, Sigma Aldrich, USA), and anti-myc (9E10,
Covance, USA; A-14, Santa Cruz Biotechnology, USA).

In vitro TORC1 kinase assay. TORC1 kinase assay was performed as described with modifica-
tions.%>7% Cell lysates from Mip1-FLAG-expressing cells were immunoprecipitated with anti-FLAG anti-
body. The immunoprecipitates were preincubated with substrates (H*°4E-BP1, GST, or GST-Sfp1) at 30°C
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for 5 min. The reaction was initiated by adding [y->*P]ATP (final concentration of 0.2 mM, 0.2 MBq/reac-
tion), incubated at 30 °C for 30 min, and stopped by adding SDS-PAGE sample buffer, followed by incu-
bation at 65°C for 5min. The samples were separated by SDS-PAGE and visualized by staining with
GelCode Blue Safe Protein Stain (Thermo Scientific) and autoradiography.

RNA extraction, real-time PCR, and RNA-sequencing. Total RNA was extracted from exponentially
growing cells with hot acid phenol and glass beads. For RT-PCR, the PrimeScript RT reagent Kit with
gDNA Eraser (Takara Bio) was used. The genomic DNA was removed and the samples were then reverse-
transcribed according to the manufacturer’s protocols. The act1™ gene was used as a control gene for all
experiments. The primers using in this study are listed in Table S6 (Supplementary material).

For RNA-seq, the genomic DNA was removed using RQ1 RNase free DNase (Promega) and rRNA was
removed using Ribo-zero Gold rRNA removal kit (Epidemiology). The RNA quality and concentration
were determined using BioAnalyzer (Agilent) and Qubit (Thermo Fisher). cDNA libraries were prepared
using the NEBNext ultra-directional RNA-library for Illumina (#ES7420S) and subjected to paired-end
sequencing on the lllumina MiSeq platform. The 76 bp paired-end sequences were mapped using
Tophat2 default parameter and the FPKM value was calculated using cufflinks2.”"72

RNA-seq data analysis and visualization. The up- and downregulated genes were determined using
the cuffdiff command in cufflinks (http://cole-trapnell-lab.github.io/cufflinks/cuffdiff/index.html) with a
default value of false discovery rate (0.05) for the threshold.”®> GO categories of the target genes were
determined in the S. pombe database (http://www.pombase.org) using GO Term Finder (https://go.
princeton.edu/cgi-bin/GOTermFinder).”* The GO bar plots were generated using R studio using ggplot2
package.””

ChIP and library preparation. ChIP was performed according to a previously published paper.”® The
primers used in this study are listed in Table S6 (Supplementary material). DNA fragments obtained from
ChlIP assays were sheared to a uniform size of 300 bp using the Covaris Focused-ultrasonicator 5220
(Covaris). These fragments were subsequently used for library preparation with the NEBNext Ultra Il DNA
Library Prep Kit (NEB) and NEBNext Multiplex Oligos for Illumina (NEB). Deep sequencing was performed
by a commercial service (Macrogen) using the HiSeq X platform (2 x 150 bp: lllumina).

ChIP-seq data analysis. Adapter sequences were removed from the paired-end reads using the
Cutadapt tool,”” and the resulting reads were mapped to the S. pombe genome using Bowtie2.”®
Subsequently, PCR duplicates were eliminated from the generated BAM files using the MarkDuplicates
tool from the Picard suite (http://broadinstitute.github.io/picard/). Regions bound by Ifh1-FLAG, Fhl1-
FLAG, and Sfp1-FLAG were identified through peak calling with MACS2 (options: -no model -ext size
147, q < 0.01 for Ifh1-FLAG and Fhl1-FLAG, q < 0.05 for Sfp1-FLAG).”® To stringently define binding sites,
we considered only the peaks that were consistently identified in three biological replicates for each fac-
tor. Genomic regions bound by each factor were identified by intersecting the binding peaks with gene
annotations stored in a GFF3 file provided by PomBase (https://www.pombase.org/). The BAM file for
replication 1 was converted to BigWig format and visualized using the Integrative Genomics Viewer
(IGV).2° The resulting read tracks are presented in this study.
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