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Résumé

Les ARNSs sont des molécules ayant des fonctions importantes dans divers processus cellulaires. Les
ARNmMm codent pour les protéines, tandis qu'un grand nombre d'’ARNs nommés longues ARNs non
codants (ARNInc) ne sont pas traduites en protéines. Les deux types d’ARNSs existent en isoformes
qui se distinguent par leurs régions non-traduites (UTRs) ou par leur contenu en exons qui est
variable a cause de 1’épissage alternatif.

Certains des ARNInc jouent des roles importants dans la croissance et différentiation cellulaire.
Cependant, leurs fonctions dans la cytotoxicité de la chimiothérapie anti-cancéreuse
médicamenteuse utilisant le 5-fluorouracile (5-FU) sont encore inconnues.

Pendant mes travaux j'ai trouvé que le traitement par le 5-FU cause I’accumulation des ARNInc y
compris certains qui sont a cheval et antisense a des ARNs. Ce phénomene est parfois, sous forme
d’ARN double brin (ARNds) formé par une paire de transcrits chevauchant, corrélé négativement
avec le niveau de la protéine codée par ' ARNm. Cette inhibition potentielle de la traduction des
régulateurs du cycle cellulaire clés et les geénes essentiels en formant des I'ARNds peut
éventuellement empécher la progression du cycle cellulaire. Mes résultats suggerent donc que les
ARNInc sont susceptibles de jouer un rdle important dans la cytotoxicité du 5-FU. Nos analyses
prometteuses devraient inspirer des études approfondies des ARNInc dans la cytotoxicité du 5-FU
chez la levure et I’homme afin d”'améliorer la chimiothérapie.

Le 5-FU est un médicament de chimiothérapie utilisé depuis de décennies au monde entier. Il tue les
cellules cancéreuses en inhibant la thymidylate synthétase (impliquée dans la réplication d’ADN) et
I’exoribonuclease Rrp6 (nécessaire pour la dégradation et modification d’ARNs). Cependant,
I’efficacité de ce médicament est insuffisante, car un grand pourcentage des tumeurs résistent des le
début de la thérapie ou deviennent insensible au traitement. Le mécanisme derricre cette résistance
n’est pas entierement compris.

Rrp6 est une 3 'S' exoribonuclease, qui joue un rdle important dans la régulation et la modification
de ’ARNr, ’ARNm et I’ARNInc. J'ai trouvé que la surexpression de RRP6, I’homologue de la
levure du géne EXOSCI10 chez les mammiferes, peut conduire a une résistance accrue au traitement
par le 5-FU. Une mutation stabilisant la Rrp6 a également pour conséquence un taux de survie plus
élevé lors du traitement 5-FU.

Je démontre ensuite que Rrp6 est un régulateur négatif qui cible des isoformes d'’ARNm et IncRNAs
méiotiques dans la mitose. Une étude précédente a trouvé que la protéine Rrp6 diminue au cours de
la méiose mais la cause est inconnue. J'ai confirmé que I’ARNInc MUT1312 forme des ARNds avec
RRP6 qui sont négativement corrélés avec le niveau de la protéine Rrp6. Par ailleurs, la
surexpression de MUT1312 pendant la mitose et associé avec une diminution d’Rrp6. Ainsi, mon
étude suggere que MUT1312 soit impliqué dans la régulation de Rrp6 pendant la différentiation
cellulaire.

En outre, j'exploré la fonction de I'ARN double brin dans la méiose. Un des cas intéressant de
I'ARN double brin dans la méiose est la paire SWI4/MUT477, ou MUT477 chevauche I’isoforme
méiotique 5S'UTR de SWI4. J'ai trouvé que MUT477 et SWI4 5S'UTR forment un ARNds, et que ceci
a une corrélation négative avec le niveau de la protéine. Ainsi, mes recherches indiquent la fonction
importante de la méiose induite a long ARN non codantes en tant que forme d'ARN double brin
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potentiellement réguler la traduction.

Un autre aspect de la fonction des ARNInc est de réguler la transcription d’un 'ARNm en aval. J'ai
trouvé que SUT200 pourrait inhiber la transcription de CDC6 durant la méiose par read-through. Un
cas comparable est MUT1465 et CLN2, en amont non codant I'ARN MUT1465 inhibent CLN2 par
transcription lire arréter le promoteur CLN2. J’ai fait un criblage in silico pour trouver des facteurs
de transcription qui activent des MUTs durant la méiose. J’ai trouvé que la plupart des MUTs sont
induites par Ndt80. MUT1465 est parmi eux : il pourrait étre induite par Ndt80 ce qui inhiberait
I’expression de CLN2 apres ’initiation de la méiose.

Ume6 interagit avec le site répresseur en amont 1 (URS1) et réprime la transcription a la fois par le
recrutement de I'histone déacétylase conservé Rpd3 (a travers le co-répresseur Sin3) et le facteur
chromatinien Isw2. Les cellules dépourvues Ume6 sont défectueux dans la croissance, la réponse au
stress, et le développement de la méiose. J’ai trouvé que la répression de certains MUTs par le
complexe Umew6/Rpd3 en mitose est différemment régulée entre JHY222 et SK1. MUT100 qui ne
possede pas 1'élément USR1 fixé par Ume6, et qui est donc une cible indirecte, est déréprimé dans
JHY22 ume6 mais pas dans SK1 ume6.

Pour la régulation de 1'étude de isoforme méiose, j'ai participé a des recherches sur le mécanisme
qui répriment 1’isoforme méiotique du gene BOII dans la mitose, et j’ai induction de la méiose de
isoforme méiose. Les paralogues BOII et BOI2 sont importantes pour le cytosquelette d'actine et la
croissance polaire. BOIl code une isoforme de transcription méiotique avec une région non traduite
en 5 prolongée prédit a altérer la traduction des protéines. Nous avons trouvé que le complexe
histone déacétylase Rpd3/Sin3/Ume6, qui réprime les genes méiotiques lors de la mitose, empéche
également l'induction de l'isoforme longue de BOII dans la mitose par liaison directe de liaison
Ume6 a sa cible de URSI.

Orcl est importante pour la réplication de I'ADN. Le gene code pour une isoforme de la
transcription de la méiose (mORC1) avec une longue région non traduite en 5 '(5'UTR), qui inhibe
la traduction des protéines. J’ai démontré que mORC est une cible directe de l'activateur Ndt80 et
que son motif de fixation (MSE) est nécessaire pour l'induction de I’isoforme mORCI et du gene
méiotique SMA2 transcrit de facon divergente. J’ai trouvé qu'une souche incapable d’induire
mORC1, contient des niveaux anormalement élevés d’Orcl pendant la gamétogenese, ce qui corréle
mORCI avec la baisse de la protéine Orcl. Etant donné que les génes eucaryotes encodent
fréquemment de multiples transcrits possédant 5'-UTR de longueur variable, les résultats sont
vraisemblablement pertinents pour l'expression de geénes au cours du développement et des
maladies chez les eucaryotes supérieurs.

En conclusion, mes études au cours du doctorat révelent des nouvelles cibles et ainsi offrent des
nouvelles perspectives de I’amélioration de la chimiothérapie par le 5-FU. Les mécanismes incluent
(1) la formation d'un ARN double brin avec son ARNm anti-sens pour potentiellement inhiber la
traduction de 'ARNm, et (2) inhibition en aval de I'ARNm par transcription read-through d’une
ARNInc. Mon travail a également révélé un mécanisme de régulation des ARNInc et les isoformes
d’ARN pendent la croissance et la différentiation cellulaire.



Abstract

The drug 5-fluorouracil (5-FU) was introduced as an effective agent in chemotherapy several
decades ago. Although much work has focused on understanding its mechanism of action and the
events that mediate resistance, some key issues remain unresolved. In my work I addressed the
question if the deregulation of recently discovered long non-coding RNAs that depend upon the
exoribonuclease Rrp6 (EXOSCI10 in mammals) — an enzyme which is directly inhibited by 5-FU —
may be involved in the drug’s cytotoxicity. To this end, I studied the genome-wide effect of 5-FU
treatment using RNA profiling in budding yeast, a major model organism for studying eukaryotic
cell cycle progression. My major findings are that (i) some IncRNAs accumulate upon treatment
including certain transcripts that can form double stranded RNAs with their overlapping sense
mRNAs (and IncRNAs) and (i) mRNAs and protein levels of the important Swi5 and Ace2 cell
cycle regulators are decreased and their target gene mRNAs are down-regulated. In related work, I
showed that (i) RRP6 over-expression mediates elevated 5-FU resistance, which marks the protein
out as a potential target for strategies to counter this critical phenomenon in cancer. Furthermore, I
studied the transcriptional regulation of meiotic developmental stage specific IncRNAs, some of
which are accumulating in cycling cells upon 5-FU treatment. Finally, I participated in work on the
epigenetic control of mRNA isoforms that are repressed in mitosis, that can accumulate in 5-FU
treated cells, and that are normally activated during various stages of meiotic cell differentiation.
My work paves the way for further studies in mammalian cancer cells aiming at IncRNA
accumulation upon 5-FU treatment and a possible correlation between EXOSC10 protein levels and
5-FU resistance in malignancies such as colon, breast and skin cancer.
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Introduction

1. Chemotherapy

1.1 The aim of using chemotherapeutic drugs
Chemotherapy is a major form of cancer treatment. The aim of chemotherapy is curative or to

prolong life or to palliate symptoms. Chemotherapeutic drugs are cytotoxic by interfering with cell
division (mitosis) and damaging DNA, to damage or stress cells, which may lead to cell death by

apoptosis.

1.1.1 Different types of chemotherapeutic drugs act via distinct mechanisms
(1) Alkylating agents

Alkylating agents can alkylate many molecules, like proteins, RNA and DNA. Alkylating agents
can bind covalently to DNA via their alkyl group, which impairs DNA replication and repair, and
can trigger apoptosis in cancer cells. Alkylating agents used for chemotherapy are mechlorethamine,

cyclophosphamide, carmustine, mitozolomide, and thiotepa (Lind M.J., M.J. Medicine, 2008).

(2) Anti-microtubule agents
Anti-microtubule drugs are chemicals isolated from plants, which can inhibit cell division by
interfering with microtubule function. Chemotherapeutic drugs in this class are for example
paclitaxel, docetaxel, and podophyllotoxin (Rowinsky EK et al., Pharmacology &
Therapeutics.1991; Yue QX, et al., Planta Medica.2010; Damayanthi Y et al., Current Medicinal
Chemistry. 1998)

(3) Antimetabolites

Antimetabolites are molecules that target DNA and RNA synthesis to inhibit cancer cell growth.
They have a similar structure as the nucleotides of DNA and RNA. The mechanism of action of this
group of drugs is to block the enzymes required for DNA synthesis by being incorporated into DNA
or RNA. In this way, the drug can prevent tumor growth by inhibiting DNA replication and
blocking the cell cycle in S-phase. Antimetabolite drugs include cytarabine, gemcitabine,
decitabine, and notably 5-Fluorouracil (5-FU), which is one of the most widely used anti-cancer
drugs, especially in colon cancer treatment (Lind M.J., M.J. Medicine.2008; Parker WB. Chemical
Reviews, 2009).



(4) Topoisomerase inhibitors

Topoisomerase inhibitors affect the activity of topoisomerase I and II. During DNA replication or
RNA transcription, the DNA double helix unwinds, which results in supercoil formation in the
wound part of DNA, thus the adjacent unopened DNA becomes tighter, and this stress is relieved by
topoisomerase | and II. Both topoisomerases introduce single- or double-strand breaks into DNA,
thereby reducing the tension in the DNA strand. Inhibitors of topoisomerase I and II will interfere
with this process. Commonly used inhibitors for cancer therapy are irinotecan, topotecan, etoposide,
and doxorubicin (Lodish H, et al.,2000; Goodsell DS. Stem Cells.2002; Nitiss JL. Nature Reviews.
Cancer. 2009)

(5) Cytotoxic antibiotics
Cytotoxic antibiotics include different types of drugs with various mechanism of action. The
common mechanism is to interrupt cell division. Major drugs in this group are mitomycin C and

actinomycin (Antineoplastic Agents in Encyclopedia of Molecular Pharmacology.2008)

1.1.2 5-FU is widely used as a single or combined chemotherapeutic drug
5-FU is a widely used anti-metabolites type anti-cancer drug. In 1954, Abraham Cantarow and Karl

Paschkis observed that radioactive uracil was absorbed more readily in liver tumors than in normal
liver cells (Sneader W. Drug Discovery, 2005). Later, Heidelberger and Duschinsky found that 5-
FU markedly inhibited tumors in mice. In 1957, Heidelberger et al. reported 5-FU as a promising
anticancer drug (Chu E. Clinical Colorectal Cancer.2007; Heidelberger C. Nature.1957).

5-FU was first designed and synthesized as the analog of uracil and has since been widely used as
first line of standard chemotherapy regimens for different cancers, like colon cancer (Longley D. B.
Nat. Rev. Cancer.2003). However, a large percentage of patients who received 5-FU alone presented
with tumor recurrence, which is caused by acquired drug resistance of exposed cancer cells. To
solve this problem, strategies such as using combinations of chemotherapeutic drugs have been used
in clinical chemotherapy. The commonly used combinations are 5-FU together with alkylating
agents such as cisplatin. However, this treatment cannot permanently overcome the phenomenon of

drug resistance. One key issue is that the mode of action of 5-FU is still not completely understood.
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Figure 1. The structure of 5-Fluorouracil. Molecular structures of 5-FU and uracil are displayed. The image is from

Valeriote et al., Pharmacol Ther. 1984.

1.2 Mechanism of 5-FU action

5-FU can inhibit cell growth via DNA based and RNA based mechanisms. 5-FU causes DNA

damage by inhibiting Thymidylate Synthase (TS), and exerts RNA-based cytotoxicity by inhibiting

Rrp6, which is a 3’-5 exoribonuclease conserved from yeast to human (Longley D. B. Nat. Rev.

Cancer, 2003).
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Figure 2. Activation of p53 by 5-
fluorouracil. 5-Fluorouracil (5-FU) can
activate p53 by more than one mechanism:
incorporation of fluorouridine triphosphate
(FUTP) into RNA, incorporation of
fluorodeoxyuridine triphosphate (FAUTP)
into DNA and inhibition of thymidylate
synthase (TS) by fluorodeoxyuridine
monophosphate (FAUMP) with resultant
DNA damage. TS-directed cytotoxicity is
abrogated by increased TS expression,
whereas RNA directed cytotoxicity can be
abrogated by increasing the intracellular
levels of uridine. The image is from
Longley DB., et al., Nature Reviews
Cancer.2003



1.2.1 TS is the target of 5-FU

Since 5-FU is an analog of uracil, it can be metabolized into fluorodeoxyuridine monophosphate
(FAUMP) to inhibit Thymidylate Synthase (TS). Inhibition of TS will result in inhibition of
synthesis of Deoxyuridine Triphosphate (dUTP), since TS is the enzyme that converts 2'-
Deoxyuridine 5'-Monophosphate (dUMP) to Deoxythymidine Monophospate (d{TMP), which is the
only source of de novo thymidylate synthesis. Its activity thus leads to a drop of Deoxythymidine
Triphosphate (dTTP) concentration in the cell, and thereby affects the synthesis of DNA during
DNA replication in S-phase. dFUTP can also incorporate into DNA through the replication process
to therefore leads to DNA damage, which triggers the DNA repair process. (Longley D. B, et al.
Nat. Rev. Cancer.2003).

Thymidylate synthase uses 5,10-methylene tetrahydrofolate (CH2THF) as the methyl donor. It
catalyzes the conversion of dUMP to dTMP. The 5-FU metabolite FAUMP binds to the nucleotide-
binding site and forms a stable ternary complex with TS and CH2THE, to block dUMP to get access
to the nucleotide-binding site of TS and inhibit dTMP synthesis. This decreases the dTTP pool and
elevates the level of dUTP in the cell, both of which will lead to DNA damage. (Longley D. B, et al.
Nat. Rev. Cancer.2003).

Figure 3. Mechanism of
thymidylate synthase inhibition
by 5-fluorouracil. Thymidylate
synthase (TS) catalyzes the
conversion of  deoxyuridine
monophosphate ({UMP) to
deoxythymidine monophosphate
(dTMP) with  5,10-methylene
tetrahydrofolate (CH2THF) as the

Nature Reviews | Cancer  methyl donor. The 5-fluorouracil
(5-FU) active metabolite fluorodeoxyuridine monophosphate (FAUMP) binds to the nucleotide-binding site of TS and
forms a stable ternary complex with TS and CH2THE, blocking access of dUMP to the nucleotide-binding site and
inhibiting dTMP synthesis. This results in deoxynucleotide (dNTP) pool imbalances and increased levels of
deoxyuridine triphosphate (dUTP), both of which cause DNA damage. The extent of DNA damage caused by dUTP is
dependent on the levels of the pyrophosphatase dUTPase and uracil-DNA glycosylase (UDG). dTMP can be salvaged
from thymidine through the action of thymidine kinase (TK). Image from Longley D. B, et al. Nat. Rev. Cancer, 2003.
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1.2.2 Rrpé6 is a target of 5-FU

1.2.2.1 The RNA Exosome

Cytoplasmic Nuclear
Ex09 (core) Exo1044

Exo1144/6

© endo / v \. / ' \

® exo substrates SKI translation substrates TRAMP transcription
apparatus Rrp47, Mpp6 apparatus

Figure 4. Component of exosome. Different forms of the exosome are given. Image from hhmi.org

The RNA exosome contains multiple subunits one of which is Rrp6, a 3’-5" exoribonuclease that
can degrade and process RNA. The exosome in eukaryotic cells contains 9 core subunits (Exo9),
and Rrp6 and Dis3 ribonucleases that are conserved among prokaryotic, archaea, and eukaryotic

species (Januszyk K, Lima C, et al. 2014 Current Opinion in Structural Biology).

The eukaryotic exosome is present in the cell in two forms: (1) the cytoplasmic RNA exosome,
comprising the exosome core (Exo09) and Dis3/Rrp44, and (2) the nuclear RNA exosome which is
thought to contain Rrp6. Both of the forms interact with other co-factors to degrade or process
particular target RNAs (Januszyk K, Lima C, et al. 2014 Current Opinion in Structural Biology;
Butler J S and Mitchell P, RNA exosome, chapter 8, 2010).
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Figure 5. The crystal

structure of a yeast
exosome—RNA complex. a,
b, The structure of S.
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cerevisiae
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2.5s). The exosome-binding
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region

The Rrp4 N-terminal tail reaches across the RNase PH-like barrel towards the N-terminal region of Rrp44 (left). RNA is

enclosed in the complex (b).Image is from Makino DL, et al. Nature.2013

1.2.2.2 Rrp6

Rrp6 (ribosomal RNA processing) was first found in yeast by genetic selection for suppressors of a

polyadenylation defect gene. The gene is the yeast homologue of human EXOSCI10 (also called
PM-Scl 100) and E. coli 3°-5° exoribonuclease RNase D (Briggs M, et al. The journal of biological

chemistry, 1998).

Rrp6 contains a N-terminal domain, an Exo-domain, an HRDC domain (helicase and RNase D C-

terminal), and a C-terminal Nuclear Localization Signal (NLS).

A N-terminal
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N-terminal
[\ domain

platform

C Linker

HRDC domain

Figure 6. Structure of Rrp6. (A) Rrpbp sequence overview.
Colored-coded segments are part of the current structure
showing the N-terminal domain (green),exonuclease domain
(blue), linker (gray), and HRDC domain (red). (B) Overview of
the Rrp6p structure using the same color code as A. The ions
and side chains in the active site are shown as balls and sticks.

Image from Midtgaard SE, et al., PNAS. 2006.

Rrp6 is involved in processing of rRNA and the
degradation of different categories of non-coding
RNAs and mRNA:s,
Transcripts (CUTs). Eukaryotic ribosome 25S, 18S,

including Cryptic Unstable

and 5.8S rRNAs are transcribed as a single transcript with two internal transcribed spacers (ITS1

and ITS2), the long transcript undergo complex processing steps to remove the internal spacers then

produce mature 25S, 18S, and 5.8S rRNA. ITS1 separate 18S rRNA from 5.8S rRNA, ITS2

separate 5.8S rRNA from 25S rRNA.

BlL Bl&
LA, E C, C
— L —
188 ISl 555 1TS2 158
* Cleavage at A,
Cleavage at A, Cleavage at By
(MRP, RrpSp)
-
} A, B, (Ratlp, Xralp)
-
* Processing at C, and C, * Processing at C; and C,
[ C—
* E -= C, {Exosome, Rrpép) * E - C, (Exosome, Rrpép)
L | [ L
585, 258 58S, 158

Figure 7. Diagram of the major processing events involved in removal of ITS1 and ITS2 from pre-rRNA. Image

from Briggs MW., J, Biol. Chem, 1998.
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As illustrated in Figure 7, the RNA exosome is responsible for the separation of 5.8S rRNA and 25S
rRNA, cleavage and 3’ end trimming of 5.8S rRNA. Particularly, Rrp6 is responsible for the
removal of 30 nucleotides from the 3’ end of 5.8S rRNA precursor. In an rrp6 recessive mutant, a
novel 5.8S rRNA processing intermediate accumulates, called 5.8S*, which has a normal 5’ end,
and an elongated 3’ end because it retains 30 nucleotides of I7S2. Thus, Rrp6 is important for 5.8S
rRNA 3’end formation (Michael W. Briggs, et al., JBC.1998).

Rrp6 also plays an important role in the maturation of snoRNAs. In rrp6 deletion mutant,
polycistronic snoRNAs with extended forms are accumulated and independently transcribed

snoRNAs also accumulate (Midtgaard S, et al. PNAS.2006).

1.2.2.3 Rrp6 can target different RNAs as the core subunits and Rrp44
A genome wide study of the target of exosome core component and co-factors Rrp6 and Rrp44, as

shown in Figure 8, revealed that core components have overlapping targets, while Rrp6 more

specifically targets small, structured RNAs including tRNA, snoRNAs and snRNAs.

Rrp6 in budding yeast is thought to located in only in the nucleus, whereas the core components of
the exosome are located in both nucleus and cytoplasm. Consistent with this, pre-mRNAs are more
targeted by Rrp6 than by the core component and its associated exoribonuclease. In a CRAC-Seq
experiment, which crosslinks RNA with RNA binding proteins in vivo then uses antibodies to pull
down the crosslinked transcripts for RNA sequencing, the highest number of reads that mapped to

introns were found associated with Rrp6. Since
0%

- B B = .otk Pol A introns are removed in the nucleus, this result
59, - W intergenic ) ) )
. m as mRNA possibly shows that Rrp6 has major role in
u - B MRNA degradation of excised introns and pre-mRNA.
Lo - u SUTs The mRNAs preferentially bound by Rrp6 are
[~ = @ CUTs . . e
20% ~ - enriched in a cluster of genes with introns,
! B snRNA
25% L,. |- a2 snoRNA ribosomal protein genes, and genes that encode
30% = ® other Pol Il ribosome synthesis factors (Schneider C, et al.,
(S
35% | w = = Rpr Mol Cell, 2012).
83% # scR1
65% E-Ei'}’u
B UG snEBNA
& 55 rRNA Figure 8. Targets of Exome. Image from Schneider C,
U IRMNA et al., Mol Cell, 2012
bP‘ o ;;,P <é° B 35S pre-rRNA
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1.3 Mechanism of resistance to 5-FU
The primary well known activity of 5-FU is to inhibit TS, thus causing a decreased level of dTMP.

However, dTMP can also be synthesized by thymidine kinase (TK) through conversion of
thymidine. Thus, it can alleviate the consequence of TS deficiency. This compensation pathway
may represent a potential mechanism of resistance to 5-FU (Grem J.L. and Fischer. P.H Pharmacol.

Ther 1989. Daniel B.L. et al. Nat Rev Cancer. 2003).

5-FU can be degraded by Dihydropyrimidine dehydrogenase (DPD) to DHFU, which cannot be
absorbed by cells. Patients who are deficient in DPD display systemic toxicity in response to 5-FU.
On the contrary, patients who express higher levels of DPD mRNA show resistance to 5-FU
(Salonga D. et al., Clin Cancer Res. 2000. Daniel B.L. et al. Nat Rev Cancer. 2003).

Genome wide gene expression studies showed that in addition to the increase of TS mRNA in 5-FU
resistant cells, multidrug resistant genes MDR3 and MDR4 also display expression patterns
significantly correlated with 5-FU sensitivity (Zembutsu, H. et al. Cancer Res. 2002). The elevated
level of both mRNA and protein of nuclear factor kB (NFkB) p65 and related anti-apoptotic c-Flip
gene was detected in resistant cells. NFkB DNA-binding activity has also been found increased in
5-FU resistant cell lines, while other key genes involved in 5-FU activity, like thymidine kinase,

were significantly down-regulated in 5-FU resistant cells (Wang W et al., Cancer Research 2004.).

In addition to mRNAs, some studies have shown that non-coding RNAs also have an important
impact on 5-FU resistance. Lee et al., reported that snaR, a 117nt long non-coding RNA transcribed
by RNA polymerase III and associated with nuclear factor 90(NF90), is downregulated in 5-FU
resistant colon cancer cells. Down-regulation of snaR increases the viability of cells treated with 5-
FU, which suggests that snaR negatively regulates 5-FU resistance (Lee et al. Mol Cells. 2014).
Long non-coding RNA urothelial carcinoma associated 1(UCA1) has been found have the ability to
promote tumor growth in vivo (Wang et al. Cancer Res 2006). Bian et al, reported that UCA1 can
increase the resistance of colorectal cancer (CRC) cells to 5-FU by inhibiting apoptosis. UCA1
inhibits miR-204-5p by serving as a small RNA sponge. As a consequence, the target of miR-204-

5p, CREBI1, shows an elevated expression level (Bian Z, et al. Scientific reports 2016).
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2. Protein coding and non-coding RNAs

RNAs have important roles in the cell. Francis Crick has put forward the concept of what is called
the central dogma of molecular biology in 1970 (Crick F. Nature 1970). It stipulates that genetic
information encoded by DNA is first transcribed into mRNAs, which are then translated into

biologically active proteins.

PROTEIN

Fig. 3. A tentative classification for the present day. Sclid arrows show

general transfers; dotted arrows show apecial transfers, Again, the

absent arrows are the umieleu{l‘]ﬁ’:d transfers specified by the central
logma.

Figure 9. The central dogma of molecular biology. Image from Crick F. Nature 1970

However, this initial perception about the role of RNA is incomplete, since many RNAs have been
found which unlike mRNAs do not encode proteins, including tRNAs, rRNAs, and snRNA.
Currently, more types of RNA molecules which do not appear to encode proteins have been found
in the transcriptome, such as small non-coding RNAs like miRNAs, siRNAs and piRNAs by ultra-
high throughput RNA-Sequencing. Small non-coding RNAs have important roles in regulating gene
expression: miRNAs and siRNAs can inhibit translation by forming double-stranded RNA with
their target RNA (post-transcriptional gene silencing; PTGS). They can also enhance gene
expression by promoting translation, for example in insects where they promote egg-hatching
synchrony by up-regulating their target genes (He J., et al. PNAS.2016) and in the ancient
protozoan Giardia lamblia, where miRNA miR3 enhances translation when it is fully
complementary with its target (Ashesh A. Saraiya, et al. PLoS One 2013). piRNAs also have
important roles in negatively regulate gene expression in reproductive and nervous systems like
brain (Siomi MC et al., Nat Rev Mol Cell Biol 2011; Rajan KS and Ramasamy S. Neurochem Int.
2014).
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2.1 What are long-non-coding RNAs?
Recent advances in RNA profiling and computational analysis techniques have enabled a deep

understanding of the transcriptome. Many loci have been found, which produce RNA
transcripts >200 bases that appear to have little or no coding potential - they are called long non-

coding RNAs (IncRNAs).

In 2009, Guttman M, et al., reported the first comprehensive study of long non-coding RNAs in a
genome. The authors used chromatin signatures to identify large non-coding RNAs in the mouse.
Genes actively transcribed by RNA polymerase II (Pol II) have the histone marker H3K4me3
(trimethylation at lysine 4 of histone H3) in their promoters and H3K36me3 (trimethylation at
lysine 36 of histone H3) in their transcribed regions; this distinctive structure is called “K4-K36”
domain. They systematically discovered lincRNAs (Large intergenic non-coding RNAs) by
identifying this K4-K36 domain structure outside of know protein coding gene loci and identified

1600 lincRNAs in four mouse cell types (Guttman M, et al. Nature. 2009).

Later studies found that IncRNAs are very much like mRNAs in several ways: the genomic loci of
IncRNAs have similar features as mRNAs: IncRNAs are also transcribed by RNA polymerase II
(Polll); they have a 5’ cap, a 3’ Poly(A) tail, and they can be spliced. However, there are distinct
features that distinguish IncRNAs from mRNAs: first, the sequences of IncRNAs are not conserved
among different species to the exception of IncRNAs in promoters in mice and human; second,
IncRNAs typically show lower expression levels than mRNAs; third, IncRNAs are shorter than
mRNAs; fourth, IncRNAs have fewer exons but they are longer than those in mRNAs (Quinn J and
Chang Howard. Nature Reviews Genetics. 2016).
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Figure 10. Categories of non-coding RNAs. Image from Morceau F, et al., Int. J. Mol. Sci. 2013

2.2 Function of long non-coding RNAs
How do IncRNAs function? Do some of them encode proteins? IncRNAs play important roles in

connecting and mediating different component in the cells, protein complexes, genes, and
chromosomes to reach appropriate place and function as activators and repressors of gene
expression (Batista P. and Chang HY. Cell. 2013; Quinn J and Chang Howard. Nature Reviews
Genetics. 2016).
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regions of the nucleus, and the densely compacted heterochromatin localizes near the nuclear envelope. Many
specialized functions are executed in distinct regions in the nucleus, known as nuclear bodies. One example is the

nucleolus, where ribosomes are assembled. Figure from Pedro J. Batista and Howard Y. Chang. Cell.2014.

LncRNA participate in nearly every steps of gene expression, from transcription to translation, from

splicing to decay.

From a functional perspective IncRNAs can be divided into three categories: (1) IncRNA transcripts
without any function, they are merely the result of transcription noise; (2) IncRNAs that function
via their transcription; (3) IncRNAs that act in cis or in trans to regulate gene expression.

Unlike mRNAs which are translated into protein (isoforms), IncRNAs are thought do not encode
proteins. However, the important question of the ability of IncRNAs to encode proteins is currently
under debate. Ingolia N T, et al use mouse embryonic stem cells to do ribosome profiling and found
that most of the IncRNAs are associated with ribosomes and have multiple small open reading
frames (sORFs), and nearly half of the previously found candidate IncRNAs which are required for
pluripotency are actually bound by active elongating ribosomes (Ingolia NT, et al., Science. 2009).
The authors named those IncRNAs as short, polycistronic ribosome-associated coding RNAs
(sprcRNAs). The author also identified thousands of true ncRNAs, which do not have ribosome
associated with them, like the IncRNA NEATI, which is important in RNA export. The
phenomenon of ribosome binding to ncRNAs is not limited to mouse: Brar G, et al. used ribosome
profiling to study the budding yeast meiotic program, and they also found that some ncRNAs in
budding yeast are associated with ribosomes, for example MUTI1465 (Brar GA, et al.,
Science.2012).

Contrary to the study above, the follow up study done by Guttman M, et al, re-analyzed the same
dataset produced in Ingolia N T, et al’s experiment, but they used a stringent metric, ribosome
release score to distinguish between productive ribosome (translating ribosome) and non-productive
ribosome (scanning ribosome). The metric is based on the known principle of translation that
translating ribosome will release and disassemble from mRNA when they encounter a true stop
codon. The metric successfully distinguished between classical ncRNAs (like snoRNAs, RNase P
RNA) and protein coding mRNAs. The authors used this metric and found that both classical
ncRNAs and IncRNAs show the same ribosome occupancy as the scanning ribosomes on the 5’-
UTR region. The Ribosome Release Score (RRS) shows that unlike protein coding mRNAs, the
IncRNAs are the same as 3’UTR, 5’UTR, and classical ncRNAs which rarely have the known

signature of translational termination. Consequently, the study reaches the opposite conclusion as
21



the original ribosome profiling study (Guttman M et al., Cell. 2013).

Proteomic approaches have also been used to detect the translation ability of IncRNAs. By using
sensitive mass spectrometry, the researchers also failed to detect translation protein products of 92%
GENCODE IncRNAs. Other mass spectrometry studies found poly-peptide products of classical
IncRNAs, such as H19, but protein products are not identified in common IncRNAs. Taken together,
these results support that idea that IncRNAs normally do not encode a translation product.

(Banfai, B. et al. Genome Res. 2012; Gascoigne, D. K. et al. Bioinformatics. 2012)

2.2.1 Long non-coding RNAs can regulate gene expression at the transcriptional
level
Long noncoding RNA regulate mRNA transcription mainly via transcription interference, whereby

transcription of antisense long noncoding RNA inhibits the transcription of the overlapping sense
mRNA. Another type is promoter interference where the IncRNAs is transcribed over a protein-
coding gene’s regulatory region. Transcription interference is a cis-regulatory event, in which the

transcription itself but not the RNA molecule has a biological function.

2.2.2 Long non-coding RNAs regulate gene expression at post-transcriptional
level
IncRNAs can regulate mRNA expression at various post-transcriptional processing steps, including

post-transcriptional splicing and editing, translation, mRNA stability, and miRNA expression.

In mammalian cells, IncRNs can influence the splicing patterns of mRNAs directly, possibly by
masking the splice site and preventing spliceosome recognition and recruitment. For example,
antisense long non-coding RNAs can regulate the splicing patterns of MYC, and ZEB2 (zinc-finger
E-box binding homeobox 2). For MYC, antisense IncRNA forms an RNA duplex with MYC mRNA
to inhibit its splicing. In the case of ZEB2, the antisense IncRNA suppresses the splicing of an
internal ribosome entry site (IRES)-containing intron, which is needed for translation initiation. Via
this mechanism the translation of ZEB2 mRNA is enhanced by antisense IncRNA (Beltran, M. et al.
Genes Dev. 2008; Hastings, M. L., Nucleic Acids Res.1997; Krystal, G. W., Mol. Cell. Biol.1990;
Munroe, S. H. J. Biol. Chem.1991).

IncRNAs can also affect splicing in indirect ways, like in the case of MALATI (metastasis

associated lung adenocarcinoma transcript 1) also known as NEAT2 (noncoding nuclear-enriched

22



abundant transcript 2), which is a long non-coding RNA with multiple regulatory functions
including splicing, nuclear organization, epigenetic modulation, and pathological processes such as
cancer. (WU Y., et al., Current Pharmaceutical Design 2015; Yoshimoto R, et al., Biochemica et
Biophysica Acta. 2016). MALAT influences splicing by interacting with splicing activator Ser/Arg
proteins, thus altering the distribution and the level of phosphorylated Ser/Arg protein. Thus, it
indirectly changes the mRNA splicing patterns that MALAT targeted.

Antisense IncRNAs also have the potential to influence mRNA editing. In Drosophila Rnp4F
(RNA-binding protein 4F) forms a double strand region with the 3’UTR of antisense mRNA to
allow ADAR enzyme (adenosine deaminase acting on RNA) to do RNA editing to convert
adenosine to inosine. IncRNA could also have the potential to regulate mRNA editing in a similar

way (Peters N T., et al. RNA. 2003).

In addition to influence mRNA splicing and editing, antisense IncRNAs have also been reported to
regulate translation in various kinds of organisms. The mouse Uchll (Ubiquitin carboxyl-terminal
esterase L1) locus contains an antisense IncRNA, which is located divergently with Uchll, i.e. head
to head overlap 73 nucleotides with the 5S’UTR of Uchll. The antisense IncRNA AS Uchll has a
role in enhancing the translation of Uchll by overlapping with the 5’UTR: this role is mediated via
a SINEB2 motif in the antisense IncRNA transcript that activates polysome translation (Carrieri, C.
et al., Nature. 2012). As opposed to activating translation, yeast antisense IncRNA of KCS/ was
reported to inhibit translation by promoting the production of a truncated Kcs1 protein (Nishizawa

et al., PLoS Biol. 2008).

Uchl] =—
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Figure 12. Uchll1/antisense (AS) Uchll genomic organization. Uchll exons are in black; 3" and 5’ UTRs are in white;

antisense Uchll exons are grey; repetitive elements are in red (Alu) and blue (SINEB2). Introns are indicated as lines.

Image from Nishizawa et al., PLoS Biol. 2008

Apart from influencing translation by direct base-pairing with sense mRNAs, IncRNAs also have

indirect roles in regulating translation by serving as a sort of molecular sponge to sequester negative
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regulators of translation such as miRNAs. This kind of IncRNA is called competing endogenous
RNA (ceRNA). Like the IncRNA linc-MD1 which is a muscle-specific long non-coding RNA that
controls muscle differentiation by serving as a competing endogenous RNA. Linc-MDI1 can bind to
miR133 and miR135 to relieve their suppressor activity on MAML1 and MEF2C, which are
important transcription factors for muscle-specific gene expression (Cesana, M. et al., Cell.2011).
Furthermore, another kind of important and possibly conserved regulatory IncRNA, circular RNA
(circRNA) was found have roles in sequestration of miRNAs and indirect activation of target gene
translation (Hansen, T. B. et al. Nature.2013, Memczak, S. et al., Nature.2013). In addition to
sequester miRNAs, IncRNA rncs-1 in Caenorhabditis elegans was reported to bind Dicer through
the double strand helix in its sequence, however, unlike mRNA-miRNA pairs, rncs-1 has an
inhibitory secondary structure flanking its double strand helix, and therefore it cannot be cleaved by
Dicer. Thereby, rncs-1 indirectly elevates target mRNA levels (Hellwig, S. & Bass, B. L. PNAS.
2008).

2.3 Regulation of long non-coding RNAs
IncRNAs expression is often spatially and temporally regulated, which is consistent with the idea

that IncRNA have important functions in cells, including gene expression, such as gene-dosage
compensation, epigenetic regulation, cell cycle control, imprinting, nuclear and cytoplasmic
trafficking, transcription, translation, splicing, and cell differentiation (Wapinski O, Chang HY
Trends in cell biology, 2011).

2.4 IncRNA and cancer
As the body of knowledge about IncRNAs grows, more evidence shows the link of dysregulation of

IncRNAs and human diseases: the involvement of IncRNA in human disease is more common than

previously thought (Wapinski O and Chang HY, Trends in cell Biology 2011).

Schmitt A and Chang HY reported that inhibition of two IncRNAs that bind to and regulate the
function of the androgen receptor can block the growth of prostate-cancer cells, which are resistant

to hormone therapy owing to a mutation in the androgen receptor (Schmitt A and Chang HY.

Nature. 2013).

A growing number of studies reveal the involvement of IncRNAs in cancer. Since IncRNAs are
regulated by transcription factors, they are tightly controlled in fundamental cellular processes.
IncRNAs participate in both tumor suppress pathway and oncogene activation pathway. Tumor

protein p53 pathway corepressor 1 lincRNA-p21 (Trp53corl) interacts with heterogeneous nuclear
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ribonucleoprotein K(Hnrnpk) protein to exert p5S3-dependent transcriptional repression, and thus
leads to apoptosis (Huarte M., Cell. 2011). In addition to their roles in tumor suppressor pathways,
numerous IncRNAs been found to function in proto-oncogene regulation. For instance, IncRNAs
were reported to regulate MYC, PCAT1, MYCLo-1, MYCLo-2, PRNCR1 and CCATI1. Colon
cancer associated transcript 1(CCAT1) was reported to promote long-range chromatin looping to

regulate MYC transcription (Xiang J F., et al Cell Res. 2014; Calin G A, et al. Cancer Cell 2007).

Takle 1 Examples of IncRMAs with tumor-suppressor or encogenic function (see Supplementary Table 1)
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Figure 13. IncRNAs function in various cellular processes. Image from Schmitt AM and Chang H. Cell. 2016.

2.4.3 IncRNAs as novel therapeutic targets in cancer
IncRNAs have become the new targets of cancer therapy. Research about IncRNA-targeting

therapeutics now focuses on multiple ways to modulate IncRNAs in order to inhibit cancer. The
strategies are depletion of IncRNAs, altering IncRNA splicing to excise functional exon in the target
mRNA and steric blocking oligonucleotides to disrupt the interaction between IncRNA and its
binding partner (Kole et al., 2012). For the depletion of IncRNAs, certain studies used RNAIi to
down regulate IncRNA, while others employed antisense oligonucleotides(ASOs), which form
RNA/DNA hybrids with target mRNAs that trigger cleavage of hybrids by RNaseH, thereby
substantially depleting the target mRINA levels (Ideue et al., 2009). For example, in a mouse model
where Malatl promotes the growth and metastasis of MMTV-PyMT breast cancer, ASO targeting
of Malatl was shown to increase cell adhesion, promote cystic differentiation and decrease the

migration. This shows the efficiency of ASO in vivo (Arun et al. 2016).
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2.5 IncRNA in budding yeast

2.5.1 The life cycle of budding yeast Saccharomyces cerevisiae

The budding yeast S. cerevisiae is a single cellular organism. It exists in both haploid and diploid
forms that undergo cell proliferation, whereby a mother cell produces a genetically identical
daughter cell via budding. Diploid cells can reduce their ploidy via meiosis to produce haploid
spores that can germinate and either grow or mate to produce a diploid cell (Herskowitz I.

Microbiological Reviews 1988)

The life cycle of budding yeast
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Figure 14. The life cycle of budding yeast. Image from Wikipedia.

The mitotic cell cycle in budding yeast like in other organisms contains five phases. Cells divide
their chromosomes during M phase. In G1 phase cells do most of the transcription and translation to
prepare for the division. In S phase DNA is replicated. In G2 phase cells undergo metabolic changes
to finish preparation of mitosis and cytokinesis. In M phase the chromosomes are separated. GO

phase is entered only when nutrient are limited.
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Figure 15. The mitotic cell cycle. Image from youngbloodbiology.wikispace.com

M phase in budding yeast is similar in other higher eukaryotic organisms: it contains prophase,
prometaphase, metaphase, anaphase, and telophase. One exception is that the nuclear membrane

does not break down when cell enter prophase (Balasubramaniam M, et al. Current Biology. 2004).
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Figure 16. The meiotic cell cycle. Image from youngbloodbiology.wikispace.com
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The second aspect of budding yeast life cycle is meiosis, which is a series of well-regulated and
ordered transcriptional cascades. Yeast cells first sense the environmental cues that can trigger
meiosis, then they progress from Meiosis I to Meiosis II (Clancy MJ. Curr Biol. 1998, Vershon AK
and Pierce M. Curr Opin Cell Biol .2000). Budding yeast meiosis is followed by gametogenesis
where four spores are formed and encapsulated in an ascus (Simchen G, et al. Experimental Cell

Research 1972).

2.5.2 ncRNAs in budding yeast

The existence of ncRNA was reported in eukaryotic organisms from yeast to human. In budding
yeast, the categories of ncRNAs are (1) small structural ncRNAs which are also commonly found in
higher eukaryotes, like tRNAs, rRNAs, snRNAs; and (2) long non-coding RNAs, namely SUTs
(Stable Unannotated Transcripts), CUTs (Cryptic Unstable Transcripts), MUTs (Meiotic
Unannotated Transcripts), and XUTs (Xrnl sensitive Unstable Transcripts). Because budding yeast
lacks the RNA1 machinery, there are no small regulatory RNAs, like miRNAs and siRNAs in
budding yeast.

2.5.1 Cryptic Unstable Transcripts (CUTs)

Wyers et al. reported that some transcripts, which are undetectable in wild type (WT) cells,
accumulate in an rrp6 mutant, while there are little changes in the expression of most protein
coding genes (MRNAs). Those abnormally accumulated transcripts in the rrp6 mutant normally are
targeted by the exosome and rapidly degraded in WT cells, therefore those transcripts are named
Cryptic Unstable Transcripts (CUTs). CUTs are transcribed by RNAPII (RNA polymerase II), like
mRNAs, they also have 5’- 7-methylguanosine cap (5’-m7G cap), and a 3’ polyadenylated tail.
(Wyers, FE. et al., Cell, 2015)

2.5.2 Stable Unannotated Transcripts (SUTSs)

A genome-wide study found in wild type budding yeast cells that a new type of non-coding
transcripts is expressed at low levels in exponentially growing cells, and they do not have any
features that have been annotated before. This new class of non-coding transcripts were named as
stable unannotated transcripts (SUTs). SUTs amount to approximately 12% of all the transcripts in
normal budding yeast cells. These studies provide further evidence for pervasive transcription of the
budding yeast genome. (David, L.et al. PNAS.2006; Neil, H., et al. Nature. 2009 ; Xu, Z., et al.,
Nature. 2009)
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2.5.3 Meiotic Unannotated Transcripts (MUTS)

During meiosis, Rrp6 protein becomes unstable when cell changes from vegetative growth medium
(fermentation, YPD medium) to pre-sporulation medium (respiration, YPA medium). The protein
level is further going down when cells are transferred to sporulation medium, and then Rrp6
remains undetectable when cells enter meiotic M-phase and spore/ascus formation. At the same
time, a new class of ncRNAs accumulated in the cell, which was named Meiotic Unannotated
Transcripts (MUT). Some MUTs are found to be transcribed antisense to ORFs, indicating the
possible role of this meiotic ncRNAs in regulating sense genes expression during meiosis

(Lardenois A. et al., PNAS. 2011).

2.5.4 Xrnl-sensitive Unstable Transcripts (XUTSs)

Xrnl is a cytoplasmic exonuclease, which degrades RNA in 5’ to 3’ direction (Mullen, T. E. et al.,
Genes & Development. 2008). van Dijk E.L. et al., used strand-specific RNA-Seq to identify
genome-wide ncRNA targets of Xrnl in xrn/ mutant budding yeast, and named them Xrnl-
sensitive Unstable Transcripts (XUTs). XUTs are transcribed by RNA polymerase II and they also
have a polyadenylated tail. 66% of XUTs are antisense to open reading frames. XUTs are normally
longer than SUTs, and ribosome profiling study shows that XUTs are translated by ribosome thus
renders them to Nonsense mediated decay pathway (NMD) (van Dijk, E.L., Nature. 2011).

2.5.5 Antisense RNA in budding yeast
IncRNAs in budding yeast can be divided into (1) intergenic IncRNAs, which are located between

ORFs; (2) bidirectional promoter driven IncRNAs that are simultaneously transcribed with mRNAs,
although in divergent directions; (3) antisense IncRNAs (asIncRNAs), which are on the opposite
strand and totally or partially overlap with sense mRNAs. Budding yeast have a very condensed
genome, most of IncRNAs are on the opposite strand of mRNAs. In budding yeast, two antisense
IncRNAs have been reported have important role in regulation their sense mRNAs: GALIO and
PHO&84 are repressed by their overlapping antisense RNAs in response to stress (Houseley, J., et al.,
Mol Cell. 2008, Camblong, J. et al. Genes Dev. 2009, Camblong, J. et al. Cell. 2007, Castelnuovo,
M. et al. Nat. Struct. Mol. Biol.2013). In addition to repress sense gene expression, antisense
IncRNAs also has been found to positively regulate its sense gene expression: CDC28 is associated
with a stress induced antisense IncRNA, which totally overlaps CDC28, and recruits transcription
activation factors to the promoter of CDC28 through spatially looping. This process connects the
promoter of antisense IncRNA to the promoter of CDC28 (Nadal-Ribelles, M. et al., Mol Cell.
2014). In addition to regulate gene expression at the transcriptional level, antisense IncRNAs can

also regulate translation: KCS/ is associated with an antisense IncRNA that regulates Kcsl
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translation to produce a truncated protein through an unknown mechanism, possibly through sense

and antisense RN A base-pairing (Nishizawa et al., PLoS Biol. 2008).

Antisense IncRNAs have also been found in other species, for example, Xist and HOTAIR in
mammalian cells, which indicate that antisense IncRNAs have important functions among

evolutionary divergent species. However, the roles of most antisense RNAs are currently unknown.

Eric A Alcid and Toshio Tsukiyama used budding yeast Saccharomyces cerevisiae and
Naumovozyma castellii as models to understand the role of antisense IncRNAs by exploring the
evolutionary dynamics of ASIncRNA. They found that due to loss of RNAi machinery the
repertoire of antisense IncRNAs was pervasively expanded in budding yeast, they have relatively
higher expression, greater length, increased overlapping with sense mRNAs compare to the species
which retain RNAi machinery. They further show that RNAi has an inhibitory effect on antisense
transcriptomes, as antisense IncRNAs expression levels decrease in budding yeast cells that express
reconstituted RNAi machinery, as compared to wild type cells. Furthermore, it is deleterious to
globally increase the level of antisense RNAs in budding yeast with a reconstituted RNAi
machinery. Increased level of antisense RNA is also toxic to N. castellii that has a RNAi machinery,
since sense and antisense RNAs can form double stranded RNAs that is targeted by RNAi
machinery to inhibit the sense genes function as well: this was demonstrated by the finding that the
temperature sensitive growth deficiency of a N. castellii rrp6 mutant was partially rescued in a drcl
rrp6 double mutant, which the Drcl can degrade ASIncRNA-mRNA duplex (Eric A Alcid, and
Toshio Tsukiyama. Nat Struct Mol Biol. 2016).

Antisense IncRNAs in budding yeast are often associated with meiotic genes (Yassour M, et al.
Genome Biol.2010). A genome wide study of nucleosome states in meiosis, reported that histone
markers for active promoter are often found in the 3’ end of meiotic genes, which may reveal the
promoters of antisense ncRNAs (Zhang L, et al., Genome Res. 2011). Association of antisense
ncRNAs with meiotic genes are thought to be a mechanism for inhibiting meiotic gene expression

during vegetative growth (Chen H M and Neiman A, M. Current Opinion in Microbiology. 2011).

2.5.6 Double strand RNA in budding yeast

When sense and antisense RNAs are transcribed in the same genomic loci with different direction,
the RNA molecules can form double stranded RNAs (dsRNAs) in vivo that were shown to have a

biological effect on gene expression (Sinturel et al., Cell Rep 2015; Wery et al., Mol Cell 2016)
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Studies of prokaryotic organisms such as E. coli, and microbial populations showed that they
contain naturally double strand RNA formed by sense and antisense RNAs (Decker C and Parker R.
Cell Report. 2014, Lybecker M, et al., PNAS.2014). A genome-wide dsRNAome analysis in
Caenorhabditis elegans discovered dsRNAs by identifying RNA editing sites, i.e. target site for
RNA editing enzyme Adenosine Deaminaases that act on RNA (ADAR). 664 editing-enriched
regions (EERs) containing RNAs were found. Most of them are mRNAs, which represent about
1.7% of the total mRNAs in C. elegans, and a subset of EERs are non-coding RNAs. EERs plays
important roles in cellar signaling, since many EERs are developmentally regulated and respond to

starvation and infection with bacteria and fungi (Whipple J, et al. RNA.2015).

Portal M, et al., reported the existence of natural double strand RNAs (ndsRNAs) in human cells.
The authors reported hundreds of putative ndsRNAs which are potentially involved in major
biological processes in human cells. Some of these ndsRNAs are located in nucleus and interact
with nuclear proteins. One of the nuclear ndsRNAs - nds-2a - shows differential localization during
the cell cycle and can interact with RCC1 and the mitotic RANGAP1-SUMO1-RANBP2 complex
component RAN. Nds-2a has important functions in mitosis as changing its expression will result in
mitotic defects, such as post-mitotic abnormalities, mitotic catastrophe and cell death (Portal M, et

al., Nature structural and molecular biology. 2014).

Recently, three papers appeared in press about human and budding yeast RNA-RNA interactions
(Lu Z P, et al., Cell.2016; Sharma E, et al., Molecular Cell. 2016; Aw J G. Cell.2016). RNA
interactome work found that RNA interaction structure is very important for the post-transcriptional
regulation of gene expression. The interaction between two RNA molecules often occurs at the
same structure. As 5’UTR, coding sequence, and 3’UTR tend to interact with other molecules with
the base located in the same domain. Intramolecular interaction sites predominantly occur near the
start and stop codon. Consistent with a circulation model for translation, efficiently translated
mRNAs tend to have long interaction connections at their 5’ and 3’ ends. As opposed to that, poorly
translated mRNAs tend to have short interactions near the 5’end. Moreover, mRNAs which have
interaction in their 5’end show increased decay rates, while interaction that occur in the 3’end of the

transcript block the exosome and thus protect the mRNA from degradation (Aw J G. Cell.2016).
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Figure 17. (A) Two-dimensional heatmap showing enrichment of intramolecular mRNA interactions based on the
location of chimera ends. We aligned transcripts according to their translation start and stop sites and plotted
interactions from the last 200 bases of the 50 UTR, the first and last 400 bases of the coding region, and the first 400
bases of the 30 UTR. Enrichment was calculated as —loglO(p value) based on random sampling across the transcript
with 100 bp windows. The black dotted lines demarcate boundaries between the 50 UTR, CDS, and 30 UTR.

(B) Metagene analysis of the frequency of intramolecular interactions along human mRNAs, by aligning mRNAs along
their translation start and stop. We plotted interactions that are present in the last 200 bases of the 50 UTR, the first and
last 400 bases of the coding region, and the first 400 bases of the 30 UTR. Image from Aw J G, et al., Cell.2016.

RNA intermolecular interactions tend to occur at both ends of mRNA as well, however, the
interaction patterns are different from intramolecular interactions, that usually occur when the 5’
end of one mRNA interacts with the distal domain of another mRNA. Intermolecular interactions
require physical proximity as they have a propensity to occur in between the mRNAs in the same
cellular compartment. Dynamic RNA interaction changes in different cell states show that
interaction score is correlated with translation: the interaction score shifts from high interaction in
ESCs to low interactions in RA cells that display decreased translation efficiency. This indicates that
RNA conformation changes are a potentially important mechanism to regulate translation under

different conditions (Aw J G., et al. Cell.2016).

33



5'UTR/ cDS 3'UTR

|5'UTR

I e

-log10
(pvalue)

2.5

CDs

1
I
1
I
I
I
1
I
v

J'UTR

Figure 18. Two-dimensional heatmap showing enrichment of intermolecular interactions based on the location of
chimera ends across mRNA pairs. We aligned transcripts according to their translation start and stop sites and plotted
interactions from the last 200 bases of the 50 UTR, first and last 400 bases of the coding region, and first 400 bases of
the 30 UTR. Enrichment was calculated as —log10 (p value) based on random sampling across the transcript with 100
bp windows. Black dotted lines demarcate the boundaries between 50 UTR, CDS, and 30 UTR. Image from Aw J G., et
al. Cell.2016

Studies about double strand RNAs in budding yeast shows that overlapping mRNA and mRNA
which are on opposite strand can form double strand RNAs. Convergent mRNAs pairs overlapping
on the 3’ region have an impact on translation and mRNA stability, and lead to no-go decay if the
overlapping region covers stop codon of one mRNA. While the other one mRNA will stay intact if
overlapping region does not cover the stop codon (Sinturel F, et al., Cell report. 2015). ncRNA
formed double strand RNA also have important function in budding yeast, as XUTs form double
strand RNA that increase their stability, because the RNA duplex protects them from non-sense
mediated decay (NMD): XUTS accumulate in mtr4 and dbp2 mutants since the dissociation of
double stranded regions by Mtr4 and Dbp2 helicase has been impaired, which causes XUTs to
become inappropriate target for the NMD pathway (Wery M, et al., Mol Cell.2016). However, the

roles of double strand RNAs in meiosis are still unknown.
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3. mRNA isoforms

3.1 5’-UTRs are flexible
Kim Guisbert K, et al used tilling arrays to detect genome wide transcript architecture alterations

during meiosis, and reported that during meiosis extensive changes occurred to coding
transcriptomes, including 5’ ends, 3’ ends, and splice sites in gene body region (Kim Guisbert K, et

al., RNA 2012).

Transcript 5° UTR changes, including both extension and regression, were detected during meiosis
and sporulation. Both extension and regression were also found in 3’ UTRs, but 3 UTR shortening

is more common than extension during meiosis (Kim Guisbert K, et al., RNA 2012).

The regulatory mechanism governing flexible 5° UTRs are unknown. The mechanism driving the
changes of 3’UTRs could be different choices of the 3’ cleavage site or a down-stream post

transcriptional processing step (Kim Guisbert K, et al., RNA 2012).

3.2 Function of different mRNA isoforms with flexible 5°UTRs

5’UTR transcript architecture changes include both extension and shortening. Several shortened 5’
ends of transcripts were found to delete parts of the coding region, which changes the protein
product encoded by this sequence (Kim Guisbert K, et al., RNA 2012). Extension of 5’UTR,
however, typically does not affect the protein coding region of a transcript. It is possible that
extended 5’UTRs contain upstream open reading frames (UORFs). According to a genome wide
cDNA analysis of budding yeast transcriptomes, 2415 5’-UTR been found to contain at least one
uORF (Miura F, et al., PNAS, 2006).

The 5’UTR region of the transcript is critical to translation because it is bound by ribosome that
scan for cis-acting elements like the Kozak sequence, which plays a major role in the initiation of
the translation process (De Angioletti M, et al., Br J Haematol. 2004). Other DNA sequence
elements are upstream open reading frames (UORFs) and upstream AUGs and termination codons
(uAUGs). They can have a great impact on the regulation of translation. The consequence of
translating an upstream ORF is illustrated as the following figure (Morris D and Geballe A.
Molecular and cellular biology 2000):
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(2) Ribosome stalled that uORF region and block the additional ribosome bind to the mRNA. The structure of the
peptide may mediate the stalling of ribosome in either the elongation or termination phase of the uORF
translation (option 3 in the figure).

(3) Translation of uORF may influence the stability of the mRNA, uORF bearing mRNA may trigger the
nonsense-mediated decay pathway (option 4 in the figure).

(4) Ribosome may dissociate from mRNA after translation (option 5 in the figure)

Image from Morris D and Geballe A. Molecular and cellular biology 2000

Different types of start codons in the uORF appear to have different effects on translation, since

AUG in uOREF typically inhibits translation, while non-AUG codons seem to enhance translation.

Finally, architectural changes of 3’ends in transcripts have a great impact on their stability,

processing and regulation (Barrett L W, et al., Cellular and Molecular Life Sciences.2012).
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1. Genome-wide RNA profiling of the transcriptional response to 5-FU treatment
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Abstract

5-Fluorouracil is a widely used anti-cancer drug. The mechanisms underlying its cytotoxicity range
from DNA based pathways to inhibiting thymidylate synthase and RNA based disruption by
targeting Rrp6, which is a 3’-5” exoribonuclease required for processing and degrading rRNA and
long non-coding RN As. However, the mechanism of how 5-FU acts through long non-coding RNAs
to exert its toxicity is still unknown. Here, we show that long non-coding RNAs accumulate in 5-
FU treated cells and that some can form double stranded RNAs with their overlapping sense
mRNAs. The formation of double stranded RNA is negatively correlated with protein levels.
Potential translation inhibition of key cell cycle regulators and essential genes by forming double
stranded RNA impedes cell cycle progression in the treated cells. Thus, our results demonstrate how
long non-coding RNAs are likely to function in mediating 5-FU cytotoxicity, potentially inhibiting
the translation of key cell cycle regulators and essential genes by forming double stranded RNA
with its sense mRNA to suppress the progress of cell cycle. We anticipate our study to be a starting
point for more sophisticated roles of long non-coding RNA in mediating 5-FU cytotoxicity in both

budding yeast and higher eukaryotes like human. Furthermore, long non-coding RNA could be new
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targets for improvement of 5-FU based chemotherapy.

Introduction

5-FU is a chemotherapy drug that has been widely used to treat various cancers. It was originally
designed as the homologue of uracil to inhibit thymidylate synthase to disrupt DNA associated
processes like DNA replication and repair (Longley DB, et al., Nat Rev Cancer.2003 ; Scartozzi M,
et al., Pharmacogenomics. 2011). A growing number of evidence from budding yeast and mammals
shows Rrp6 to be a target of 5-FU, thereby mediating RNA based cytotoxicity by disrupting RNA
processing (Fang F, et al., Mol Cell Biol. 2004; Kammler S, et al., Mol Cancer Res.2008 ;
Silverstein RA,, et al. Mol Cancer Res. 2011 ). Rrp6 is a 3’-5" exoribonuclease, a homologue of
mammalian EXOSC10 gene, which processes 5.8S rRNA 3’ends, and targets and degrades various
kinds of RNAs, for example, snoRNA, tRNA, IncRNA and pre-mRNA (Xu Z, et al. Nature.2009 ;
Schneider C, et al., Mol Cell. 2012; Gudipati RK., et al., Mol Cell. 2012). Over several decades
since the invention of 5-FU, research is still focused on searching for ways to improve the
efficiency of 5-FU, such as combining 5-FU with other drugs to enhance its toxicity, as many
patients show resistance to it (Scartozzi M, et al., Pharmacogenomics. 2011). Therefore, the
mechanisms underlying 5-FU toxicity need to be further understood and novel therapeutic targets

need to be discovered.

Long noncoding RNA (IncRNA) is defined as being longer than 200nt and having little potential to
encode a protein. IncRNAs have been found to play important functions in various cellular
processes, for example regulating gene expression and transcript splicing, regulating translation,
mediating cell-cell signaling, organization of protein complex, and shaping nuclear architecture
(Geisler S and Coller J. Nature reviews Molecular Cell Bio. 2013; Mele M, Rinn J. Mol Cell. 2016).
As the body of knowledge about IncRNAs grows, more evidence shows the link of dysregulations
of IncRNAs to human diseases, especially the involvement of IncRNA in cancer is more pervasive
than previously thought (Wapinski O and Chang HY, Trends in cell biology 2011.) IncRNAs
participate in both tumor suppression pathways and oncogene activation pathways. Tumor protein
pS3 pathway corepressor 1 lincRNA-p21 (TrpS3corl) interacts with heterogeneous nuclear
ribonucleoprotein K (Hnrnpk) protein to exert pS3-dependent transcriptional repression, which
leads to apoptosis (Huarte, Cell. 2010). Colon cancer associated transcript 1(CCAT1) was reported
to promote long-range chromatin looping to regulate proto-oncogene MYC transcription (Xiang J
F., et al Cell Res. 2014; Calin G A, et al. Cancer Cell 2007). This indicate that IncRNA could be a
potential target for cancer treatment. IncRNA also been found implicated in 5-FU therapy, as
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IncRNA UCAI1 enhances 5-FU resistance in colorectal cancer by suppressing miR-204-5P (Bian
ZH, et al. Scientific Report 2016), and snR is down-regulated in a 5-FU resistance colon cancer cell
line, which leads to decreased cell death upon treatment with 5-FU (Lee H, et al. Molecules and

Cells.2014).

Budding yeast is a perfect model to study RNA based 5-FU cytotoxicity since it lacks thymidine
kinase (TK), also contains diverse long non-coding RNAs, such as SUTs, MUTs, CUTs, and XUTs.
(Hoskins J and Butler J.S. Yeast 2007; Grem J.L. and Fischer. PH Pharmacol. Ther 1989; Daniel
B.L. et al. Nat Rev Cancer. 2003; Xu Z, et al. Nature.2009; Wyers F,, et al., Cell.2005; Mullen, T. E.
et al., Genes & Development. 2008; Lardenois A. et al., PNAS. 2011). Most IncRNAs in budding
yeast are on the antisense strand of mRNAs; this is one of the consequences of its dense genome.
Sense and antisense transcripts tend to form double strand RNAs to regulate gene expression. For
example, convergent mRNAs pairs overlapping on the 3’region have an impact on translation and
mRNA stability by leading to no-go decay, if the overlapping region covers the stop codon of the
mRNA (Sinturel F, et al., Cell report. 2015). ncRNA formed double stranded RNAs also have
important function in budding yeast, as XUTs form double stranded RNAs that increase their
stability, since the RNA duplex protects it from non-sense mediated decay (NMD). XUTs
accumulate in mtr4 and dbp2 mutants since the dissociation of double strand regions by Mtr4 and
Dbp2 helicase is impaired, which leads to XUTs become inappropriate targets for the NMD
pathway (Wery M, et al., Mol Cell.2016). However, the role of double strand RNAs in mediating 5-

FU toxicity is still unknown.

Here, we carried out RNA- profiling to explore the transcriptomes of mRNA and IncRNAs in 5-FU
treated diploid yeast and an rrp6 mutant. Our study finds accumulated double stranded RNA
formation, which shows negative correlation with protein levels, down-regulates key cell cycle
regulators and essential genes and thereby may lead to impaired cell cycle progress. Our work
provides a new mechanism of IncRNA based 5-FU cytotoxicity by forming double stranded RNA,
suggesting that antisense IncRNA overlapping with mRNA could be a potential therapeutic target

for the enhancement of 5-FU efficiency and improving the clinical outcome.

Materials and methods
Yeast strains and growth media. Strains used in this study are JHY222 wild-type and rrp6 mutant

as published (Lardenois et al., PNAS 2011). Growth media were prepared according to standard
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protocols of yeast YPD media (with glucose), YPGal media (with Galactose).

Growth assay. A growth assay was performed with YPD medium or YPD medium containing
2000g/ml of 5-FU. Yeast cells were grown in YPD medium overnight, then diluted into 2x10°
cells/ml with fresh YPD medium and further diluted ranging from 10-fild to 10*-fold before
incubation at 30°C. Pictures were taken using the GelDoc XRS system (Bio-Rad. USA) at 48h.

Diploid yeast cell synchronization. Diploid budding yeast cells were synchronized by using a
starvation method. Briefly, yeast cells were cultured in YPD medium for 19 hours until they reached
stationary phase, and then released into a new cell cycle by transferring them into fresh YPD
medium at a final concentration of 2x10° cells/ml. Samples were collected every 20 minutes. 40min

and 100min samples corresponding to G1 and S phase were used for RNA-sequencing.

Mitosis dynamics analysis. Flow cytometry was used to monitor mitotic cell cycle progression as
described in Lardenois et al.,2011. Briefly, 10’ re-suspended cells were fixed with 70% ethanol,

sonicate with Branson Sonifier 250 for 10s at 20% power.

RNA-Seq and bioinformatics analysis.
RNA sequencing was performed with 40min (G1 phase) and 100min (S phase) synchronized
diploid budding yeast samples and an Illumina HiSeq 2000 system (Illumina, USA).

For the selection of differentially expressed mRNA and IncRNAs, normalized values were used to
select transcripts showing a 2-fold change. Cluster and heatmap displays of those differentially

expression transcripts were produced with R.

GO term analysis of differential mRNAs and mRNAs overlapping with differentially expressed
antisense ncRNAs was performed with the GO terms tool provided by the Saccharomyces Genome

Database (SGD; yeastgenome.org).

RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2 pug of RNA
reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 28
cycles. RT-PCR products were separated on 2% agarose gels and photographed using the Gel-doc
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XRS image system (Bio-Rad, USA) Primers used for RT-PCR were designed with Primer3

(simgene.com/Primer3; Table 1).

Forward primer Reverse primer

ACE2 TGCCCATGCGGAAAGAGATT TCGCAGCTGTTCCTCCATTT
SWI5 CGCTGGGACCACTTTCTGAT TCGCGCAACTCTTGTTGTTG
CUT508 GGCATTGGATTCTAGGGCCA TCCTCTCTACTTGCCCGGAT
AMNI AAGGAGAAGAAGCAAGGGGC GCAAACCCCACAGTTTCCAC
MTR3 GCTAGCCTTAGCTGATGCCG GCAACGATCAAGGCATTCCA
MNLI GCAGGAAGTGAAGGAGCTGT TGCCATATTCTGGGCGAGAC
CDC4 TGGCGAATCCACTCCTGAAC AAGCAGTGGGTGATAACGGC
SUT2107 | CTGCAATGACACCCCACAAA CCTCGTGCTTGTATGACTGC
CUT377 ATGGAACATCTCGCCAACGA ACAGATCCCTACAGGCCCTT
YNGI TCGAGGGAAAGAAAAGAGAGCA | TTGCCCTTGGGAGCTTGTTT
SUT597 TGTCTACTCGTCGCACTTGG GTAGCCTCTTCGTCTGGTGG
YGLI95C | CTGGAAAATGGAGGACGGCT CAGAACACTGCGCTGCACTA
CDC6 TGTGCTGGAAATACGGGTGA TGATTGAAACCAGCCCACAA
CUTI5S8 AGGACACCAAACATCGCTCA TTTGCTTTGCGAATCGTCGT
CUT575 ATATTCCTGATGGTTCTTGGCCC | ACGGGAGGTTGAGCGTAGA
ACTI CTGCCGGTATTGACCAAACT AGATGGACCACTTTCGTCGT

Table 1. Primers used for RT-PCR assays.

Western blot assay. Protein extract was prepared with YPD, YPA, and full meiotic time course
sample, by using method described in (Vitaly V. Kushnirov, Yeast, 2000). 20ug protein extract was
used for electrophoresis with SDS-PAGE gel (BIO-Rad, USA). Proteins were transferred to
ImmobilonPSQ membranes (Millipore, France) with an electro-blotter (TE77X; Hoefer, USA) set at
50mA for 2.5h. The membrane was blocked by incubation in 5% milk powder at room temperature
for 1h, then incubate with anti-Rrp6, anti-Swi5 and anti-Ace2 antibodies overnight at 4°C. Incubate
with secondary antibody anti-rabbit at 1:10000 at room temperature for 1h. Use Pgkl as internal
control, the primary antibody was at 1:10000 at room temperature for 1 h, then use anti-mouse
secondary antibody at 1:10000 at room temperature for 1h. Protein band signals were detected by
ECL-Plus Chemiluminescence kit (GE Healthcare, USA) with ChemiDoc XRS system (Bio-Rad.
USA). Signal were quantified by using ImageQuant TL 7.0 software package (GE Healthcare,
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USA).

J2-RIP assay. J2-RIP assay was performed as the method used in the paper about RRP6 in
preparation. Briefly, 35ug RNA was incubated with magnetic beads and J2 antibody, then RNA was
eluted and reverse transcribed with 2ug RNA by using High Capacity cDNA Reverse Transcription
kit (Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 28

cycles.

Results

Diploid yeast synchronization, 5-FU concentration determination and RNA-Seq sampling

Many yeast genes are cell cycle regulated. In order to study the role of IncRNA in the cytotoxicity
of 5-FU treatment, we therefore decided to examine G1 and S cell cycle phases individually. This
avoids that transcripts, which fluctuate during the cell cycle are diluted out in total RNA samples

from unsynchronized cells. We use starvation to synchronize cells in
WT rrp6A

o

v
o

YPD  YPD+5-FU
Harvest samples at
A0min(G1) and 100min(s)
¢ Figure 1. Experimental design and sample collection. A schematic figure shows

GO. Unlike the synchronization method that uses drugs to block cell
cycle progression or temperature sensitive alleles to arrest the cell
cycle in one particular phase, this method will not influence 5-FU’s

G0
effect. We synchronize diploid budding yeast cells by culturing them

| 4
o

J’ in rich medium (YPD) until they entered GO phase, and then releasing
B cells into a new cell cycle by transferring them into fresh YPD
YPD

medium +/- 5-FU at a final concentration of 2x10° cells/ml (Figure 1).

RNA sequencing yeast synchronization and sampling method. Mitotic growth yeast culture in liquid

YPD medium until reach GO phase, then release cell cycle by transferring into fresh

Transcript identification

. YPD medium with or without 5-FU, then collect sample every 20 minutes.
&clustering

In order to explore 5-FU’s RNA based cytotoxicity, which is likely based on inhibitions of Rrp6, we
assumed that the optimal concentration of 5-FU to be used should have a similar growth phenotype
as the rrp6 mutant. Based on this, we diluted 5-FU ranging from 2.5ug/ml to 20ug/ml, and
performed a drop assay with yeast at original concentration of 2x10° cells/ml with serial dilution
ranging to 10*X and found that 20pg/ml 5-FU best mimics the growth deficient phenotype of rrp6
mutant (Figure 2A).
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Figure 2. Growth assay and DNA replication dynamics of 5-
FU treated vs. rrp6 mutant cell. (A) Drop assay of yeast
growth. Serial diluted wild type (WT) and rrp6 mutant cells
(rrp6) grown on YPD medium with or without 5-FU at the
temperature shown below. (B) Mitotic DNA replication

dynamics. DNA replication dynamics of wild type cells with
(WT 20pg/ml 5-FU) or without 5-FU (WT) and rrp6 mutant are

monitored by FACS every 20 min. Samples used for RNA-Seq

experiment are indicated in red.

We used a starvation method to synchronize diploid
budding yeast wild type and rrp6 mutant cells, and
treated WT cells with 20pg/ml 5-FU. We monitored
the cell cycle progression by FACS, and found that
the 5-FU treated cells have the similar DNA
replication dynamics as rrp6 mutant, as the cells tend

to accumulate in G1 phase and DNA replication is

delayed (Figure 2B). We took 40 min sample as G1, since cells are mostly in G1 phase and 40min is

the time point that cells recovered from stress and re-initiate their cell cycle. 100 min was taken as S

phase sample for RNA sequencing because at this time point a large portion of cells are S phase.
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Figure 3. Differentially expressed mRNAs landscape. (A) Selection of mRNA transcripts showing differential signals
was shown in the heatmap. Scale bar representing the expression level is shown below. (B) Gene ontology analysis of
the differentially expressed genes in WT, 5-FU treated cells (WT+5-FU), and rrp6 mutant cells. For each functional

category is shown the percentage of genes differentially expressed.

RNA sequencing data analysis
Transcriptome sequencing indicates that mRNAs respond to 5-FU treatment, whereby most of them
decrease. For example, ribosome and translation related genes show downregulation as previously

reported (5-FU inhibits Rrp6, and can also directly target ribosome RNA processing).

By comparing 5-FU treated cells and rrp6 mutant cells, we found genes involved in translation, ATP
and nucleoside metabolism to show the same pattern in treated cells and in rrp6 cells. This may
stem from inhibition of Rrp6 by 5-FU. Only the rrp6 mutant shows up-regulation of gene that
function in gene silencing, amino acid biosynthesis and metabolism, and down-regulation of genes

that function in steroid biosynthesis, proteasome and catabolism.
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5-FU treated cells’ transcriptomes respond to drug treatment in the following ways: (1) genes
involved in translation are down-regulated, genes involved in amino acid catabolism and
proteasome are up-regulated, while genes involved in amino acid synthesis are not changed
compared to wild type (WT). This indicates that protein levels are inhibited by 5-FU through
translation and through protein degradation by up-regulation of the proteasome pathway, but not
because protein synthesis per se is inhibited, since the amino acid biosynthesis process is not
affected. (2) Genes involved in nucleoside synthesis and cell division are down-regulated. Some
SICI cluster genes are important for cell division and cytokinesis, which is consistent with the
phenotype of 5-FU treated cells, since daughter cell and mother cell are deficient in cell separation.
In conclusion, cells respond to 5-FU treatment in three ways: first, by decreasing down protein
levels; second, by inhibiting nucleoside metabolism; and third, via inhibition of cell division. In this
way, 5-FU inhibits the cell cycle G1/S transition by perturbing cell division, and it inhibits growth

by negatively affecting protein synthesis and nucleoside metabolism.

The rrp6 transcriptome is very different from WT. Up-regulation of amino acid related genes may
indicate the way the rrp6 mutant responds to nutrient depletion. At 40 min in rrp6, metabolism and
cell cycle related genes are down-regulated, which indicates that the rrp6 mutant has a lower total
metabolic rate in nutrient-depleted GO phase. Some genes that function in meiosis and silencing are
upregulated. This may be a response to nutrient depletion. During nutrient depletion, amino acid

biosynthesis processes are up regulated, which reflects the rrp6 mutant’s need for amino acids.

The SICI cluster contains genes that are affected most by 5-FU treatment

Among mRNAs that respond to 5-FU treatment, we found genes in the so-called SIC/ cluster (Zhu
G et al., Nature.2000) to be down-regulated by 5-FU treatment. The phenotype of 5-FU treated cells
also shows the expected phenotype in SICI cluster gene mutant (Figure 4A). Genes in the SICI
cluster are strikingly down regulated in 5-FU treated 100min sample while the rrp6 mutant shows a
similar pattern but a weaker decrease in the 100min sample (Figure 4B). AMNI belongs to the SIC
cluster, and has an important role in negatively regulating mitotic exit, as it is the key regulator in
the AMEN pathway (Wang Y, et al. Cell.2003). We confirmed the expression of AMNI by RT-PCR
and that the induction of AMNI in S phase is suppressed in 5-FU treated samples and the rrp6
mutant (Figure 4C and D).
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RNA-Seq data. (D) RT-PCR validation result of AMNI gene and quantification. ACT1 is the internal control.
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SWI5 and ACE2, transcription factors acting upstream of the SICI cluster show the same
inhibited pattern as the SICI cluster

We next asked why SICI cluster genes were down-regulated upon 5-FU treatment. We first
searched transcription factors upstream of the SIC/ cluster genes and found that Swi5 and Ace2
regulate them and that AMNI is a direct target of these activators to trigger the AMEN pathway. We
confirmed that SWI5 and ACE2 mRNAs also shown the same repressed pattern as SIC1 cluster
genes (Figure 5 and 6). We checked the protein level of Swi5 and found that (i) it shows the same
pattern as its mRNA, that (ii) it is down-regulated in the 5-FU treated 100min sample and that (iii)
expression weakly drops in rrp6 mutant cells. This indicates that the decrease of SWI5 mRNA

results in the drop of Swi5 protein in the 5-FU treated cells (Figure 5C, quantified in 5D).
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Figure 5. Expression pattern of SWI5 gene. (A) Heatmap shows expression pattern of SWI5 gene using RNA-Seq
data. (B) RT-PCR validation result of SWI5 gene. ACT1 is internal control. (C) Western blot analysis for the expression
of Swi5 protein in wild type cell (WT), 5-FU treated cells (WT+5-FU), and rrp6 mutant cells (rrp6) with 40min,

100min and 160min samples. Pgk1 in the panel below is used as internal control. The strain background is indicated at

the bottom.
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Figure 6. Expression pattern of ACE2 gene. (A) A histogram shows the expression pattern of ACE2. (B) RT-PCR
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Quantification result is shown below.

48



Like in the case of SWI5, we confirmed that ACE2 mRNA is also down regulated in 5-FU treated
cells, however it is not that obvious as for SWI5. And the Ace2 protein is also decreased in the
treated cell, that is to say it has the same pattern as Swi5 (Figure 6). However, the mRNA level of
decrease cannot fully explain the dramatic drop of protein levels in the treated cells. Together, this
result shows that both mRNA and protein of the key transcription factor regulating SICI cluster

genes have been inhibited by 5-FU.

From the RNA-Seq result we conclude that IncRNAs respond to 5-FU weakly, and most of
IncRNAs are up-regulated. Among the differentially expressed ncRNAs which have clear 5’- and 3’
-ends, 16 ncRNAs are on the antisense strain of protein coding genes and have the same expression
pattern as their overlapping sense mRNAs. 53 ncRNAs are on the antisense strain of protein coding
gene and have the opposite expression pattern as the protein coding genes. 2 ncRNAs upstream of
protein coding genes show the opposite pattern as protein coding genes, 28 ncRNAs show
bidirectional expression patterns. In the cases of 53 ncRNAs that are on the opposite strand, their
expression is not correlated with sense protein coding genes; among them 43 ncRNA/mRNA pairs
show a dsRNA signal. ncRNAs regulate genes in cell division and cell wall biosynthesis, cell cycle,
DNA replication and damage, ribosome, exosome and RNA degradation, transcription and

termination, NAD metabolic, and RAS pathways have differential expression.

SUTs and CUTs constitute most of the differentially expressed IncRNAs upon 5-FU treatment,
maybe this is due to their large numbers within the IncRNA population. Note that most of the
IncRNAs that respond to 5-FU treatment are antisense IncRNAs, which comprise nearly 50% of
differential IncRNAs. I analyzed the function of mRNAs on the sense strand of those antisense
IncRNAs, trying to infer a possible function for the IncRNAs. I found that they are different from
the functions of the mRNAs that respond to 5-FU treatment. Most mRNAs associated with
differential IncRNAs do not have a known function. Those that do are involved in anatomical
structure formation, morphogenesis, spore wall biogenesis and assembly, meiotic cell cycle process,
and reproductive process. This indicate that cells use different ways to regulate genes and IncRNAs

that respond to 5-FU treatment.

Differentially expressed antisense IncRNA regulate their sense mRNAs by forming double
strained RNA
We next explored the potential function of differentially expressed IncRNAs by picking up the

antisense ones that overlapped with mRNAs encoding proteins that have important cellular

49



functions (Figure 7). This group includes essential genes.
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according to their expression patterns. (B) GO terms of BP ontology of mRNAs antisense to differential ncRNAs.
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We selected CUT377/YNGI, SUT597/MNLI. YJLI95C/CDC6, CUTI58/MTR3, CUT575/CDC4,

which are all confirmed to form double stranded RNAs (Figures 8 and 9).
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Figure 8. Expression pattern of differentially expressed essential genes and their antisense IncRNAs. (A) A
histogram shows the expression pattern of essential genes and their antisense IncRNAs, YNGI/CUT377,
MNLI1/SUT597, and CDC6/YJLI195C. Protein coding genes are shown in blue box, different types of ncRNAs are
shown in different colors, MUTs in yellow, XUTs in red, SUTs in light blue. (B) RT-PCR validation results of those
essential genes. ACTI was used as a loading control. (C) Haploid double stranded RNA (dsRNA) sequencing result of
those essential genes. Peaks represent dsSRNA signals detected in the locus from Wery M et al. Mol Cell. 2016..
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We explored the formation of double stranded RNA in the CDC4 locus, by using an antibody that
specifically recognizes the double helix region in RNA molecules. As shown in Figure 10A, we find
a weak dsRNA signal in the 5-FU treated 100 min sample, while the signal in the rrp6 mutant is
very strong. We further validated Cdc4 protein level in order to see the function of double strand
RNA formed by sense mRNA and antisense IncRNA (Figure 10B). As shown in figure, the protein
level of Cdc4 has dropped dramatically in 5-FU treated cells and rrp6 mutant, consistent with the
double strand RNA formation in those two cells. Ace2 shows potential post-transcription regulation
by ds RNA since ACE2 mRNA formed ds RNA in 5-FU treated cells. We checked Ace2 protein
expression and found that Ace2 protein drops in 5-FU treated cells and the rrp6 mutant. This shows
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Figure 10. Expression pattern of Cdc4 protein. (A)Double stranded
RNA validation result of CDC4 locus. Using double stranded RNA
specific J2 antibody detect the formation of dsRNA(J2), samples
without treatment of J2 antibody are used as control. (B) Western
blot analysis for the expression of Cdc4 protein in wild type cell (WT),
5-FU treated cells (WT+5-FU), and rrp6 mutant cells (r7p6) with
40min, 100min and 160min samples. Pgk1 in the panel below is used as
internal control Quantification result is shown below.

We next assayed dsRNA formation at the ACE2 locus, and
found dsRNA in 5-FU treated cells; as expected the signal is
elevated in rrp6 mutant cells (Figure 11). The formation of
dsRNA is negatively correlated with the protein level of
Ace2, which indicates that dSRNA formation in the 5-FU
treated cell may inhibit the translation of ACE2 mRNA. By

decreasing the protein level of Ace2, 5-
FU may be able to down-regulate the
downstream SIC1 cluster genes. Taken
together, we found that 5-FU treated
cells have abnormally accumulated
IncRNAs which can form dsRNA with
their antisense mRNAs to potentially
inhibit important cell cycle regulators
like ACE2, thus inhibiting their target
SIC1 cluster genes, which could impair
cell division.

Figure 11. Expression pattern of dsRNA in
ACE2 locus. (A) double stranded RNA (dsRNA)

:-h“nlu |'JJ“'MJ'IHJ!:I"ITII"TI'PIT” Ii'i 1 |”|]. I.|J|11“|

anten =) g0 0700

s 00
i

bbb %‘I*M"‘]l' T T

ES
=

w100

FUa0

FU100

Rrp6-40

Rrp6-100

5uT2107

il QW&‘M‘M - - - - - AT

.9
01300 00 A0ro0s —
st moan o« 2z 5 o
5 owm o & T
| " P =Y Y £ oc
L ook M+4M i £ £E5 £ E E
! l o o
; EEE E 3 8
Wi A W T [ S i s q_g - -
: e w w0
——— - E e e tB o o
a 2
Sy i = 2 =2 E_ =
"3 _ ACE2

sequencing result for ACE2. Peaks represent dsRNA signals detected at the locus. (B) RT-PCR validation results for
SUT2107. ACTI was used as a control. (C) J2 validation result of dsRNA formation at ACE2 locus. J2 pull-down of
100min sample used as input for RT-PCR. A sample without J2 antibody was used as a control.
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Discussion

Recent studies have revealed important roles of IncRNAs in mediating 5-FU’s resistance in cancer
cell lines. However, the role of IncRNA in 5-FU’s cytotoxicity is still unknown. In this study, we
have shown that IncRNA accumulates in cells treated with 5-FU, and elevated antisense IncRNA
form double stranded RNA with its sense mRNA, to potentially inhibit the translation of key cell

cycle regulators and essential genes, thereby mediating in part 5-FU cytotoxicity.

Mitotic time course ncRNA expression upon 5-FU treatment and rrp6 mutant

We found IncRNAs to be weakly induced in the treated cells, compared with rrp6 mutant. This is an
effect that one can expect because the drug inhibits Rrp6 but does not totally abolish its activity like
the case of the rrp6 mutant. I am trying understand the functions of those differently expressed
ncRNAs by analyze the function of mRNAs associated with them, since 49% of differently
expressed ncRNAs have mRNA associated on the opposite strand. Most of the IncRNAs that
respond to 5-FU treatment are associated with antisense mRNAs that involve different functions as
those mRNAs that differentially expressed in 5-FU treated cells. This indicates that the cells use
different pathways to respond to 5-FU, to regulate genes in processes like cell division, by adjusting
the levels of essential proteins via antisense IncRNAs that may exert post transcriptional regulation

activities. Thus, cells respond to 5-FU via both transcriptional and post-transcriptional mechanisms.

Double strand RNA formation has potential role to inhibit translation

We found a negative correlation between mRNA/IncRNA formed dsRNA and protein level, this
may indicate that dSRNA formation can inhibit translation. As reported before in Sinturel F, et al.,
converted mRNA pairs overlap with each other and can form double stranded RNA. This influences
the translation of mRNAs and its stability, as the mRNA with a stop codon in the overlapping region
is targeted by the NO-GO decay pathway, because ribosomes are blocked by the RNA duplex
(Sinturel F, et al., Cell Rep.2015). Thus, it is possible that the IncRNA accumulated in 5-FU treated
cells inhibits mRNA translation post-transcriptionally by forming double stranded RNA with its
sense mMRNA. More work should be done to check this possibility directly with knock down of the

IncRNA or overexpression of IncRNA in normal cells under normal condition.

IncRNA regulation of AMEN pathway lead to cell cycle impair in 5-FU treated cells

Our RNA-Seq transcriptome profiling results show that SICI cluster genes respond to 5-FU. They
are involved in mitotic exit and cell division. Swi5 and Ace2 are transcription factors that regulate
SICI cluster genes expression. Ace2 protein levels decrease when cells are treated with 5-FU or
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lack Rrp6. Note that ACE2 mRNA and its antisense IncRNA form double stranded RNAs. Thus,
abnormally accumulated IncRNAs in 5-FU treated cells may lead to inhibition of the key cell cycle
transcription factor Ace2, resulting in defect in cell division. Chromosome segregation is another
possible aspect of 5-FU toxicity, and could be due to the suppression of Ace2. Ace2 in fission yeast
was reported to have a role associated with cohesion. Ace2 recruits Condensin to the centromere
and mediates the association of Ace2 target genes locus to centromere and compaction of local
chromosomal compaction during mitosis. Loss of Ace2 may result in abnormal conformation of
chromatin since Ace?2 target genes are no longer associated with centromere, while centromeres still
continue to segregate, thus leading to the chromosome segregation defects (Kim KD, et al. Nature

Genetics.2016).
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2. RRP6 overexpression enhances 5-FU resistance

Introduction
Rrp6 is the target of 5-FU to exert its RNA based cytotoxicity. Rrp6 deletion was shown to render

yeast cells hypersensitive to 5-FU treatment, interestingly, deletion of one allele of RRP6 results in
a more severe growth defect than homozygote deletion (Fang F. et al., Mol Cell Biol.2004). The
study indicates that RRP6 is an important gene for 5-FU resistance. Thus, elevated RRP6 expression
could lead to cell being more resistant to 5-FU treatment. To test this hypothesis, we carried out a

study with a yeast strain overexpressing RRP6.

Materials and methods
Yeast strains and growth media. Strains used in this study are JHY222, SK1, MPY721 (TEF]1-

RRP6), and MPY576 (GAL-RRP6). Growth media were prepared according to standard protocols
of yeast YPD (glucose), and YPGal (galactose).

Growth curve measurement. Overnight cultured yeast cells were diluted to 2x10° cells/ml with
fresh YPD medium, and then cultured in the shaker incubator at 30°C. We measured the cell
concentration every hour by counting the cells with cell count chamber or by measuring the OD600

with an Eppendorf BioPhotometer (Eppendorf, Germany).

Growth drop assay. Drop assay was performed with YPD medium or YPD medium containing
various concentrations of 5-FU, or YPA medium and YPA medium with various concentration of 5-
FU. Yeast cells grown in YPD medium overnight, then diluted into 2x10° cells/ml with fresh YPD
medium. Then we serially diluted cells ranging from 10 fold to 10* fold and plated them. We
incubated the plate at 30°C, and recorded growth by taking pictures with the GelDoc XRS system
(Bio-Rad. USA) at 24h and 48h.

Mitosis dynamics analysis. Flow cytometry was used to record mitotic cell cycle progression as
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described in Lardenois et al.,2011. Briefly, 107 cells were re-suspended, fixed with 70% ethanol,

and sonicated with a Branson Sonifier 250 for 10s at 20% power.

Results and discussion

To explore the effect of elevated Rrp6 levels on 5-FU treatment in budding yeast, I measured the
growth rate of both a TEF promoter driven RRP6 overexpression strain (TEF-RRP6 O/E strain) and
a GAL promoter driven RRP6 overexpression strain (GAL-RRP6 O/E strain). Furthermore, I used
the TEF-RRP6 overexpression strain to do a drop assay to measure its growth rate. As shown by
growth curve and plate growth assay, overexpression of Rrp6 will result in elevated resistance to 5-
FU (200]g/ml), since the growth rate and cell viability are both increased in liquid culture measured

by growth curve (10 hour) and in solid culture measured by drop assay (48 hours) (Figure 1AB)
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It was also shown that the resistance to 5-FU is 5-FU dosage dependent, as upon increased 5-FU

concentration the resistance will diminish in the RRP6 overexpression strain, and eventually there is

no difference when the concentration of 5-FU reaches a very high level at 2000pg/ml (Figure 2)
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Figure 3 Drop assay of WT and MUT1312 overexpression strain. SK1 WT, rrp6, TEF-RRP6 overexpression strain,

TEF-MUT1312 overexpression strain were treated with various concentration of 5-FU ranging from 2.5g/ml to
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20ug/ml, then incubated at 30°C and 37°C for 48h.

It is known that an rrp6 mutant is hypersensitive to 5-FU treatment; a heterozygous mutation of
rrp6 results in greater sensitivity to 5-FU treatment than homozygous rrp6 mutant (Fang F. et al.,
Mol Cell Biol. 2004). The Rrp6 protein level decreases about 50% in cells cultured in pro-
sporulation medium where cells undergo respiration (YPA) (Lardenois A., et al., PNAS. 2011).
Therefore, I used the WT JHY?222 strain cultured in YPA medium with 5-FU treatment to test if it
becomes hypersensitive to 5-FU treatment. As shown in Figure 1, yeast cells cultured on YPA
become more sensitive to 5-FU than YPD. Note that the RRP6 locus is associated with an antisense
IncRNA called MUT1312 that overlaps with its 3’ region. When MUT1312 is induced Rrp6 protein
levels decrease, therefore it could be that MUT1312 inhibits the translation of RRP6 mRNA. If this
is true then cells with elevated MUT1312 should be more sensitive to 5-FU treatment due to the
lower concentration of Rrp6 protein. To test this idea, I used the MUT1312 overexpression strain for

5-FU treatment and found indeed that it is more sensitive to 5-FU treatment (Figure 3).

From the experiments above, I show that Rrp6 protein level determines a cell’s response to 5-FU
treatment, and elevated Rrp6 could lead to resistance to 5-FU. This result is potentially important,
since the mammalian homologue of Rrp6 (EXOSC10) shows an elevated expression level in several
cancer cell lines, including colon cancer, which may help the tumor resist 5-FU chemotherapy (M.
Primig; personal communication). Therefore, our study provides a new perspective to improving 5-

FU chemotherapy by targeting Rrp6.

3. Meiotic IncRNA control in mitosis by RRP6

Introduction
Meiotic Unannotated Transcripts, are induced during early and middle meiosis, which coincides

with the time point when Rrp6 protein gradually disappears (Lardenois A., et al., PNAS. 2011).
Whether all MUTs are direct Rrp6 targets of if some are predominantly transcriptionally regulated

1s unclear.

Materials and methods
Yeast strains and growth media. Strains used in this study are JHY222 wild-type and rrp6 mutant

(Lardenois et al., PNAS 2011). Growth media were prepared according to standard protocols of
yeast growth (YPD, glucose and YPA acetate), and sporulation (SPII) media.
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RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2 pug of RNA
reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA), for poly(A) detect use the same kit but use Oligo dT (T15 or T25) as
primer. cDNA was amplified using Taq Polymerase (Qiagen, France) at 60°C for 26 cycles. RT-
PCR products were separated on 2% agarose gels and photographed using an ImageQuant 350
digital Imaging 381 System at the default settings (General Electric, USA) Primers used for RT-
PCR were designed with Primer3 (simgene.com/Primer3; Table 1).

Results and Discussion
Tiling array data obtained with WT versus rrp6 mutants indicate that a large number of MUTSs fail

to accumulate in rrp6 cells that are cultured in sporulation medium (A. Lardenois et al.,

unpublished).

IncRNAs become more stable in rrp6 mutant
According to unpublished WT vs. rrp6 tilling array data, certain MUTs fail to be detected in

samples from rrp6 mutant cells cultured in sporulation medium (MUT1465, MUTI1290, MUT523,
and MUT100), while others accumulate (MUT81, MUT338). To verify this puzzling result, I did
RT-PCR to test the IncRNA expression in WT strain and rrp6 strain with mitotic samples (YPD
samples and YPA samples) and meiotic time course samples (SPII 2h to SPII10h). As expected,
MUTs are upregulated in rrp6 mutant (Figure 2). The RT-PCR results confirm that some MUTs are
targets of Rrp6, and therefore MUTs accumulate when Rrp6 is absent. Panels A and B, C indicate
that for some IncRNAs tiling array and RT-PCR data correspond to each other, while for other they

do not.
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rrp6 mutant cells accumulate polyA ncRNAs
This led to the question why RT-PCR and tilling arrays yield contradictory results for certain

IncRNAs. The possible explanations are (1) RT-PCR and tilling array based RNA profiling are
different methods and therefore can lead to different results, and (2) the tiling array data are not

reproducible by RT-PCR for all IncRNA in an rrp6 mutant background.

To test the first possibility, we thought there might be some different steps during two protocol
which lead to the distinct result. After carefully examine the protocols, we thought it could be either
strand specific transcription or polyadenylated RNA enrichment step in tilling array lead to lost
some RNAs. However, according to the strand specific RNA-Seq result in WT vs. rrp6 that strand
specific transcription cannot lead to lose of RNA. To verify if decreased polyadenylation in rrp6
mutant cells lead to the difference, I used oligo d(T) as primer for reverse transcription since Oligo
d(T) primer can only reverse transcribe RNA molecules with polyadenylated tail. As the result
shown in Figure 3A demonstrates for MUTI1465, its poly adenylation is increased in the rrp6
mutant. Thus it is not the two-step enrichment for polyadenylated transcripts in the tiling array

protocol (which may have depleted the library of IncRNAs that were not polyadenylated in the rrp6
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mutant) that led to the different result in RT-PCR (where no enrichment step is done) and tiling
arrays. It is currently unclear what causes this discrepancy. It is possible that the tiling array data
algorithm for detecting transcripts in WT cells may not suitable for the rrp6 mutant, since it shows a
broad genome-wide pattern of altered transcript architecture, notably it shows elongated read-

through transcripts, which do not have normal boundaries for the transcripts.
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Figure 3. Polyadenylated patterns of MUTs during meiosis in WT vs. rrp6 cells. (A) MUT expression patterns in
WT vs. rrp6 during meiosis. (B) Polyadenylated MUT expression patterns in WT vs. r7p6 during meiosis.

4. Meiotic transcript isoform control in mitosis by RRP6
Previous study in budding yeast shows that mRNAs have isoform changes during meiosis with

extended 5’-UTR or 3’-UTR (Lardenois A., et al., Nucleic Acids Research. 2015). In the WT vs.
rrp6 tilling array data, the meiotic isoforms of some mRNAs show delayed induction in rrp6
mutant. This could be expected since rrp6 mutant shows delayed sporulation phenotype therefore
the meiotic induced RNA isoforms could respond by showing delayed induction pattern. However,
there is also the possibility that they are directly dependent on Rrp6. Thus I performed experiments
to know more about a possible role of Rrp6 in regulating those meiotically induced 5’ extended

mRNA isoforms.
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Results and discussion

Meiotic isoforms accumulate in rrp6 mutant cells
According to unpublished WT vs. rrp6 tilling array data, some mRNAs have 5’ end extended

isoform been induced in meiosis, and the expression level of those meiotic extensions have

decreased in rrp6 strain, for example MCMS5. To validate this, I use RT-PCR to verify the isoform

expression in WT strain and rrp6 strain with mitotic samples (YPD samples and YPA samples) and

meiotic time course samples (SPII 2h to SPII10h samples). However, contrary to what was found by

tilling arrays, the RT-PCR results shows that in the rrp6 mutant, the extended 5’UTR is very
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moderately up-regulated (Figure 1 AB).

Figure 1. Expression pattern of MCMS5. (A) A heatmap shows the
expression pattern of MCMS5, in the meiotic tilling array of WT
cell. (B) RT-PCR validation of MCM5. Expression pattern of ORF
and meiotic UTR of MCMS5 in mitotic YPD and YPA sample and
meiotic time course samples of WT and rrp6 mutant strains were

checked by RT-PCR.

This is consistent with the result in WT cells that
meiotic isoforms are induced when Rrp6 protein levels
progressively decrease during meiosis and spore
formation. Together, those results indicate that certain
meiotic mRNA isoforms may be a target of Rrp6 once
they are transcribed in mitosis. Some meiotically
induced 5’UTR extended mRNA isoforms may be cell
cycle regulated during mitosis, which attenuates the
signal in asynchronous WT cells, while the rrp6 mutant
shows cell cycle progression deficiency during mitosis
(see Figure 2A in the results section),. So, rrp6 mutant
cells tend to accumulate in G1 phase and therefore cell
cycle regulated mRNA isoforms can be detected in
vegetatively growing rrp6 cells. This has been
confirmed by validation result of meiotic mRNA
isoforms in the 5-FU project. Therefore, certain meiotic

isoforms are not strictly meiosis specific, but are cell

cycle regulated during mitosis and may thus be undetectable in asynchronous YPD samples. This
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suggests that YPD samples are not an optimal control for a meiotic time course study of highly cell
cycle regulated mRNA isoforms since asynchronous mitotic cells are compared with semi-
synchronous cells in meiosis. It is also possible that the Ume6 and perhaps even Suml repressors
become unstable in rrp6 mutants, which could lead to partial de-repression of meiotic isoforms

during vegetative growth.

5. 5-FU treatment induces MUTs and meiotic isoforms in vegetatively
growing cells.

Since 5-FU inhibits Rrp6, which targets certain MUTs, I sought to investigate if MUTs accumulate
upon 5-FU treatment. Therefore I choose some MUTs to do validations, and found that some MUTs
appear indeed to be mitotically cell cycle regulated, as shown in WT 40min (G1 phase) and WT
100min (S phase) samples with fluctuated expression. Thus I found that some MUTs may not be
strictly meiosis specific, but cell cycle regulated in mitosis. Therefore, the signal was attenuated in
mitotic samples from unsynchronized cells. The phenomenon of cell cycle fluctuation of IncRNAs
is not surprising, because it was reported before in the case of SUTs (Granovskaia et al., Genome

Biol 2010).

In addition to MUTs, I was also interested to know if mRNA have isoform changes upon 5-FU
treatment, since many papers reported that alternative splicing occurs upon drug treatment and that
this phenomenon has important role in mediating drug toxicity (Rehman SU et al., Wiley Interdiscip

Rev RNA. 2015 Garcia-Blanco MA, et al., Nature Biotechnology.2004).

I validated selected genes which are shown in SGV (sgv.genouest.org) to have meiotic induced
5’UTR extension: UTP6, MCMS5. 1 found that 5’-extended isoforms are detectable in synchronized
untreated cells, and they accumulate in 5-FU treated cells. This indicates that 5-FU treatment can
alter of the architecture of transcript isoforms in a cell. This also suggests that some meiotically
induced extended isoforms is not strictly meiosis-specific but cell cycle regulated in mitosis. These
questions notwithstanding, our findings may have interesting implications about how protein may

be regulated by 5’-extended isoforms not only during meiosis but also during mitosis.
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Figure 1. Expression pattern of MUTs and mRNA isoforms in 5-FU treated cells. (A) Expression pattern of MUTs
in WT, 5-FU treated cells and rrp6 mutant. (B) Expression pattern of mRNA meiotic isoforms in WT, 5-FU treated cells

and rrp6 mutant.

All isoforms show altered patterns in 5-FU treated cell and rrp6 mutant as compared to WT cells.
The isoforms are normally induced at 40min which is the G1 phase in WT cells, then down
regulated when cells entering S phase. However, in the treated cells and mutant cells, the extended
isoform shows up at 100 min when cell entering S phase. This may due to the cell cycle progression

problem in the treated cells and mutant cells.

Especially CDCI4 has the most obvious and highest expression. Cdc14 is a protein important for
cell cycle progression by promoting mitotic exit (Marston A., et al. Developmental Cell.2003;
Stegmeier F.et al., Annu. Rev.Genet.2004). Misregulation of CDC14 in treated cells, as shown by
the mRNA level indicating that CDC14 is upregulated, thus may lead to the continuous activation

of the mitotic exit network.

Taken together, previous I found that AMEN pathway, which inhibit mitotic exit network pathway,
has been down regulated in 5-FU treated cells, as the two transcription factor SWI5/ACE2 which
activate AMEN pathway shown declined pattern in treated cells. Here I found MEN pathway been
continuous activated in treated cells by the induction of meiotic isoform of CDCI4. Thus, mitotic
exit has been aberrantly activated both by inhibit its inhibitor and activate its activators. This, is

together with SWI5/ACE?2 decline that down-regulates the AMEN pathway (which inhibits mitotic
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exit), may deregulate cell cycle progression in drug treated cells and, to a certain extent, the rrp6

mutant.

6. The regulation of RRP6 during growth and development

Introduction
Rrp6 is 3’ to 5° exoribonuclease which participates in processing or degrade various RNAs

including mRNA, rRNA and ncRNAs. Previous study from Lardenois et al., shows that Rrp6 is
gradually diminished in early meiosis and disappeared in middle late meiosis, which is the opposite
patterns of meiotic ncRNAs. An ncRNA antisense to RRP6, MUT1312, also shows the inversed
expression pattern as RRP6. The authors proposed two mechanisms to explain the decrease of Rrp6
protein during meiosis: (1) MUT1312 inhibits translation of Rrp6; (2) Rrp6 protein is degraded by a
protease called Anaphase Promoting Complex/Cyclosome (APC), which only exerts partial activity
during respiratory growth, but full function during sporulation (Lardenois A, et al., PNAS.2011).

The APC/C complex is an E3 ligase with multiple subunits that targets mitotic cyclins and proteins
that inhibit anaphase, which need to be degraded by proteasome to trigger chromatid separation and
mitosis exit. APC/C consists of 13 core submits and two cell cycle dependent activator subunits,
Cdc20 and Cdhl, which stage specifically associate with the APC/C during the cell cycle. Cdc20 is
required to activate APC/C complex at early mitosis, whereas Cdhl activates APC/C complex in
late mitosis during the G1-S transition (Peters J M, et al. Nat.Rev.Mol.Cell Bi0l.2006). The
association of Cdc20 and Cdhl to the APC/C core complex requires the different phosphorylation
status of APC/C core complex, as Cdc20-APC/C interaction requires the phosphorylation of several
core subunits of APC/C by mitotic kinases, such as Cdkl and Plk1. While phosphorylation of Cdhl
by Cdk 1 or Cdk2 during S-phase, G2-phase, and early mitosis inhibits the association of Cdhlwith
APC/C core complex, Therefore, the status of APC/C (inactive in S phase, activated by Cdc20 in
early-mid-mitosis, and activated by Cdhl during late mitosis to G1/S phase transition) is mainly
determined by Cdk activity. (Manchado E et al., Biochem. Soc. Trans. (2010)). Conversely, the
APC/C complex could also regulate Cdk activity, as during G2/M-phase it can degrade A-type
cyclins or B-type cyclins during the metaphase—anaphase transition. Thus, the protein level and
activity of major cell cycle regulators are regulated by the reciprocal control between Cdks and
APC/C, which is essential for the proper transition between replication and mitosis (Thornton B R.
et al, Genes Dev 2006, Peters ] M Nat Rev Mol Cell Biol. 2006, Manchado E et al., Biochem. Soc.
Trans. (2010). The way Cdc20 and Cdhlrecognize their substrate is mediated by C-terminal WD40
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domain, which specifically bind to the element D-box, KEN-box, A-box, or O-box on the target

proteins.

As it has important roles in mitosis, the APC/C complex has also been found to have important
functions to degrade key regulators of meiosis. In budding yeast a third activator of APC/C is used
specifically in meiosis, Amal. Amal is essential for exit from meiosis II (Cooper KF, et al. Proc
Natl Acad Sci USA.2000; McDonald C M, et al., Genetics. 2005 Diamond A E., et al Mol Biol Cell
2009; Tan G S, et al., Mol Biol Cell. 2011). The APC/C complex is required for the entry into
meiosis, as it plays important role in degrading Ume6 which is a transcription repressor that needs
to be degraded during mitotic and meiotic transition. APC/CY*? s also required for Meiotic I
division and meiotic II division. A cdc20 mutant arrests at prophase I and a heterozygous
destructible mutant of Pds1, which is a target of APC/C“**" also arrests at prophase I (Tan G S., et
al. Mol Biol Cell. 2011; Salah S M., et al. Chromosoma. 2000, Shonn MA, et al. Science 2000.
Oelschlaegel T. Cell. 2005; Cooper K F, et al., Genetics.2009).

To test these hypotheses, we searched Rrp6 protein sequence and found conserved destruction box
motif therefore we constructed strain with mutation of destruction box of Rrp6 and we further

explored the possible mechanism of MUT1312 in controlling of RRP6.

Materials and methods
Yeast strains and growth media. Strains used in this study are JHY222 and SK1 wild-type and

rrp6 (Lardenois et al., PNAS 2011), MPY646 and MPY 648 (rrp6 db mutant), MPY665 (MUTI1312
CIS-ON), and MPY721 (TEF1-RRP6 OE). Growth media were prepared according to standard
protocols of yeast YPD media (with glucose), YPA media (with acetate), SPII and SPIII media.

Growth drop assay. Drop assay was performed with YPD medium. Yeast cells were grown in YPD
medium overnight, then diluted to 2x10° cells/ml with fresh YPD medium. Then further serial
dilution ranging from 10-fold to 10*-fold was done before plating the cell suspensions. Culture the
plate at 30°C, and record the growth by taking photo with GelDoc XRS system (Bio-Rad. USA) at
24h and 48h.

RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2 pug of RNA
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reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 26
cycles. RT-PCR products were separated on 2% agarose gels and photographed using an
ImageQuant 350 digital Imaging 381 System at the default settings (General Electric, USA) Primers
used for RT-PCR were designed with Primer3 (simgene.com/Primer3; Table 1).

Table 1. Primer sequences.

RRP6-5° CCCACCAAAAGAGTCGAAAA | CGAATCATCCCAGGATTTTG
RRP6-3’ CGCACCTAATCACTCGCCT AGCTGCCCTTGGTCCATTAC
MUTI1312 AGAGAAAATGGTGTGCATGG | CGGAAAAAGATGCTGTGGAT
GAPI TTGTTGCCGCCTCCAAAAAG | CCCCAGTAGGAACCCCAAAC
SWI6 TGAGACCCGTGGATTTTGGG | GCTCTTTCGACTCCGCTTCT
ACTI CTGCCGGTATTGACCAAACT | AGATGGACCACTTTCGTCGT

Western blot assay. Protein extract was prepared with YPD, YPA, and full meiotic time course
sample, by using method described in Vitaly V. Kushnirov’s paper (Vitaly V. Kushnirov, Yeast.
2000). 20ug protein extract was used for electrophoresis with SDS-PAGE gel (BIO-Rad, USA),
then protein was transferred to ImmobilonPSQ membranes (Millipore, France) with electro-blotter
(TE77X; Hoefer, USA) with S0mA for 2.5h. Membrane was block by incubate in 5% milk powder
at room temperature for lh, then incubate with anti-Rrp6 antibody at 1:3000 overnight at 4°C.
Incubate with secondary antibody anti-rabbit at 1:10000 at room temperature for 1h. Use Pgkl as
internal control, the primary antibody was at 1:10000 at room temperature for 1 h, then use anti-
mouse secondary antibody at 1:10000 at room temperature for lh., Protein band signals were
detected by ECL-Plus Chemiluminescence kit (GE Healthcare, USA) with ChemiDoc XRS system
(Bio-Rad. USA). Signal were quantified by using ImageQuant TL 7.0 software package (GE
Healthcare, USA).

RNaseONE protection assay. RNaseONE (Promega, USA) digestion of RNA was carried out with
serial dilution of RNaseONE. RNA purified with phenol/chloroform then reverse transcribed with
2ug RNA by using High Capacity cDNA Reverse Transcription kit (Life Technologies, USA) and
amplified using Taq Polymerase (Qiagen, France) at 60°C for 28 cycles.

J2-RIP assay. Use 35ug RNA incubated with magnet beads and J2 antibody, then RNA was eluted
and reverse transcribed with 2ug RNA by using High Capacity cDNA Reverse Transcription kit
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(Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 28

cycles.

Spore formation efficiency test. 5 colonies of yeast from both the WT strain and MUT1312
overexpression strain were grown on YPD plate for two days, then replicated onto SPIII plate, and

asci were counted after 24h and 48h.

Results and discussion

Previous research shows that Rrp6 protein become unstable in acetate medium (YPA) and further
diminish in sporulation medium (Lardenois A., et al., PNAS. 2011). In order to know why Rrp6
become unstable and what mechanism behind this, we carried out a study and found that Rrp6 has a
conserved APC/C complex destruction box (E. Becker, personal communication) which could be
targeted by APC/C complex to trigger degradation by the proteasome. Since APC/C become
unstable during middle late meiosis, the authors put forward hypothesis that Rrp6 stability is
controlled by APC/C complex during onset of meiosis, or the antisense MUT1312 could decrease
the Rrp6 protein level via an interference independent mechanism, for example by forming dsRNA

that inhibits mRNA translation.

As result, I first tested the hypothesis if Rrp6 protein is targeted by the APC/C complex. To this end,

we constructed a strain bearing mutant

SK1WT

sk o allele deleting the destruction box, and

K1 Rrpeab(6de) grew the cells on YPD plate at 30°C and

JHY222 WT 37°C to test their growth properties. The

JHY222 rrp6

destruction box mutant dbrrp6 does not

show the temperature sensitive phenotype

SK1WT

known for rrp6 cells, when switched to the

SK1rrp6

non-permissive temperature (Figure 1).

K1 Rrp6db(648)

JHY222 WT

HY222 1106 Figure 1. Drop assay of yeast growth on YPD

plate. WT, rrp6, and two different strains of Rrp6
destruction box mutant (dbRrp6 646 and dbRrp6

30c 37c

648) was grown on the YPD plate at 30 and 37 for 48 hours.
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In addition, I tested the hypothesis that antisense non-coding RNA controls the translation of Rrp6. I
first used a strain that overexpresses MUT1312 driven by a TEF-promoter to test its sporulation
dynamics and efficiency. It was reported that a rrp6 mutant has deficiency in meiotic DNA
replication and poor spore formation (Lardenois A, et al., PNAS.2011). If antisense IncRNA
MUTI312 indeed inhibits the translation of RRP6 mRNA, then the protein level of Rrp6 should
drop in the strain that overexpresses MUT1312, and thus lead to similar sporulation phenotype as in
the rrp6 mutant. Indeed, I found that the MUT1312 overexpression strain shows relatively slow
meiotic DNA replication dynamics (Figure 2A) and lower sporulation efficiency (Figure 2B). I
further checked the mRNA level of RRP6 in MUTI312 overexpression strain in mitosis: RRP6
mRNA seems to be moderately decreased. This may be due to the TEF1 promoter being very
strong, which could lead transcription interference. I verified the growth phenotype of MUT1312
overexpression strain, and found a growth deficiency like in rrp6 mutant cells when switched to the

non-permissive temperature.
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Figure 2. Sporulation efficiency and gene expression in MUTI1312 overexpression strain. (A) Meiotic DNA
replication dynamics of WT and MUTI312 overexpression strain as measured by FACS. (B) Ascus count shows
sporulation efficiency of WT and MUT1312 overexpression strain on SPIII plate. (C) Expression pattern of MUT1312
and RRP6 in WT and MUTI1312 overexpression strain. Quantification of RT-PCR result, is shown below. (D) Drop
growth assay. JHY222 back ground WT and rrp6 mutant, SK1 background WT, TEF-RRP6 overexpression strain, and
MUTI1312 overexpression strain on YPD medium at 30°C and 37°C.
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To test the idea that RRP6 and MUT1312 form double stranded RNA during meiosis, we used a
strain that ectopically expresses Dicer and Argonaut proteins, which can cut endogenous dsRNA in
vivo. dsRNAs were revealed by isolating RNA and carrying out small RNA-sequencing. The
resulting reads were then mapped back onto the genome (manuscript in preparation). The data
indicate that RRP6 and MUT1312 form dsRNA in both YPD and SPII 8h samples (Figure 3A). I
confirmed this by using two different methods: (1) RNaseONE which cuts single stranded RNA and
leaves the double stranded region intact. I used primers to check the single stranded region of RRP6
(RRP6-5") and MUTI1312 (MUT1312), and the double stranded region (RRP6-3’): as shown in
Figure 3B, only the double stranded region (RRP6-3) yields a band. (2) I carried out a J2-RIP
experiment which employs an antibody that recognizes dsRNA. It precipitates RNA molecules with
double stranded regions but unlike the case of RNaseONE, the J2 antibody is binding but not cut
RNA, and thus leaves the RNA with the double stranded region intact. Both RRP6 mRNA and
MUTI312 are detected in the J2 antibody pull-down sample, and the 3’ end of RRP6 seems to have
higher expression level than its single stranded 5’ end region (Figure 3B). This is likely due to the
overlap with MUT132, which results in both RRP6 and MUT1312 being amplified by PCR. Taken
together, both enzymatic digestion and double stranded RNA antibody precipitation confirm RNA-

Seq data suggesting that
RRP6 and MUTI312 form
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expression
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RNase

primers to check the single strand
region of RRP6 (RRP6-5’) and

MUTI312  (MUTI312), and

double stranded region (RRP6-3"). (C) Western blot shows the expression level of Rrp6 in MUT1312 overexpression

strain.
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To further test the idea that dSRNA inhibits translation of Rrp6, I used a strain that overexpresses
MUTI1312 and tested Rrp6 protein during growth in rich YPD medium. Rrp6 protein does show a
significant decrease in the MUTI1312 overexpression strain. Due to the low detection efficiency,
Rrp6 bands in WT have low signal and there’s no Rrp6 protein signal above the detection threshold
in MUT1312 overexpression strain (Figure 3C). This associates MUT1312 over-expression with

undetectable levels of Rrp6 protein.

Via 5-FU transcriptome sequencing, I found that RRP6 may be cell cycle regulated and it shows the
opposite expression pattern of its antisense IncRNA MUT1312 (Figure 4A, B). This indicates that
MUTI1312 may regulate cell cycle fluctuation of RRP6 probably through transcription interference
and translation inhibition.

WT 40min Figure 4. Cell cycle fluctuating expression

WT 100min MUT1312 RRP6

pattern of RRP6 during mitosis. (A) a

40min
100min
100min

40min

W 5-FU 50min heatmap shows the expression pattern of RRP6

WT +5-FU 100min . . . . X
) —_— — during mitosis time course, 40min represents
rrp6 40min

G1 phase, 100 min represents S phase. Color
JHY222 MAT a/a  code scale bar is shown on the right. (B) RT-

PCR validation result of RRP6 and MUT1312.

rrp6 100min

43 MUT1312

sajjisuap bey zbo|

To further provide direct evidence that
dsRNA formed by RRP6 and MUT1312

WT 40min
WT 100min

WT +5-FU 40min . . .
can inhibit RRP6, more experiments

should be done to knock out MUTI1312.

WT +5-FU 100min
rrp6 40min
rrp6 100min ]

gene like KanMX into the single stranded region of MUT1312 in the same direction, thus the stop

Possible ways are (1) to insert a shorter

codon of KanMX should lead to transcription termination of MUT1312. (2) to use CRISPR-dCas9
(the dead allele of Cas9) to inhibit MUT1312 transcription.

Our laboratory found that the mouse ortholog of RRP6 — ExosclO - is essential for early embryo
development, since a knock out strain shows an embryonic lethal phenotype (Jamin and Petit, et al.,
in preparation). From RNA interactome studies it is known that RNA interaction on its 3’ part will
make it more stable, since the interaction masks the target sequences needed by the exosome for

degradation. We note that human EXOSCI10 gene is also associated with an overlapping antisense

75



ncRNA the 3’end. Based on this, I think the function of MUT1312 is to maintain the stability of
RRP6 mRNA late in gametogenesis, as an analogous mechanism of storage of maternal mRNAs in
higher eukaryotes before the transcriptional activation of the zygote’s genome. Thus the mRNA of
RRP6/EXOSCI0 can be passed on to daughter cells that can use it to translate Rrp6 protein quickly

before the transcriptional activation of the zygote’s genome.

Currently, the role of long non-coding RNAs in regulate maternal RNAs is still unknown.
MUTI312 in budding yeast could be a good model to explore the mechanisms controlling maternal

RNAs via IncRNAs.

7. Mechanisms of SWI4 5°-UTR extended isoform control during
mitosis and meiosis

Analysis of SWI4 isoform expression and dsRNA formation with overlapping

antisense MUT

Abstract

Swi4 is a component of the SBF complex which has important role in regulating G1/S phase gene
expression. Swi4 binds Swi6 to activate important G1/S regulator like CLNI and CLN2 during
mitosis to ensure the normal progression of cell cycle. How SWI4 is regulated in meiosis is still
unknown. Here we show that SWI4 has a 5’-UTR extension during meiosis and that MUT477,
which is expressed on the opposite strand of SWI4 shows the same induction pattern as the extended
isoform. Furthermore, we found that the MUT477 region that overlaps with the extended 5’UTR
region of SWI4 forms a double stranded RNA, that negatively correlates with Swi4 protein levels.
Our results suggest a possible mechanism of inhibiting mitotic regulator expression in meiosis by
forming doubles stranded RNA at its 5’UTR region to inhibit translation. Our study provides a new
mechanism for the regulation of gene expression in meiosis that involves double stranded RNA,
which also been found in mammalian cells. Therefore, our research is relevant for higher
eukaryotes, and could be the starting point for further study of the function of double stranded RNA

using budding yeast as a model organism.
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Introduction

SWI4 is a gene encoding a DNA binding protein, which is a component of SBF complex. SWI4 gene
was first found in 1984 through a screen of factors that regulate budding yeast mating type
switching gene—HO endonuclease gene. 5 SWI genes, SWII to SWIS, were found to be required
for the cell cycle regulated expression of HO gene as mutant of those 5 does not express HO. In
addition to regulate HO gene, all SWI genes been found have other functions, for example, double
mutant of SWI4 and one of other SWI genes result in an inviable phenotype (Stern M, et al., J. Mol.
Biol. 1984). Swi4 regulates HO gene expression by forming the SBF complex with Swi6 and that
binds SCB (SWI4 and SWI6 dependent cell cycle box) CACGAAAA sequence within the promoter
of HO gene. Matches to SCB motifs were found in the promoter of other G1 cyclin genes, and SBF
was be found essential for the expression of CLNI, CLN2 and CLN3 (Harris M, et al., PloS ONE.
2013, Stern M, et al., J. Mol. Biol. 1984). G1 cyclins have important roles together with CDC28 to
activate checkpoint START which is the time point that cell committed to entry into the mitotic

cycles. Thus SWI4/SWI6 deficiency will lead to a defect in cell division and eventually to cell death.

SWI4 is also cell cycle regulated and expressed in G1 phase. The periodic fluctuation of SWI4 is
regulated by the GI transcription factor SBF and MBF (Swi6/Mbpl), as the promoter of SWi4
contains binding site for Swi4 itself and Mbpl (Leem Sun, et al., Nucleic Acids Research. 1998).

Although both SBF and MBF have important function in mitosis, only MBF act to induce some
MCB regulated genes in meiosis, whereas SBF is inactivated in meiosis, since SWI6 changes its
partner to Mbpl in meiosis. However, SWI4 mRNA is expressed during meiotic time course and
shows peak expression in middle meiosis, which is different from SWI6. swi6 mutant cells display
both reduced recombination frequency and spore viability, while swi4 cells only show lower spore
viability, which may indicate that SWI4 has important function in sporulation process but not
recombination (Leem Sun, et al.,, Nucleic Acids Research. 1998). However, the mechanism

governing SWI4 isoform expression during meiosis is unknown.

Here, we carried out research to investigate the regulation of SWI4 during meiosis. Using combined
RNA-Seq results and molecular assays, we found that the SWI4 meiotic 5’UTR extension overlaps
with antisense MUT477, which forms dsRNA, and potentially lead to the down regulation of Swi4
protein, since the formation of double stranded RNA is negatively correlated with Swi4 protein

levels during meiosis and spore formation.
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Materials and methods

Yeast strains and growth media. Strains used in this study are SK1, MPY702 (SK1 ume6),
JHY222, MPY542 (JHY222 ume6) and MPY816 (Swidmyc). Growth media were prepared
according to standard protocols of yeast YPD (glucose), YPA (acetate), and SPII media.

RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2ug of RNA
reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 26
cycles. RT-PCR products were separated on 2% agarose gels and photographed using an
ImageQuant 350 digital Imaging 381 System at the default settings (General Electric, USA) Primers
used for RT-PCR were designed with Primer3 (simgene.com/Primer3; Table 1).

Table 1. Primers for RT-PCR assay

Gene Forward Primer Reverse Primer

SWi4 GGGCTACAGCTATGGCGAAT ACGCAGGCGATTCGTTATCT
mSWI4 | TACAATTACCTTCGGCGGCT GCGTGATGTTCTGGTGATTGG
MUT477 | ACGACCTAAGATCCGCAGTC TGTGTACGGTGGCGGAAAA
ACTI CTCGTGCTGTCTTCCCATCT AGATGGACCACTTTCGTCGT

Construction of a Swid-tagged strain. Tagging of Swi4 protein with myc tag was done according
to the method reported in Yanke C, et al. 2004, which use a PCR base one-step tagging method.
Primers used in amplification of the PCR-module were listed in the table below. Recombination

colonies screened by selective medium were confirmed by colony PCR.

Western blot assay. Protein extract was prepared with YPD, YPA, and full meiotic time course
sample, by using a method described in (Vitaly V. Kushnirov, Yeast. 2000). 20[ /g protein extract
was separated via electrophoresis with SDS-PAGE gel (BIO-Rad, USA), and then proteins were
transferred to ImmobilonPSQ membranes (Millipore, France) with an electro-blotter (TE77X;
Hoefer, USA) set at 50mA for 2.5h. The membrane was blocked by incubation in 5% milk powder
at room temperature for 1lh, before incubation with anti-myc antibody at 1:1000 ((Life
Technologies, USA) overnight at 4°C. Protein was detected with ECL-Plus Chemiluminescence kit
(GE Healthcare, USA) and the ChemiDoc XRS system (Bio-Rad. USA). Signals were quantified by
using ImageQuant TL 7.0 software package (GE Healthcare, USA).
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J2-RIP assay. J2-RIP assay was performed by incubating 35ug RNA with magnet beads and J2
antibody. Then RNA was eluted and reverse transcribed with 2ug RNA using the High Capacity
cDNA Reverse Transcription kit (Life Technologies, USA) and amplified with Tag Polymerase
(Qiagen, France) at 60°C for 28 cycles.

Results

SWI4 mRNA expression pattern during meiosis

From the tilling array study of the transcriptomes of budding yeast cell in fermentation, respiration
and sporulation it is known that SWI4 mRNA is constitutively expressed during mitosis and
meiosis. Consistent with the previous study by Leem S, et al., SWI4 mRNA accumulates in middle
meiosis. However, unlike unsynchronized diploid cells grown in fermentation (YPD) and
respiration (YPA) and synchronized haploid cells in mitotic time course which only express the
shorter isoform of SWI4, we observe a 5’UTR extended transcript in early meiosis. The SWIi4
5’UTR extended region partially overlaps with an antisense noncoding RNA (MUT477). MUT477
is also induced in early meiosis and has peak expression in middle meiosis, the same pattern as

SWI4 5°UTR extension (Figure 1).

B Figure 1. SWI4 mRNA expression
o <« =
54 38 % A pattern during meiosis. (A) a heatmap
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Three questions arose from these

observations: first, are the SWI4

meiotic long isoform and MUT477

controlled by the same factor via a
bi-directional promoter? Second, if
yes, which transcription factor
governs their expression? Third,
does MUT477 influence Swi4 by
inhibiting the translation of SWI4

mRNA via dsRNA formation?
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A URSI1 element controls the expression of S WI4 meiotic isoform

We first analyzed the SWI4 locus on the genome, we found that there is a URS1 element located at
the upstream of MUT477 and inside of SWI4 meiotic 5’UTR region (Figure 2A). This motif is the
target of Ume6, the DNA binding subunit of the histone deacetylase Rpd3.
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n during meiosis in the WT vs. rrp6

We next used ume6 mutants in both JHY222 and SK1 strain. As shown in Figure 2B, ume6 gene

deletion does not alter the expression of the mitotic SWI4 isoform in

both JHY?222 and SK1 strains

cultured in fermentation (YPD), respiration (YPA) and sporulation medium (SPII), while the

meiotic 5’-extended isoform of SWI4 accumulates in mitotically growing cells (YPD and YPA

sample) in both strains. Our result shows that the repression of SWI4’s meiotic isoform in mitosis

requires Umeo6.
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The SWI4 meiotic isoform shows decreased expression in rrp6 mutant cells

Previous report shows that the meiotic isoform is not only induced by starvation alone, since diploid
MATala cells cultured in sporulation medium do not express the meiotic isoform. And the meiotic
non coding RNA regulator Rrp6 may also have impact on meiotic isoform expression pattern, since
the meiotic isoform is not induced in normal level in the rrp6 mutant cell due to the deficient
sporulation process. SWI4 meiotic isoform expression in the rrp6 mutant also does not reach the
normal level as in WT cells (Figure 2C). However, the expression pattern tends to be the same, as
the meiotic isoform also tend to be have peak expression in middle meiosis. This cannot explain by
the impaired sporulation process in rrp6 cells, since the slow downed sporulation process will result
in the delayed shown up of meiotic isoform. Therefore, it could be that Rrp6 somehow affect the

expression level of the meiotic SWI4 isoform.

Potential function of SWI4’s meiotic S’extended UTR to inhibit Swi4 protein during meiosis

The function of extended 5’UTR isoforms is normally either to affect the translation of the mRNA
since the 5’ extended region can contain upstream open reading frames (WORFs) that sequester and
stop the ribosome and thus inhibit the translation of the ORF downstream. Or it can affect the
stability of the mRNA as the small open reading frame in the extended 5’UTR region may trigger
the NMD pathway, which leads to the degradation of mRNA. To address this question, we analyzed
the extended 5’UTR of SWI4 mRNA in meiosis, and found that there are two small open reading
frames upstream of SWI4 open reading frame, which encode peptides of 11 and 8 amino acids.
(Figure 3A). It could be that those small open reading frames inhibit the translation of SWI4 mRNA

thus down-regulating the protein level of Swi4 during middle and late meiosis.
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locus mRNA and protein expression pattern (Brar G., et al., Science. 2012). (C) Western blot analysis of Swi4 protein
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used as an internal control.

Swi4 protein levels decrease as cells enter meiosis

We next sought to explore if Swi4 protein is down-regulated during meiosis. We first checked the
published ribosome footprint data by Brar G., et al., 2011, who studied the translation of RNAs
during the entire meiotic process. As shown by the ribosome footprint data, SWI4 mRNA translation
is going down during meiosis (Figure 3B). To complement and validate this information, we
constructed a strain with myc-tagged Swi4 and tested the protein level of Swi4 during meiosis by
Western blot. We confirmed that Swi4 protein levels decrease in meiosis (Figure 3C). As the Swi4
protein is unstable, the signal was not that strong in mitosis and we observe bands in the lower

molecular weight which could be breakdown products of Swi4. The signal is even weaker during
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meiosis as Swi4 protein become more unstable, therefore, the bands during meiosis are below the
threshold level of detection. This result shows that Swi4 protein is down regulated in meiosis in our

strain background.

Antisense MUT477 overlaps with the extended meiotic 5’-UTR of SWI4

When we examined the genome locus of SWI4, we found that MUT477 overlaps with the extended
5S’UTR region of SWI4 mRNA, and it has a similar expression pattern during meiosis. It also seems
to be controlled by Ume6 which suppress it during mitosis (Figure 1A). When the meiotic extended
mRNA and MUT477 are induced, the open reading frame region of SWI4 tends to be down
regulated in both the SK1 and JHY?222 background yeast during mitosis and meiosis time course
sample in ume6 mutant. What is the role of MUT477? Previous work shows that dSRNA can inhibit
translation (Sinturel F. Cell Report. 2015). Therefore, it could be that MUT477 and the 5’ extended
region of SWI4 form dsRNA that may contribute to the inhibition of SWI4 mRNA translation.

To test this hypothesis, we first checked our unpublished small RNA sequencing data (obtained with
a yeast strain that contains ectopically expressed Dicer and Argonaut, which digest dsRNA in vivo).
We found that SWI4 shows a small dsRNA signal at the region overlapping with MUT477 in
meiosis (SPII8h sample) in the DA strain, while there’s no signal in the mitosis YPD sample, and
nearly no signal in the control WT strain’s YPD and SPII8h sample. Furthermore, we confirmed the
existence of dSRNA of SIW4 and MUT477 by a dsSRNA-RIP experiment in WT with an antibody
that specifically binds dsRNA of at least 40 bp. The result shows a clear dsRNA signal in the WT

A 5 strain (Figure 4B). This indicates that

E o E . the dsRNA is formed in vivo by

] , - SWI4’s extended 5’UTR region and
— SWi

i s MUT477. It is possible that this
Swie

structure inhibits the translation of
- GAP1

N LR L SWI4 mRNA during meiosis.

384000 386000
DA-YPD

Figure 4. Swi4 protein expression pattern.
(A) A histogram shows the dsSRNA-Seq signal
384000 386000 F| E

DA-Eh in the SWI4 region. (B) RT-PCR validation
result of J2-RIP SWI4 signal. SWI6 and GAP!

were used as negative and positive controls,

384000 386000 : 1
w s respectively.
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Discussion

In this study we found SWI4 mRNA has a 5’-UTR extension which overlaps with its antisense non
coding RNA MUT477. The formation of dsRNA is negatively correlated with meiotic protein levels
of Swi4. However, different from the case of RRP6/MUTI1312, MUT477 overlaps with the meiotic
extended 5’UTR of SWI4 rather than overlapping at 3’end. 5’UTR is important for translation of
mRNA since it allows ribosome to search and bind to the mRNA. A dsRNA formed in the 5’UTR

region could block the entry of ribosome onto mRNA and thus inhibit translation.

The overlapping region between SWI4 and MUT477 also covers uORFs in the extended region of
SWI4 5’UTR that can inhibit translation, sequester ribosomes, or lead to NMD of the mRNAs when
ribosomes reach the stop codon in the small ORF. Therefore, it could be that uORFs in the extended
5’UTR region of SWI4 mediate the down regulation of Swi4 protein in meiosis. Further studies

should be carried to distinguish if the inhibition is come from the uORF or dsRNA.

The result from our research, together with studies in mammalian cells and budding yeast shows
that dsSRNAs naturally occurring in the cell have important function in regulating gene expression
by influence of mRNA stability and inhibition of translation. Our study points to a novel function

for meiotic induced non-coding RNAs in regulating genes during meiosis.
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8. IncRNA based regulation of transcription (SUT200/CDC6)

Introduction
CDC6 is a gene encoding protein important for DNA replication initiation in budding yeast. CDC6

mRNA is cell cycle regulated: it is transcribed in late mitosis/telophase and peaks in G1 phase, then
disappears at bud initiation (S phase), and reappears at the telophase of the second mitotic cycle
(Zweerschke W., et al., The journal of biological chemistry. 1994). In cells with long G1 phase,
there has a second wave of CDC6 transcription which occurred in late G1 phase. This second burst
of CDC6 transcription is important for the normal progress of S phase, as small G1 phase cell
which lacks CDC6 transcription in late G1 phase move forward very slowly during S phase. cdc6
mutant lacks both waves of CDC6 transcription and can undergo mitosis without replicating their
chromosomes, which leads to chromosomes fractionation in the daughter cells. Transcriptional
regulation of these two waves of CDC6 is achieved partially by Swi5 for the telophase and by MBF
for the late G1 phase CDC6 transcription (Piatti S., et al., Embo J. 1995).

As the fluctuation of mRNA, Cdc6 protein is also unstable and periodically fluctuates during the
cell cycle. Cdc6 protein is synthesized at late mitosis and in late G1 phase of cells with prolonged

G1 phase (Piatti S., et al., Embo J. 1995).

According to a tilling array study of budding yeast meiotic transcriptomes, CDC6 is transcribed in
mitosis and early meiosis, then transcription decreased from middle meiosis. The mechanism of
meiotic down-regulation of CDC6 is unknown. During middle meiosis a novel IncRNA is
transcribed over the upstream promoter region of CDC6, but whether this IncRNA plays function to

inhibit CDC6 transcription is unknown.

Transcription is not only regulated by transcription factors, since some IncRNAs can also have great
impact on gene expression. As in budding yeast, two long non-coding RNA been reported to have
function to inhibit meiotic genes, meiosis inducer IMEI, in mitosis by promoter interference, which
the long non-coding RNA /RT1 is located at the promoter of IME]. Transcription of /RT inactivate
IME] promoter by recruit histone methyltransferase Set2 and histone deacetylase Set3 to establish

repressive chromatin status (van Werven F, et al., Cell. 2012).

Materials and methods
Yeast strains and growth media. Strains used in this study are JHY222 wild-type and rrp6

(Lardenois et al., PNAS 2011), MPY689 (SUT200 CIS-OFF), MPY687 (SUT200 CIS-ON),
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MPY685 (SUT200 TRANS-ON). Media were prepared according to standard protocols for yeast
growth (YPD, YPA), and sporulation (SPII).

RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2 nug of RNA
reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 26
cycles. RT-PCR products were separated on 2% agarose gels and photographed using an
ImageQuant 350 digital Imaging 381 System at the default settings (General Electric, USA).

Primers used for RT-PCR were designed with Primer3 (simgene.com/Primer3; Table 1).

Table 1. Primers for RT-PCR assay

Gene Forward Primer Reverse Primer

SUT200 | 5°-TTTCTGGCTTCCTTTCTTTCC-3’ 5’-TTTCTGCCAGCCAACTCAAT-3’
CDC6 5-CGAATCCGAACTTGCAGAAT-3' 5'-CCCGTATTTCCAGCACACTT-3’
MUTI465 | 5'-GGGCCAACAGTTGTTTCAGT-3' 5'-CATCGCGAAATTTGTCTCAA-3'
CLN2 5’-TTTGTTCGAGCTGTCTGTGG-3’ 5’-GTATACGTGCCCTTGGGTTG-3’
ACTI 5’-CTCGTGCTGTCTTCCCATCT-3’ 5’-AGATGGACCACTTTCGTCGT-3’

Results and discussion

According to tilling array results the IncRNA SUT200 is transcribed upstream of CDC6 and
strongly induced during middle meiosis at the time when CDC6 mRNA declines. I validated CDC6
and SUT200 expression by RT-PCR and found the same expression pattern as tilling array and the
expression of CDC6 and SUT200 seems to be enhanced in rrp6 mutant (Figure 1A and B).
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Figure 1. CDC6 expression pattern. (A) A heatmap shows the tilling array data about CDC6 expression during
meiosis. (B) RT-PCR validation result of CDC6 and SUT200 during meiosis sample in WT strain and rrp6 mutant
strain. (C) RT-PCR validation result of CDC6 and SUT200 during meiosis sample in WT strain and TEF-SUT200-cis-
ON strain.

To test whether SUT200 plays a role in the repression of the CDC6 promoter, we inserted a
transcription terminator downstream of SUT200 transcription initiation site. SUT200 knock out
yeast show slightly faster sporulation than WT (Figure 2). However, when checked with RT-PCR,
SUT200 RNA still can be detected. This may due to an unconventional transcription mechanism of
IncRNAs, which may not be controlled by exactly the same initiation site and termination site as
RNA polymerase II transcribed mRNA. For the cis-ON strain, although SUT200 is expressed during
mitosis, CDC6 also seems to be enhanced, as shown in Figure 1C. This may be the consequence of

strong TEFI promoter activity, which result in transcriptional read-through from the SU7200
promoter to CDC6.
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By carefully examining the tilling array
data, I found that SUT200 has 3’end
extension at SPII 6 h and 7h, which seems
to have no gap with CDC6 mRNA signal.
SUT200 seems to show transcription read-
through into the CDC6 locus. This may
mean that the repression of CDC6
transcription during middle and late meiosis
is due to transcriptional read through from

SUT200. To test this idea, I use the primer

pair with forward primer located in SUT200 locus and reverse primer located in CDC6 locus. 1

found a long transcript, which appears to be transcribed from SUT200 read-through to CDC6
(Figure 3).
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Figure 3. RT-PCR validation result of CDC6-SUT200 transcription read-through transcript. A primer pair was

used whereby the forward primer was located in SUT200 and reverse primer located in CDC6. RT-PCR validation was

carried in the mitotic samples (YPD and YPA) and meiotic time course samples (SPII2h to SPII10h).

In conclusion, our results suggest that SUT200 does not repress CDC6 transcription in middle late

meiosis by promoter interference. Rather, SUT200 displays read-through into the CDC6 locus. This

indicates that the CDC6 promoter is somehow repressed and read-through may contribute to the
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weak signals that were detected in middle meiosis by tilling arrays.

9. The transcriptional regulation of meiotic IncRNAs: Ndt80 activates
MUTI1465

Abstract

Meiotic Unannotated Transcripts (MUTs) are IncRNAs which accumulate in meiosis. Previous
research showed that some MUTs are degraded by Rrp6 during vegetative growth and early
meiosis, thus limiting their presence to meiosis. However, the mechanism that actively induce
MUTs in meiosis is still enigmatic. Here, we carried out genome wide transcription factor site
analysis of MUT promoter regions. We found middle sporulation elements (MSEs), bound by
Ndt80. Furthermore, target MUTs fail to be up-regulated in an ndt80 mutant strain. This indicates
that Ndt80 is a transcription factor that actives MUT expression in middle meiosis. Our study is the

first to show the induction and the potential function of MUTs in meiosis.

Introduction

MUTs are meiotic unannotated transcripts, which have been shown to be induced when Rrp6 is
diminished (Lardenois A., et al., PNAS.2011). Rrp6 is a catalytic subunit of the exosome, which
degrade nascent RNA which are unstable or transcription noise, like promoter associated RNA
transcripts. MUTs have been shown to expressed in the mitosis sample in rrp6 mutant, since there’s
no more Rrp6 in the cell. This explains the mechanism that suppresses MUTs and limits their
expression to meiosis. However, if and how MUTs are transcriptionally induced in differentiating

cells is unknown.

Current research found long non coding RNAs in various organisms from budding yeast to higher
eukaryotes. Studies in human found that the induction of long non coding RNAs are different from
those of mRNAs, although they both been transcribed by RNA Polymerase 11, the promoter of long
non coding RNAs are different from protein coding mRNAs’ promoters, and the transcription
factors that bind and regulate the long non coding RNAs are also different (Alam T., et al. PLoS
ONE.2014). However, transcription factors regulating of IncRNAs in budding yeast is still

unknown.

Here we carried out study to analyze genome widely transcription factors that bind to the promoter
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of MUTs. We found that Ndt80 induces MUTs that possess an MSE element in their promoters in
middle meiosis. We also found that Ndt80 induces MUT1465 via a bi-directional promoter.

Material and methods

Yeast strains and growth media. Strains used in this study are JHY222 wild-type and rrp6 and
MPY553 (JHY222 ndt80), MPY672 (TEF1-MUT1465 CIS-ON) and MPY674 (CYC1t-MUT1465
CIS-OFF). Media were prepared according to standard protocols for yeast growth (YPD, YPA), and
sporulation (SPII).

RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2 nug of RNA
reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 28
cycles. RT-PCR products were separated on 2% agarose gels and photographed using an
ImageQuant 350 digital Imaging 381System at the default settings (General Electric, USA). Primers
used for RT-PCR were designed with Primer3 (simgene.com/Primer3; Table 1).

Table 1. Primers for RT-PCR assay

MUTI1465 GGGCCAACAGTTGTTTCAGT | CATCGCGAAATTTGTCTCAA
MUTI1290 AGCTGGTACTGCCCGTACAT ACAGGGAACTCCAGCGTATG
MUTI100 GCCAAATATTTCCACTCAATCA | CCAACAAGAACAGCGCTACA
MUTS523 TCCTTCTATGGACTGCGACA TCTCGTTATTATTGGTTCGTTCAA
NDTS0 AAGCACCCAGTTTGTTCTGG ACCTTTCATGGGGAGAATCC
CLN2 TTTGTTCGAGCTGTCTGTGG GTATACGTGCCCTTGGGTTG
BBPI AGGTATGCCCAAGACGACAC | CGGAGCAGGACTTCGTAAAG
ACTI CTGCCGGTATTGACCAAACT AGATGGACCACTTTCGTCGT

MUTs clustering analysis. MUTs expression were analyzed by clustering according to their
expression pattern. Data were obtained from Lardenois A, et al. 2011. A heatmap representing each

cluster was produced by R.

Transcription factor binding site analysis. MUTs coordinates were obtained from A. Morillon’s
laboratory. Transcription factor binding site in the promoter of MUTs were analyzed by Galaxy and

MEME suite. Briefly, retrieve sequence that located at 300 bp upstream of MUT transcription start
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site as promoter and input dataset for analyze transcription factor binding site. Then a transcription

factor binding motif search was carried out using MEME.

Chromatin interaction analysis. Data of Chromatin region that interact with CLN2 region in

budding yeast were obtained from Wu Y J, et al., 2009.

Results

Temporal induction pattern of MUTs during meiosis

MUTs were found by Lardenois et al, 2011. They are a group of IncRNAs that accumulate during
meiosis. Here, we use the data from the initial study, to analyze the expression pattern of MUTs
A R—— during meiotic time course in more detail.
= Figure 1A shows that MUTs have distinct
: expression pattern as they can be induced
in early, middle and late meiosis, and most
of them show a middle meiotic pattern.

This suggest that MUTs expression is
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Landscape of genome-wide transcription factor binding site on MUTs promoter
In order to know the temporal expression pattern control mechanism for MUTs, we first performed

a genome-wide analysis of the MUT upstream regions searching for the binding sites for the known
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transcription factors in budding yeast. We analyzed MUTs by searching the sequence at 350 bp

upstream of its transcription start site, since Pelechano V., et al., reported that yeast promoters are

on average 309bp long (Pelechano V., Yeast, 2006). We found among the target sites of 732 known

transcription factor in budding yeast 43 motifs bound by 32 transcription factors. Among them, the

Ndt80 binding site MSE was found in middle meiotic MUTs.

Ndt80 is the transcription factor that responsible for the induction of most MUTs in meiosis

Most of the MUTs are induced in middle meiosis and genome wide transcription factor analysis

suggests that Ndt80 is a key factor that induces the expression of MUTs during middle meiosis.

Previous study by Lardenois A et al., reported that Rrp6 suppresses the MUTs expression in mitosis,

therefore a lot of MUTs been induced upon loss of Rrp6 in middle meiosis. This helps explain how

— — — —

B JHY222 MATa/a

06

05
04
0.3
02
01 .

o

6 8 10

YPD  YPA 2 a

03
0.25
0.2
015
01
<l

0

6 8 10

YPD  YPA 2 4

WMUT1465 WT

o ——— —

JHY222 MATa/a
ndt&0

EMUT1465ndt80 0.3

02
il
o

YPD  YPA 2 4

mMUT523 WT

03
W MUTS23 ndt80
02
" .
0

YPD  YPA 2 4

MUT1465

MuUT100

MUT523

MUT1290

ACT

I
!

10

®MUT100 WT
= MUT100 ndts0

B MUT1290 WT
W MUT1290 ndt80

MUTs may be repressed
until middle meiosis, but
mechanism that

MUTs 18

the
activates
unknown. Here from our
genome wide transcription
factor analysis, we found
Ndt80 is the transcription
factor responsible for the
activation of MUTs in

middle meiosis.

Figure 2. Ndt80 dependent
induction of MUTs in middle
meiosis. (A) RT-PCR validation
result. (B) Signal quantification.

ACT] is an internal control.

We confirmed that MUT1465 and MUT523, which possess MSE elements in their promoter regions,

fail to be induced in the ndr80 mutant, while MUTs for which upstream regions do not contain MSE
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element (MUT100 and MUT1290) were not affected in the ndr80 mutant.

MUTI1465 is a Ndt80-dependent MUTs induced via a bi-directional promoter during middle

meiosis

Among Ndt80 regulated IncRNAs MUTI465 is particular interesting, because it seems to be

bidirectionally induced during middle meiosis. MUT1465 is located at chromosome 16 between

CLN?2 and BBPI, the latter of which is further induced during middle meiosis at the same time as

MUTI465 is upregulated. The genome wide transcription factor binding site result predicts that

Ndt80 is involved in this pattern via the MSE motif between MUT1465 and BBP1 (Figure 3).

A

= MR rmummmwmm |
= MY mel..u{ i

CLN2

v IN;W_INMIM'

§5Fssusvsyys

s;“ §359sysveuys

ﬂmmml |

SPII
s s
E £ 5 5 § s 8§

o s o« MUT1465

S s ww  BBP1

JHY222 MATa/a

T —— — — —— ACT1

MUT1465

s - BBP1

JHY222 MATa/ o
ndt80
]
L
i

——— — — - ACT1

o0 1V

nfe L1y

B LY

»fevw

o/o1vn

B

0.3
0.2

01

0.4

0.3

02 -

SPI

8h
10h

o «
£ £ &

&=
<+
- E—

l 6h

CLN2
—
BBP1

L - —

- ACT1

JHY222 MATa/a

PRI

YPD YPA 2 4 6 8 10

MUT1465

YPD YPA 2 4 6 8 10

mWT
W ndt80

mWT

Hndt80

Figure 3. Bidirectional expression
of MUTI465 and BBPI. (A)a
heatmap shows the expression
pattern of MUT1465 and BBPI1. (B)
RT-PCR validation of MUTI465,
CLN2, and BBPI result in wild type
yeast and quantification. ACTI as
internal control. (C) RT-PCR result
of MUTI465, BBPI in WT vs.
ndt80 mutant. (D) Quantification

result of RT-PCR shown in C.

We next sought to explore if

Ndt80 control the expression of MUTI1465. We use RT-PCR and found that the induction of

MUTI465 is impaired in ndt80 mutant (Figure 3C). The same pattern was observed for MUT523,

which is a positive control since it contains a known MSE element, whereas the IncRNAs MUT100

and MUT1290 that lack MSE elements in their promoters are not affected in ndt80 mutant.
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When we verified the expression of BBP! in the ndt80 mutant, we confirmed the tilling array result
by RT-PCR by showing that the expression of BBPI increases in middle meiosis in WT strain,
while no up-regulation occurs in the ndt80 mutant (Figure 3C). Together, this indicates that Ndt80
controls the bi-directional expression of MUT1465 and BBPI.
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Figure 4. Bidirectional expression of MUT100 and DERI1. RT-PCR validation result and quantification. ACTI/ was

used as an internal control.
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Figure 5. Bidirectional
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be mediated by Ndt80. Therefore, we checked the expression of NDT80 in the rrp6 mutant and
indeed found that NDT80 mRNA accumulates somewhat in mitosis (Figure 6C). The abnormally
high level of NDT80 in the YPD sample of the rrp6 mutant, is consistent with the idea that NDT80
controls the bi-directional induction of BBP1 and MUT1465.
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middle meiosis when MUTI1465 is induced. Therefore, it could be that MUTI465 inhibits the

expression of CLN2 by promoter interference.

To test this hypothesis, we first constructed a strain with MUTI465 driven by a TEFI promoter,
(MUT1465 cis-ON). We checked the expression of CLN2 in this strain, and found that MUT1465
was strongly induced in mitotic YPD samples and meiotic time course SPII samples (Figure 7).
Moreover, the expression of CLN2 was also increased in middle meiosis, instead of being down-
regulated. This may be caused by the strong TEF1 promoter, which may lead to transcription read
through to the CLN2 locus. We verified this idea by using a primer pair where the forward primer
was located in the MUTI1465 region and the reverse primer was located in the CLN2 region: as
expected, we found a read-through transcript from MUT1465 to CLN2 (Figure 6B). As in the rrp6
mutant the read-through transcript is induced in mitosis YPD and YPA sample and have higher
expression level in sporulation sample than WT strain. Therefore, it would be interesting to know if
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Ndt80 is responsible for the induction of read-through transcript in the mitosis samples of rrp6
mutant. Indeed, we found that NDT80 accumulates to low levels in mitotic rrp6 cells. This may
mean that NDT80 is responsible for the induction of MUT1465-CLN2 read-through transcripts that
repress CLN2 expression (Figure 6C).

Figure 7. Expression pattern of MUT1465 in MUT1465
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- 55P! through transcript is strongly induced in middle

- — g - MUT1465 meiosis at the same time when CLN2 is down-

SK1 MAT aja
MUT1465 O/E

. muraesreadthough  tegulated and MUTI1465 is induced. A previous

transcript

o study reported that Rrp6 degradation during middle

meiosis results in the stabilize of MUTSs, and there
are also studies in the literature showing that Rrp6 can act to inhibit read-through, as in the case of
snRNA (Fox M et al., PLoS Genet. 2015). Therefore, the read-through should be also enhanced in
rrp6 mutant. We confirmed by RT-PCR that read-through is slightly induced in mitotic YPD sample
in rrp6 mutant, while it was strongly induced in early meiosis. This may explain why CLN2

expression signals are up-regulated in the rrp6 mutant during the meiotic time course.

We further constructed a strain with a transcription terminator inserted downstream of the putative
MUTI1465 transcription start site in order to prevent its expression (MUT1465 cis-OFF). However,
we tested by RT-PCR and found that MUT1465 is still expressed. This is not surprising, since a
IncRNA knock out is very difficult not only in budding yeast but also in other higher eukaryotes as
IncRNAs cannot easily be inactivated by insertion of transcription terminator or frame shift

mutations (Quinn J and Change H Y. Nature Reviews Genetics. 2016)

If MUT1465 really acts as read-through to inhibit the expression of CLN2 during meiosis, then the

transcription of MUT1465 but not the transcript itself is important. We tested this hypothesis by
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constructing a strain where TEF1-MUTI465 is inserted into the HO locus while leaving the
MUTI465 locus intact (MUTI1465 trans-ON). We found that MUTI465 increases in MUTI1465
trans-ON, while the expression pattern of CLN2 remains the same as in the WT strain. And the read-
through transcript also has the same expression pattern as in WT strain. This confirms that
MUTI465 appears to act in cis through read-through to inhibit the transcription of CLN2 during

middle and late meiosis.

MUTI465 is bidirectionally regulated with BBPI. The expression of BBPI in MUTI465 cis-ON
also shows slightly elevated expression, but not in MUT1465 trans-ON. This may be the result of
intrinsic bi-directional characteristics of the TEF promoter. Taken together, these results suggest
that Ndt80 induces the bi-directional expression of MUT1465 and BBP1 during middle and late
meiosis, and this may inactivate CLN2 by transcriptional read-through and activate BBPI at the

same time.

Discussion

BBP] is essential for mitosis and therefore shows basic transcription during cell division. BBP1 and
MUT1465 seem to use a bi-directional promoter. How does this regulatory region shift from a uni-
directional to a bi-directional pattern? It could be that the promoter is bi-directional also in mitosis,
and it can transcribe towards upstream direction to transcribe MUT 465, but the nascent MUT1465
transcript is degraded quickly by Rrp6. However, this seems not to be the case, since MUTI1465 is
only slightly increased in the mitotic YPD sample of rrp6 mutant. The spatial organization of
chromatin was found to play an important role in regulating gene expression. We searched the
CLN?2 locus interaction with published 4C (Circularized Chromosome Conformation Capture) data
in mitosis of budding yeast, and found that the promoter region of CLN2 interacts with its 3’end,
thus forming a loop. This connection may facilitate RNA polymerase II binding to the CLN2
promoter faster after it has finished the first round of transcription. This connection may also limit
the accessibility of RNA Polll to the promoter of BBP1, since the loop may block spatial access. In
meiosis the chromatin conformation may change and thus the loop may be broken and the BBPI
promoter may fully exposed so that RNA Pol II can transcribe through it, and the transcription of
MUT1465 also occurs. It could be that the chromatin conformation change facilitates Ndt80 binding
to the BBPI promoter or on the contrary Ndt80 may function as a chromatin conformation modifier
whose expression and binding to BBPI promoter in middle meiosis lead to the conformation

change, and thus facilitates the transcription of MUT1465.

98



MUTs have been shown to be regulated by Rrp6, which is a 3’ to 5’ exoribonuclease to degrade
MUTs: in vegetable growth and onset of meiosis (Lardenois A., et al., PNAS, 2011). However, little
is known about how those non-coding RNA been induced during meiosis. Here, we show that
Ndt80 is the main transcription factor that activates MSE-dependent MUT expression during middle
meiosis. We propose that this activation can result in regulatory IncRNA interfering with mRNA

transcription.

Ndt80 is a transcription factor, which is active in middle meiosis. It can induce genes with MSE
elements in their promoters. Thus, Ndt80 is important for the activation of middle meiosis induced
genes and the boost of other genes necessary for middle and late meiosis. Ndt80 target genes by
binding at the MSE motif. Through genome wide promoter analysis for the transcription factor
binding site on the promoter of MUTs, we found MSE elements are among MUTS which induced
in middle meiosis. MSE elements located in the intergenic region between two transcript locus can
induce those transcripts bidirectionally. Thus, Ndt80 can up-regulate two genes via the same
promoter. We analyzed MUT1465 and BBP1 that are activated by Ndt80 because BBP/ is a gene
important for spindle formation in mitosis and — by inference — in meiosis. We propose that
MUTI465 has role in inhibiting downstream gene CLN2, which is not needed in meiosis. Thus,
Ndt80 not only activates a gene important for meiosis, but also indirectly represses a gene that is not
by transcriptional read-through. MUT1465 locus seems interact with the CLN2 3’end in mitosis,
which enables fast re-cycling and re-use of the RNA Pol II and cofactors to allow normal expression
of CLN2 during mitosis. This kind of looping is common in budding yeast to facilitate gene
expression. During meiosis the chromatin spatial organization may change to release the
attachment, thus allowing the further induction of BBPI and the repression of CLN2. Additional

work may prove the spatial structure theory.
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10. Different control of IncRNA by Ume6 in JHY222 and SK1 strains

Introduction
Ume6 is the DNA binding subunit of the Rpd3L histone deacetylase complex. It binds the DNA

target sequence AGCCGCCGA (also called URS1 element). URSI is repressor site, which has been
found in various promoters that respond to stress and meiotic induction. Ume6 recruits conserved
histone deacetylase Rpd3 and chromatin remolding protein Isw2 to the URSI1 site to remodel
chromatin and suppress transcription by DNA looping (Yukawa M, et al. Biosci Biotechnol

Biochem.2009; Gailus-Durner V, et al. Mol Cell Biol.1997).

JHY222 background yeast is homogeneous to S288C yeast genome, while SK1 strain is crossed
between the West African lineage and the European lineage (Liti G., et al., Nature. 2009). SK1
genome sequence is phylogenetic distant from JHY222 (S288C) genome (Liti G., et al., Nature.
2009). While both SK1 and JHY?222 strains can efficiently form asci, SK1 strain shows faster and
more synchronous sporulation. The genome wide comparisons of transcriptomes of SK1 strain and
W303 during sporulation time course shown that SK1 genome has 39 gene deletions and 2025
SNPs distinct to S288C, and the sporulation transcriptomes analysis shown that the two strains have
similar core meiotic transcriptomes, yet there are also a large set of genes been differently regulated
in those two strains. Among them classical early meiotic genes shown the most distinct expression
pattern among two strains, as those early meiotic genes are more efficiently expressed in SK1
strain. Early meiotic genes are unstable and have relatively low abundance. Therefore, the
transcriptome differences between two strains may reflect the more efficient and highly synchrony
of SK1 cells, which make the transient and low abundance genes more visible (Primig M, et al.,

Nature Genetics. 2000)

Materials and methods
Yeast strains and growth media. Strains used in this study are SK1 and JHY222 (Lardenois et al.,

PNAS 2011), MPY542 (JHY222 ume6) and MPY702 (SK1 ume6). Media were prepared according
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to standard protocols for growth (YPD, YPA) and sporulation (SPII).

RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2 ug of RNA
reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 28
cycles. RT-PCR products were separated on 2% agarose gels and photographed using an
ImageQuant 350 digital Imaging 381System at the default settings (General Electric, USA). Primers
used for RT-PCR were designed with Primer3 (simgene.com/Primer3; Table 1).

Table 1. Primers for RT-PCR assay

Gene Forward Primer Reverse Primer

MUTI00 | 5'-GCCAAATATTTCCACTCAATCA-3' 5'-CCAACAAGAACAGCGCTACA-3'
MUTI290 | 5'-AGCTGGTACTGCCCGTACAT-3' 5'-ACAGGGAACTCCAGCGTATG-3'
MUTI465 | 5'-GGGCCAACAGTTGTTTCAGT-3' 5'-CATCGCGAAATTTGTCTCAA-3'
MUT523 | 5'-TCCTTCTATGGACTGCGACA-3’ 5'-TCTCGTTATTATTGGTTCGTTCAA-3'
ACTI 5’-CTCGTGCTGTCTTCCCATCT-3’ 5’-AGATGGACCACTTTCGTCGT-3’

Results and discussion
MUTI1290 has a known URSI element. MUT100 does not have URSI1 in its promoter, MUT100

overlaps with ARS220. MUTI00, MUTI290 are de-repressed in JHY222 ume6 while only
MUTI1290 shows show de-repression in SK1 ume6 mutant (Figure 1).
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Figure 1. RT-PCR assay of MUTs in wild-type
versus ume6 mutant strains. Strain backgrounds
are given at the bottom, MUT numbers to the left
and samples from growing (YPD, YPA) and
sporulating cells (SPII) are shown at the top.

Ume6 is known to be a repressor of numerous protein coding genes involved in starvation and

(mostly) early meiosis. In its absence, direct target mRNAs accumulate but other transcripts are

indirectly affected. We provide initial evidence that Ume6 is also directly and indirectly involved in

the transcriptional control of certain MUTs.

UMEG6: Lardenois et al., Mol Genet Genomics 2015
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Abstract Chromatin modification enzymes are important
regulators of gene expression and some are evolutionarily
conserved from yeast to human. Saccharomyces cerevisiae
is a major model organism for genome-wide studies that
aim at the identification of target genes under the control
of conserved epigenetic regulators. Ume6 interacts with the
upstream repressor site 1 (URS1) and represses transcrip-
tion by recruiting both the conserved histone deacetylase
Rpd3 (through the co-repressor Sin3) and the chromatin-
remodeling factor Isw2. Cells lacking Ume6 are defective
in growth, stress response, and meiotic development. RNA
profiling studies and in vivo protein-DNA binding assays
identified mRNAs or transcript isoforms that are directly
repressed by Ume6 in mitosis. However, a comprehen-
sive understanding of the transcriptional alterations, which
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underlie the complex ume6A mutant phenotype during fer-
mentation, respiration, or sporulation, is lacking. We report
the protein-coding transcriptome of a diploid MATa/a wild-
type and ume6/ume6 mutant strains cultured in rich media
with glucose or acetate as a carbon source, or sporulation-
inducing medium. We distinguished direct from indirect
effects on mRNA levels by combining GeneChip data with
URS1 motif predictions and published high-throughput
in vivo Ume6-DNA binding data. To gain insight into the
molecular interactions between successive waves of Ume6-
dependent meiotic genes, we integrated expression data
with information on protein networks. Our work identifies
novel Ume6 repressed genes during growth and develop-
ment and reveals a strong effect of the carbon source on the
derepression pattern of transcripts in growing and develop-
mentally arrested ume6/ume6 mutant cells. Since yeast is a
useful model organism for chromatin-mediated effects on
gene expression, our results provide a rich source for fur-
ther genetic and molecular biological work on the regula-
tion of cell growth and cell differentiation in eukaryotes.

Keywords Ume6 - Rpd3 - Sin3 - Isw2 - Transcriptome -
Interactome

Introduction

Chromatin modification enzymes are part of multi-subunit
regulatory complexes, which control gene expression in
eukaryotic cells. Identifying their target promoters at the
genome-wide level helps understand their roles and con-
tributes to future work that aims at a system-level under-
standing of processes that govern cell growth and devel-
opment. The budding yeast Saccharomyces cerevisiae
is a very useful model organism for genetic and genomic

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00438-015-1051-5&domain=pdf
http://dx.doi.org/10.1007/s00438-015-1051-5

2032

Mol Genet Genomics (2015 ) 290:2031-2046

studies that aim at a better understanding of transcriptional
regulatory mechanisms, which involve conserved proteins.

UMEG6 (Unscheduled Meiotic Expression 6) was initially
identified in a screen for haploid mutants that express meio-
sis-specific genes during vegetative growth in S. cerevisiae
(Strich et al. 1989). The gene is conserved among fungi
where it plays important roles in establishing cellular iden-
tity in K. lactis and controlling filamentous growth in the
human pathogen C. albicans (Carlisle et al. 2009; Zeidler
et al. 2009; Carlisle and Kadosh 2010; O’Connor et al.
2010; Banerjee et al. 2013; Childers et al. 2014). Mutant
budding yeast cells lacking UME6 show a pleiotropic phe-
notype including defective mitotic growth, abnormal vacu-
olar fragmentation, broadly impaired stress response, and
failure to enter meiotic M-phase (Strich et al. 1994; Hillen-
meyer et al. 2008; Yoshikawa et al. 2011; Michaillat and
Mayer 2013). In addition to genes required for metabolic
functions and meiosis, Ume6 also represses ATG8, which is
important for autophagy, a conserved process that recycles
cellular components (Tsukada and Ohsumi 1993; Kratzer
and Schuller 1997; Messenguy et al. 2000; Bartholomew
et al. 2012). Recently, we reported a new role for Ume6 in
preventing the expression of early meiosis-specific tran-
script isoforms with an extended 5’-untranslated region
(UTR) during rapid mitotic growth (Lardenois et al. 2015).

In budding yeast, Ume6 is regulated at the post-tran-
scriptional level at three stages. First, the Spt-Ada-GcenS-
acetyltransferase (SAGA) complex acetylates Ume6 when
cells switch from fermenting glucose to respiring acetate
conditions, and thereby diminishes its DNA binding activ-
ity. A second acetylation event stimulates protein degra-
dation by the anaphase promoting complex/cyclosome
(APC/C) ubiquitin ligase and Inducer of Meiosis 1 (Imel)
during the onset of meiotic development. Ume6 levels
remain below the limits of detection during the meiotic
divisions before it accumulates again at late stages of spor-
ulation to ultimately exert a function during spore germi-
nation (Mallory et al. 2007, 2012; Strich et al. 2011; Law
et al. 2014).

Ume6 is a C6 zinc cluster protein, which directly binds
the upstream repressor site 1 (URS1) motif (5’-TAGC-
CGCCGA-3’) present in single or multiple copies within
target promoters (Park et al. 1992; Anderson et al. 1995),
for review, see (Mitchell 1994; Kassir et al. 2003). Ini-
tially, URS1 sites were identified using sequence homol-
ogy searches within the 5’-upstream regions of poten-
tial target genes (Williams et al. 2002). When several
genomes of related yeasts were sequenced, discovering
regulatory DNA elements such as URS1 was facilitated
because transcription factor binding sites located within
intergenic regions were conserved (Cliften et al. 2003;
Kellis et al. 2003). Moreover, genome-wide protein-
DNA binding assays identified direct targets for most

@ Springer

regulatory proteins, including Ume6, in yeast (Kurdistani
et al. 2002; Harbison et al. 2004). A current method to
analyze promoter regions employs position weight matri-
ces (PWMs), which are established by aligning experi-
mentally verified binding sites of transcription factors
(TFs), and log-transforming the number of observations
of each nucleotide within their target motifs (Orenstein
et al. 2012). PWMs are available for nearly all yeast TFs
via the TRANSFAC database (Wingender 2008; Spivak
and Stormo 2012).

Umeo6-dependent transcriptional repression is mediated
by recruitment of the conserved histone deacetylase Rpd3
through the co-repressor Sin3 and the chromatin-remode-
ling factor Isw2 (Anderson et al. 1995; Kadosh and Struhl
1997; Rundlett et al. 1998; Goldmark et al. 2000). In addi-
tion, biochemical studies and high-throughput assays have
shown that Ume6 interacts with many proteins both physi-
cally and genetically (for more details, see www.ebi.ac.uk/
intact/) (Baryshnikova et al. 2010; Ngounou Wetie et al.
2014; Orchard et al. 2014). The yeast interactome includes
physical interactions established via yeast two-hybrid
assays (direct binding) and co-immunoprecipitation (direct
and indirect binding in a complex) and genetic interac-
tions determined by screening double mutants for growth
phenotypes. Integrating expression profiling data with pro-
tein network information provides insight into the dynamic
nature of protein interactions during normal growth or cell
differentiation pathways (Prinz et al. 2004; de Lichtenberg
et al. 2005).

In this study, we compared the protein-coding transcrip-
tome in triplicate samples from a wild-type diploid strain
to a ume6 mutant strain cultured in rich fermentation or
respiration conditions (YPD or YPA, respectively), or in
sporulation medium, which lacks both glucose and nitrogen
(SPII). In addition to asynchronously growing diploid cells,
we used published data from synchronized MATa cells
progressing through the mitotic cell cycle to determine
which Ume6-dependent mRNAs induced during sporu-
lation are undetectable in both haploid and diploid cells
cultured in YPD (Orlando et al. 2008). We further differ-
entiated between direct and indirect effects by combining
GeneChip data with URS1 motif predictions and published
high-throughput in vivo Ume6-DNA binding data (Harbi-
son et al. 2004). For a better understanding of the physical
and genetic interactions between successive waves of mei-
otic genes, we integrated expression data with information
on protein networks. Using this integrative approach, we
identify new Ume6-dependent genes, and demonstrate that
the nutritional status of the cells affects the derepression
of most Ume6 target genes. These expression data, which
are available for further analyses at the EBI’s ArrayExpress
(Rustici et al. 2013), and for viewing in the GermOnline
database (www.germonline.org) (Lardenois et al. 2010),
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represent a rich source for further investigation of epige-
netic control mechanisms governing yeast cell growth and
differentiation.

Materials and methods
Yeast strains

We employed a diploid SK1 MATa/a wild-type strain and
a diploid SK1 MATa/a ume6/ume6 mutant strain as pub-
lished (Williams et al. 2002).

Media and culture conditions

For RNA profiling experiments, three independent samples
of wild-type versus mutant strains were cultured in rich
media with glucose (YPD) or acetate (YPA) or sporulation
medium (SPII at 4, 8, and 10 h) under standard conditions
as published (Primig et al. 2000).

Total RNA isolation and cRNA target synthesis

5 pg of total RNA was subjected to double-stranded cDNA
synthesis using the One-Cycle cDNA synthesis kit (Affy-
metrix, Santa Clara, USA). The cDNA was purified with
the Sample Cleanup Module (Affymetrix) and used to syn-
thesize cRNA in the presence of a biotin-conjugated ribo-
nucleotide analog with the IVT labeling kit (Affymetrix).
Approximately 45 pg of labeled cRNA from each reaction
was purified and the average size of the cRNA molecules
was assessed with a BioAnalyzer and RNA Nano 6000
Chips (Agilent, Santa Clara, USA). cRNA targets were
incubated at 94 °C for 35 min in fragmentation buffer and
the resulting fragments of 50—150 nucleotides were again
monitored using the BioAnalyzer. Synthesis reactions were
carried out using a T1 Thermocycler (Biometra, Gottingen,
Germany). 80 wl hybridization cocktail containing frag-
mented biotin-labeled target cRNA at a final concentration
of 0.05 pg/nl was loaded into Yeast Genome 2.0 Gene-
Chips (Affymetrix) and incubated at 45 °C in a hybridiza-
tion oven 640 (Affymetrix) for 16 h at 60 rpm.

GeneChip hybridization and raw data production

The arrays were washed and stained on a Fluidics Sta-
tion 450 (Affymetrix) using the Hybridization Wash and
Stain Kit (Affymetrix). To increase the signal strength,
we employed the antibody amplification protocol
(FS450_0003). The GeneChips were processed with a
GeneChip Scanner 3000 (Affymetrix) using the default set-
tings. Raw data CEL files were generated using GeneChip
Operating Software GCOS 1.4 (Affymetrix).

Minimum information about a microarray experiment
(MIAME) compliance

A complete set of raw data files is available at the European
Bioinformatics Institute’s ArrayExpress certified reposi-
tory; the accession number is E-TABM-192 (Rustici et al.
2013). In addition, graphical displays of the normalized
GeneChip signals in the context of yeast genome annota-
tion data are available at GermOnline (www.germonline.
org) (Lardenois et al. 2010).

GeneChip data processing

Yeast Genome 2.0 GeneChip data were processed and nor-
malized using the AMEN software tool as published (Chal-
mel et al. 2007).

Genome-wide in vivo Ume6 binding data

We integrated the output of a Ume6 chromatin immuno-
precipitation—chip (ChIP-Chip) assay done with haploid
W303 yeast strain grown in rich medium (YPD) (Harbison
et al. 2004).

URS1 motif predictions

The Ume6 target site URS1 was predicted at a genome-
wide level in reference (Lardenois et al. 2015).

Gene filtration and cluster analysis

First, we identified 1571 probesets (corresponding to 1560
genes) defined as differentially expressed within a sample
set from the diploid wild-type strain (UME6), the ume6
deletion mutant (ume6) and the combined set using a stand-
ard deviation >1.0. Second, we filtered 3139 probesets
(3095 genes) showing a fold-change >2 in paired wild-
type versus mutant samples. The intersection of both lists
yielded 1404 probesets (1393 genes). To determine the sta-
tistical significance of their signal variations, we used per-
mutation tests [p value (FDR) < 0.01], which yielded 1399
probesets (1390 genes). Finally, these genes were grouped
according to their expression patterns into 12 clusters using
the partitioning around medoids (PAM) algorithm as pub-
lished (Online Resource Figure S5) (Chalmel et al. 2007).

Gene ontology term enrichment

For each cluster, a Gene Ontology (2015) term enrichment
was performed via DAVID (da Huang et al. 2009). The
biological process (BP) sub-ontology was used to identify
the functional pathways over-represented in each group,
using a hyper-geometric law with Benjamini correction
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for multiple testing, and the whole yeast genome as refer-
ence dataset. The BP terms with a p value <0.01 % were
then clustered with a medium stringency and each cluster
received as name the BP annotation representing more than
10 % of the cluster with the strongest p value.

Protein network analysis

Protein network analysis was performed using CytoScape
version 3.2.0. (Saito et al. 2012). The network was
extracted from BIND (Isserlin et al. 2011) using the dedi-
cated Cytoscape interface. The analysis was centered at
genes differentially expressed and not expressed during
wild-type mitosis (such genes were identified in clusters
G9, G8, G1, and G10), as well as their direct interactors.
We identified 14 connected components (CCs): two of them
have more than 20 members; among them more than 10 are
differentially expressed and not expressed during mitosis.
One CC is presented in Fig. 6 to illustrate the approach.

Chromatin immunoprecipitation

In vivo Ume6-DNA binding to the STP4 promoter was moni-
tored in cells cultured in rich media (YPD, YPA) or sporula-
tion medium (SPII) at 4, 8, and 10 h using the strain back-
ground described in reference (Lardenois et al. 2015). 50 ml
of a mid-log YPA culture was fixed with 1 % formaldehyde
for 15 min at room temperature. Ume6/DNA complexes were
quenched with 140 mM glycine (Sigma, St Louis USA) for
5 min. Anti-Ume6 immune complexes were immunoprecipi-
tated, washed, and eluted before crosslinks were reverted.
DNA was precipitated and treated with proteinase K. DNA
fragments were amplified by Q-PCR as published (Mallory
et al. 2012). Relative ChIP signals were calculated using the
formula 27-1P (CT target—CT control)/input (CT target—-CT
control) with NUPS5 enrichment used as a negative control.
Binding to SPOI3 was used as a positive control as pub-
lished (Law et al. 2014). The oligonucleotide primers used
to amplify the SIP4 promoter were 5'-GCCGTTCGACCG-
GTGTT-3' (forward) and 5'-TTTGCCGCCGAGTTCTG-3’
(reverse). For SPOI3, we used 5-GCTAGTTAGT
ACCTTTGCACGGAAA-3 (forward) and 5'-TCTTATT-
GCGCTAATTGTCTGTTAGAC-3’ (reverse).

RT-PCR assays

Yeast Genome 2.0 GeneChip data were validated by RT-PCR
assays as published (Lardenois et al. 2015). Total RNA was
isolated using the hot phenol method as described (Primig
et al. 2000). Briefly, cell pellets were treated with hot phenol
(65 °C) and phenol/chloroform (1:1). Total RNA was pre-
cipitated overnight with two volumes of 100 % ethanol and
0.1 volume of 3 M NaOAc (pH 5) at —80 °C. The RNA was
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digested with 2 units of DNasel for 30 min at 37 °C, and
then 2 pg of DNasel-treated RNA was reverse transcribed
into cDNA using reverse transcriptase and random primers
supplied in the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). 1 il of cDNA was amplified at 28
cycles (denaturation at 94 °C for 1 min, annealing at 60 °C
for 1 min, and elongation at 72 °C for 1 min) using Taq DNA
Polymerase (Qiagen). The PCR product was run on a 2 %
agarose gel in 1 x TAE buffer containing GelRed DNA dye
(Biotium) and photographed using the Gel Doc XR+- imag-
ing system (BIO-RAD). The sequences of oligonucleotide
primers used for cDNA amplification were 5'-ATTGGC-
GACCTGGAAATGGA-3' (CSM4, forward); 5-TGAA
CACACCTCATCGCTCAA-3' (CSM4, reverse); 5'-GGACT
TGACCTTTGG GGGAG-3' (FKS3, forward); 5'-AGACG
TTCCAAAACCTCGCT-3' (FKS3, reverse); 5-GGACCCTC
CTCAATCAAGCC-3' (HFMI, forward); and 5-ACTT-
GTTCACCCGC TTCCAT-3' (HFM1, reverse).

Results
Experimental design and quality control

We RNA-profiled key stages of the diploid yeast life cycle
in the presence or absence of Ume6-dependent epigenetic
chromatin modification using robust Yeast Genome 2.0
GeneChips that cover nearly all protein-coding genes. We
note that the mRNA data generated by these microarrays
are comparable to the most recent expression profiling
methods based on RNA-Sequencing (Nookaew et al. 2012).
We analyzed triplicate biological samples from asynchro-
nous fermenting (YPD) or respiring (YPA) diploid SK1
MATa/o cells harvested during late-log phase and semi-
synchronous sporulating cells 4, 8, and 10 h after meiotic
induction. At these time points cells progress through mei-
osis I prophase (4 h), meiosis I (8 h), or meiosis II (10 h),
respectively (supplementary Online Resource Figure S1).
The output from these experiments was combined with
published Yeast Genome 2.0 expression data from haploid
BF264-15Dau MATa cells undergoing synchronous mitotic
cell cycles in rich medium (YPD) (Orlando et al. 2008).
We identified transcripts expressed during meiotic devel-
opment that are undetectable in fermenting and respiring
diploid MATa/a cells and during successive phases of the
mitotic cell cycle in fermenting haploid MATa cells. Total
RNA samples from the wild-type strain and the ume6/ume6
mutant were of high quality (Online Resource Figure S2
and Online Resource Figure S3), and the microarray signal
intensity distributions fell into broadly similar ranges for
each sample, indicating that the GeneChip hybridization
reactions yielded data that are comparable once normalized
(Online Resource Figure S4A, B).
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Genome-wide expression signal distributions
across samples reflect the diploid ume6/ume6
mutant phenotype

To determine the degree of reproducibility between biolog-
ical replicates, we compared their global signal patterns to
each other using a correlation distance matrix. As expected,
wild-type replicates cultured in YPD, YPA, or SPII were
consistently grouped together and distinct signal patterns
emerged as cells exit growth and enter meiotic differentia-
tion (Fig. 1). Conversely, samples from ume6/ume6 mutant
cells cultured in pre-sporulation medium (YPA) and sporu-
lation medium (SPII) are broadly similar (note that repli-
cates at SPII 8 h and 10 h are interspersed) and grouped
with the wild-type in SPII 4 h. This sample broadly cor-
responds to the end of pre-meiotic DNA replication, which
is the phase where mutant cells accumulate (Strich et al.
1994). The plot also highlights that ume6/ume6 mutants
show distinct global profiles in the presence of glucose and
acetate, which indicates that the pattern of gene derepres-
sion during vegetative growth is widely influenced by the
carbon source (Fig. 1).

Global RNA profiling of growth and development
in the absence of Ume6 reveals known and new
patterns of de-regulation

Our approach was designed to cover changes in RNA levels
during growth and development related to the deletion of
UMES®6 as broadly as possible. As a consequence, we iden-
tified all core Ume6 target genes determined in an earlier
RNA profiling study (Williams et al. 2002), apart from
the dubious gene YBRII6C not represented on the Yeast
Genome 2.0 GeneChip, and YIROI6W and YMRI01C that
are not differentially expressed in the current study. We fil-
tered 1390 transcripts showing differential expression sig-
nals across the sample sets (Online Resource Figure S5;
see “Materials and methods” for more details on the pro-
cedure) and grouped them into twelve clusters according to
their peak expression in YPD, YPA, or SPII media (Fig. 2,
Online Resource File S1). Clusters 1-2 contain genes
actively transcribed during vegetative growth and meiotic
M-phase in the wild-type but not in the ume6/ume6 mutant
that arrests before entering M-phase. Clusters 3-7 com-
prise genes that are progressively down-regulated during
sporulation in the wild-type but that show altered patterns
in the mutant. Clusters 8 and 9 include the well-studied
early meiotic genes, which are de-repressed in the mutant
cultured in YPA (but often not in YPD, see Fig. 1) and then
persist in SPIL. In wild-type yeast, these genes peak at 4 h
during sporulation, and decline at the later time points.
Cluster 10 shows a category of genes that are induced dur-
ing early and middle meiosis in wild-type yeast without

declining at later phases. These genes are de-repressed in
respiring ume6/ume6 cells. Clusters 11 and 12 contain mid-
dle meiotic genes and acetate-inducible genes, which fail
to be activated to normal levels in ume6 mutant cells that
arrest prior to meiotic M-phase. We note that some of these
genes may also play a role in temperature stress response
because they are induced during the first hour after haploid
cells were released from a commonly employed cell cycle
synchronization procedure (Orlando et al. 2008).

Genome-wide in vivo Ume6-DNA binding data are
important for identifying direct target genes. These data
indicate that Ume6 directly binds the promoters of various
loci in all clusters. We find Ume6-promoter interactions
to be significantly enriched in Cluster 6 (binomial exact
test, p value 2.622 x 10’5), containing genes involved in
carbon source metabolism, and Cluster 9 (binomial exact
test, p value 1.27 x 107%), harboring early meiotic genes
(Harbison et al. 2004). We sought to further confirm direct
Ume6 association with a target gene in our diploid strain
background, because high-throughput chromatin precipi-
tation studies are typically carried out in haploid strains.
We selected SIP4 (encoding a transcription factor involved
in gluconeogenesis), since (1) its mRNA is strongly de-
repressed in ume6 mutants cultured in YPD (cluster 8),
(2) we find four URS1 motifs in its promoter, and (3) its
upstream intergenic region is bound by Ume6 in haploid
cells (Online Resource Figure S6A-C) (Williams et al.
2002; Harbison et al. 2004). We find that in fermenting
diploid cells, Ume6 binds to the SIP4 promoter in vivo to
a level comparable with the known target SPO13 (Online
Resource Figure S6D). This indicates that individual bind-
ing assays and large-scale assays in haploid and diploid
cells yield coherent results for this locus (Fig. 2).

Taken together, our findings permit two conclusions:
first, our experiment produced the anticipated pattern of
direct targets that increase in ume6/ume6 cells and are
associated with upstream URS1 motifs bound by Ume6
in vivo, and indirectly dependent transcripts that fail to
accumulate or to decrease because of impaired growth and
arrested meiotic development. Second, previously known
Umeo6-controlled early meiotic genes and metabolic loci
represented only a fraction of the complete set of Ume6-
dependent genes.

Functional classification of Ume6-dependent genes

To explore the functional significance of the clusters, we
determined which annotation terms from the biologi-
cal process Gene Ontology were enriched (Huntley et al.
2014). Cells lacking Ume6 fail to efficiently induce genes
important for ribosome biogenesis, nitrogen mobiliza-
tion, mitochondrial functions, and nutrient transport (C1—
C5), while loci involved in DNA replication, metabolic
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Fig.1 Expression signal comparison across samples. A distance
matrix comparing the samples from wild-type (wt) cells and a
ume6/ume6 mutant (ume6) in growth media (YPD, YPA) and sporula-
tion medium (SPII 4, 6 and 8 h) is shown. Red and blue bars indicate
triplicate samples from ume6/ume6 cells in YPD and YPA, respec-

processes, cell wall organization, and temperature stress
response remain elevated in starving ume6/ume6 cells cul-
tured in SPII medium (C6-C7). Clusters 8 and 9 contain
known meiotic functions; while Clusters 10 and 11 are
associated with processes such as cell architecture, proteol-
ysis, and spore formation. Cluster 12 indicates that starving
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tively. Red and blue squares indicate samples comparisons among
replicates in YPD or YPA. White squares indicate sample compari-
sons in YPD against YPA. An orange square outlines similar samples
across media and strains. On the color scale white represents identical
samples and black identifies the most dissimilar samples.

mutant cells (after 8—10 h in SPII) fail to induce loci impor-
tant for metabolic processes during spore formation and
maturation (Fig. 3). These results reflect the broad impli-
cation of Ume6-dependent gene expression in cell growth,
nutritional response, and cell differentiation (see Online
Resource File S1 for details).
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Fig. 2 RNA profiles of diploid wild-type and ume6 strains in growth
media and sporulation medium versus haploid cells in YPD growth
medium. A false-color heatmap is shown for GeneChip expression
signals. Every line corresponds to a probeset (transcript) and every
column to a sample replicate. Strains are indicated at the top; growth
media (YPD, YPA) and time points in sporulation medium (SPII 4, 8

Genes induced in starving ume6/ume6 mutant cells are
involved in cell cycle progression, metabolic functions,
and stress response

We next asked which genes are not expressed during spor-
ulation in the wild-type strain but exhibit elevated tran-
script levels in ume6/ume6 mutant cells that arrest prior
to entry into meiotic M-phase when cultured in SPII. This
approach identified loci falling into six categories (Fig. 4).
The first two categories comprise loci that are expressed

BF264-15Dau MATa

L §
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Ume6 ChiP

and 10 h) are shown at the bottom. Cluster numbers are given to the
left. Predicted Ume6 target motifs (URS1) and in vivo target promot-
ers (Ume6 ChIP) are shown to the right. A color scale for log2-trans-
formed data is given. Red bars mark increased occurrence of Ume6
binding in clusters C6 and C9

during growth but not meiotic development in the wild-
type, while mutant cells contain measurable transcript lev-
els in SPII medium. These genes are typically important
for stress response (FSHI, GPX2, SER2) and mitochon-
drial functions (MRPL19, FMCI1, MSY1, YFH7). Addition-
ally, this category contains two poorly characterized genes
(YLRI179C, YLLO53C), for which our results thus broadly
suggest roles in starvation. Interestingly, the second cat-
egory also includes a negative regulator of the inducer of
meiosis IMEI (COM2), a G1 cyclin (CLN3), and two genes
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Fig. 3 Gene Ontology enrichment in expression clusters. a A graphi-
cal display shows the log2-transformed median expression signals in
clusters C1-C12 for wild-type cells (UMEG) in red and ume6/ume6
mutant cells (ume6) in blue. Samples are indicated at the fop. b Bar
diagrams show the percentage (y-axis) of enriched GO terms (x-axis)
in each cluster (hyper-geometric law, Benjamini correction for multi-
ple testing, p value <0.01; annotations clustered with medium strin-
gency by DAVID (da Huang et al. 2009)

important for polarized/pseudohyphal growth (HMS2,
PCLI). The third category, which is elevated in YPA,
includes only AFTI, an acetate-inducible transcription fac-
tor involved in iron homeostasis. The fourth category con-
tains genes typically weakly or not expressed in growing
wild-type cells but repressed during sporulation. This class
includes a gene essential for DNA replication initiation
(CDC6) and three genes of unknown function (YBRO5S6W-
A, YLR462W, YPLO67C) that may play roles in the cellular
starvation response. The genes in the fifth and sixth catego-
ries are detected only in ume6 cells and reflect the progres-
sive breakdown of cellular function in sporulation-deficient
cells deprived of nutrients, through genes such as AGP3
(amino acid permease), YHLO44W (stress response mem-
brane protein), YLRO53C (mRNA decay), and YNR0O64C
(detoxification). We note that the ume6/ume6 deletion
strain employed in this study and in earlier work (Williams
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Fig. 4 Gene expression in starving ume6 cells. A heatmap for genes
up-regulated in ume6 cells cultured SPII medium is shown like in
Fig. 2 for six different classes of patterns. A color scale is given at
the bottom. Genes relevant for meiosis and cell cycle progression are

¥PD YPA SPll4h SPII8h SPII10h

et al. 2002) also lacks the repressor Gal80; we therefore
used its targets GAL2, GAL3, and GALIO0 as positive con-
trols for up-regulated genes. Functional annotation data
we refer to are available at the Saccharomyces Genome
Database (www.yeastgenome.org; (Costanzo et al. 2014)).
These results reveal molecular events underlying the failure
of mutant cells to enter meiotic M-phase after having com-
pleted pre-meiotic DNA replication.

Ume6-dependent genes reflect a comprehensive
response of diploid cells to nutritional signals triggering
gametogenesis

We next sought to explore genes induced during sporula-
tion but undetectable in asynchronously growing diploid
cells (YPD, YPA) or in synchronized haploid fermenting
cells (YPD). We expected to identify genes important for
Umeo6-dependent functions specifically during meiosis
and gametogenesis. This step yielded 183 genes falling
into two groups. The first group contains 82 genes likely
directly repressed by Ume6 [from C6 (3 genes), C8 (19),
C9 (40), C10 (20)]. The second group contains 101 genes
that appear in most cases to be indirectly dependent on
Ume6 [C11 (95) and C12 (6)] as shown in Fig. 5a (for
more details on these genes use the filter options in Online
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given in red. Reference genes are shown in green. Poorly character-
ized genes are given in bold. Predicted Ume6 target motifs (URSI)
are shown to the right. Black bars indicate Ume6 in vivo binding
(Ume6 ChIP) (Harbison et al. 2004)
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Fig. 5 Ume6-dependent genes not expressed in YPD. a A heatmap
is shown like in Fig. 2. Clusters containing likely direct Ume6 target
genes are given in red. Clusters containing indirectly Ume6-depend-
ent genes are shown in green. Strains are indicated at the fop. Pre-
dicted Ume6 (URS1) and Ndt80 (MSE) sites are shown in gray to
the right, known MSEs are represented in black. Black bars indicate
in vivo Ume6 binding (Ume6 ChIP) (Harbison et al. 2004). b The
output of RT-PCR assays is shown for the target genes as indicated
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Resource File S1). Members of the former group accumu-
late in YPD or YPA (or both) in the mutant, while those
falling into the latter group typically fail to be induced in
the mutant because of its meiotic arrest phenotype. Genes
directly relevant for the phenotypes shown by ume6/ume6
cells are therefore likely present in the first group (Davey
et al. 2012; Shively et al. 2013; Costanzo et al. 2014).

C6 contains a gene important for respiration (MOHI),
a Sin3 co-factor (S7B2), and a gene that decreases sporu-
lation efficiency when deleted and that promotes invasive
growth when over-expressed (LEE]). In all three cases, the
mRNA accumulates only in YPA and no Ume6 binding to
their upstream region was detected in fermenting haploid
cells (Harbison et al. 2004).

C8 notably contains three genes important for meiosis
and spore formation (CSM4, PCH2, RMD6), and a gene
involved in double-strand break repair (RAD59). The
remaining genes are involved in cell division (DOCI, IPLI,
MPS?2), metabolic functions (AHD7, ATG23, DALI, GTT2,
MCH2, PCDI1, SRX1, SULI, SUL2), and stress response
(CISI). Two poorly characterized loci are implicated
in vacuole morphology (YLRI73 W) or induce invasive
growth upon over-expression (YKLO71 W).

C9 includes genes annotated as involved in metabolic
functions (DAL4, DALSO, HES1, MET16, PHO92, SRTI),
cell division and mating (BNRI, TID3), ribosome biogen-
esis (RNP1), and DNA repair (BSC4). Furthermore, it con-
tains nearly all loci thought or known to be important for
early meiotic functions such as formation of the synaptone-
mal complex (ECM11, GMC2, HOP1, HOP2, ZIP1, ZIP2),
meiotic recombination (DMCI1, HFMI, RECS, RECI102,
RECI114, SPO11, MECI, MEI4, MEI5, MEKI, MNDI,
MSH4), homolog pairing (NDJ1I), meiosis and spore forma-
tion (MPC54, SLZ1, SPO1, SPO13, SPO22), meiotic splic-
ing (MERI), and spore wall assembly (FKS3). Given their
expression profiles in wild-type cells and the ume6 mutant,
three poorly characterized genes (YKROO5C, YBRI84W,
YOLI131W) are likely involved in stress response, metabolic
functions, or developmental processes. Consistently, cells
lacking YKROOS5C are sensitive to starvation and cells over-
expressing the gene undergo invasive growth (Davey et al.
2012; Shively et al. 2013).

C10 comprises genes that accumulate only in ume6 cells
cultured in YPA but not YPD that are important for meio-
sis and spore formation (AMAI, MAMI, CDAI, CDA2,
CRRI1, ECMS), autophagy (ATG4), translation (HEF3),
stress (PAI3, SPG1), and metabolism (DCI1, DSF1, GIP2,
PHM®6). Five poorly characterized genes are promising
candidates for novel Ume6-dependent loci that play roles
in cell growth and differentiation (YELO57C, YGRI53W,
YJILO45W, YKL107W, YPLI119C-A).

C11 and C12 are clusters of metabolic and sporula-
tion genes that in nearly all cases depend upon Ume6

indirectly, since they are not (or only barely) de-repressed
in dividing ume6/ume6 cells and they fail to be induced in
arrested mutant cells. These genes typically depend upon
the transcriptional activator Ndt80 (which binds the Mid-
dle Sporulation Element, MSE). We note that C11 includes
three DNA binding transcription factors, including Ndt80,
known to be regulated by Ume6 (GAT3, GAT4, NDT80)
(Pak and Segall 2002), a gene involved in spore wall assem-
bly (LDSI) and a locus of unknown function (YLROI12C),
for which promoters are bound by Ume6 in vivo (Harbi-
son et al. 2004). These results extend Ume6’s role in the
comprehensive metabolic/stress/meiotic response of a dip-
loid cell to an environmental stimulus triggering meiotic
differentiation.

We next sought to validate the GeneChip expression data
and selected three genes involved in chromosome segrega-
tion in meiosis (CSM4, Cluster 8), the control of spore wall
formation via regulation of 1,3-f-glucan synthase (FKS3,
Cluster 9), and a DNA helicase family member involved
in meiotic recombination (HFM1I, Cluster 9). In all cases,
we find that RT-PCR assays of wild-type and ume6 mutant
samples cultured in growth media (YPD, YPA) and sporu-
lation medium (SPII) reiterate the pattern obtained with
GeneChips; ACT1 was used as a loading control (Fig. 5b).

Ume6 target protein network interactions connect
proteolysis, meiotic recombination, and nuclear division

We next used protein network data to explore the interac-
tions among Ume6-dependent proteins shown in Fig. 5.
The connected component (CC) shown in Fig. 6 links
APC/C-dependent protein degradation (DOCI, cluster 8,
encoding a co-factor involved in substrate recognition),
meiotic recombination (DMCI, cluster 9, encoding a
recombinase important for double-strand break repair), and
the nuclear division cycle (NDC80, cluster 9, which codes
for a component of the kinetochore-associated Ndc80 com-
plex). This CC also highlights possible functions for two
poorly characterized proteins (Ypl260w, YIr456w) in mei-
otic cell division because they interact with Ndc80.

Network interactions identify hub proteins among Ume6
target genes that are relevant for the ume6/ume6 mutant’s
growth and meiotic arrest phenotypes. These findings under-
line the usefulness of genomic data integration in providing
leads for further experimentation exploring mechanisms of
how Ume6-dependent epigenetic modifications coordinate
different aspects of cell growth and development.

Discussion

We report a genome-wide mRNA-profiling study based on
highly reliable Yeast Genome 2.0 GeneChip technology. Our
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Fig. 6 Protein network interactions. A protein network view cre-
ated with Cytoscape 3.2.0. is shown. Ume6 target proteins that are
repressed in mitosis and that fall into cluster 8 and 9 are shown in
magenta and blue, respectively. Apc5, shown in green, is among
indirect targets. The network annotation data provided by BIND (see

work identified the transcriptome of mitosis and meiosis in
the presence and absence of Ume6, which is the DNA bind-
ing subunit of chromatin modification enzymes important
for normal cell growth and development. We identify direct
Ume6 target genes by integrating GeneChip expression pro-
filing data with predicted URS1 motifs and previously pub-
lished large-scale Ume6-DNA binding data. Furthermore,
we link consecutive waves of Ume6-controlled genes via
protein network data. The present study therefore represents
a rich source of genetic leads for further mechanistic work
on elucidating the complex Ume6 gene deletion phenotype.

The usefulness of integrating expression profiling,
in vivo protein/DNA binding, and motif predictions

In an earlier RNA profiling experiment using the first
generation of Yeast GeneChips (Ye6100), we compared
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“Materials and methods”) were manually edited for clarity. We note
that some complexes refer to publications that report the interaction
but do not provide information about the experimental approach used
to detect it. Such cases are termed unspecified (interaction detection)
method

single samples of fermenting (YPD) and respiring (YPA)
wild-type control strains to wume6/ume6 mutants in the
SK1 and W303 backgrounds; the minimal URS1 motif
(5’-GGCGGC-3’ or 5-CGGCGG-3’) was identified in
the promoter regions by iterative scans of the intergenic
sequences (Williams et al. 2002). The aim of this experi-
ment was to identify a core set of strain- and carbon
source-independent Ume6 target genes. While this previ-
ous study indeed identified reference genes repressed by
Ume6 and a set of novel targets, it remained incomplete
for several reasons. For example, single samples from each
strain background rather than true replicates were analyzed,
and the Ye6100 GeneChips used were based on very early
(hence incomplete and partially erroneous) yeast genome
annotation data (Goffeau et al. 1996). In addition, regula-
tory motif searches did not include information about DNA
sequence conservation across related yeasts (Cliften et al.
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2003; Kellis et al. 2003) and much less was known about
gene function (Costanzo et al. 2014) or protein—protein
interactions (Orchard et al. 2014). Finally, no data were
available for synchronized mitotically diving cells (Orlando
et al. 2008) and genome-wide in vivo Ume6/DNA binding
patterns (Harbison et al. 2004).

The present study was designed to rectify these issues
and thus identify the largest possible set of transcripts
that statistically significantly depends on Ume6 (hence,
its interactors such as Rpd3 and Isw2), in the strain back-
ground that is most relevant for analyses of growth and
meiotic development (SK1). To distinguish direct from
indirect targets, we used URS1 motif predictions and in
vivo Ume6 DNA binding data. While our approach turned
out to be efficient, some issues remain—such as incoher-
ent data. For example, promoters were identified that are
bound in vivo by Ume6, possess a URS1 motif, but the
transcript expression level does not change in the mutant
strain. We recently found an explanation for this phenom-
enon: many yeast loci encode multiple isoforms, only one
of which is regulated by Ume6 (Lardenois et al. 2015; Liu
et al. 2015; Stuparevic et al. 2015). Such cases cannot be
identified with Yeast Genome 2.0 GeneChips because they
cover only a small sequence within the target open reading
frame’s 3’-region. Other confounding factors include Ume6
binding sites other than the canonical URS1 motif (Sweet
et al. 1997) or the ability of Ume6 to recruit factors onto
promoters independently of its target motifs within three-
dimensional chromatin structures (Yadon et al. 2010).

In general, distinct transcript levels obtained with microar-
rays are attributed to transcriptional effects (especially in the
case of DNA binding transcription factors). However, mecha-
nisms unrelated to mRNA synthesis can also influence signal
intensities, such as changes in transcript half-life or elevated
chromosomal instability resulting in multiple chromosomes
in a mutant strain. In this context, we note that haploid ume6
cells in W303 and S288C backgrounds are reported to con-
tain two copies of chromosomes 9 and 16 (among other
alterations) (Fazzio et al. 2001). We do not know if similar
effects occur in diploid SK1 ume6/ume6 cells but we cannot
exclude the possibility. Therefore, RNA profiling data indi-
cating 2-fold changes of transcript levels for genes located on
chromosomes 9 and 16 should be interpreted with the caveat
of polyploidy in mind. We note, in any case, that typical bona
fide Umeb target genes for which Ume6 binds a URS1 motif
in vivo show higher than twofold changes and are therefore
unlikely to be affected by the issue.

Why do cells lacking Ume6 fail to undergo meiosis?
It seems paradoxical that a transcriptional repressor whose

destruction is required for meiotic progression should
be essential for the process. A trivial explanation is that

mutant cells have a growth phenotype that perturbs mito-
sis such that efficient entry into meiosis is not possible.
Ume6 is indeed important for normal cell divisions and
in the ¥1278b strain background it is even essential for
growth (Strich et al. 1994, 2011; Suzuki et al. 2003). How-
ever, in our SK1 and JHY222 backgrounds and earlier
work using W303, we did not observe a mitotic phenotype
strong enough to explain the arrest of ume6 mutant cells
after pre-meiotic DNA replication (Williams et al. 2002).
As in the case of the 3’-5' exoribonuclease Rrp6, which
is also degraded during meiotic M-phase and required for
normal sporulation (Lardenois et al. 2015), it is likely the
case that altered levels of proteins important for the transi-
tion between mitotic growth and meiotic development are
at least partially responsible for the phenotype. For exam-
ple, we observe that COM2, a negative regulator of IME]
(Inducer of Meiosis 1), remains transcriptionally active in
ume6/ume6 cells cultured in sporulation medium (Kahana-
Edwin et al. 2013). We also find that the DNA replication
activator CDC6 and the G1 cyclin CLN3 (which promotes
entry into the mitotic cell division cycle) fail to be tran-
scriptionally down-regulated prior to entry into meiotic
M-phase (Ofir et al. 2004; Shi and Tu 2013). It is, however,
difficult to discern if this effect is the cause or the conse-
quence of the ume6/ume6 mutant’s meiotic cell cycle arrest.

Fermenting and/or respiring cells that lack Ume6
derepress a number of genes that can interfere with nor-
mal mitotic growth when over-expressed, such as ADY3,
MAMI, NDJ1, RMEI, REDI, SPO13, and SPS22 (McCa-
rroll and Esposito 1994; Sopko et al. 2006; Varela et al.
2010). We do not know if all meiotic mRNAs are efficiently
translated during mitotic growth like it is the case for
SPO13; however, it is plausible that at least some of them
are, and that the combined effects of several inhibitory pro-
teins brings the mitosis—meiosis transition to a halt before
mutant cells can enter meiotic M-phase. Another explana-
tion might be the premature accumulation of developmental
stage-specific proteins involved in meiotic recombination
(e.g., RECI114, SPO11, DMCI), formation of the synap-
tonemal complex (including HOPI1, HOP2, ZIP1, ZIP2),
and segregation of meiotic chromosomes (CSM4), which
may trigger a checkpoint. While this remains speculative,
we note that NDC80, encoding a protein involved in chro-
mosome segregation and spindle checkpoint activity, and
PCH2, encoding a component of the pachytene checkpoint,
are induced in ume6/ume6 cells cultured in growth media
(see Saccharomyces Genome Database for gene annotation
references, (Costanzo et al. 2014), GermOnline for expres-
sion data (Lardenois et al. 2010), Online Resource File S1).

Ume6 is tightly regulated at the level of protein stabil-
ity by the APC/C when diploid cells switch from fermen-
tation to respiration and then sporulation (Mallory et al.
2007, 2012; Law et al. 2014). Interestingly, we find that
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DOCI, which is important for the APC/C’s ability to rec-
ognize its substrates and to ubiquitinate them, is induced in
cells lacking Ume6 (Online Resource File S1) (Carroll and
Morgan 2002; Passmore et al. 2003). This points to a possi-
ble negative feedback loop mechanism between Ume6 and
the APC/C, whereby Ume6 partially inhibits the APC/C by
keeping DOCI expression low. As Ume6 levels diminish
during the onset of meiosis, DOCI expression increases,
which might accelerate Ume6 degradation.

Conclusion and outlook

Given that the budding yeast transcriptome comprises
mRNAs, developmental stage-specific mRNA isoforms
with extended 5’- and 3’-UTRs and long non-coding RNAs
(IncRNAs), it seems reasonable to assume that Umeo6 is not
only important for the former two transcript categories, but
also for RNAs with little or no coding potential (Cho et al.
1998; Chu et al. 1998; Primig et al. 2000; Wyers et al. 2005;
Nagalakshmi et al. 2008; Xu et al. 2009; Lardenois et al.
2011, 2014; Kim Guisbert et al. 2012; Waern and Snyder
2013). Indeed, we have observed by RT-PCR assays that
ume6b/ume6 and rpd3/rpd3 mutant cells cultured in YPD
and YPA accumulate a number of IncRNAs, such as meiotic
unannotated transcripts (MUTSs), cryptic unstable transcripts
(CUTs), and stable unannotated transcripts (SUTS) to higher
levels than the wild-type control strain (Y. Liu and B. Xie,
unpublished). Genome-wide DNA strand-specific RNA
profiling using RNA-Sequencing will answer the question
to what extent IncRNAs are controlled by Ume6-dependent
epigenetic mechanisms, and if their abnormal accumula-
tion in mitotic cells contributes to the complex growth and
developmental phenotype of ume6/ume6 mutant cells.
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ABSTRACT

The origin of replication complex subunit ORC1 is important for DNA replication. The gene is known to
encode a meiotic transcript isoform (mORCT) with an extended 5’-untranslated region (5’-UTR), which was
predicted to inhibit protein translation. However, the regulatory mechanism that controls the mORC1
transcript isoform is unknown and no molecular biological evidence for a role of mORCT in negatively
regulating Orc1 protein during gametogenesis is available. By interpreting RNA profiling data obtained
with growing and sporulating diploid cells, mitotic haploid cells, and a starving diploid control strain, we
determined that mORCT is a middle meiotic transcript isoform. Regulatory motif predictions and genetic
experiments reveal that the activator Ndt80 and its middle sporulation element (MSE) target motif are
required for the full induction of mORCT and the divergently transcribed meiotic SMA2 locus. Furthermore,
we find that the MSE-binding negative regulator Sum1 represses both mORCT and SMA2 during mitotic
growth. Finally, we demonstrate that an MSE deletion strain, which cannot induce mORCI, contains
abnormally high Orc1 levels during post-meiotic stages of gametogenesis. Our results reveal the
regulatory mechanism that controls mORC]T, highlighting a novel developmental stage-specific role for the
MSE element in bi-directional mORC1/SMA2 gene activation, and correlating mORC1 induction with
declining Orc1 protein levels. Because eukaryotic genes frequently encode multiple transcripts possessing
5’-UTRs of variable length, our results are likely relevant for gene expression during development and
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disease in higher eukaryotes.

Introduction

DNA replication in budding yeast is a multi-step process initiated
by the origin of replication binding complex (ORC), which
includes 6 subunits." ORCI encodes a conserved ATPase essential
for the mitotic cell cycle.>> While Orcl functions during pre-mei-
otic DNA replication and protects repetitive ribosomal DNA
(rDNA) sequences from becoming unstable during meiotic
recombination, no role is known for the protein during middle
and late stages of meiosis and spore formation.* The mitotic iso-
form of ORCI is divergently expressed with the long non-coding
RNA XUT1538, which belongs to a class of regulatory IncRNAs
that are targeted by the cytoplasmic 5'-3" exoribonuclease Xrnl1.’
Paradoxically, ORCI expression is strongly induced in diploid cells
that enter meiotic M-phase,®” and this induction pattern coincides
with the transcriptional activation of divergently expressed meio-
sis-specific SMA2. This gene is important for the spore membrane
pathway that ensures proper encapsulation of haploid nuclei into
spores.® '? Bi-directional transcription patterns, which may involve
pairs of mRNAs, long non-coding RNAs (IncRNAs) or a combi-
nation of both, have been described as an intrinsic property of
yeast promoters, but the regulatory mechanisms underlying this
phenomenon are often not understood. >'"'?

An earlier RNA- and ribosome profiling study of yeast spor-
ulation reported that ORCI encodes a meiotic isoform with an

extended 5'-untranslated region (UTR) that was predicted to
inhibit Orcl translation during post-meiotic stages of spore
development via upstream open reading frames (uORFs)."”
However, Orcl protein levels during meiosis and gametogene-
sis have not been determined, and the transcription factors that
control the expression of mORCI during growth and develop-
ment are unknown.

Meiotic M-phase requires middle genes that are specific
for the process and genes that function during mitosis and
meiosis. The transcriptional activator Ndt80 induces both
types of genes via direct interaction with MSEs,'* while
Suml represses meiosis-specific genes, including NDT80,"
during vegetative growth either alone or by recruiting the
histone deacetylase Hstl to a sequence motif that overlaps
certain MSEs.'®"” NDT80 is transcriptionally activated dur-
ing meiotic prophase I in a 2-step process, whereby the
gene is first de-repressed prior to meiotic M-phase I, when
Ume6 and Suml activities are progressively down-regulated,
and then strongly induced via an auto-activating loop when
cells trigger the meiotic divisions;'® reviewed in."” Ndt80
target promoters were identified in a large-scale in vivo pro-
tein-DNA binding assay of samples from sporulating cells.*’
This experiment, together with position weight matrices
(PWMs), which represent patterns such as transcription
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factor target motifs in DNA sequences, identified genes that
are likely regulated by Ndt80.*"**

In this study we report that cells switch to a long ORCI tran-
script isoform containing an extended 5-UTR (mORCI) prior
to entry into meiotic M-phase, while starvation alone fails to
induce this transcript. Importantly, we show that in meiosis
Ndt80 directly activates mORCI together with the divergently
expressed SMA2 locus via its bi-directional MSE target motif,
while Suml acts as a mitotic repressor for both transcripts.
Finally, we demonstrate that Orcl protein becomes undetectable
when cells finish pre-meiotic DNA replication and start express-
ing mORCI1, while Orcl remains detectable in an MSE deletion
mutant that fails to induce the long isoform. These findings
agree with large-scale ribosome profiling data."> Our data sug-
gest a novel role for the Ndt80 activator in yeast meiosis, which
is to down-regulate Orcl protein via induction of an untranslat-
able transcript isoform. The results therefore highlight an inter-
esting regulatory design that enables an activator to repress a
target gene product during eukaryotic cell differentiation.

Results
Datasets and experimental rationale

In earlier work, we used tiling arrays to determine the transcriptome
of diploid budding yeast during fermentation, respiration and sporu-
lation in comparison to vegetative growth of haploid cells.”**** Ini-
tially, we focused on meiotic IncRNAs and later on developmentally
regulated transcript isoforms with extended 5 -UTRs. Published til-
ing array data are available at the ReproGenomics Viewer (RGV,
rgv.genouestorg; Fig. S1°°) and the Saccharomyces Genomics
Viewer (SGV, sgv.genouest.org™). Furthermore, we interpreted
DNA strand-specific RNA-Sequencing data from mitotically
growing haploid and diploid wild type versus xrnl mutant cells
in $288C, W303 and SK1 strain backgrounds,” and our unpub-
lished RNA-Sequencing data (not DNA strand-specific) from
MATa/a and MATo/a cells cultured in YPD, YPA and SPII
media (E. Becker, M. H. Guilleux, K. Waern, M. Snyder and M.
Primig et al., in preparation).

The 5-UTR expression analysis by Lardenois, Liu et al.
included a non-exhaustive list of early, middle and late tran-
script isoforms, which lacked the meiotic isoform mORCI
because the segmentation algorithm used to analyze tiling array
data failed to detect it.>** The ORCI locus is, however, an inter-
esting case: its mRNA is cell cycle regulated in mitotically grow-
ing cells and strongly induced during meiotic development,
although the the protein it encodes is a priori dispensable after
pre-meiotic DNA replication is finished.

Diploid yeast cells express divergent ORC1/XUT1538
transcripts in mitosis and mORC1/SMA2 only in meiosis but
not starvation

Diploid cells growing asynchronously in the presence of glu-
cose (YPD) or acetate (YPA) and synchronized haploid cells
undergoing a full mitotic cell cycle express only the mitotic
ORCI transcript isoform (to which we also refer as the short
isoform; Fig. 1A), while the 5-extended mORCI isoform is
undetectable. We also observed a faint signal corresponding to
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what appeared to be an IncRNA divergently expressed from the
ORCI promoter. In fact, this RNA turned out to be the Xrnl-
sensitive unstable transcript XUT1538.> We note that the activ-
ity of Xrnl is strong in S288C and W303 but attenuated in SK1
(Fig. 1B). This indicates that the ORCI promoter is bidirec-
tional during vegetative growth.

MATa/w cells cultured in sporulation medium (SPII) induce
mORCI1 when they exit pre-meiotic DNA replication and enter
M-phase. This coincides with the transcriptional onset of diver-
gently expressed SMA2, which overlaps the constitutively
expressed antisense IncRNA SUT292 (Fig. 1C). A Northern blot
by Brar et al. 2012 suggests that SK1 cells exclusively express the
short ORCI transcript isoform during vegetative growth and
pre-meiotic DNA replication when Orcl is needed. Critically, at
the onset of meiotic M-phase approximately 6 hours after trans-
fer into sporulation medium, cells completely switch to express-
ing the long transcript isoform. Note that the meiotic isoform
has the size predicted for a full-length ORCI transcript with a
5'-extended UTR (see Fig. 5C in reference'”). Genomics data
thus reveal a complex regulatory pattern involving 5 transcripts:
haploid and diploid cells undergoing mitotic growth express
SUT292 and divergent ORCI1/XUT1538 transcripts downstream
of it, while middle meiotic cells continue to express SUT292 but
co-induce divergent mORCI/SMA2 transcripts via a develop-
mentally regulated bi-directional promoter element (Fig. 1D).

We have previously reported that early and middle meiotic iso-
forms are not induced by starvation alone, since they typically do
not accumulate to normal (or even detectable) levels in sporulation-
deficient MATa/oe control cells.® In the case of ORCI, tiling array
data and RNA-Sequencing data from starving SK1 MATo/o cells
cultured in sporulation medium indicate that they do not induce the
long isoform. We conclude that mORCI’s transcriptional activation
or its stability (or both) depend on meiosis (Fig. 2A, B).

Divergent promoters driving isoforms pair them with
ubiquitous transcripts or developmentally stage-specific
mRNAs

We find that the expression of mORCI/SMA2 during gametogen-
esis is likely not an isolated case. Further examples include ORC3/
SPO75 (which overlaps antisense MMM1), PEX32/POP7 (which
overlaps antisense CUT028), PCM1/SOM1I (for which mSOM]I
overlaps antisense HHY1) and IWRI/YDL114W; see sgv.genou
est.org, rgv.genouest.org and the Yeast Promoter Atlas at ypa.
csbb.ntu.edu.tw/.”” Meiotic IWRI (mIWR1) is not detectable by
tiling arrays in haploid cycling cells (Fig. S2A top and bottom
panels). The tiling array data indicate the presence of an
unknown weakly expressed SUT-type antisense transcript that
overlaps IWRI; however, the function of this transcript, if it
has any at all, is presently unclear. High-throughput data for
mIWRI, IWRI and YDLI14W obtained with SK1 are repro-
duced by RT-PCR assays using samples from the distantly
related strain JHY222 (which is derived from the standard
background $288C>*®), indicating that the phenomenon is not
strain-specific but generally occurs in budding yeast (Fig. S2B).
We note that mIWRI accumulates to lower levels than
YDL114W, which may reflect distinct RNA synthesis rates or
decay rates. These results concur with the finding that yeast
promoters are intrinsically bi-directional.' ">
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Figure 1. ORC1 isoform expression during growth and differentiation. (A) Color-coded heatmaps generated with RGV version 1.0, show DNA strand-specific Sc_tlg tiling
array expression data ordered in rows for samples and columns for each oligonucleotide probe (blue is low, red is high; bicolor pivot 3.9 on the log scale). The strain back-
ground is shown to the right in red, time points are given in minutes to the left. A schematic represents the loci (shades of blue for ORFs and SUT, green for the UTR, and
red for XUT) on both DNA strands (black lines). Arrows indicate transcription start sites. Note that the data shown, which cover one mitotic cycle, are part of a larger exper-
iment reported in reference.?* (B) A heatmap shows RNA-Sequencing data for 3 wild type strains (WT 5288C, W303 and SK1) and corresponding strains lacking Xrn1 activ-
ity (xrn1) given to the left. All strains are haploid unless their DNA content is indicated (2n). Cells were cultured in YPD. The complete dataset was reported in reference’
(O) A heatmap like in panel A shows samples from diploid wild type cells cultured in rich media (YPD, YPA) and sporulation medium (SPII) taken at the time points indi-
cated in hours (h). The strain is indicated to the right in green. Genome-wide data are from reference.? (D) A schematic summarizes the mitotic (top) and meiotic (bottom)
expression profiles of SMA2 and ORCT (dark and light blue rectangles, respectively) and the IncRNAs SUT292 and XUT1538 (blue and red rectangles). Transcripts are shown
as wavy blue lines. Black lines represent the top and bottom DNA strands. Arrows indicate transcription start sites.

mORC1/SMA2 repression in mitosis requires Sum1 while
their full induction in meiosis depends on Ndt80

A search for regulatory motifs in the ORCI promoter region
identified an MSE immediately upstream of mORCI (Fig. 3A, B).
Given the base composition of mORCIs MSE it is likely bound
by the meiotic activator Ndt80 and the mitotic repressor Suml,
which is consistent with ORCI transcript isoform’s middle meio-
sis-specific expression pattern (Fig. 3C)."”

We next sought to prove that the predicted promoter element
is indeed biologically active. To this end, we first designed combi-
nations of oligonucleotide primers for RT-PCR assays to validate
tiling array data and RNA-Seq data in wild type cells, and to study
the expression of mitotic and meijotic isoforms encoded by ORCI
in the absence of the Ndt80 activator and Suml repressor. None

of the gene deletions affected the mitotic isoform in JHY222 cells
cultured in rich media (YPD, YPA) and sporulation medium
(SPII) at bi-hourly time points (2h-10h) (Fig. 4A). To the con-
trary, we found that mORCI was moderately de-repressed in
suml cells cultured in rich medium (YPD) and sporulation
medium (SPII), while it was nearly undetectable in ndf80 mutant
cells cultured in rich media and sporulation medium under the
conditions used (Fig. 4A). We next assayed the divergently tran-
scribed SMA2 gene and found a broadly similar induction pattern
in JHY222 wild type cells as compared to tiling array data
obtained in the SKI1 background (Fig. 4B). As expected, SMA2
mRNA did not accumulate to normal meiotic levels in the
absence of NDT80 and was elevated in sum1 mutant cells cultured
in growth, pre-sporulation, and sporulation media (Fig. 4B).
These results are consistent with a role for Ndt80 and Suml in
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Figure 2. mORCT induction requires sporulation. (A) (SPII, 4h, 6h, 8h). Tiling array data for ORCT are shown as in Fig. 1 for sporulation deficient SK1 MATa/« cells cultured
in pre-sporulation medium (YPA) and sporulation medium (SPII, 4, 6, 8h). (B) A schematic shows the region containing the ORCT locus as in Fig. 1. RNA-Sequencing data
(not DNA strand-specific) are given as a color-coded histogram (IGV version 2.3.40 set at log scale data range min 0 and max 800) for cells cultured rich media in blue
(YPD, YPA) and for sporulation medium in green (SPIl) as shown to the left. The wild type (SK1 MATa/« in green) and sporulation deficient control strains (SK1 MATo/« in

red) are indicated to the right.

the regulation of mORCI. The observed lack of mORCI induction
in ndt80 mutant cells could, however, be an indirect effect because
ndt80 cells arrest during pachytene stage of meiotic prophase I,
which might impair the transcription of the long ORCI isoform."*

Ndt80 and Sum1 directly act on mORC1/SMA2 via an MSE
element

The results described above complement earlier work where we
predicted an MSE in the intergenic region of ORCI and SMA2,

which was reported to be bound by Ndt80 in vivo.”** The com-
bined results are consistent with — but do not prove - a direct
role for Ndt80/MSE. To provide unambiguous evidence for a
novel function of Ndt80 in activating a meiotic ORCI transcript
isoform, we deleted the MSE (in a congenic strain background
for technical reasons related to selectable marker genes; Fig. 5A)
and found that mORCI indeed failed to be induced in middle
meiosis, while the mutation did not alter the mitotic isoform’s
expression level (Fig. 5B). Consistently, SMA2 mRNA also failed
to be meiotically induced in the absence of a functional MSE in
the gene’s promoter region. (Fig. 5C). We note that a low level
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of MSE-independent SMA2 expression appear to be mediated by
at least one other promoter element. This is, however, likely
insufficient for Sma2 function since the ORCI MSE deletion
strain displays a sporulation phenotype similar to the one previ-
ously reported for the sma2 mutant: cells progress through the
meiotic divisions but mostly fail to form asci because the
nuclei are not properly packaged (Fig. 6A, B).*'° The simplest
explanation is that Suml contributes to the repression of
mORCI and SMA2 during mitotic growth, while Ndt80 activates

the transcripts from middle meiosis onwards by directly interact-
ing with a bi-directional MSE present in the ORCI promoter.

mORCT1 expression and Orc1 protein levels are negatively
correlated

Our findings, together with the prediction by Brar et al, that
the long isoform of ORCI may inhibit protein translation,
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raises the interesting possibility that Ndt80 represses Orcl after
pre-meiotic DNA replication by activating a transcript isoform
that sequesters ribosomes at its 5 end via uORFs; (reference'’;
Fig. S3). The extended ORCI 5'-UTR contains 2 such uORFs
encoding proteins of 113 and 64 amino acids, respectively, that
are in frame with the main ORF (Fig. 7A). We reasoned that
the induction of mORCI should correlate with declining Orcl
protein levels as cells enter meiotic M-phase and found this
indeed to be the case. Importantly, we detected the Orcl pro-
tein during and after M-phase in the ORCI™S®* deletion strain
that cannot induce mORCI (Fig. 7B, C; Fig. S4). These findings
are consistent with the regulatory design proposed in Fig. 8:
mORCI and SMA2 are repressed in mitosis by the Suml com-
plex and activated in meiosis by Ndt80, which enables Sma2
but not Orcl protein to accumulate when cells exit mejosis and
enter gamete formation.

Discussion

The yeast meiotic transcriptome comprises classical early, mid-
dle and late mRNAs, meiotic transcript isoforms that possess
either 5'- or 3'-extended UTRs, and IncRNAs.*”******* These

findings raise the question if the transcriptional regulatory net-
work, which controls developmental stage-specific mRNAs, also
contributes to the regulation of meiotically induced mRNA iso-
forms and IncRNAs. In this report, we begin to unravel the regu-
latory mechanism controlling the meiotic isoform of ORCI,
which is co-induced with divergent SMA2 when diploid cells
undergo meiosis and gametogenesis. We also present evidence
supporting the conceptually new model that the activator Ndt80
negatively regulates post-meiotic Orcl protein levels by inducing
the long isoform of ORCI, which inhibits translation via an
extended 5'UTR.

The ORC1 promoter drives divergent mRNA/IncRNA
expression in mitotically growing cells

It is unclear what role, if any, the divergent IncRNA in the ORCI
locus might play during growth and development. It is perhaps
noteworthy that the transcript, although annotated as XUT1538,”
also shows features typical for two other types of IncRNAs, since it
is detectable in wild type cells (SUTSs'?) and it accumulates in the
absence of Rrp6 (CUTs>"). Given the considerable overlap between
these transcript classes, especially in the cases of SUTs and XUTs,
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more work is needed to understand the molecular mechanisms
governing their variable synthesis and decay rates.

Establishing developmental stage-specific middle meiotic
isoform expression

Contrary to early meiotic transcript isoforms present in
mitotic ume6 cells,”> one would not expect middle meiotic
transcript isoforms such as mORCI to strongly accumulate
in a fermenting suml mutant because their activator Ndt80
is undetectable in cells cultured in rich medium. Indeed, we
find that mORCI is weakly de-repressed in fermenting
JHY222 suml cells and during incubation in sporulation
medium. For SMA2 the level of mitotic accumulation in
suml cells is elevated as compared to mORCI1, which might
be due to distinct RNA half-lives. Taken together, our
results are consistent with a role for Suml in repressing
mORCI and SMA2 during mitotic growth via the putative
target sequence within the ORCI™®® (see Fig. 3C and
Fig. 8). In addition, it is conceivable that SMA2 expression
is partially inhibited during mitosis by SUT292 and
XUT1538 via well-established antisense- and promoter
interference mechanisms®?*%; for review see reference.’*

A new role for Ndt80 in the activation of a meiotic
transcript isoform that inhibits translation

One might expect ORCI to be transcriptionally repressed when
cells exit pre-meiotic DNA replication, because there is no fur-
ther need for assembling an origin recognition complex at
autonomously replicating sequence (ARS) elements. Yet, earlier
work with microarrays containing probes for the 3'-regions of
ORFs shows that ORCI gene expression strongly increases as
cells progress through meiotic development.*” Recent studies
using tiling arrays and RNA-Sequencing helped explain this
puzzling fact: cells induce a long transcript isoform with an
extended 5-UTR proposed to inhibit Orcl translation.>*

However, neither microarrays nor RNA-Seq experiments unam-
biguously show that the 5-extended isoform is synthesized
through to the same transcription termination site (TTS) as the
short isoform. We propose that data in previously published
work and this study are consistent with the notion that both iso-
forms use a common TTS as the model in Fig. 8 implies.'>*

A key question that we sought to answer is which regula-
tor activates mORCI and SMA?2 at the onset of meiotic M-
phase. The presence of an MSE prompted us to assay
mORC] induction in an ndt80 mutant strain and we found
that the long transcript isoform does not accumulate to nor-
mal levels in the absence of Ndt80. In spite of the predicted
MSE's presence in the promoter, this effect could still be
indirect because ndt80 mutant cells arrest at the pachytene
checkpoint prior to entry into M-phase and therefore simply
might be unable to induce mORCI. Two lines of evidence
argue against this interpretation and in favor of our model
(Fig. 8). First, a high-throughput protein-DNA binding assay
based on chromatin immunoprecipitation and microarrays
(ChIP-Chip) showed that Ndt80 binds the ORCI upstream
region in vivo.”" Second, deleting the MSE in the ORCI pro-
moter prevents normal induction of the meiotic ORCI iso-
form and strongly reduces SMA2 expression during
sporulation. We currently do not know why we detect low
levels of SMA2 in the MSE mutant strain. Another weak pro-
moter element might mediate basal expression or the mRNA
might be unusually stable in meiotic cells.

An intriguing aspect of the model in Fig. 8 is that Ndt80
could potentially drive bi-directional transcription of mRNA/
isoform pairs via MSEs that both have a biological function.
Such a novel role for Ndt80 is consistent with earlier reports
suggesting that yeast promoters typically mediate bi-directional
transcription.'*'> Our findings raise the possibility that pro-
moters driving the expression of divergent transcript may have
brought about an evolutionary advantage: cells need to induce
SMA2 given its important role in sporulation,®'® while ORCI is
not involved in late meiotic processes. Therefore, the induction
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of an extended isoform, which inhibits Orcl translation via
uORFs, represents an elegant solution for down-regulating a
protein without the need for repressing the promoter. In addi-
tion, we speculate that this mechanism, which keeps the ORC!
promoter chromatin in an open configuration during the entire
process of gametogenesis, may also allow for rapid induction of
ORCI during spore germination and initiation of the first
round of mitosis.

ORCI is a model locus suitable to study the regulation of 5'-
extended developmental stage specific transcripts and their role
in controlling protein levels when cells switch from growth to
development. Our findings extend the known roles of Ndt80/
Suml to the transcriptional control of middle meiotic tran-
script isoforms. Bearing in mind that the DNA binding fold of
Ndt80 was suggested to be evolutionarily linked to the major
tumor suppressor TP53,>> our results are potentially relevant
for transcriptional mechanisms implicated in development and
disease in humans.

Experimental procedures
Yeast strains

The tiling array data were produced with wild type SK1 MATa/u
and sporulation deficient MATo/or control strains. RT-PCR assays
were done with samples from SK1 MATa/« and JHY222 MATa/a
as published.” The expression of the long ORCI isoform was ana-
lyzed in JHY222 MATa/a ndt80 and suml homozygous deletion
strains and JHY338 MATa/oe ORCIAMSE (Table 1). Yeast strains
were cultured at 30°C in standard rich medium with glucose
(YPD) or acetate (YPA) and sporulation medium (SPII).

Yeast Sc_tlg tiling array data and RNA-Sequencing data

In this study, we employed unpublished non-DNA strand-spe-
cific RNA-Sequencing data that were produced using the Illu-
mina GAII system. Duplicate samples from wild type SK1
MATa/o and meiosis-deficient MATo/a control cells were
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mitotic (top) and meiotic (bottom) regulation of ORCT and SMA2 shown as light
and dark blue rectangles, respectively, by Sum1 (dark red) and Ndt80 (green).
Mitotic and meiotic ORCT 5'-UTRs are shown in green. SUT292 and XUT1538 are
given in blue and red, respectively. The MSE is given as a light green rectangle.
Transcripts are shown as wavy lines for which the thickness represents the expres-
sion level. Black lines represent the top and bottom DNA strands.

cultured in rich medium (YPD), pre-sporulation medium
(YPA), and sporulation medium (SPII, 4h, 6h, 8h; Becker et al.,
in preparation). Furthermore, we interpreted published Yeast
Sc_tlg GeneChip expression data from duplicate samples of
asynchronously growing SK1 MATa/a cells cultured in rich
medium (YPD) or pre-sporulation medium (YPA), and differ-
entiating cells cultured in sporulation medium (SPII). In addi-
tion, dividing and starving meiosis-deficient MATo/o cells
were used as a control.” SK1 is a strain background commonly
employed in genetic and genomic analyses of meiosis because
of its efficient sporulation properties.” Published Sc_tlg Gene-
Chip data from single samples of synchronized cells undergoing
mitotic growth and division were obtained with the W101
MATa strain.** Mitotic gene expression is typically studied in
haploid cells because of well-established cell synchronization
protocols.’®*” Graphical displays of tiling array data are
available online at SGV (Saccharomyces Genome Viewer,
sgv.genouest.org”) and RGV (ReproGenomics Viewer,
rgv.genouest.org”’). A DNA strand-specific RNA-Seq data set
was used to interpret the transcriptomes of asynchronously
growing haploid wild type and xrnl temperature sensitive
mutants in the S288C, W303, and SK1 backgrounds, and dip-
loid SK1 wild type and xrn1 mutant cells.”

RT-PCR assays

Total RNA was isolated using the hot phenol method as
described.” Briefly, cell pellets were treated with hot phenol
(65°C) and phenol/chloroform (1:1). Total RNA was precipi-
tated overnight with 2 volumes of 100 % ethanol and 0.1 vol-
ume of 3 M NaOAc (pH 5) at —80°C. The RNA was
digested with 2 units of DNasel for 30 min at 37°C, and
then 2 ug of RNA was reverse transcribed into cDNA using
reverse transcriptase and random primers supplied in the

Table 1. Yeast strains.

Strain ID Background and genotype Reference

MPY1 JHY222 MATa/MAToe HAP1/HAPT MKT1 °
(D30G)/MKT1(D30G) RMET(INS 308A)/
RMET(INS 308A) TAO3(E1493Q)/TAO3
(E1493Q)
JHY222 MATa/MATa HAP1/HAPT MKT1
(D30G)/MKT1(D30G) RMET(INS 308A)/
RMET(INS 308A) TAO3(E1493Q)/TAO3
(E1493Q) rrp6::kanMX4/rrp6::kanMX4
SK1 MATa/MATw« ho::LYS2/ho:LYS2 ura3/ura3 4
lys2/lys2 leu2:hisG/leu2::hisG arg4-Nsp/
arg4-Bgl his4x:LEU2-URA3/his4B:LEU2
SK1 MATa/MATw ho::LYS2/ho::LYS2 ura3/ura3
lys2/lys2
W101 MATa ho:lys5 gal2 2
JHY222 MATa/MAToe HAP1/HAPT MKT1 This study
(D30G)/MKT1(D30G) RMET(INS 308A)/
RMET1(INS 308A) TAO3(E1493Q)/TAO3
(E1493Q) sum1:kanMX4/sum1:kanMX4
JHY222 MATa/MATa HAP1/HAPT MKT1
(D30G)/MKT1(D30G) RME1(INS 308A)/
RMET(INS 308A) TAO3(E1493Q)/TAO3
(E1493Q) ndt80:kanMX4/ndt80::kanMX4
JHY338 MATa/MATw ura3/ura3 leu2/leu2 lys2/
+ his3/+
JHY338 MATa/MATw ura3/ura3 leu2/leu2 lys2/
+ his3/+ mseA% /mse A%

MPY392

NKY1551

NKY471

MPY454
MPY631

MPY553 This study

MPY742 This study

MPY794 This study

High Capacity ¢cDNA Reverse Transcription Kit (Applied
Biosystems). 1 ul of cDNA was amplified for 28 cycles
(denaturation at 94°C for 1 min, annealing at 60°C for
1 min, and extension at 72°C for 1 min) using Taq DNA
Polymerase (Qiagen). PCR products were run on a 2% aga-
rose gel in 1 xTAE buffer containing GelRed DNA dye (Bio-
tium) and photographed using the Gel Doc XR+ imaging
system (Bio-Rad). Primer sequences are given in Table 2.

Prediction of MSEs

We screened a 2 kb region upstream of the annotated ORCI locus
(Chr13:14210-142210) using the Match tool of the TRANSFAC
professional database.”® We employed the MSE motif M01515
with cut-off scores minimizing false positives. The logo was pro-
duced with the R package seqLogo.”>** A single MSE motif was pre-
dicted with a core score of 1.00 and a matrix score of 0.949.

MSE deletion

The predicted Ndt80 target site MSE in the ORCI promoter
region was deleted using the 50:50 genome editing method as
recently described.*"*> Genomic PCR was used to screen dele-
tion strains for successful integration/excision events. For this
study we analyzed two independent isolates that were verified
by DNA sequencing. We note that the construction of this

Table 2. Oligonucleotides for RT-PCR assay.

Size
(bp)

Reverse
primer

Forward
primer

Target
genes

ORCT  5'-TCGATGGAGGTCAGAAGAGA-3 5'-TTCGGCTAATTCTGCAGTGA-3/
mORCT 5'-AGGACTGCTATGGGGCATGT-3" 5'-TTCGGCTAATTCTGCAGTGA-3’
SMA2  5'- CGTCTGATTGTGTGGGGTGT-3" 5'-GGGCATTTCCTGTGTGCTTG-3'

353
789
538
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Table 3. Oligonucleotides to construct and validate MSE deletion.

Purpose ORC1 50:50-U2 ORC1 D2-50
MSE deletion 5'-TAAGTGCATGGTA 5’-TGTGTAGTA
TGGAGTGTATAATGGT TTCTTAATTTITTIT
TTATAATTTCCCCTAAGAT CTTGGTAAATTTTTG
AAATGTTCTCCCAA GGAGAACATTTATCG
AAATTTACCAAGAA ATGAATTCGAGCTCG-3’
AAAAAATTAAGAAT
ACTACACACGTACGC
TGCAGGTCGAC-3’
Forward primer Reverse primer
Validation of 5'-TGGTATGGAG 5’-CCCAAGCATC
MSEACR! TGTATAATGG-3' AATTGTGTAG-3'

strain required the ura3A0 auxotrophic marker present only in
the JHY338 background, which is derived from prototrophic
JHY222. Oligonucleotide sequences are given in Table 3.

Sporulation landmarks

Diploid cells were cultured in growth medium, presporulation
medium and sporulation medium, harvested, and fixed in etha-
nol as described.” The percentage of bi-, and tetranuclear cells
and asci was determined using a standard manual cell counter.

Light- and fluorescence microscopy

Yeast cells were stained with DAPI (Interchim) at 5 pg/ml and
inspected using a Zeiss Axiolmager fluorescence microscope
(Zeiss). Pictures were taken with an AxioCam camera using
default settings of AxioVision software (Zeiss).

Protein analysis

Protein extracts were prepared and analyzed by Western blotting as
published.” Briefly, 35 g of a total protein extract was loaded on a
4-20% SDS-PAGE gradient gel, and run first at 60V for 30 minutes
and then at 120 V for one hour. Proteins were transferred onto a
PVDF membrane (Millipore) at 60mA for 2.5 hours using a semi-
dry electroblotter (Hoefer). The membrane was blocked in 5%
milk (Regilait) for one hour at room temperature, and incubated
over night at 4°C on a shaker with the primary polyclonal anti-
Orcl antibody (Santa Cruz) at a dilution of 1:200. A monoclonal
antibody against Pgkl (Invitrogen) was used at 1:15'000. Secondary
anti-goat and anti-mouse antibodies (ThermoScientific) diluted at
1:30°000 or 1:5000, respectively, were incubated at room tempera-
ture for one hour, before the signal was revealed using an ECL kit
(General Electric) and the ChemiDoc XRS imaging system (Bio-
Rad). Band intensities were quantified using Quantity One 1-D
analysis software (Bio-Rad).
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Summary

BOI1 and BOI2 are paralogs important for the actin
cytoskeleton and polar growth. BOI1 encodes a
meiotic transcript isoform with an extended 5’-
untranslated region predicted to impair protein trans-
lation. It is, however, unknown how the isoform is
repressed during mitosis, and if Boi1 is present during
sporulation. By interpreting microarray data from
MATa cells, MATalo. cells, a starving MATo/o. control,
and a meiosis-impaired rrp6 mutant, we classified
BOIT's extended isoform as early meiosis-specific.
These results were confirmed by RNA-Sequencing,
and extended by a 5-RACE assay and Northern blot-
ting, showing that meiotic cells induce the long
isoform while the mitotic isoform remains detectable
during meiosis. We provide evidence via motif predic-
tions, an in vivo binding assay and genetic experi-
ments that the Rpd3/Sin3/Ume6 histone deacetylase
complex, which represses meiotic genes during
mitosis, also prevents the induction of BOIT’s
5’-extended isoform in mitosis by direct binding of
Ume6 to its URS1 target. Finally, we find that Boi1
protein levels decline when cells switch from fermen-
tation to respiration and sporulation. The histone dea-
cetylase Rpd3 is conserved, and eukaryotic genes
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frequently encode transcripts with variable 5’-UTRs.
Our findings are therefore relevant for regulatory
mechanisms involved in the control of transcript iso-
forms in multi-cellular organisms.

Introduction

BOI1 and BOI2 are partially functionally redundant para-
logs, which encode proteins important for establishing cell
polarity and bud formation; cells lacking both genes
cannot grow at 30°C, show an aberrant morphology and
grow very poorly at 20°C (Bender et al.,, 1996; Matsui
et al., 1996; Cole et al., 2009; Liao et al., 2013). A detailed
cytological analysis in budding yeast revealed a role for
Boi1 and Boi2 in a pathway preventing chromosomes
from being broken apart during late stages of mitosis in
anaphase and telophase, when sister chromatids are
separated and pulled to opposite poles before cells split
during cytokinesis (Norden et al., 2006). Recent work
suggests only Boi2, but not Boil, to be important for
spindle disassembly (Pigula et al., 2014). Direct evidence
for a role in polar growth was also reported for the fission
yeast Boi1/2 homolog Pob1p (Toya etal, 1999). For
single mutants, no meiotic defect has been reported in
genome-wide functional genomics studies (Deutschbauer
et al., 2002; Enyenihi and Saunders, 2003).

BOI1 and BOI2 transcripts are ubiquitously expressed
during growth and starvation in all haploid and diploid cell
types, while the proteins are controlled at the level of cell
cycle stage-specific localisation (Primig etal., 2000;
Norden et al., 2006; Granovskaia etal., 2010). Earlier
microarray profiling analyses revealed that both genes
continue to be transcribed when diploid cells undergo
meiotic development (Chu et al., 1998; Primig et al., 2000).
More recently, BOI1 was found to encode a meiotic tran-
script isoform with an extended 5’-untranslated region
(UTR) in a recent high-throughput experiment, which com-
bined transcript profiling by RNA-Sequencing (RNA-Seq)
and ribosome profiling. The meiotic 5”-untranslated region
(5’-UTR) contains a so-called AUG upstream open reading
frame (UORF), which is predicted to exert a negative effect
on the translation of the protein encoded by the down-
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Fig. 1. BOI1 early meiosis-specific isoform expression.

A. False-color heatmaps representing tiling array data are shown for the 5-region of BOI/1. Samples are from cells cultured in rich media
(YPD, YPA) and hourly time points in sporulation medium (SPII 1 h—12 h). Haploid cells were grown in YPD and harvested every five minutes
(0-135 min). The strains are given to the right; media are given to the left. The output of the segmentation algorithm is shown as grey
rectangles. Red rectangles correspond to differentially expressed patterns indicating a complex 5’-leader sequence for BOI1. The ORF is
shown as a blue rectangle. An ARS element is shown in grey. The log2 scale is shown at the bottom.

B. The output of a 5-RACE experiment is given for the mitotic isoform (BO/7) and the meiotic isoform (mBOI1) from cells grown in rich media
with glucose (YPD) or acetate (YPA) or in sporulation medium (SPII 4, 6, 8 h). The black arrow marks the correct band for BO/1, the red
arrow marks a parasitic band not related to the gene. The molecular weight markers (MW) are given in base pairs (bp) to the left. The strain

background is indicated at the bottom.

C. RT-PCR assays using primer pairs located in the extended 5-UTR (mUTR) and the ORF (BOI1) are shown for samples cultured in growth
media (YPD, YPA) and sporulation medium (SPII) at the given time points. ACT1 was used as a loading control. The strain is indicated to the

left.

D. A Northern blot is shown for long and short isoforms. ACT1 is used as a loading control; we note that this gene’s mRNA, although widely
employed to monitor RNA quantities in various types of experiments, can fluctuate during sporulation in some strain backgrounds (see, for

example, (Lin et al., 2011).

stream ORF (Brar etal,, 2012). uORFs located within
5’-UTRs are involved in a well studied mechanism control-
ling mMRNA translation, for example in the case of GCN4,
which is a major regulator of genes involved in amino acid
biosynthesis (for review, see (Hinnebusch, 2005)). No
direct evidence for declining Boi1 levels during meiosis is
available, however, and nothing is known about the tran-
scriptional mechanism controlling the gene’s meiotic
isoform.

A group of meiosis-specific genes is repressed during
vegetative growth by a tripartite complex comprising the
histone deacetylase Rpd3 and the co-repressor Sin3 that
are recruited to DNA by Ume6, which binds the upstream
regulatory site 1 (URS1) (Strich etal, 1994; Rundlett
etal., 1998). Target gene repression is progressively
relieved during respiration and sporulation when Ume6 is
degraded via a multi-step mechanism involving the Spt-
Ada-Gcn5 Acetyltransferase (SAGA) complex, the ana-
phase promoting complex/cyclosome (APC/C) and the
inducer of meiosis 1 (Ime1) (Mallory et al., 2007; Law
etal, 2014). Ume6 was shown to bind the upstream
region of BOI1 in vivo in a large-scale chromatin immuno-
precipitation assay analysing mitotic cells, but since BOI/1
is expressed in vegetatively growing cells the functional
significance of this finding remained unclear (Harbison
etal., 2004). Predicting biologically active regulatory
motifs has become more reliable due to large-scale in vivo
binding data, which are now available for nearly all known
yeast transcription factors (TFs) (Harbison et al., 2004; Xie
etal., 2011). The TRANSFAC database provides position
weight matrices (PWMs) for TFs. A PWM is generated by
aligning the DNA sequences the target TF binds to, and log
transforming the number of observations of each base at
each position in the matrix (Wingender, 2008; Spivak and
Stormo, 2012).

In this study we report a detailed analysis of BO/1
isoform expression in fermenting, respiring, starving and
sporulating cells using tiling array data obtained with
wild-type strains and an rrp6 mutant (Lardenois et al.,

2011; Stuparevic and Liu et al., in preparation) and RNA-
Sequencing data (Becker et al., in preparation). We vali-
date and extend the high-throughput data by RT-PCR,
5’-RACE assays and Northern blotting. We combine
published Ume6 in vivo binding data with predicted
URS1 motifs, a chromatin immunoprecipitation (ChlIP)
assay and genetic experiments, to demonstrate that
Rpd3 and Ume6 are needed to repress BOI1’s meiotic
isoform in cells undergoing rapid mitotic growth. Finally,
we report that increasing levels of the 5-extended BOI1
transcript correlate with declining levels of Boil protein
as cells transit from fermentation to respiration and
sporulation. These results provide insight how Boil’s
mitotic mechanism of regulation is altered during meiotic
development, and they provide initial evidence that
the HDAC Rpd3/Ume6 complex negatively regulates
Boif.

Results

BOI1 encodes a transcript isoform with an extended
5”-UTR expressed in early meiosis but not vegetative
growth and starvation

We used tiling array data to determine the transcript archi-
tecture of BOI1 and BOI2 in fermenting, respiring, and
sporulating diploid MATa/o. cells as compared to a
sporulation-deficient starving MATo/a. control strain and
vegetatively growing haploid MATa cells (Lardenois et al.,
2011). For BOI1 we find that wild-type MATa/o cells
express a transcript isoform with an extended 5’-UTR from
meiotic pro-phase onwards, while starving control cells
and synchronously growing haploid cells do not express
this long transcript at any point during prolonged nutrient
deprivation or the mitotic cell cycle. The extended isoform
entirely covers the ARS202 origin of replication (Fig. 1A).
We were unable to investigate BOI2 because the gene is
juxtaposed to SPR6, which is highly expressed during
growth and starvation, and encodes a transcript strongly

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 861-874
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induced during sporulation that covers the BOI2 upstream
region (Fig. S1).

Cells express two BOI1 isoforms when progressing from
mitotic growth to meiotic differentiation

Neither tiling array data nor RNA-Seq data reveal if cells
co-express the short mitotic isoform and the long meiotic
isoform during sporulation, or if the 5-extended tran-

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 861-874

script becomes the dominant mRNA. This is, however,
an interesting question from a functional perspective
since the long isoform was predicted to inhibit protein
translation (Brar etal., 2012). If that mechanism was
solely responsible for the protein pattern observed,
one might expect cells to predominantly express the
extended transcript. We therefore used 5’-rapid amplifi-
cation of cDNA ends (5-RACE) assays to study isoform
levels and found that fermenting and respiring cells
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express the short mitotic isoform, while cells during early
meiosis (SPIl 4-6 hours) express both the 5-extended
and the short mitotic isoform; post-meiotic cells (SPII 8
hours) slowly start reverting back to the mitotic pattern
(Fig. 1B). Unexpectedly, we observed two bands for
BOI1. We therefore determined by DNA sequencing that
the faster migrating band indeed corresponded to BO/1
(272/273 bases identical, Fig. S2A and B), while the
slower band was amplification artefact unrelated to the
target gene, perhaps stemming from GC-rich sequences
in the yeast genome (Fig. S2C). Next, we confirmed the
5-RACE data by Northern blotting using probes that
monitor isoforms in combination with RT-PCR assays
that validate array data (Fig. 1C-D). We conclude that
vegetatively growing cells express only the short mitotic
isoform, while in early meiotic cells the 5-extended
isoform is transiently induced reaching peak levels at
4—6 hours.

Meiosis-deficient mutants fail to normally induce the
long isoform of BOI1

We then sought to complement tiling array data by RNA-
Seq and confirmed that diploid MATa/o cells express a
5’-extended BOI1 isoform from early meiosis onwards.
Consistently, the transcript levels decrease as cells exit
M-phase and enter spore formation. As expected, starving
MATo/o. cells do not express the meiotic isoform, and do
not downregulate BOI1 eight hours after having been
transferred into sporulation medium (Fig. 2A; the complete
dataset will be published elsewhere; Becker etal., in
preparation). We next asked if a strain lacking the 3'-5’
exoribonuclease Rrp6, which fails to undergo efficient
meiosis and spore formation, expresses the BO/1 isoform
when cultured in sporulation medium (Lardenois et al.,
2011). Tiling array data indicate that the meiotic isoform of
BOI1 is expressed at lower levels in cells lacking Rrp6
(Fig. 2B; the complete dataset will be published elsewhere;
Stuparevic and Liu et al., in preparation). We confirmed
this finding by RT-PCR assays carried out with samples
from wild-type cells and an rrp6 mutant strain cultured in
rich media and sporulation medium (Fig. 2C). Taken
together, the results show that the 5’-extended isoform of
BOI1 is only induced to normal levels when cells undergo
efficient meiotic development, and that nutrient deprivation
alone is not sufficient to fully de-repress the extended
isoform.

The BOI1 upstream region contains a predicted
URST1 motif

BOIT’s isoform shows an expression pattern reminiscent
of early meiotic genes and Ume6, a mitotic repressor of
meiotic genes, was found to bind to the BOI1 promoter in

vivo in a high-throughput chromatin immunoprecipitation
assay (Fig. S3; Harbison et al., 2004); see also www.ger-
monline.org (Lardenois et al.,, 2010)). Consequently, we
examined the locus using PWMs (Fig. 3A) and found a
predicted URS1 element just upstream of the putative
meiotic transcription start site (meiTSS) for BOIT’s
developmental-stage specific isoform (Fig. 3B). This
target motif is strongly bound by Ume6 in vivo as shown
by a chromatin immunoprecipitation (ChlP) assay; the
NUPS85 locus was used as a negative control (Fig. 3C)
(Lardenois et al., 2014). Our data are consistent with the
notion that Ume6 and, by inference, its interactors Rpd3
and Sin3 are recruited to the BO/1 promoter region during
vegetative growth.

Rpd3 and Umeé6 repress the 5-extended meiotic
isoform of BOI1 in mitosis

The long BOI1 isoform showed the pattern of a
typical Rpd3/Sin3/Ume6-dependent early meiotic gene,
and Ume6 binds in vivo to the BOI1 upstream region,
which contains a predicted URS1 motif. We therefore
hypothesized that Ume6 and Rpd3 repress the meiotic
isoform during mitotic growth. First, we sought to further
validate the tiling array data and RNA-Seq data using
RT-PCR and different combinations of oligonucleotide
primer pairs to analyse RNA samples from diploid wild-
type SK1 and JHY222 strains (Fig. 3D). Primers located
in the 5-UTR (mBOI1) revealed no signal in an SK1
sample from fermenting cells (YPD), a weak signal in a
sample from respiring cells (YPA), strong signals during
early meiosis (SPIl 2-4 h), and decreasing signals
during post-meiotic spore formation (SPIl 8-12 h;
Fig. 3E). We then repeated the experiment using wild-
type JHY222 cells, which sporulate well but not quite as
fast and as efficient as SK1 cells, to assess the degree
of reproducibility of our results between distinct genetic
backgrounds (Lardenois et al., 2011). We find a similar
pattern except for a stronger signal in respiring cells and
a broader peak of induction (Fig. 3F). Then, we con-
firmed that BOI1 encodes an extended isoform rather
than two overlapping transcripts being transcribed on the
same strand in the same direction. To this end, we
carried out an RT-PCR assay with a primer pair located
at the 5” and 3’ ends of the locus, which generate a long
DNA fragment (ImBOI1). This experiment nearly per-
fectly reproduced the pattern observed in SK1 (compare
panels E and F). Primers located within the coding
region (BOI1) yielded the expected homogenous pattern
in all samples. We employed ACT1 as a loading control.

Importantly, we found that SK1 mutant umeé6 and rpd3
cells and JHY2223 mutant ume6 cells express the
extended transcript during vegetative growth in the pres-
ence of glucose or acetate. Moreover, the mutant cells
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Fig. 2. Lack of normal mBOI1 induction in sporulation-impaired cells.

A. Histograms depicting RNA-Seq data (not DNA strand specific) obtained with SK1 strains are shown. RNA was analysed from fermenting
(YPD), respiring (YPA) and sporulating (SPII 4, 6, 8 hours) cells as indicated. Mitotic and meiotic samples from the wild-type strain are given
in blue and green, respectively. Corresponding samples from the control strain are shown in red and orange. Thin dotted blue lines represent
the ORFs, and a red dotted line represents the extended 5’-UTR as determined by DNA strand specific tiling arrays.

B. A heatmap (left panel) is shown for tiling array data obtained with wild-type and rrp6 mutant cells cultured in growth media and sporulation
medium as indicated. The strains are indicated to the right. A color-coded bar diagram (right panel) quantifies log-transformed tiling array
signals for the segments that correspond to the ORF (BOI1) or the extended UTR (BOI/1 5’'UTR; y-axis) in wild-type cells (blue) versus rrp6
mutant cells (red) that were cultured in growth media (YPD, YPA) and sporulation medium (SPII) at three time points as indicated.

C. To the left, the output of RT-PCR assays is shown for samples indicated at the top from wild-type versus rrp6 mutant strains indicated to
the left. Data are given for the mitotic isoform (BOI7), and the meiotic isoform (mBOI1). ACT1 was used as a loading control. To the right, two
bar diagrams summarize the RT-PCR band’s relative signal intensities (y-axis) for each sample from wild-type cells (WT in blue) and mutant
cells (rrp6 in red; x-axis). Signals corresponding to the extended 5-UTR (mBOI1) and the ORF (BOI1) are shown. The samples were
harvested after incubation in rich media (YPD, YPA) and sporulation medium (SPIl) at the time points given in hours (x-axis).
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also failed to induce the isoform when cultured in sporu-
lation medium (Fig. 3G and H). Finally, we complemented
the RT-PCR data by a Northern blot showing that both
short and long isoforms are present in ume6 mutant cells
cultured in YPD and YPA; we note that the long isoform is
weaker in respiring SK1 umeé6 cells (compare panels G
and 1). Taken together, the data imply that the HDAC
repressor complex Rpd3/Sin3/Ume6 represses the
meiotic BOI1 isoform during mitotic growth.
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The Boit protein rapidly declines when cells switch from
fermentation to respiration and sporulation

The 5-extension of BOIT’s isoform harbours a uORF,
which was predicted to downregulate Boi1 protein transla-
tion during meiosis and spore formation (Brar et al., 2012).
To further study this question, we tagged Boil with a
C-terminal myc epitope. The diploid Boi1™¢ strain showed
no discernible growth phenotype, we therefore conclude
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Fig. 3. URS1 motif prediction and Rpd3/Ume6 function in mBOI1 control.

A. Logos show the forward and reverse DNA sequences of a PWM (M02531) for the JASPAR URS1 motif provided by TRANSFAC.

B. A schematic shows the predicted URS1 site (green rectangle), the 5-UTR (light blue) and the ORF (light grey). A black line represents
DNA. The chromosome number, the DNA strand (+), and the genome coordinates of the meiotic transcription start site (TSSmei) and BOI1 in
the reference strain S288C are shown. The match to the PWM is given in red, the core URS1 moitif is shown in bold.

C. A bar diagram shows the fold enrichment (y-axis) in a ChIP assay of Ume6 in vivo binding to BOI1 and the NUP85 control observed in
cells cultured in YPA (blue) and SPII at 3 hours (red). An error bar is given.

D. A schematic shows the 5’-UTR and ORF as blue and grey rectangles, respectively. Diagnostic PCR fragments are indicated as red and
black lines covering different isoforms. Arrows represent forward and reverse PCR primers for which the coordinates are given in bp in each
strain background.

E, F. The results of RT-PCR assays for SK1 and JHY222 wild-type strains are given for mitotic transcripts and meiotic isoforms. To reveal the
meiotic isoform we employed two primer combinations that reveal the extended 5-mUTR (mBOI1) or the long isoform (ImBOI1) as indicated.

ACT1 was used as a loading control.

G, H. Data are shown for rpd3 and ume6 mutants in SK1 and a ume6 mutant in JHY222. All strains are diploid (MATa/o,).
I. A Northern blot is shown for the meiotic (mBOI1) and mitotic (BOI1) isoforms in ume6 mutant cells grown in YPD (lane 1) and YPA (lane 2).

ACT1 was used as a loading control.

that the protein is functional within the limits of our assay.
An RT-PCR assay of samples from this strain revealed
constitutive expression of BO/1 during growth and devel-
opment, moderate expression of mBOI1 in respiring cells
(YPA), and the expected induction pattern during sporula-
tion (SPII; Fig. 4A, top panel). The corresponding time-
course experiment revealed an approximately 3.5-fold
decrease of Boi1 when cells change from glucose metabo-
lism to using acetate as the sole non-fermentable carbon
source. Furthermore, the protein is undetectable by
Western blot in protein extracts from cells cultured in
sporulation medium for two hours, and it remains absent
until spore formation is initiated at 10 hours (in the W303
background; Fig. 4A, bottom panel). We then compared
this pattern of protein levels to the one reported for Ume6,
by including a late time point at 24 hours covering spore
maturation and found that Boi1 did not re-accumulate at
late stages of yeast gametogenesis like Ume6 (Fig. 4B;
Mallory et al., 2007). Pgk1 was used as a loading control.
Our results show that the Boi1 protein is indeed downregu-
lated at the post-transcriptional level in respiring cells
and differentiating cells until late stages of spore matura-
tion, which is consistent with the prediction by Brar et al.
that a uORF present in the long isoform inhibits protein
translation.

The Boil level decreases and the protein is altered in
fermenting ume6 mutant cells

Our RT-PCR data and protein data in JHY222 negatively
correlate the induction of BOI/1’s meiotic isoform with Boi1
protein levels in a dose dependent manner (in YPD, YPA
and SPII 2 h). If the long isoform indeed inhibited protein
translation, mutant cells that de-repress the meiotic
isoform in mitosis should contain little or no Boi1 protein. To
test this idea, we myc-tagged Boil in a ume6 deletion
strain, and monitored BOI1 transcript isoforms and Boi1
protein levels in rich medium with glucose (YPD). The
meiotic isoform is de-repressed in umeé6 cells cultured in

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 861-874

YPD also in the W303 background (Fig. 4C left panel).
Furthermore, we observe in three independent experi-
ments that the concentration of Boil protein is indeed
reduced approximately 10-fold in fermenting cells that lack
Ume6 (Fig. 4C right panel). In addition, we find that Boil
appears to be physically altered such that it migrates
slower in the gel; no such change in migration was
observed in the case of Pgk1 (Fig. 4C, right panel). Our
finding that fermenting ume6 mutant cells contain very little
Boi1 provides further evidence that the long isoform is
negatively correlated with protein levels.

We then asked if the extended 5-UTR contained an
in-frame ATG start codon indicating that the long isoform
might be translated into a larger protein with an N-terminal
extension, but found several stop codons in frame with
BOI1 (Fig. S4). Furthermore, we predict one uORF encod-
ing a peptide of 45 amino acids 5 bases downstream of the
mTSS (Fig. 4D), which is in keeping with previous obser-
vations (Brar et al., 2012). We conclude that an increased
level of mBOI1 in vegetatively growing mutant umeé cells
correlates with a very low level of Boi1, and that the altered
migration properties of Boil in fermenting cells lacking
Ume6 are not due to an extended N-terminus.

Discussion

In this study we classify BOI1’s extended transcript as early
meiosis-specific in the context of a broader expression
program we have recently discovered using DNA strand
specific tiling arrays (Lardenois et al., 2011; 2014). BOI1
was initially not identified as a candidate for the expression
of 5’-extended isoforms by the segmentation algorithm we
employed, because of the convoluted expression signals
associated with its 5’-leader sequence. However, addi-
tional information from RNA-Sequencing data (Becker
et al., in preparation), RT-PCR and 5’-RACE assays and a
Northern blot experiment enabled us to clarify the issue.
We note that in the course of this work Brar et al. reported
that BOI1 (but not BOI2) encodes a transcript containing a
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Fig. 4. Analysis of Boi1 protein levels.

A. In the top panel, the output of an RT-PCR
assay of the meiotic isoform (mBOI1) and the
mitotic isoform in wild-type cells cultured in
rich media with glucose or acetate (YPD,
YPA), or sporulation medium (SPII) at
bi-hourly time points from 2—10 hours is
shown. The bottom panel shows a Western
blot for C-terminally myc-tagged Boi1
(Boi1™¢). Pgk1 was used as a loading control.
The strain background is given and mRNA or
protein data are indicated to the left. A
histogram with error bars showing the
standard deviation (SD) depicts samples
(x-axis) versus Boi1™°/Pgk1 intensity ratios
(y-axis).

B. A Western blot analysis of tagged Boi1
(Boi1™°) in wild-type (WT) cells versus mutant
(umeé) cells cultured in rich media with
glucose (YPD) is shown. The strain
backgrounds are indicated. Black and blue
arrows mark the fast and slow migrating
forms of Boi1, respectively. Band intensities
are shown as bar diagrams. An SD error bar
is given.

C. A schematic shows the BOI1 locus with its
UTR (blue) and ORF (grey) at the top and a
45 amino acid uORF in frame with the main
ORF in red at the bottom. Black lines
represent the DNA strands. An arrow
indicates the meiotic transcription start site
(TSS). The chromosome number and genome
coordinates are given.
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meiotic 5’-extension, which was predicted to negatively
regulate protein translation in sporulating cells via a uUORF
(Brar et al., 2012).

BOI1 is a prototype locus for studying the regulation
and function of developmental stage specific
transcript isoforms

Following a yeast genome duplication event, identical
gene pairs — called paralogs — evolved in different ways.
Either one of the loci was lost, or each paralog acquired
different roles for example in mitosis or meiosis, or both
genes fulfil partially redundant functions, which is the case
for BOI1 and BOI2 (Dahmann and Futcher, 1995; Dietrich
etal, 2004; Kellis etal, 2004). The genes share no
synteny, as opposed to other genome regions such as

[ 8011 coding sequence

those containing for example VTH1 and VTH2, for which
the orientation of neighbouring genes located up-stream
and down-stream is conserved (see the Saccharomyces
Genome Database (SGD) at www.yeastgenome.org and
the Saccharomyces Genomics Viewer (SGV) at www.ger-
monline.org; Lardenois et al., 2010)). The intergenic region
between BOI1 and the upstream ORF YBL086C is rela-
tively large (1274 bp in S288C), while BOI2's upstream
region comprises 580 bp and appears to be mostly covered
by the mRNA encoded by SPR6 (see Fig. S1). The distinct
pattern of synteny is not relevant for Boi1/Boi2 protein
function during mitosis, since they are regulated at the
post-translational level, and no role has been found in
meiosis (Bender et al., 1996; Matsui et al., 1996; Norden
et al., 2006). However, our results mark out BOI1 as a
useful model locus to study the regulation and, ultimately,

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 861-874


http://www.yeastgenome.org
http://www.germonline.org
http://www.germonline.org

the possible function of 5-extended isoforms
in the control of protein translation during growth and
development.

How is Boi1 downregulated at the post-transcriptional
level during meiosis and spore formation?

Based on a recent ribosome profiling study and our
Western blot data in wild-type cells and a ume6 mutant
strain, we speculate that BO/1 may at least in part be
negatively controlled at the level of translation when
cells induce the developmentally regulated isoform
harbouring an upstream open reading frame (uORF;
Brar etal., 2012). Such uORFs are present in UTRs
throughout the yeast genome (Zhang and Dietrich,
2005). For the well-studied GCN4 locus, it was shown
that uORFs act as competitive inhibitors preventing the
translation of the down-stream ORF via a mechanism
called reinitiation (Hinnebusch, 2005; Gunisova and
Valasek, 2014). Such a mode of regulation is consistent
with the presence of uORFs in the extended BOI1
5’-UTR, and our finding that umeé cells grown in YPD,
which de-repress the meiotic isoform, contain very little
Boii.

We noticed that the protein migrates slower in the
absence of Ume6 than in wild-type cells. This might be a
consequence of protein modification rendering it unstable
or somehow unable to fold correctly, which would make
it a target for the unfolded protein response pathway
(Schroder et al., 2000). An alternative — or rather additional
— explanation to isoform-mediated translational control is
that Boi1 becomes unstable in cells growing in the pres-
ence of acetate and gets rapidly degraded by a target-
specific protease in cells as they initiate meiosis; this would
also explain why the cells do not appear to completely
switch from the short to the long isoform during meiosis.
Such a two-step mechanism was found to downregulate
Ume6 levels during respiration and early/middle meiosis
(Mallory et al., 2007; Law et al., 2014). Interestingly, while
Ume6 in S. cerevisiae appears to be regulated via protein
stability during growth and development (Mallory et al.,
2007; 2012; Law et al., 2014), the orthologous protein in
the human pathogen C. albicans is negatively controlled
via its 5-UTR when cells switch to filamentous growth
(Childers et al., 2014).

A complex mechanism involving the conserved HDAC
complex Rpd3/Sin3/Umeé6 regulates Boil during growth
and development

A large-scale in vivo binding assay revealed that Ume6
binds to the BOI1 upstream region but this interaction did
not have the same effect as in the cases of early meiotic
genes that are, contrary to BO/1, repressed during mitotic

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 861-874
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Fig. 5. A model for the regulation of BO/1. The model is based on
large-scale in vivo Ume6 DNA-binding data from reference
(Harbison et al., 2004) and our own results. The Rpd3/Sin3/Ume6
repressor complex is shown during fermentation (top) and
respiration/sporulation (bottom) where the DNA binding subunit
Ume6 is temporarily degraded in the presence of acetate (Mallory
et al., 2007). Blue arrows symbolize transcription start sites active
during mitosis (TSSmit) or meiosis (TSSmei). A red rectangle
represents the URS1 motif. A black line is DNA. ORF and uORFs
are represented by blue and orange rectangles, respectively.
mRNAs are shown as blue lines of varying thickness depending on
the expression level.

growth (Harbison et al., 2004). An obvious explanation for
this result — given that we identified a URS1 motif bound
by Ume6 in vivo at the 5-end of the isoform, and that
growing rpd3 and ume6 mutant cells de-repress the
isoform — is that the Rpd3/Sin3/Ume6 HDAC complex
shuts down the transcription of BO/1’s meiotic isoform in
mitosis. In the presence of acetate, cells partially degrade
Ume6, which enables the long isoform to accumulate.
Once cells have initiated meiosis, Umeé6 is destroyed and
the extended isoform is fully induced during early and
middle meiosis, while the mitotic isoform continues to
be detectable. A similar regulatory mechanism controls
meiotic isoforms encoded by CFT2 and RTT10; however,
in these cases proteins levels do not decline, but rather
increase when cells progress from respiration to sporula-
tion (Fig. 5); (Lardenois et al., 2014). This underlines how
important it is to experimentally validate predicted 5"-UTR
functions at the molecular level in follow-up studies. As
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Table 1. Yeast strains.

Strain ID  Genotype Reference

MPY1 JHY222 MATa/MATo. HAP1/HAP1 MKT1(D30G)/MKT1(D30G) RME1(INS 308A)/RME1(INS 308A) (Lardenois et al., 2011)
TAO3(E1493Q)/TAO3(E1493Q)

MPY392  JHY222 MATa/MATo. HAP1/HAP1 MKT1(D30G)/MKT1(D30G) RME1(INS 308A)/RME1(INS 308A) (Lardenois et al., 2011)
TAO3(E1493Q)/TAO3(E1493Q) rrp6::kanMX4/rrp6::kanMX4

MPY70 SK1 MATa/MATo: ho::LYS2/ho::LYS2 ura3/ura3 lys2/lys2 leu2::hisGl/leu2::hisG arg4-Nspl/arg4-Bgl (Primig et al., 2000)
his4x::LEU2-URA3/his4B::.LEU2

MPY309  SK1 MATo/ MATa ho::LYS2/ho::LYS2 ura3/ura3 lys2/lys2 (Lardenois et al., 2011)

MPY454  W101 MATa ho::lys5 gal2 (Granovskaia et al., 2010)

MPY441  SK1 MATa/MATa ho::hisG/ho::hisG lys2/lys2 ura3/ura3 leu2::hisGlleu2::hisG arg4-Nsp/arg4-Bgl (Burgess et al., 1999)
his4x::LEU2-URA3/his4B::LEU2 trp1::hisG/trp1::hisG rpd3::KanMX4/rpd3::KanMX4

MPY542  JHY222 MATa/MATo. HAP1/HAP1 MKT1(D30G)/MKT1(D30G) RME1(INS 308A)/RME1(INS 308A) (Lardenois and Stuparevic
TAO3(E1493Q)/TAO3(E1493Q) ume6::KanMX4/ume6::KanMX4 etal., 2014)

MPY702  SK1 MATa/MATo: ura8/ura3 leu2/leu2 trp1/trp1 lys2/lys2 ho::LYS2/ho::LYS2 gal80::LEU2/gal80::LEU2  (Shimizu et al., 2003)
ume6::TRP1/ume6::TRP1

MPY766  JHY222 MATa/MATo. HAP1/HAP1 MKT1(D30G)/MKT1(D30G) RME1(INS 308A)/RME1(INS 308A) This study
TAO3(E1493Q)/TAO3(E1493Q) BOI1/BOI1-Myc::KanMX4

MPY769 W303 MATa/MATo. ade2/ADE2 can1-100/CAN1 CYH2/cyh2 his3-11,15/his3-11,15 LEU1/leut-c This study
LEUZ/leu2-3,112 trp1-1::URA3:trp1-3 D/trp1-1 ura3-1/ura3-1 BOI1/BOI1-Myc::KanMX4

MPY770  W303 MATa/MATo. ade2/ade2 ade6/ADE6 can1-100/can1ADE2:CAN1 his3-11,15/his3-11,15 This study

leu2-3,112/leu2-3,112 trp1-1/trp1-1 ume6D1/ume6D1 ura3-1/ura3-1 BOI1/BOI1-Myc::KanMX4

far as BOI1 is concerned, it is unclear what happens
during late stages of spore formation but from tiling array
data, RNA-Seq, Northern blotting, and 5-RACE assays
we conclude that after exiting meiotic M-phase cells pro-
gressively switch back to expressing only the short
mitotic isoform. We speculate that the short isoform per-
sists until late stages of sporulation because Boil —
perhaps together with Boi2 — is important for the first
round of mitosis immediately after germination (Joseph-
Strauss et al., 2007; Geijer et al., 2012).

Our results provide initial insight into how BOI1
expression is altered by a conserved HDAC complex
when cells respond to nutritional cues. This is also the
first case of an early meiotic isoform that negatively cor-
relates with protein levels during initial stages of game-
togenesis (Lardenois et al., 2014). The HDAC Rpd3 is
conserved during evolution, and a growing body of evi-
dence shows that eukaryotic genes encode multiple iso-
forms (Nagalakshmi et al., 2008; Yang and Seto, 2008;
Waern and Snyder, 2013; Andersson et al., 2014; Brown
et al., 2014; Haberle et al., 2014). Therefore, our results
likely have broad implications for flexible 5-UTRs that
influence protein levels during cell growth and cell dif-
ferentiation in eukaryotes.

Experimental procedures
Yeast strains and media

The tiling array data were generated with sporulation compe-
tent SK1 MATa/o. and sporulation deficient MATo/o. strains.
RT-PCR validation experiments were carried out in SK1
MATa/o. and JHY222 MATa/o. strains as previously reported
(Lardenois et al., 2011). The induction of extended 5-mUTR

expression was analyzed in SK1 MATa/o. ume6 and rpd3,
and JHY222 MATa/o. ume6 deletion strains (Table 1). Sporu-
lation experiments were carried out using standard rich
medium with glucose (YPD) or acetate (YPA) and sporulation
medium (SPII).

Tiling array data

The molecular methods and bioinformatics approaches used
for raw data processing and normalization and transcript
identification were published in reference (Lardenois et al.,
2011).

RT-PCR

RT-PCR oligonucleotide primers were designed with Primer3
(simgene.com/Primer3). To take strain-specific mutations into
account, we downloaded the BOI1 open reading frame’s DNA
sequence from the Saccharomyces Genome Database (SGD;
yeastgenome.org), and aligned it with the SK1 genome using
the Saccharomyces Genome Resequencing Project (SGRP)
browser (sanger.ac.uk/research/projects/genomeinformatics/
sgrp.html). RT-PCR reactions were carried out using 2 ug of
RNA reverse transcribed with Reverse Transcriptase (High
Capacity cDNA Reverse Transcription kit; Life Technologies,
USA) and amplified using Taq Polymerase (Qiagen, France) at
60°C for 26 cycles. DNA samples were separated on 2%
agarose gels and photographed using an ImageQuant 350
digital Imaging System at the default settings (General Elec-
tric, USA). Primer sequences are given in Table 2.

5-Rapid Amplification of cDNA Ends (5™-RACE) analysis

We used the 5’-RACE version 2.0 kit (Invitrogen). RNA integ-
rity was verified by gel electrophoresis and the concentration
was determined using a Nanodrop spectrophotometer

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 861-874



Table 2. RT-PCR primers.

Rpd3/Umeé repress the meiotic BOI1 isoform 871

Genes Forward primers Reverse primers Size (bp)
BOI1 5’-CAAAGGGGCCAAATC C-3 5-AAATTGCGCCCATAATACCA-3’ 150
mBOI1 5’-AGCCGCATGAAGATGAAAGT-3" 5’-CCGGAGAACACTCAAATTCC-3" 236 (SK1 237)

ImBOI1 5-AGCCGCATGAAGATGAAAGT-3

5-AAATTGCGCCCATAATACCA-3’ 1042 (SK1 1048)

(Thermo Scientific). First strand cDNA was synthesized using
a gene-specific primer (GSP1) and SuperScript Il reverse
transcriptase, and the mRNA template was removed by treat-
ment with RNase H and RNase T1. Unincorporated dNTPs,
GSP1, and proteins were separated from cDNA using a
S.N.A.P. Column. A homopolymeric tail was added to the
3’-end of the cDNA using Terminal deoxynucleotidyl Trans-
ferase and dCTP. DNA amplification was carried out with
GSP2 and UAP (Universal Amplification Primer). The PCR
products of the expected size were purified from the agarose
gel and sequenced. The primer sequences are shown in
Table 3.

Northern blotting

Total RNA samples were prepared from fermenting (YPD),
respiring (YPA) and sporulating (SPII) diploid cells and further
processed as published (Lardenois et al., 2014). Oligonu-
cleotide sequences are shown in Table 4.

URS1 motif prediction

We searched for predicted URS1 sites in a 2 kb region
ranging from 61876 to 63876 immediately upstream of BO/1.
We used several PWMs (M01503, M01898 and M02531)

Table 3. 5-RACE primers.

Gene Reverse primer

BOI1 GSP1
BOI1 GSP2
BOI1 sequencing

5-TGGTCTTTGCAATTCTGTGG-3
5-TCGTGTTTTCCTCATTTCTGG-3’
5-AAATTGCGCCCATAATACCA-3’

Table 4. Northern blot primers.

provided by the TRANSFAC Professional database (Matys
et al., 2006) and Jaspar (Mathelier et al., 2014). The Match
tool was employed with minFP cut-offs scores. Among 10
sites predicted, we selected the one that was detected with
the high quality matrix M02531. The motif logo was generated
with R segLogo package (Bembom).

Chromatin immunoprecipitation (ChIP) assay

In vivo Ume6 binding to the URS1 motif present in the BO/1
up-stream region was assayed as published (Lardenois et al.,
2014). Oligonucleotides used are shown in Table 5. Oligonu-
cleotides used for the NUP85 control are published in
(Lardenois et al., 2014).

Analysis of the BOI1 5-UTR

We extracted the DNA sequence corresponding to the 5’-UTR
according to the boundaries of the segmentation algorithm
in S288C on chromosome2 (chr02+: 62921-63876). The
Expasy tools (Artimo et al., 2012) and ORF Finder (Rombel
etal., 2002) were used to identify ORFs with the classical
genetic code, start and stop codons being required and the
DNA length set at > 100 bp. An ORF at 62926-63063 was
identified corresponding to a 45 amino acid peptide in frame
with the annotated BO/1 ORF.

Protein tagging

A one-step tagging method based on PCR was employed to
construct a strain expressing Boi1 with a C-terminal myc tag
using cassette plasmids and oligonucleotides as published
(Wach et al., 1994; Janke et al., 2004). Colonies were first
examined by diagnostic PCR for correct integration and then
validated by Western blotting. Oligonucleotides used are
shown in Table 6.

Genes Forward primers Reverse primers Size (bp)
BOI1 5-CGCATCAACAGGAGAACAGA-3’ 5-TCCGGAGACTTGATGCTCTT-3’ 434
ACT1 5-CTCGTGCTGTCTTCCCATCT-3 5-AGATGGACCACTTTCTGCGT-3’ 1025
Table 5. ChlIP primers.

Genes Forward primers Reverse primers Size (bp)
BOI1 5-GACCTCTGAATGGTGGCTAATTAAG-3’ 5-TTGCGAACATGATAGCAGTTA-3’ 434

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 861-874
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Table 6. Primers for C-terminal myc tagging.

Gene Plasmid Forward primer Reverse primer References
5’-GATTACCTGGAAAGTTCAGCAT 5-AGGTGTTTAAGTTGGTCAAGA (Wach et al., 1994;
BOI1 pYM18 TTGAATACCCTGGTGGCAGACT AGTAACTAATGATTGCAGTTCT Janke et al., 2004)

TCGTACGCTGCAGGTCGAC-3’

CAATCGATGAATTCGAGCTCG-3’

Western blotting

Samples were prepared from fermenting (YPD), respiring
(YPA) and sporulating (SPII) cells as previously described.
25 g of total protein extract was run on a 4-20% gradient gel
(BioRad, USA) for one hour. Proteins were transferred onto
ImmobilonPSQ membranes (Millipore, France) using an
electro-blotter (TE77X; Hoefer, USA) in modified Towbin
buffer (48 mM Tris base, 40 mM glycine and 0.1% SDS) and
methanol (20% vol/vol anode; 5% vol/vol cathode) for two
hours. Tagged Boi1 was detected with a monoclonal anti-
myc-HRP antibody (Life Technologies, USA) at 1:1000. The
antibody was incubated in hybridization buffer overnight at
4°C. The signals were revealed using the ECL-Plus Chemi-
luminescence kit (GE Healthcare, USA) and the ImageQuant
350 system (GE Healthcare, USA). Band intensities deter-
mined using the ImageQuant TL 7.0 software set at default
parameters. A rabbit polyclonal anti-Pgk1 antibody (Invitro-
gen, USA) was used as a loading control.
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The conserved histone deacetylase Rpd3 and the DNA binding
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Due to erroneous file processing Fig. 3E included a duplicated image for mBOI1, the Northern blot in Fig. 3| was inverted
and the Western blot in Fig. 4B showed the wrong strain. We corrected the panels and revised the legend of Fig. 4. We
note that mBOI1 is expressed weaker in fermenting, rather than in respiring umeé6 cells by Northern blot (Fig. 31). We
sincerely apologize for the errors and emphasize that they do not affect the conclusions reported in the paper.
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B SPII Fig. 4. (A) is unchanged. (B) A Western blot is shown for Boi1™¢ in a wild type strain cultured in rich
E medium (YPD) and sporulation medium (SPII 18h, 24h). (C) The left panel shows an RT-PCR assay of
> 18 24 BOI1 isoforms in wild type and mutant strains as indicated. The right panel shows a Western blot of
—— Boi{me Boi1™¢ in wild-type (WT) cells versus mutant cells cultured in rich medium (YPD). The strain backgrounds

are indicated. Black and blue arrows mark the fast and slow migrating forms of Boi1™¢, respectively.
Band intensities are shown as bar diagrams. An SD error bar is given. The original panel (C) is renamed
into (D).
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3) CDC14 meiotic isoform regulation by Ume6

Introduction
Cdc14 is a protein phosphatase bound by Cdc55. It localizes to the nucleolus in early meiosis, and

is liberated in anaphase by FEAR and Mitotic Exit Network, which enables Cdc14 to inactivate
mitotic CDKs (Clb-CDKs) and to promote exit from mitosis (Marston A., et al. Developmental
Cell.2003). Cdc14 promotes mitotic exit by dephosphorylating Cdk1, which is a component of the
anaphase promoting complex/cyclosome (APC/C) (Stegmeier F, et al., Annu. Rev. Genet.2004), and
also by targeting Swi5, which is a key transcription factor that activates the Antagonist of Mitotic
Exit Network (AMEN) pathway. It has dual roles to activate AMNI to inhibit mitotic exit, and to
inactivate Sicl to allow S phase initiation. Sicl is also an inhibitor of Cdkl. Thus,
dephosphorylation of Swi5 by Cdc14 can ultimately activate Sicl to suppress the activity of Cdkl
(McCollum D, et al., Trends Cell Biol. 2011). In addition to regulating mitotic exit, Cdc14 was also
found to play complex roles in various cellular processes in mitosis, such as cytokinesis, DNA
replication, and spindle stability (Breitkreutz A, et al., Science. 2010; Ho Y, et al., Nature. 2002;
Visintin R, et al., Nature 1999).

Cdc14 has an important function in meiosis as well. Meiosis is specified by one round of DNA
replication follow up with two rounds of cell division. In the absence of CDCI4 function,
chromosome segregation is impaired and the cell undergoes only one meiotic division. This is due
to the delayed disassembly of the meiotic I spindle in the cdc/4 mutant cell (Breitkreutz A, et al.,
Science. 2010; Ho Y, et al., Nature. 2002; Visintin R, et al., Nature 1999).

A previous study about mRNA isoform changes during meiosis has found 5° UTR extensions of
mRNA to be induced during early, middle, and late meiosis. CDCI4 also has such a 5’UTR
extension during meiosis. However, it is not known how transcript isoforms of CDC14 are
regulated in meiosis. Here we carried out study to explore the mechanism that controls the transcript

isoform changes of CDC14.

Materials and methods
Yeast strains and growth media. Strain used in this study are MPY70 (SK1 WT) and MYP702

(SK1 ume6). Media were prepared according to standard protocols for growth (YPD, YPA) and
sporulation (SPII).

RT-PCR assay. RNA was extracted by Hot phenol method, followed by DNase I treatment with
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TURBO DNA-free Kit (Ambion, USA). RT-PCR reactions were carried out using 2 nug of RNA
reverse transcribed with Reverse Transcriptase (High Capacity cDNA Reverse Transcription Kkit;
Life Technologies, USA) and amplified using Taq Polymerase (Qiagen, France) at 60°C for 26
cycles. RT-PCR products were separated on 2% agarose gels and photographed using an
ImageQuant 350 digital Imaging 381 System at the default settings (General Electric, USA).

Primers used for RT-PCR were designed with Primer3 (simgene.com/Primer3; Table 1).

Table 1. Primers for RT-PCR assay

Gene Forward Primer Reverse Primer

CDCI14 | 5’-CCAACCTTCTACGGCGAATA-3’ 5’-GCTGGGTTCGTTATCTTCCA-3’
mCDCI14 | 5°-GCATTTGAAGGCCATTGCTA-3’ 5’-GGCATGAAGGGAGGGTCTAC-3’
ACTI 5’-CTCGTGCTGTCTTCCCATCT-3’ 5’-AGATGGACCACTTTCGTCGT-3’

Results and discussion
CDC1I4 is a gene function in late meiosis, however it has a long isoform induced specifically in

middle meiosis according to the tilling array result from Lardenois et al. This is consistent with the
idea that the long isoform of CDCI4 has role in regulating Cdc14 translation. CDC14 has an URS1
element in is promoter. The URS1 element is bound by Ume6-Rpd3 histone deacetylase complex
which inactivates its target promoters. If the Ume6-Rpd3 histone deacetylase complex is
responsible for the suppression of the meiotic long isoform of CDCI14 (mCDC14) in mitosis, then
mCDC14 should be de-repressed in a vegetatively growing ume6 mutant. To test this idea, we

assayed the expression of mCDC14 in ume6 cells.

As shown by the RT-PCR result in Figure 1, mCDC14 is indeed de-repressed in growing mitotic
ume6 cells, while CDC14 expression stays constant from mitosis to meiosis. Since ume6 cell is
deficient in meiosis, the signals for mCDCI14 are very weak during meiotic time course. The result
also shows that mCDCI4 is somehow becoming unstable in presporulation medium since the
expression signals become weak in acetate medium already. Probably there is another mechanism,
which inhibits transcription of mCDCI14, or acetate enhances the degradation of mCDCI4. This
result shows that Ume6-Rpd3 histone deacetylase complex is responsible for the suppression of the

meiotic long isoform of CDC14 (mCDC14) in mitosis.
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Figure 1. Expression pattern of mCDC14, CDC14 in SK1 ume6 mutant.
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4) RNA-mediated mechanisms controlling mRNA translation in meiosis
Introduction

In previous work it was shown that Rim4 is a protein involved in meiotic protein translation control
via its interaction with 5’-UTRs in mRNAs (Berchowitz et al., Cell 2015). Earlier and ongoing
protein profiling work in our laboratory using quantitative mass spectrometry, has identified Rim4
as a protein, which first appears in in pre-sporulation medium and later accumulates to very high
levels in meiotic and post-meiotic cells (Becker et al., J Proteomics 2015; Becker et al., in
preparation). Many other proteins were found to show fluctuations in mitosis and meiosis, including
some for which we find overlapping antisense IncRNAs of the SUT and MUT type that can form
dsRNAs in vivo some of which are able to influence protein expression (Becker et al., in

preparation; Wery et al., Mol Cell 2016).

Materials and Methods

Rim4 Western Blot

Yeast cells expressing a tagged form of Rim4 (gift from A. Amon; Berchowitz et al., Genes Dev
2013) were harvested at log phase in YPA and during meiosis in SPII 6h and 8h and frozen in liquid
nitrogen. To prepare a total protein extract, cells were treated with 0.2M NaOH and suspended in
50ul SDS sample buffer as described (V.V. Kushnirov. Yeast. 2000). 20ug protein extract per
sample was loaded on a gradient 4%-20% SDS-PAGE gel (BIORAD, France) and run at 60V for 30
minutes and at 120V for 90 minutes. Proteins were transferred to a PVDF membrane at 50mA for 3
hours (Millipore, France). The membrane was blocked with 5% milk at room temperature for 2
hours, and incubated over night at 4°C with the monoclonal anti-V5 antibody (ThermoScientific,
France) at a dilution of 1:5000. After stripping and blocking, the membrane was incubated at room
temperature for 2 hours with a monoclonal antibody against Pgk1 (Invitrogen, France) at 1:15000.
An anti-mouse secondary antibody (GE Healthcare, France) was incubated at room temperature for

1 hour at 1:5000 to reveal Rim4 and Pgkl. Images were generated using the ChemiDoc XRS+
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System; band intensities were quantified using ImageLab software (BIORAD).
J2 dsRNA detection

Yeast samples in presporulation medium (YPA) and sporulation medium (SPII) were cultured using
a standard protocol (Lardenois A., et al., PNAS.2011). 35 ug RNA was incubated with J2 anti-
dsRNA antibody (Scions, France) and 1 pl RNasin (Promega, France). Magnetic beads (Life
Technology) were added The RNA was extracted with phenol/chloroform (25:24:1) and treated with
DNasel (Ambion) for 30 minutes at 37°C. 180 ng RNA was used for reverse transcription using the
High-capacity ¢cDNA kit (ThermoFisher). cDNA was amplified by PCR for 30 cycles at an
annealing temperature of 60°C and an elongation time of 1 minute using a standard PCR machine

(Biometra, France).

Table: oligonucleotide sequences

Forward primer Reverse Primer
PRY1 CCGATGTGGTCTTGTCTGCT | TTGAGCGTAGGAGGCCAAAG
SwWiI6 TGAGACCCGTGGATTTTGGG | GCTCTTTCGACTCCGCTTCT
GAPI TTGTTGCCGCCTCCAAAAAG | CCCCAGTAGGAACCCCAAAC

Results and discussion

To confirm previous results from our and other laboratories I performed a Western blot analysis

using a strain harboring tagged Rim4 that was harvested during fermentation (YPA medium), and

meiotic M-phase (6h and 8h in SPII sporulation medium). My result showed a pattern of strong up-
regulation for Rim4 in meiosis as compared to mitosis

(respiration) and thus confirmed quantitative mass

< € % =
= = = = 1,5 .
£ 5 b § | spectrometry data (Figure 1).
" Rimd4s 3
Z 05
W — - Pgk1 ﬁ 0

YPA 6h  &h Figure 1. Rim4 Western blot. Samples and target proteins are given

at the top and left. A bar diagram quantifies bands.

Further work validated and extended dsRNA profiling data for Pry1 that shows a variable pattern of
protein detection in mitosis (detected in YPA) and meiosis (detected at 6h but not at 8h) Becker et
al., in preparation) and for which mRNA and antisense SUT209 were shown to form dsRNAs in
vivo in vegetatively growing cells (Wery et al., Mol Cell 2016). I used the J2 antibody to precipitate
dsRNAs in respiring and sporulating
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Figure 2. dsRNA assay. Samples are given at the bottom, target genes to the right,

PRY1 .
and antibody presence at the top.
SWig

SK1 MATalu

GAP1

YPA SPll6h SPIIgh

diploid cells and confirmed their presence in all samples (Figure 2). This associates dsRNA

formation with variable protein concentrations during cell growth and differentiation but it is

currently unclear if dsSRNA interferes with Pryl translation.
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Yeast strains

ID

Genotype

Reference

MPY716

MATa/MATa ARG4/arg4-bglIl HIS4/his4-xhol ura3A/ura3A
leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2 lys2/lys2

Joe Horecka

MPY721

MATa/MATa ARG4/argd-bglll HIS4/his4-xhol
ura3A0/ura3A0 leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2
lys2/lys2 pTEF1-RRP6 at ho/pTEF1-RRP6 at ho

Joe Horecka

MPY576

MATa/MATa HAP1/HAP1 MKT1
(D30G)/MKT1(D30G) RME1(INS 308A)/
RMEI(INS 308A) TAO3(E1493Q)/TAO3
(E1493Q) GAL1-RRP6

Joe Horecka

MPY665

ARG4/arg4-bglll HIS4/his4-xhol ura3 A /ura3 A
leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2 lys2/lys2 pTEF1-
MUT1312/pTEF1-MUT1312

Joe Horecka

MPY646/648

MATa/MATa lys 2 trpl::hisG ura3 LYS2::ho rrp6db con-
served

Mike Law

MPY702

SK1 MATa/MATa gal80::LEU2/gal80::LEU2
ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2 trpl/trpl
ume6D:: TRP1/ume6D:: TRP1 ura3yura3

Aaron Mitchell

MPY542

JHY222 MATa/MATo ume6::KanMX4/ume6::KanM X4

Joe Horecka

MPY815/816

JHY222: MATa/MATo. SWI4-myc

Bingning Xie

MPY689

SK1 MATa/MATo ARG4/arg4-bglll HIS4/his4-xhol ura3 A
/ura3 A leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2 lys2/lys2
CYCI1t-SUT200/CYCI1t-SUT200

Joe Horecka

MPY687

SK1 MATa/MATo ARG4/arg4-bglll HIS4/his4-xhol
ura3 A /ura3 A leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2
lys2/lys2 pTEF1-SUT200/pTEF1-SUT200

Joe Horecka

MPY685

SK1 MATa/MATo ARG4/arg4-bglll HIS4/his4-xhol ura3 A
/ura3 A leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2 lys2/lys2
ho::pTEF1-SUT200

Joe Horecka

MPY553

JHY?222 MATa/MATao. HAP1/HAP1
MKT1(D30G)/MKT1(D30G) RME1(INS 308A)/RME1(INS
308A) TAO3(E1493Q)/TAO3(E1493Q)
ndt80::kanMX4/ndt80::kanM X4

Joe Horecka

MPY672

SK1 MATa/MATo ARG4/arg4-bglIl HIS4/his4-xhol
ura3 A /ura3 A leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2
lys2/lys2 pTEF1-MUT1465/pTEF1-MUT1465

Joe Horecka

MPY674

SK1 MATa/MATo ARG4/arg4-bglIl HIS4/his4-xhol
ura3 A /ura3 A leu2::hisG/leu2::hisG ho::LYS2/ho::LYS2
lys2/lys2 CYC1t-MUT1465/CYC1t-MUT1465

Joe Horecka

MPY542

JHY222: MATa/MATo HAP1/HAP1 MKT1
(D30G)/MKT1(D30G) RMEI(INS 308A)/
RMEI1(INS 308A) TAO3(E1493Q)/TAO3
(E1493Q) ume6::KanMX4/ume6::KanM X4

Joe Horecka

(D30G)/MKT1(D30G) RME1(INS 308A)/
RMEI(INS 308A) TAO3(E1493Q)/TAO3
(E1493Q)

MPY70 MATa/MATa ho:LYS2/ho:LYS2, ura3/ura3, NKY1551: Nancy Kleckner
lys2/lys2,leu2:hisG/leu2:hisG, arg4-Nsp/arg4-Bgl,
his4x:LEU2-URA3/his4B:LEU2

MPY1 aHAP1/HAP1 MKT1 Lardenois et al., PNAS 2011
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Conclusion

In the 5-FU study, I found that IncRNAs respond to 5-FU by accumulating in treated cells, and that
the elevated expression of antisense IncRNAs, which can form dsRNA with their sense mRNAs, is
in some cases negatively associated with protein levels. As a consequence, the mRNA/IncRNA
involved in cell cycle regulation may result in impeding cell cycle progression upon drug treatment
like in the case of ACE2. mRNA responds to 5-FU not only by forming dsRNA with its antisense
noncoding RNA, but also by altering transcript architecture, since 5’-extended meiotic isoforms
also accumulate in starvation-synchronized cells treated with 5-FU. 5-FU exerts its RNA based
cytotoxicity by targeting Rrp6, and loss of Rrp6 makes cells more sensitive to 5-FU treatment.
Therefore, we explored if Rrp6 overexpression makes cells more resistant to 5-FU treatment. We
tested the idea in both Rrp6 overexpression-strains and a strain with a stable Rrp6 allele and found
that cells are indeed more resistant to 5-FU treatment in the presence of elevated Rrp6 levels. Thus,
my research suggests that IncRNAs could be targets for improved 5-FU based chemotherapy, and

Rrp6 could be target to alleviate tumor resistance to 5-FU treatment.

For the study about the mechanism that regulates Rrp6 during meiosis, I confirmed that
sense/antisense pairs can form dsRNA during meiosis and the pair formed by RRP6 and MUT1312
negatively correlates with Rrp6 protein levels. Overexpression of MUT1312 also decreases Rrp6
protein level in mitosis, which both are regulated during mitosis cell cycle. MUT477 and the SWI4

5’-UTR also seems to form dsRNA, which may regulate Swi4 post-transcriptionally during meiosis.

For the study about the role of Rrp6 in meiosis, I found that Rrp6 have negative role in repressing
the meiotic isoform of mRNA and meiotic induced IncRNAs MUTs, as both are accumulated in the

strain lack of RRP6, and I found that MUTSs are polyadenylated.

For the study about the regulation of MUTs, I did a genome wide transcription factor motif screen
and found that the activation of MUTs for which I detected MSE elements in their upstream
regions, depends on Ndt80, a middle meiotic activator. Ndt80 controls bidirectional transcripts by
binding to MSE elements in their promoter region. MUTI465 and BBPI is a prototype
IncRNA/mRNA pair induced by Ndt80 during middle meiosis. I found induction of this pair is “one
stone hit two birds” at the same time to activate the meiosis needed BBP/ gene and inactivate the
CLN?2 which is not needed in meiosis. The inhibition of CLN2 appears to occur via induction of

MUTI465 which result in transcription read-through to the CLN2 locus. Finally, SUT200/CDC6
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also appears to be controlled by a read through mechanism that inhibits CDC6 expression during

stages after pre-meiotic DNA replication.

For the study of IncRNA expression in different yeast strains, I found that repression of certain
MUTs is different in JHY222 and SK1 backgrounds since in ume6 mutants in these strains I observe
different de-repression patterns of MUT in mitosis. This may be due to the extensive differences in

JHY?222 and SK1 genome sequences.

For the meiotic isoform regulation study, I found Ndt80 to be responsible for the bidirectional
induction of meiotic ORCI and SMA2 and Ume6/Rdp3 to be responsible for the inhibition of

certain meiotic transcript isoform in mitosis.

Discussion

IncRNA based 5-FU cytotoxicity

For the study of IncRNA based mechanism of 5-FU cytotoxicity, we found IncRNAs weakly
induced in the treated cells as compared with the rrp6 mutant we used as a positive control. This is
to be expect because the drug inhibits Rrp6 to a certain extent but the deletion strain lost 100% of
Rrp6 activity. We found a negative correlation between mRNA/IncRNA formed dsRNA and protein
levels. This may indicate that dSRNA formation can inhibit translation. Sinturel F, et al., reported
that overlapping sense/antisense mRNA pairs can form dsRNA that influence the translation of
mRNA and its stability: the mRNA with a stop codon in the overlapping region will result in NO-
GO decay, since translating ribosomes cannot move forward because they are blocked by dsRNA.
Thus, it is possible that IncRNA accumulated in 5-FU treated cells inhibits mRNA translation post-
transcriptionally by forming dsRNA with its overlapping sense mRNA. More work should be done
to check this possibility directly by preventing expression of the IncRNA or overexpressing the
IncRNA in wild type cells under normal condition. Another interesting point is that certain
meiotically induced ncRNAs (MUTs) were found to be cell cycle regulated in mitosis like it was

reported before in the case of SUTs.

Rrp6 overexpression mediated 5-FU resistance
For the resistance to 5-FU by elevated Rrp6 expression: this was not reported before but it is not
surprising since an rrp6 mutant is more sensitive to 5-FU treatment, therefore RRP6 is a 5-FU

resistance gene. It is therefore to be expected that elevating the expression level of a resistance gene
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will lead to impaired drug treatment. However, this finding is particularly interesting and important
since RRP6 has a human homologue, which is called EXOSC10. Data in the human protein atlas
indicate that some certain cancer samples, such as colon cancer, show variable EXOSCI10 levels.
Therefore, Rrp6/EXOSC10 could be a good target for the improvement of 5-FU based cancer
therapy.

5-FU induced meiotic mRNA isoforms

For the isoform changes in 5-FU treated cells: this is not surprising since 5’UTR alteration is one
mechanism of generating transcript isoforms, with splicing being another one. Alternative splicing
has been reported to respond to drug treatment in higher eukaryotes as well as in budding yeast
treated with 5-FU. However, it is interesting to see that certain 5 -extended meiotic isoforms
actually are not meiosis specific, but cell cycle regulated. Due to their fluctuation therefore they
cannot be detected in unsynchronized mitosis control sample in the previous studies where the
signal was diluted. The isoform changes seem to be coherent with mRNA and IncRNA changes. For
example, in the case of CDC14, which is needed for mitotic exit, the upregulation is consistent with
the down regulation of the AMEN pathway, thus allowing mitotic exit to remain active and leading
to an abnormal cell cycle. Therefore, isoform changes may also have significant meaning as they
control key pathways, and they could also be important targets for the improvement of 5-FU based

chemotherapy.

Rrp6 controls meiotic IncRNA

For the function of RRP6 in meiosis, I found that it is important to control the meiotic isoform and
MUTs to restrict MUT expression to meiosis. rrp6 mutants show elevated expression of both
meiotic isoforms and MUTs, and they have weak induction during mitosis. This is consistent with
the already known function of Rrp6 to degrade unstable nascent transcripts. In addition, I also found
that certain MUTs are polyadenylated and deletion of RRP6 will result in elevated polyadenylation
of these MUTs. This is coherent with earlier reports that Rrp6 controls polyadenylation of rRNA
and mRNA.

Regulation of Rrp6 during meiosis

For the regulation of Rrp6 during meiosis, I confirmed high-throughput data showing that
MUTI312 forms dsRNA with RRP6 mRNA, and that this phenomenon is negatively correlated with
Rrp6 protein levels during meiosis. Furthermore, I found that overexpression of MUTI312 in

mitosis results in down-regulation of Rrp6 protein. RRP6 mRNA levels do not change during
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meiosis except during mid-late meiosis at 8h where it decreases during a brief period. However,
mRNA increases again later, while the protein does not re-accumulate. This may indicate that
MUTI1312 inhibits the translation of Rrp6 during meiosis. Alternatively, since RRP6 mRNA
increases at later stages, it may be that MUT1312 stabilizes RRP6 mRNA during late meiosis via
dsRNA formation, since Rrp6 is important for the germinating cell. EXOSCI10 is also associated
with an antisense ncRNA that overlaps with its 3’ part, and human EXOSCI0 is essential for the
cell cycle. dsRNA formation might be a new mechanism for cells to restore maternal RNAs during
development of the zygote before zygote genome activation. Although no literature reported this

mechanism, I think it is plausible and worth to be further investigated.

IncRNA mediating inhibition of translation

Another interesting dsRNA is MUT477 and the meiotic extended 5’UTR of SWI4. 1 found the
formation of dsRNA to be negatively correlated with protein levels in this case as well. However, as
opposed to RRP6/MUTI312, MUT477 overlaps only with the meiotic extended 5’UTR of SWI4
rather than the 3’end. The 5’UTR is important for translation of mRNA, since it allows ribosome to
search and bind to the mRNA. A dsRNA formed in the 5’UTR region could block the entry of
ribosomes into mRNA, and thus inhibit translation. However, more experiments should be done to

provide direct evidence for this hypothesis.

Regulation role of MUTs during meiosis

SUT200 is located upstream of CDC6, which originally led us to think that it inhibits CDC6 by
promoter interference. However, my experimental results show that it might rather be read-through
from SUT200 into CDC6 lead to inhibition of CDC6. More work should be down to further prove
this idea, for example by using an antibody against the RNA Polll initiation complex to see if the

promoter accessibility is affected.

For the mechanism that induce MUTs expression in meiosis, I found that Ndt80 is the major
transcription factor, which induces MUT expression during middle meiosis in those cases that
possess an MSE element in their promoter region. An interesting example is MUT1465/BBP1, for
which I found that the bidirectional induction by Ndt80 not only activate a gene important for
meiosis (BBPI), but also indirectly shut down a gene not needed for it (CLN2) by transcriptional
read-through from MUTI1465. The MUTI465 locus seems to interact with the CLN2 3’end in
mitosis, which enables the fast re-cycling and re-use of the RNA Polymerase II and cofactors to

allow normal expression of CLN2 during mitosis. This kind of looping is common in budding yeast
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to facilitate gene expression.
For the ncRNA induction difference in two strains, I think this may due to the sequence difference
of the two strains and also the different phenotypes of RRP6 deletion, which is not strictly essential

in JHY?222 but it is in SKI.

Regulation of meiotic isoforms
For the isoform changes, we further provide the mechanism of how the middle meiosis isoform is
regulated by Ndt80, which is a middle meiosis activator that induces the meiotic isoform during

middle meiosis.

Taken together, my studies during the PhD project provide a new perspective about 5-FU
cytotoxicity by showing that abnormally accumulated IncRNAs may mediated inhibition of protein
translation by dsRNA formation. This reveals new targets for improvement of 5-FU chemotherapy. I
also provide evidence for the role of long non-coding RNA in meiosis via (1) formation of dsSRNA
with overlapping antisense mRNA to potentially inhibit the translation of sense mRNAs; and (2)
inhibition of downstream mRNA by transcriptional read-through of IncRNAs. Furthermore, my
work revealed an Ndt80-dependent mechanism that induces MUTs during meiosis. In addition, the
regulatory mechanisms controlling mRNA isoform changes during meiosis were also explored,
showing that Ume6/Rpd3 represses meiotic isoforms in mitosis and that Ndt80 activates a meiotic

mRNA isoform encoded by ORC1 via a bi-directional promoter.
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Abstract

The drug 5-fluorouracil (5-FU) was introduced as an effective agent in chemotherapy several
decades ago. Although much work has focused on understanding its mechanism of action and
the events that mediate resistance, some key issues remain unresolved. In my work I
addressed the question if the deregulation of recently discovered long non-coding RNAs that
depend upon the exoribonuclease Rrp6 (EXOSCI10 in mammals) — an enzyme which is
directly inhibited by 5-FU — may be involved in the drug’s cytotoxicity. To this end, I studied
the genome-wide effect of 5-FU treatment using RNA profiling in budding yeast, a major
model organism for studying eukaryotic cell cycle progression. My major findings are that (i)
some IncRNAs accumulate upon treatment including certain transcripts that can form double
stranded RNAs with their overlapping sense mRNAs (and IncRNAs) and (i) mRNAs and
protein levels of the important Swi5 and Ace2 cell cycle regulators are decreased and their
target gene mRNAs are down-regulated. In related work, I showed that (i) RRP6 over-
expression mediates elevated 5-FU resistance, which marks the protein out as a potential
target for strategies to counter this critical phenomenon in cancer. Furthermore, I studied the
transcriptional regulation of meiotic developmental stage specific IncRNAs, some of which
are accumulating in cycling cells upon 5-FU treatment. Finally, I participated in work on the
epigenetic control of mRNA isoforms that are repressed in mitosis, that can accumulate in 5-
FU treated cells, and that are normally activated during various stages of meiotic cell
differentiation. My work paves the way for further studies in mammalian cancer cells aiming
at IncRNA accumulation upon 5-FU treatment and a possible correlation between EXOSC10
protein levels and 5-FU resistance in malignancies such as colon, breast and skin cancer.
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