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MOLECULAR BIOLOGY

Genetic regulation of mitotic competence in Gy

quiescent cells

Kenichi Sajiki'*, Yuria Tahara’, Lisa Uehara’, Toshio Sasaki?,

Tomas Pluskal', Mitsuhiro Yanagida'*

Quiescent (Gg phase) cells must maintain mitotic competence (MC) to restart the cell cycle. This is essential for re-
production in unicellular organisms and also for development and cell replacement in higher organisms. Recently,
suppression of MC has gained attention as a possible therapeutic strategy for cancer. Using a Schizosaccharomyces
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pombe deletion-mutant library, we identified 85 genes required to maintain MC during the Go phase induced by
nitrogen deprivation. G cells must recycle proteins and RNA, governed by anabolism, catabolism, transport, and
availability of small molecules such as antioxidants. Protein phosphatases are also essential to maintain MC. In
particular, Nem1-Spo7 protects the nucleus from autophagy by regulating Ned1, a lipin. These genes, designated
GZE (G-Zero Essential) genes, reveal the landscape of genetic regulation of MC.

INTRODUCTION

Switching from active mitosis to quiescence (Go) is an important
longevity strategy for cell survival during times of limited nutrients,
but only if the capacity to return to growth and division [vegetative
(VE)] phase is assured. Therefore, it is apparent that mechanisms
must exist to protect and maintain mitotic competence (MC) in Gy
phase cells. Understanding these mechanisms is of great impor-
tance, since disabling MC could offer a new therapeutic approach
for cancer (1, 2).

The fission yeast, Schizosaccharomyces pombe (S. pombe), is an
excellent model to study these mechanisms, since switching between
the two phases can easily be regulated by nitrogen availability in the
media (3-5). When the nitrogen source (NH;Cl, hereafter N) is elimi-
nated from the synthetic minimal medium Edinburgh minimal me-
dium 2 (EMM2), cells divide twice without growth to form small
and round cells. If cells can switch mating type or meet the opposite
mating type, they can mate to sporulate; otherwise, they enter the G
phase. In nature, heritable mating type or even sterile fission yeast cells
commonly exist (6), so their main survival strategies under nutrient
deficiency are not only to mate so as to sporulate but also to form
“bachelor” Gy cells with long life (7). These G cells, in the absence
of mate switching, could be a better model for the Gy phase of mam-
malian cells. G cells return to the VE phase when N is replenished.

RESULTS

Active recycling in nitrogen-deprived Gy cells
Nitrogen-deprived G cells can maintain high MC for weeks without
medium change (Fig. 1A). The medium contains glucose, salt, vitamins,
and minerals, so even though these cells cannot grow and divide
because of the lack of N, metabolic activity remains high, as reported
previously (8). Active movement of cytoplasmic particles was observed
in cells under nitrogen deprivation (-N), whereas under glucose
deprivation (—glc), no movement was seen, even though high MC
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was maintained in both conditions (Fig. 1B). One metabolic activity
under —N might be to recycle the limited nitrogen available inside
cells, since amino acid degradation seemed to be activated under —N.
We observed cellular nitric oxide using a fluorescent dye 4-amino-5-
methylamino-20, 70-difluorofluorescein diacetate (DAF-FM DA)
(Fig. 1C) (9). This dye reacts with nitric oxide produced by arginine
catabolism. In wild-type (WT) cells, nitric oxide fluorescence was ob-
served 6.8 times more strongly in vacuoles of Gy cells than in VE cells,
suggesting that amino acid degradation is activated under —N. Such
fluorescence under —N was eliminated in the deletion-mutant strain of
Autl2, a vacuolar fusion protein required for fusing endosomes or
autophagosomes to vacuoles (10, 11), implying that active vesicle trans-
port is necessary for this degradation. Consistently, amounts of most
free amino acids decreased rapidly right after —N (Fig. 1D). However,
the amount of glutamate began to recover after 12 hours of —N.
Since it has been reported that environmental nitrogen (ammoni-
um ion) is fixed inside cells to produce glutamate, and because this
reaction is regarded as “the starting point of nitrogen biosynthesis”
(12), the recovery of glutamate concentrations after continuous ammo-
nium ion deprivation suggests the possibility of active recycling.

85 G-zero essential genes required to maintain MC
We used a quiescent cell system that supplied normal energy sources
and nutrients (glucose, salt, vitamins, and minerals), but which was
devoid of nitrogen, except for that stored inside the cells. This system
produces an extreme intracellular environment that necessitates nitrogen
recycling to support critical cellular functions, an environment suitable
to investigate genes essential to MC maintenance during the Gy phase.
To this end, we used 3280 haploid deletion mutants (13). These
strains were first screened using a spot test with an automated labo-
ratory system, whereby we identified 145 strains that were defective
in colony formation upon N replenishment after previous —N incu-
bation (Fig. 2A). Next, MC of these 145 strains was reconfirmed to
eliminate false-positive strains. MC was expressed as a percentage
of colonies formed on rich medium plates divided by the number of
plated cells after —N incubation. We selected strains in which MC
diminished less than 50% during 4 weeks of —N incubation, and for
selected strains, polymerase chain reaction (PCR) was conducted to
confirm gene deletions. As a result, 85 mitosis-incompetent strains were
identified, and deleted genes were designated GZE (G-zero essential)
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Fig. 1. Nitrogen-deprived cells maintained high MC with elevated cellular activity, apparently related to recycling nitrogen. (A) Time course of MC in WT cells
under nitrogen deprivation (—N). 4’,6-Diamidino-2-phenylindole (DAPI) images of VE and —N 4-week cells are shown as insets. (B) Differential interference contrast (DIC)
images were taken at 5-min intervals of cells incubated 24 hours in EMM2—-N (upper panels) and in EMM2-glc (lower panels). In both conditions, high MC was maintained
(93 and 80%, respectively), but white particles observed inside cells showed position changes only in EMM2-N cells. (C) Fluorescence images of nitric oxide (green,
DAF-FM DA), vacuoles (red, FM4-64), and merged images of WT cells and Aaut12, a deletion strain of the vacuolar fusion protein. The upper row shows VE cells, and the
lower row shows cells 24 hours after —N. Signal intensity of DAF-FM DA was quantified and shown in the images, proportional to WT VE cells. (D) Time course changes of
normalized peak areas of amino acids detected by quantitative metabolomics analysis, using liquid chromatography-mass spectrometry.

genes, since they are nonessential for VE phase, but are requisite for
MC in the Gy phase. These GZE genes are evolutionarily conserved in
eukaryotes, as 89% are shared by budding yeast and 73% by humans.
The 85 GZE genes were sorted into three classes based on the
timing of MC loss (Fig. 2B): class 1 (20 genes; Table 1) was the most
severe, with MC less than 10% after 2 weeks; class 2 (20 genes; table S1),
MC less than 10% after 4 weeks; class 3 (45 genes; table S1), MC 10
to 50% after 4 weeks. All three classes included a significant number
of genes related to protein phosphorylation signaling (Fig. 2B). Most
were phosphatase-related genes rather than kinases (11:1), implying
that dephosphorylation is a primary means of maintaining MC under
—N. Class 2 and 3 gene deletions required long —N incubation (4 weeks)
before MC loss, and in these classes, seven autophagy genes were
identified. These strains failed to divide twice at Gy entry, resulting
in elongated cell shapes, but MC was maintained more than 50%
until 3 weeks (table S1). This result implies that autophagy is re-
quired for the small, round Gy cell shape but that morphological
defects may not cause immediate MC loss. Similarly, a significant
number of genes related to genome structure (13 genes) were identi-
fied, but only in classes 2 and 3, implying that genomic structure must
also be modified to maintain MC during a protracted Gy phase.
For the 20 genes in class 1, Table 1 shows their human and budding
yeast orthologs, MC, average cell length 24 hours after —N, cell num-
ber change (fold change) in 24 hours after —N, and major DNA peaks
before and 24 hours after —-N, measured by fluorescence-activated
cell sorting (FACS). These 20 genes are also schematized in Fig. 2B
by their reported functions (14). They include protein phosphatases
and genes related to RN'A/protein process (exo2, rpl2002, and sbh1),
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antioxidation [sod2 and spel (15)], biotin transporter (vhtI), and intra-
cellular vesicle transport (vps3, vps26, and vps35). The genes aut12,
vac7, and SPBC83.16¢ may function in maintenance of vacuole struc-
ture during the Gy phase, since deletions showed abnormal vacuolar
sizes and shapes in cells under —N (fig. S1). In these strains with
abnormal vacuoles, DAF-FM DA fluorescence is reduced because
of diminished arginine catabolism to nitric oxide, reflecting reduced
amino acid degradation under —N (fig. S1). These genes may be re-
quired for proper nitrogen recycling.

Genes for the Nem1-Spo7 complex, the most essential
signaling GZEs

As mentioned above, many genes in class 1 encode phosphatase-related
proteins: the Nem1-Spo7 phosphatase complex (nemI, SPBC902.03),
three protein phosphatase 2A (PP2A) regulators (parl; B'/B56 sub-
unit, mugl34; endosulfine, ypal; protein tyrosine phosphatase activator),
one PP1 regulator (ctfI), and one dual-specificity MAPK (mitogen-
activated protein kinase) phosphatase regulator (rncl). The only ki-
nase was kinl, microtubule affinity-regulating kinase, deletion of which
caused defective cytokinesis at Gy entry.

Among these signaling genes, Anem1 and ASPBC902.03 promoted
the most severe MC loss (Fig. 3A). Nem1 and SPBC902.03 ortholog,
Spo7, form a phosphatase complex, with Nem1 as the catalytic sub-
unit and Spo7 as the regulatory subunit. The complex regulates nu-
clear envelope morphology and phospholipid biosynthesis (16, 17).
Nem1 highly resembles mammalian Dullard/ CTDNEP1 (48% amino
acid identity in the conserved C-terminal half), which is required for
neural induction and nuclear membrane biogenesis (18, 19) and for
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Fig. 2. 85 genes proved essential to sustain MC during the G, phase, and these were categorized into three classes. (A) Schematized identification process for GZE

genes. (B) Genes belonging to each class and diagram of class 1 genes.

modulating WNT and transforming growth factor-p (TGF-B) signalings
(20, 21). In S. pombe, Nem1 protein localizes mainly in the nuclear
membrane in both the VE and Gy phases (Fig. 3B), as does the nu-
clear membrane marker Cutl1-mCherry (22).

To better understand the severe MC loss in Anem1, we observed
cell morphology after —N. DAPI images showed deformed nuclei ob-
served as several pieces, and FM4-64 (the fluorescent dye for vacuoles)
images showed vacuoles located in the position of the nucleus (Fig. 3C).
Since such a nuclear defect is hypothesized to damage MC mainte-
nance, this defect was analyzed further.

It was reported that Nem1-Spo7 targets lipin, a phosphatidate lipid
phosphatase catalyzing the hydrolytic dephosphorylation of a phos-
phatidate to a diacylglycerol. It controls cellular lipid homeostasis
(17, 19, 23). Lipin in S. pombe is called Ned1, so it could also be re-
quired to maintain MC under —N as a Nem1 target. ned1 is an essen-
tial gene, so a deletion strain is not available. However, in a previous
study, we identified 164 strains from a temperature-sensitive mutant
library containing point mutations defective in MC maintenance under
—N (24). We designated these mutated genes as “super housekeeping
(SHK)” genes with regard to GZE, since they are required for both
VE growth at high temperature and MC maintenance in the Gy phase.
Among these mutants, we found a nedI strain identified as SHK. This
strain, designated ned1-264, had a point mutation changing Gly** to
aspartate in the conserved C-terminal phosphatidate phosphatase
domain (Fig. 3D), located in the vicinity of the phosphatidate phos-
phatase catalytic motif DXDXT (19). As with Anem1, ned1-264 cells
showed deformed nuclei after -N (Fig. 3E). Also, they displayed a
severe loss of MC after —N, to the same degree as AnemI (Fig. 3F).
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In addition, a double mutant of ned1-264 and Anem1 showed an
almost identical MC curve, implying that nedI and nem]I are in the
same MC regulation pathway.

To assess the genetic interaction between nedI and nemI, Western
blot analysis was conducted using WT, Anem1, and ned1-264 strains,
in which Nedl was FLAG-tagged. Phos-tag gels (6%) were used to
distinguish phosphorylated bands. In WT VE cells, the Ned1 band
(~73 kDa) was detected as a low-mobility band (Fig. 3G, red arrow-
head). This low-mobility band became two high-mobility bands (blue
arrowhead) after A protein phosphatase treatment, proving that it is
phosphorylated (fig. S2). After —N, Ned1 becomes dephosphorylated
within 2 hours, showing high electrophoretic mobility (Fig. 3G). The
expression level of the Ned1 protein apparently increased after pro-
tracted -N (WT 6, 12 hours), but it remained dephosphorylated.
On the other hand, dephosphorylation of Ned1 (shift from a low- to a
high-mobility band) did not occur in Anem1 2 hours after —N, pro-
viding evidence of the usual Nem1-Ned1 interaction. The increased
expression of Ned1 protein at 6 and 12 hours was also detected in
Anem]l, but the phosphorylated low-mobility band still remained.
nedl-264 showed no low-mobility Ned1 band under either normal
or —N condition, and no change of Ned1 expression level was de-
tected, indicating that Gly>* in Ned1 is important for modification
and subsequent control of expression level.

Since Ned1 is a phosphatidate lipid phosphatase, which directs
phosphatidate metabolism to produce neutral storage lipids rather
than structural phospholipids (25), its functional relevance in these
mutants was examined. Cellular storage lipids were visualized as
lipid droplets using a Nile red fluorescent dye (Fig. 3H). In VE cells,
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Table 1. Class 1 genes with functional group, human and budding yeast orthologs, MC (%) at the indicated time points, average cell length 24 hours
after —N, cell number increment 24 hours after —N, and major DNA peaks in VE and 24 hours after —N, measured by FACS.

Functional group Strain name Ortholog

Cell Cell
length number

MC (%) Major DNA

peak

Human Budding VE

yeast

VE -N24

hours

4 -N24 Fold
weeks hours change
(pm)

24 1 2 3
hours week weeks weeks

WT

Nem1- CTDNEP1 NEM1 96 7

Spo7

Anem1

CNEP1 Rl SPO7

ASPBC902 03

cwi A HNRNPK PBP2

Protein .
Actf1

phosphatase-
related

PP1 CSTF2T RNA15
IGO'I

Amug134 ENSA

PP2A Aparl PPPZRSB RTS1

Aypal PPP2R4 RRD1

Akin1 KIN1

Protein kinase MARK
XRN1

XRN1 41.7

Aexoz
RNA/protein
process

RPL18A RPL2OB

Arpl2002

SEC61B SBH1

Asbh1

TGFBRAP1 VPS3

Avps3
Vesicle
transport

VPSZéB PEP8

Avps26

VP535 VPS35

Avps35

Transporter Avht1 SLC17 VHT1

MON1B MON1

Aaut12
VAC7

Vacuole Avac7 -

'I'I'C3QB YKR01 8C

Metabolism Asod2 SOD2 SOD2
R _oDCClSPET

the number and shapes of lipid droplets were relatively similar among
WT, Aneml, and ned1-264 strains, with a slightly reduced number in
Aneml. Under —N, however, Anem1 and ned1-264 cells showed about
half the numbers of lipid droplets compared to WT. In these mutants,
red fluorescence was observed in organelle membrane-like structures,
indicating that lipid metabolism and usage under —N were disturbed in
these mutants.

Defects in Anem1 rescued by inhibition of the

autophagy pathway

Nuclear defects observed in Anem1 are suspected as the cause of MC
loss. Therefore, electron micrographs were taken for further inspec-
tion. They showed vacuolated nuclei in Anem]1, very different in ap-
pearance from intact WT nuclei (Fig. 4A). Similar nuclear vacuolation
was also observed in ASPBC902.03 cells (fig. S3).

This morphology was suggestive of nucleophagy, which degrades
nuclei to potentially cause rapid MC loss. Actually, in Anem1, FACS
analysis indicated nuclear degradation within 3 days after —N (Fig. 4B),
and green fluorescent protein (GFP)-tagged nuclear chromatin re-
gion protein [Arp8/Eatl-GFP (26)] accumulation was observed in
vacuoles (Fig. 4C).
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To test this idea, we created double-deletion mutants of Aneml
with autophagy genes from different autophagy processes deleted.
Intriguingly, a double deletion involving Aatg6 markedly improved
the MC of Anem1, from 3 to 52% on 3 days after —N (Fig. 4D). Double-
deletion Aneml Aatg7 also rescued the MC of single Anem1I, but
Anem1 Aautl2 exacerbated it (Fig. 4D). Consistently, abnormal nu-
clear shapes caused by AnemI were ameliorated by double-deletion
Aneml Aatg6 or Aneml Aatg7, but not by Aneml Aautl2 (Fig. 4E).

These results imply that deletions defective in processes upstream
from nucleophagy can rescue MC, but those downstream cannot, since
atg6 and atg7 are genes for the initial and elongation steps of auto-
phagy, while aut12 participates in the last step (Fig. 4D, bottom right
diagram). These results confirm that Nem1-Spo7 protects the nucleus
from nucleophagy under —N. Similarly, defects of MC and nuclear
shape in ned1-264 were also rescued in double mutant ned1-264 Aatg6
or ned1-264 Aatg7, but not in ned1-264 Aaut12 (fig. S4).

DISCUSSION
Genetic information generally exists in excess. Among ~5200 fission
yeast genes, only ~1300 genes were identified as essential for growth
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Fig. 3. Anem1 showed the most severe MC loss and manifested deformed nuclei that resembled those of the ned7-264 mutant. Western blot analysis also showed

that Nem1 was required for Ned1 dephosphorylation after —N. (A) MC graph of class 1

genes related to phosphorylation signaling. (B) Fluorescence images of Nem1-GFP

(green) and Cut11-mCherry (nuclear membrane, red) in WT cells in the VE phase and 24 hours after —N. (C) Fluorescence images of nuclei (DAPI) and vacuoles (FM4-64)

in WT and Anem1 cells. (D) Diagram of Ned1 protein. The mutation site of ned1-264 is

indicated. (E) DAPI images of cell shape and nuclei in ned1-264 24 hours after —N.

(F) MC graphs of the indicated strains. (G) Western blot analysis of Ned1-FLAG in WT, Anem1, and ned1-264 in a 6% Phos-tag gel. Phos-tag traps phosphorylated proteins,

reducing electrophoretic mobility. Samples were prepared from VE cells and 2, 6, and

12 hours after —N. Red and blue arrowheads indicate low and high electrophoretic

mobility bands, respectively. (H) Fluorescence images of lipid droplets (Nile red) in WT, Anem1, and ned1-264 cells in the VE phase and 24 hours after —N. Numbers of
lipid droplets counted from midsection images of 20 cells for each strain were averaged and shown in right bar graphs with SD.

and division (13, 14). Recently, however, it was reported that only
473 genes were sufficient to sustain and regenerate life of artificially
produced bacteria (27). Here, we searched for genes exclusively re-
quired to sustain MC under —N and identified 85 of them. These
genes are probably just the tip of the iceberg for maintaining MC
under —N, but they appear to be the most essential. This minimal
gene set indicates that recycling of proteins and RNA by anabolism,
catabolism, and transport is necessary to ensure MC, in addition to
metabolic processes involving small molecules and antioxidants in
mitochondria and cytoplasm. Phosphatases play key roles in con-
trolling MC in the early Gy phase. In contrast, nuclear chromatin
functions that modify genome structure and autophagy are generally
required well after long-term Gy quiescence. Autophagy has dual
roles during pre-Gy division and MC maintenance under prolonged
—N. Among the 85 GZE genes identified, the study of the Nem1-Spo7
phosphatase complex sheds particular light on the exquisite balance
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required to maintain MC. One such connection is between GZE (Nem1)
and GZE (autophagy). Autophagy is induced under nutrient defi-
ciency to degrade unnecessary cellular material for recycling, but our
results concerning Nem1 deletion indicate that without proper pro-
tection, autophagy can be fatal. It is speculated that since disturbed
lipid droplets in AnemI indicate improper lipid metabolism upon —N,
nuclear membrane composition might also be disturbed in Anem]1,
triggering nucleophagy. In addition, the Nem1 target, lipin/Ned1, is
reported to down-regulate nuclear SREBPs (sterol regulatory element—
binding proteins), which are regulators of the transcription program
for lipogenesis and autophagy, under nutrient deficiency (28). Our re-
sults suggest a possible role for Nem1-Ned1 in controlling —-N-induced
autophagy by coupling and balancing transcriptional regulation and
phospholipid metabolism.

As mentioned above, the other connection is between GZE (Nem1)
and SHK (Ned1). We previously identified SHK genes required for
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Fig. 4. MCloss and nuclear defects of Anem1 were rescued by deletions of autophagy genes. (A) Electron micrographs of WT and Anem1 24 hours after —N. N, nuclei.
(B) DNA contents of WT and AnemT1 in the VE phase, 24 hours and 3 days after —N, by FACS. (C) Fluorescence images of nuclear chromatin region-localized protein Arp8/
Eat1-GFP (green), vacuoles (FM4-64, red), and merged images of WT and Anem1 in the VE phase and 2 days after —N. (D) MC graphs of the indicated strains. A diagram of
autophagy processes associated with the strains is shown. (E) Percentages of DAPI-stained nuclear shapes found in the indicated strain and DAPI images 24 hours after

—N. Two hundred cells for each strain were counted. (F) Schematized diagram of the GZE (nem1-SPBC902.03) and SHK (ned1) genes.

MC maintenance in both the VE and Gy phases (24), and in this
study, a genetic interaction between GZE (Nem1-Spo7) and SHK
(Ned1) was revealed. This relationship suggests that the two gene
groups may work as regulators and targets (Fig. 4F). GZE may func-
tion as a switch, adjusting to specific conditions, while SHK genes
comprise an actual working unit regulated by that switch.

The GZE and SHK gene groups differ in relation to genes involved
in protein phosphorylation signaling. Among the GZE genes, phos-
phatases outnumber kinases, but the opposite is true for SHK (29).
It seems reasonable that under nutrient deficiency, crucial switches
are regulated by ATP (adenosine triphosphate)-free phosphatases,
rather than energy-requiring kinases. In addition to Nem1-Spo7, three
PP2A-related strains (Amugl34, Aparl, and Aypal) were identified
among class 1 GZE deletions, while a previous study identified cdc2-974
and cdc13-563 as SHK mutants (24). These strains show a similar phe-
notype, failing to conduct the second cell division at G entry. Since
PP2A is a well-known phosphatase complex that regulates cell division
via CDK (cyclin-dependent kinase) (30, 31), we speculate that the
same sort of relationship, GZE regulating SHK, may also exist among
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these genes. A checkpoint to secure cell division machinery for MC may
exist before the second mitotic division to complete Gy phase entry.

How cells maintain and execute MC is an interesting question from
the standpoint of cancer stem cell therapy. The majority of cancer
stem cells are in the Gy phase, thereby evading currently available
therapies targeting dividing cells and maintaining malignant propa-
gation. More than 40% of GZE genes identified here are reportedly
linked to cancers (table S2). These two sets of genes, GZE and SHK,
could reveal the landscape of genetic regulation of MC and may hold
the key for more effective cancer therapy.

MATERIALS AND METHODS

Strains and yeast cell culture

Haploid deletion-mutant library sets were purchased from a commer-
cial source (Bioneer) (13). The version 1 set (2814 strains including
2 duplicated strains) was initially purchased and upgraded with both
version 2 (421 new strains and 127 upgraded strains) and version 3
(222 new strains and 325 upgraded strains) sets, resulting in 3455
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unique strains. Upgraded strains replaced the older strains. The origi-
nal strains contained three auxotrophic markers (ade6-M210/216,
ura4-D18, and leu1-32), and these were removed by crossing with a
WT strain (h-972) using a Biomek FX robot (Beckman Coulter).
Mutants that failed to mate or form colonies were excluded (175
strains listed in table S3). The resulting 3280 prototrophic deletion-
mutant strains included 64% of all protein-coding genes (3280 of
5124) and 84.9% of nonessential genes [based on Kim et al. (13),
reporting 1260 genes as essential genes].

A C-terminally GFP-tagged nem]1 strain was established by chro-
mosomal integration under the native promoter, then crossed with
the cut11-mCherry strain [a gift from T. Hayashi, Okinawa Institute
of Science and Technology Graduate University (OIST), Japan]. A
Aneml arp8/eat1-GFP strain was established by crossing Anem1I and
our laboratory stock, arp8/eat1-GFP strain (26).

Spot tests

For screening of the 3280 strains, spot tests were conducted on agar
plates using Biomek FX (Beckman Coulter) and RoToR HDA (Singer
Instruments) automation systems. Strains were spotted on EMM2-N
agar plates and incubated under —N conditions. Since the agar con-
tained trace quantities of nitrogen, nitrogen starvation required slightly
longer incubation times. Three independent spot tests were conducted
on EMM2-N using different incubation times (14 days and 1 and 2
months) (fig. SS5A). After incubation, we respotted them in quadru-
plicate on EMM2 plates to replenish the nitrogen source and to check
colony formation. These spot tests were for the first rough screening,
which could have contained false positives, so additional MC assays
were conducted afterward.

MC, changes in cell number, cell length measurements,

and flow cytometry

Strains defective in colony formation in the first spot test were as-
sayed for MC using liquid media. Nitrogen was depleted by chang-
ing the culture medium to EMM2-N using vacuum filtration with
a nitrocellulose membrane (0.45-um pore size) as described previ-
ously (24), and cells were incubated for designated periods under -N
(fig. S5B). After incubation, cells were counted using a Multisizer 3
(Beckman Coulter), and MC was calculated as the percentage of colony
formation on duplicate nutrient-rich YPD (yeast extract, peptone,
and dextrose) plates streaked with 300 cells each. From this screening,
strains that showed less than 50% MC after a 4-week incubation under
—N were selected. For cell number changes, cell counts before and
24 hours after —N were determined using a Multisizer 3, and differ-
ences were calculated. For cell length, the long axes of 10 medium-
sized cells were measured and averaged for each strain. To measure
the DNA content of cells, flow cytometry was performed (3) using
FACSCalibur (Becton Dickinson).

PCR deletion confirmation

Strains with MC <50% were checked by PCR using the primer sets
listed in Kim et al. (13) to confirm proper gene deletions. PCR was
performed with two primer sets for both 5" and 3’ deletions. The 5’
deletions were checked with cp5, a gene-specific primer outside the
deletion cassette and with either CPN10 or CPN1, which are primers
that bind inside the cassette (fig. S6A). Similarly, the 3’ deletion was
checked with cp3, as an outside primer, and either CPC3 or CPC1, as
inside primers (fig. S6B). LA Taq DNA polymerase (Takara Bio Inc.)
was used for PCR following the manufacturer’s instructions. Nine
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strains failed to show amplification bands, confirming deletion, and
were removed (fig. S6). Genes associated with the remaining 85 de-
letions were considered GZE.

Light microscopy observation

Cell images using DIC, DAPI, FM4-64, DAF-FM DA, and Nile red
staining were acquired using fluorescence microscopes [AxioPlan2
(Zeiss) and DeltaVision Elite (GE Healthcare)]. For nuclear staining,
cells were fixed with 2% glutaraldehyde for 10 min on ice, washed
three times with phosphate-buffered saline, and observed under a fluo-
rescence microscope after mixing with DAPI (25 pg/ml) for staining.
For vacuole staining, 1 pl of FM4-64 (1 ug/pl) (ThermoFisher) was
added to 1 ml of cell culture, and cultures were incubated in the dark
at room temperature for 45 min. After incubation, cells were washed in
media without FM4-64, then incubated again for 45 min before ob-
servation. For nitric oxide staining, 5 ul of DAF-FM DA (1 pg/pl)
(AdipoGen) was added to 1 ml of cell culture. Then, cultures were
incubated in the dark at room temperature for 45 min. Cells were
washed twice with media before observation. Signal intensity of
DAF-FM DA was obtained using softWoRx software (GE Healthcare)
and calculated by taking the average of 10 fluorescence points in each
image. For lipid droplet staining, 1 pl of Nile red (1 ug/ul) (Wako)
was added to 1 ml of cell culture, and cultures were incubated in the
dark at room temperature for 5 min before observation.

Transmission electron microscopy

Cells were fixed with 2% glutaraldehyde in 100 mM phosphate buffer
(pH 7.2) for 2 hours at 26°C, postfixed with 2% potassium perman-
ganate overnight at 4°C, and embedded in Epon812 (TAAB). Ultra-
thin sections were stained in 2% uranyl acetate and Reynold’s lead
citrate and viewed with a TEM JEM1230R (JEOL) operated at 100 kV.

Immunoblotting

Cell extracts from FLAG-tagged strains were prepared with a Multi-
beads Shocker (Yasui Kikai) by the trichloroacetic acid (TCA) precip-
itation method. For lambda protein phosphatase (APP) (New England
BioLabs) treatment, NEBuffer for protein metallophosphatases (PMP)
(New England BioLabs) with 1 mM PMSF (phenylmethylsulfonyl fluo-
ride) (Wako) was used instead of TCA. Then, 1 ul of APP was added per
20 ul of sample, containing 100 pg of protein, and incubated at 30°C for
30 min. After TCA precipitation, the same amounts of protein wereloaded
into each lane. SDS gels containing 6% Phos-tag (Wako) were used to
perform electrophoresis, and samples were blotted onto nitrocellulose
membranes. Anti-FLAG was used as the primary antibody, and horse-
radish peroxidase-conjugated secondary antibody and an enhanced chem-
iluminescence system (GE Healthcare) were used for signal expression.
Signal detection used an LAS-3000 system (Fujifilm).

Metabolome analysis

WT cells were incubated at 26°C in EMM2 for VE and in EMM2-N
for 6, 12, and 24 hours after shifting for —N, and metabolome sam-
ples were prepared as described previously (32, 33). At each time point,
experiments were performed in triplicate. Samples were spiked with
two internal standards, Pipes and Hepes, extracted, and separated
by liquid chromatography on a ZIC-pHILIC column (Merck), and
then measured using an LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific). MZmine 2 software was used for raw mass spec-
trum analysis (34). Detected amino acid peaks were identified by com-
paring mass/charge ratio values and retention times with standards.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaat5685/DC1

Fig. S1. Fluorescence images of nitric oxide (green, DAF-FM DA) and vacuoles (red, FM4-64)
and merged images of indicated strains.

Fig. S2. A low-mobility band of Ned1-FLAG is phosphorylated.

Fig. S3. Electron micrograph of ASPBC902.03 at 24 hours after —N.

Fig. S4. ned1-264 showed MC loss and deformed nuclei, which were rescued by deletions of
autophagy genes.

Fig. S5. Scheme of two screening procedures.

Fig. S6. PCR confirmation of gene deletion.

Table S1. Table of 85 GZE genes.

Table S2. List of cancer-related references for 85 GZE genes.

Table S3. Strains that failed to backcross or grow.
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