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The yeast, Saccharomyces cerevisiae, has previously been shown to have a
transcriptome comprising over 6,000 protein coding genes, as well as over 900 non-
coding RNAs (ncRNAs). This work focuses on the regulation of the gene /ME4, which
is normally expressed only in a/a diploid cells. In haploid cells, an ncRNA, which I have
termed Regulator of Meiosis 2, (RME?) is expressed from the antisense strand of IME4.
RME? has a direct role in the haploid-specific repression of IME4. I have shown that
RME? represents a novel class of cis-acting non-coding RNA regulators, as it does not
regulate in a frans-acting mechanism like microRNA. Furthermore, RME?2 represses
IMFE4 transcription in a promoter-independent mechanism, as transcription factor binding
at the IME4 promoter is not perturbed. Regulation by IME4 does appear to require
transcription across specific sequences within the /ME4 ORF itself; in absence of the
required sequences, IME4 and RME? are co-expressed. In addition to IME4, this work
details another meiotic gene, Z/P2, which was found to have a similar regulatory
antisense transcript, RME3. Like RME2, RME3 represses in a cis- acting mechanism.

To determine if other genes are regulated in a manner similar to /IME4 and ZIP2,
strand-specific RNA-sequence analysis was used to compare the antisense transcriptomes
of MATa and a/a. cells grown vegetatively and in early meiotic conditions. This analysis
identified over 1400 antisense ncRNAs, including 147 cases where antisense ncRNAs are

differentially expressed in relation to the sense transcripts in different cell-types or
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growth conditions. Another subset of 65 genes express antisense ncRNA but not the
sense transcript in the four conditions assayed here. These genes may be regulated by
antisense transcription, and derepressed under other environmental conditions. There are
also over 300 examples of genes that express both sense and antisense transcripts at
similar levels. In these cases, the antisense transcript may not have a role in regulating
coding expression. This work shows that the non-coding transcriptome has an important
role in differential cellular responses, and suggests cis-acting antisense transcription may

be a widespread mechanism of regulation.
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[. INTRODUCTION



The yeast S. cerevisiae is useful as a model eukaryotic system for its simplicity of
growth and ease of genetic manipulation. S. cerevisiae possesses many of the same basic
cellular processes found in higher eukaryotes, such as transcriptional regulation, RNA
processing, gene splicing, and a meiotic phase of their life cycle. Many of the genes and
proteins involved in these pathways are highly conserved in structure and function from
S. cerevisiae into higher eukaryotes. Therefore, the molecular mechanisms of gene
regulation in yeast may be extrapolated to function in other eukaryotes. This allows us

to use yeast as a molecular model for human diseases caused by genetic dysfunction.

1. Yeast life cycle.

S. cerevisiae lives as three cell types; haploid (1n) a and a, and diploid (2n)
a/a. The a and a haploid cells express different cell-type specific genes involved in
mating. When two haploid cells of opposite mating type come into contact, they respond
to the opposite-type mating pheromone, and undergo conjugation, forming the
a/a diploid cell (Fig. 1). All three cell-types grow and divide mitotically under
conditions where carbon and nitrogen are plentiful. When cells are starved, haploid cells
will enter cell-cycle arrest and eventually die. In contrast, a/a diploid cells have a
different response to the insufficient carbon and nitrogen. Cell-type specific gene
expression changes unique to a/a diploid cells permit them to enter the meiosis and
sporulation pathway. This leads to the production of four haploid spores, two MATa and
two MATa, that are resistant to environmental stress. The spores will germinate when

conditions improve, meaning sufficient water, carbon, and nitrogen, allowing them to



Figure 1: Yeast life cycle. Haploid MATa, MATa, and a/a diploid cells grow
and divide mitotically in rich media. Mitotic division continues until starvation
conditions (low carbon/low nitrogen). a/a diploid cells can undergo meiosis and
sporulation, and their haploid spores start the cycle again when carbon, nitrogen, and

water are detected.
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resume mitotic division, and starting the life cycle again. Many of the proteins and
regulatory mechanisms involved in the different stages of cell cycle, cell-type,
differentiation, and meiosis are similar to those in found higher eukaryotes. Therefore,
studies of S. cerevisiae can provide information on the conserved systems found in higher
eukaryotes, with the benefit of simpler genetic manipulation and faster growth.

While the three cell types in yeast express a large number of genes in common,
each one also has a set of genes unique to a particular cell type, which are regulated by
cell-type specific transcription factors. Mcml, as a homodimer, activates a-specific
genes in a cells; these same genes are repressed in the other two cell types by the Mcm1-
a2 heterotetramer complex (Fig. 2) The a-specific genes are activated by the Mcm1-al
complex, and are not expressed in the other cell types (Galgoczy, et al., 2004). Diploid
a/a cells express both the al and a2 proteins to form the diploid-specific heterodimer
repressor complex, al-a2. This complex binds to a specific sequence, which is found in
the promoters of many haploid-specific genes (Fig. 2) (Goutte and Johnson, 1988; Jin, et
al., 1995; Nagaraj, et al., 2004). The al-a2 complex recruits other proteins (including
Tupl, Ssn6, and Sin4) that function in concert in a/a diploid cells to repress this of group
haploid-specific genes, which includes HO (mating-type switching); STE4, STES, STE1S8
(mating); and GPAI (pheromone response). This prevents diploid cells from engaging in
processes (i.e. mating) which would be biologically disadvantageous to the cell (Goutte

and Johnson, 1988; Oshima and Campisi, 1991; Strathern, et al., 1981).



Figure 2: Transcriptional regulatory protein complexes that regulate cell-type
specific genes in yeast. DNA-binding activator complexes are indicated by an arrow in
the direction of transcription. Repression is indicated by a -| in the direction of
transcription. Mcm1 activates a-specific genes in MATa cells, and a2-Mcml represses
a-specific genes in MATa and a/a cells. The al-Mcm1 complex activates o—specific
genes in MATo cells. Haploid-specific genes are repressed by the al-a2 complex in a/a

cells.



MATa MATo, a/o
a-specific  |Mcm1 > cm1 cm1
genes @ _l d @2) |
a-specific Mcm1
genes - .

haploid-

— __ = — —



2. Meiosis and Sporulation

The al-a2 complex is also involved in the regulation of meiosis-specific genes in
yeast. The process of meiosis and sporulation in yeast involves a cascade of expression
changes for over 500 genes (Chu, et al., 1998). It is also one of the most highly regulated
processes in the cell. Sporulation must be prevented in haploid cells because they will not
undergo proper chromosomal segregation for meiosis, which will kill the daughter cells.
Entry into sporulation in diploid cells must be prevented when nutrient conditions are good,
because growth and mitotic division are favorable.

In diploid cells, entry into the sporulation pathway is controlled by expression of
diploid-specific kinase, IME, which is the master initiator of meiosis (Covitz, et al., 1991;
Kassir, et al., 1988; Mitchell, et al., 1990). Two classes of inputs regulate /ME: starvation
signals, which are activated by the nutritional status of the cell, and cell type-specific
responses (Fig. 3). The al-a2 complex regulates cell type-specific control of IME] through
two different pathways. One pathway is regulated via the haploid-specific gene RME
(Covitz, et al., 1991; Mitchell and Herskowitz, 1986). In haploid cells, the Rmel repressor is
expressed and binds to the promoter of /ME 1, acting as a transcriptional repressor (Mitchell,
et al., 1990). This prevents haploid cells from entering into the meiotic pathway. In diploid
cells, al-a2 complex binds to the promoter of RME, repressing its transcription, thereby

relieving repression of IME] (Covitz, et al., 1991).



Figure 3. Nutritional and cell-type specific inputs regulate meiotic entry. Genes
expressed in haploid cells are indicated in red. Diploid (a/a) —specific genes are indicated in
orange. Activation is indicated by an arrow, and repression of the target gene is indicated
with a -|. IMEI, the master regulator of meiosis is regulated by two classes of input:
nutritional and cell-type specific. In MATa and MATa. cells, RME] binds to the IME
promoter, acting as a transcriptional repressor. In a/a cells, RME] is repressed by al-a2,
allowing IME] activation. IME1 activation also requires the al-a2-regulated gene IME4. It
was speculated that a haploid-specific gene “X”, repressed by al-a2, represses IME4 (Shah

and Clancy, 1992).
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There is a second cell type-specific input required to initiate sporulation. The IME4 gene
was originally identified as a mutation called spo8, which was defective in the diploid cell’s
ability to sporulate (Esposito and Esposito, 1974; Esposito and Esposito, 1975). It was later
identified as IME4 (Initiator of Meiosis), an activator of meiosis in diploid cells (Shah and
Clancy, 1992). The IME4 gene is only expressed at high levels in a/a diploid cells, and not
in cells which lack the al-a2 complex (haploid, a/a diploids, or /o diploids). Therefore, it
appeared as though the activation of /ME4 required the al-a2 complex. However, the
biological function of the al-a2 complex had been previously established as being a
transcriptional repressor, of haploid-specific genes (Goutte and Johnson, 1988). It was
assumed that a second intermediary haploid-specific repressor, was acting in between IME4
and al-a2 in the pathway to repress /ME4 in haploid cells. This repressor, indicated by the
“X” in Figure 3, in turn would be directly repressed by the al-a2 complex, similar to RME],
in diploid cells under conditions of sporulation. However, work to identify a protein cofactor
did not identify what this mystery factor “X” was. The question remained for how the al-

a2 complex acts as both an activator and a repressor of different genes.

3. Identification of a1-a.2 sites in the yeast genome.

Identification of al-a2 sites in the yeast genome provided further information on
the regulation of IME4 (Nagaraj, et al., 2004). To identify the target sites, an algorithm
that combined al-a2 binding site preference data, with microarray data showing genes
strongly expressed in haploid cells, but not in diploid cells (Nagaraj, et al., 2004). This
screen correctly identified many of the known targets of al-a2 repression, such as HO,

STES, and FUS3. The screen also identified a number of novel target genes, including
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RDH54 and MET31, which are expressed at comparatively lower levels in diploid cells,
due to the control of al-a2 binding in their promoter regions.

Additionally, the screen identified an al-a2 binding site upstream of the COX13
gene. COXI3 encodes a cytochrome C oxidase that did not appear to be differentially
expressed in haploid and diploid cell types (Galitski, et al., 1999; Yin, et al., 2003). An
Electrophoretic Mobility Shift Assay (EMSA) illustrated that the al-a2 complex is able
to bind to this DNA sequence in vitro, as evidenced by the shifted bands in lanes 8-11
(Fig.4A). The amount of shifted DNA appears to be similar to the amount seen for the
known strong binding site HO(6) (Fig. 4A, lanes 4-7) (Mathias, et al., 2004). To test
whether the al-a2 complex binds to this site in vivo, a Chromatin Immunoprecipitation
(ChIP) assay using antibody to a2 was performed (Fig 4B). A band corresponding to the
COX13 promoter site was amplified from ChIP material from the a/a strain, but not the
Ao strain, as seen in the COX13 test bands from the IP lanes of Fig 4B. Because the
Alo TP did not amplify the COX13 site, it indicates that a2 is only bound to the site in
complex with al, and not in complex with Mcm1. Finally, to test if this site was
functional as a repressor site, it was cloned into a heterologous promoter that was driving
expression of lacZ. A (3-galactosidase assay showed that this site functions as a very
strong repressor site in the context of a heterologous reporter, with 143x fold repression
of the downstream gene, compared to a lacZ construct without an al-a2 binding site in
the promoter (Fig. 4C). Taken together, this data showed that the COX13 site is a

functional al-a2 repressor site. When analyzed in the context of the adjacent loci, we
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Figure 4. The al-a.2 complex binds in the COX13/IME4 intergenic region. (A)
EMSA of DNA containing the al-a2 binding site found upstream of HO(6) (lanes 4-7) or
COX13 (lanes 8-11). The shifts for unbound radiolabeled DNA and bound fraction are
indicated. The upper band is a degradation product. Lane 1 is a no-probe control, lane 2
is al alone, and lane 3 is a2 alone . (B) ChIP assay of the COX13 site. TC is total
Chromatin, IP is DNA immunoprecipitated with anti-a2 antibody. STE6 is a known
target of a2-Mcm1 and YDL223C is a negative control for -a2 binding. (C) pB-
galactosidase assay of a heterologous reporter containing the HO(6) or COX13 al-a2

site, transformed in an a/a cell, as compared to the vector without a site.
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found the site listed as upstream of COX13 is actually closer to the 3° end of the IME4
open reading frame, than to the 5’ end of COX13 (125 vs. 576 base pairs) (Fig. 5). This

data was the first suggestion of a direct relationship between IME4 and al-a2.

The possibility that the downstream al-a2 site somehow acts as a direct activator
of IME4 by looping or binding to the promoter was tested. It was found that there was no
discernable interaction between al-a2 and the promoter DNA of IME4 (Nagaraj,
unpublished). In reexamining the previous work on /ME4, it was found that strand-
specific Northern Blotting detected the presence of a second transcript, expressed from
the antisense strand of /ME4 (Shah and Clancy, 1992). Analysis of the antisense strand
of IME4 using the ORF finder (http://www.ncbi.nlm.nih.gov/projects/gorf/orfig.cgi)
did not show any significant ORFs in this direction, so it is unlikely that this transcript
codes for a protein, which could have been a potential candidate for the repressor “X”.
We hypothesize that expression of this antisense transcript itself, which we refer to as
RME?2 (Repressor of Meiosis 2), is the inhibitor of IME4 expression in haploid cells, and
not a regulatory protein. The position of the al-a2 binding site in the /ME4 intergenic
region suggests that it may be in the RME?2 promoter region; therefore, al-a2 would
repress RME?2. If this is true, when RME? is expressed it may repress /ME4, which in
turn prevents induction of IME!. In diploid cells, the al-a2 complex binds at the RME?2
promoter, repressing RME?2, and allowing IME4 expression. Chapter 3 describes the

analysis of this ncRNA and its role in regulating IME4.
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Figure 5: Cartoon illustrating the IME4 and COX13 loci, and proximity to the al-
a.2 binding site. The /ME4 and COX13 ORFs are indicated in yellow. RNA transcripts
are indicated with green arrows. The al-a2 site is 125 bp from the end of IME4, and 576

bp from the end of COX13.
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4. RNA mediated regulation

One of the canonical mechanisms of gene regulation in eukaryotes has been is the
RNA interference (RNAi) model, or quelling, as it is known in filamentous fungi (He and
Hannon, 2004; Pickford, et al., 2002). In these systems, 22-25 bp antisense RNA fragments
known as microRNAs (miRNAs) anneal to coding RNA, leading to targeted degradation
(Fig. 6A) (Cogoni and Macino, 1997; He and Hannon, 2004; Mallory, et al., 2004). This
process also requires the presence of three proteins. Drosha and Dicer cleave the initial pre-
miRNA transcript to a mature 22-25 bp miRNA (He and Hannon, 2004). RISC is a complex
that cleaves the miRNA-mRNA duplex. RISC also activates gene silencing when bound by
the miRNA-mRNA duplex (Couzin, 2002; He and Hannon, 2004). Interestingly, while Dicer,
Drosha, and RISC homologues have been identified in many eukaryotes, including the yeast
Schizosaccharomyces pombe, they have not been identified in S. cerevisiae (Drinnenberg, et
al., 2009). If trans-acting antisense-mediated regulation occurs in S. cerevisiae, it could
utilize proteins with similar biological functions to RNAi machinery (such as RNAses) in a
non-canonical mechanism. It is also possible that dsSRNA-mediated gene repression works
through an entirely different frans-acting mechanism which is not similar to RNAI.

In addition to the miRNA and siRNA pathways, there are trans- acting ncRNAs
which regulate gene expression in other ways. One example is kcnglotl, an antisense
RNA which has a role in the silencing of Kcngl from the paternal locus in mice and
humans (Fig. 6B.) (Kanduri, et al., 2006; Rump, et al., 2005; Thakur, et al., 2004). Only

the
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Figure 6. Antisense mediated regulation (A) The LET7 microRNA, a 22 bp antisense
RNA, binds in —trans to the LIN-41 mRNA, leading to targeted degradation and
silencing. (B) In mouse maternal cells, KCNQI is expressed (Top). In paternal cells, an
intronic antisense ncRNA, Kcnglotl is expressed instead. Transcription of Kcnglotl

silences Kcngl and surrounding genes due to methylation changes.



20

A LET7 pre-miRNA
lin-41-mRNA -
> { LET7 }

- lin-41 -

\ hairpin
fold
lin41-mRNA l

>
LET7 miRNA
«

¥

dsRNA ‘ﬂT»
target for:
degradation
silencing

B Maternal Chromosome

KCNQ1 mRNA

— KCNQ1 ——

Paternal Chromosome

-X—| KCNQ1 —

—
KCNQ1ot1 nc-RNA




21

maternal allele expresses Kcng; failure to silence the paternal copy is associated with
Beckwith-Wiedemann Syndrome and colonic cancers (Rump, et al., 2005).

Curiously, S. cerevisiae lacks the endogenous ability to perform RNAi regulation
utilizing short ncRNA, such as miRNAs or siRNAs (Drinnenberg, et al., 2009). However,
there are examples known in which antisense transcripts affect coding gene expression in
yeast. RNA fragments antisense to the cell-cycle gene YBR1012 were found to reduce sense
RNA levels (Nasr, et al., 1994). This trans- acting antisense RNA led to inhibited cell cycle
progress and a slow growth phenotype (Nasr, et al., 1995; Nasr, et al., 1994). A similar
artificial antisense methodology was employed to repress the CAR! gene. Expression of a
CARI antisense transcript in trans reduced CARI expression nearly six-fold (Park, et al.,
2001). However, attempts to use a similar method to repress the gene MI/GI were not
successful (Olsson, et al., 1997). This indicates that there is more to this regulatory
mechanism than simply the presence of an antisense RNA.

More recent studies have found endogenous examples of trans- acting RNA in S.
cerevisiae. A transcript antisense to the 7Y/- locus is expressed from distant loci in S.
cereivisiae (Berretta, et al., 2008). This ncRNA binds to the 7Y/ retrotransposon, inducing
changes in chromatin structures that repress transcription and impair transposition mobility.
The PHO84 locus also expresses an antisense transcript in wild-type cells that reduce the
amount of PHO84 mRNA, after long-term storage at low temperatures (Camblong, et al.,
2009). Interestingly, high copy, trans-expressed PHOS84-antisense can also repress PHOS84
in the same manner (Camblong, et al., 2009). Regulation in trans- therefore may be
dependent on specific RNA sequences that form RNA-RNA or RNA-DNA hybrids. There

may also be as-yet unknown cofactors required to degrade dsSRNA molecules.
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It is also possible that n.cRNAs work in cis- to regulate coding gene expression.
For example, transcription of RME2 may alter the surrounding chromatin structure of the
promoter in a manner that prevents sense transcription. Alternately, the antisense RNA
itself may act as a physical block to extending sense transcription. This form of
regulation has already been proposed for the mouse gene Kcnglot! (Fig. 6B) (Kanduri, et
al., 2006). Transcription of the antisense transcript through the coding region of Kcngl
alters the chromatin structure, rendering sense transcription inactive (Kanduri, 2006).

When yeast cells are starved for zinc, the Zap! transcription factor is induced, and
it binds to the promoters of Zinc-response genes to activate transcription (Zhao, et al.,
1998). Zapl was shown to bind upstream of ADH1, but ADH1 transcription is reduced
during Zinc depletion (Fig. 7A)(Bird, et al., 2006), It was shown that Zap1 induced
expression of the ZRRI ncRNA which acts in cis- to block access to the ADH I promoter
(Bird, et al., 2006). The ADH3 gene was shown to be similarly regulated by the ncRNA
ZRR3.

A cis- acting mechanism of RNA-mediated regulation also controls expression of
the SER3 gene (Fig. 7B). When serine is limited, the SER3 gene is expressed through the
action of an activator that binds to the SER3 promoter. When serine is plentiful, an
upstream, non-coding transcript, SRG1, is activated by Swi/Snf bound upstream of SER3
(Martens, et al., 2004). Transcription of SRG/ across the SER3 promoter was found to
block binding of TBP, which in turn prevents SER3 expression (Fig. 7B) (Martens, et al.,

2004) .
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Figure 7. ADH1, ADH3, and SER3 are regulated in -cis by ncRNAs. A) ADHI is
expressed in vegetative media. When Zinc is depleted, Zap!1 binds to a site upstream of
the promoter, activating ZRRI. Transcription of ZRR1 blocks access to the coding
promoter. ADH3 is regulated by ZRR3 in the same manner. B) The SER3 gene is
expressed when low levels of serine are present in the media. When serine levels are
high, Swi/Snf binds upstream of SER3, and activates transcription of SRGI. Expression

of SRG1 blocks access to the SER3 promoter.
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Interestingly, the mechanism of repression of SER3 was discovered because prior
research had shown that the Swi/Snf activator complex was required to repress SER3
(Martens, et al., 2004). This activator complex binds at the SRG I promoter, increasing
SRG1 transcription under conditions of plentiful serine; in turn, SRG/ represses SER3
(Martens, et al., 2004; Martens, et al., 2005). This mechanism could be considered
analogous to the model for /IME4, where the al-a2 complex appears to act as an activator
for IME4. In haploid cells, RME?2 transcription prevents /ME4 activators from binding.
Downstream binding of the al-a2 complex in diploid cells represses RME?2, allowing

IME4 activation.

5. Transcriptome Studies

Detailed RNA profiling using tiled microarrays has shown that there are over 700
examples of overlapping antisense transcripts. It highly likely that the expression of
some of these transcripts affects expression of the other strand (David, et al., 2006;
Steigele and Nieselt, 2005). The more recent studies of the yeast transcriptome estimate
that there are many different kinds of non-coding genes present, including antisense
RNAs, intergenic transcripts, and unstable non-coding transcripts (Gagneur, et al., 2009;
Xu, et al., 2009).

Use of existing microarray datasets was able to identify the al-a2 complex
binding downstream of /ME4, which regulates the RME?2 transcript that represses it in
haploid cells; this work is detailed in Chapter III. By revisiting the same al-a2 ChIP
dataset and focusing on sites near the 3’ ends of genes, instead of 5’ ends, and comparing

it to the tiled array transcriptome produced by the Huber and Steinmetz laboratories, I
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identified the ncRNA RME3, which regulates ZIP2 in a cell-type specific manner, similar
to IME4. These experiments are detailed in Chapter IV. Finally, in Chapter 5, I detail a

stranded RNA-seq analysis that compares the transcriptomes of MATa and a/a cell-types
under vegetative and meiosis inducing conditions, to identify an extensive array of cell-

type and condition-specific examples of ncRNA-mediated regulation.
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A. Materials
Plasmid construction. A list of the plasmids used in this study is shown in Table 1.

Plasmid pBG1 contains a 600 bp PCR generated fragment of bp +1400 to +2000 bp from
IME4 genomic DNA cloned into the TOPO TA vector (Invitrogen). Site-directed
mutagenesis was used to change four base pairs in the al-a2 binding site (WT:
GTGTATTTTTTTACATCA; mu: GTcgATTTTTTTACggCA) to produce plasmid
pBG7. Plasmid pBG113 contains a 2.9-kb PCR generated fragment of bp -450 to +400
bp flanking IME4 genomic DNA cloned into the TOPO TA vector (Invitrogen). This
plasmid was digested with Xbal and HindIII to clone into the same sites in pRS415 to
generate pBG112, and it was digested with Xhol and HindIII to clone into the same sites
in pRS405 to generate pPBG129 (Sikorski and Hieter, 1989).

The HOPI-ursl mutant (pBG157) was generated by gap-repair of BglII digested
pBG112 using a 216 bp PCR fragment spanning -216 to -1 of HOPI amplified from
pAV124. To generate pBG167, mutagenic PCR was used to change four base pairs in
the al-a2 binding site (WT: TGTATTTTTTTACATC; mu: TcgATTTTTTTACggC)
The 225-675 Flip plasmid, pBG166, was generated by gap repair of Ndel digested
pBG112 using a PCR fragment of bp 225-675 of IME4 with 50 bp flanking overhangs of
the opposite end (Muhlrad, et al., 1992). The IME4 deletion analysis mutants, rme2-s/,
and rme2-s2 were generated by site-directed mutagenesis of pBG129.

Plasmid pJM532 contains a 3.1-kb PCR generated fragment of bp -450 to +400
bp flanking ZIP2 genomic DNA cloned into the TOPO TA vector (Invitrogen). This
plasmid was digested with Spel and Apal to clone ZIP2 into the same sites in pRS405, to

generate pJM533. Site directed mutagenesis was used to change four base pairs in the
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Table 1: Plasmids used in this study.

pAV113 MATo cassette in 2u URA3 vector

pAV124 HOPI-LacZ in which UASy is mutated with a Xhol site

pUG6 LoxP-KanMX-LoxP cassette

pSH47 Cre recombinase, 2u, URA3

pIMS530 pBG112 with ime4::URA3

pJMS533 ZIP2 with -400/+400 bp from ZIP2 cloned into
Xhol/HindIII sites in RS405

pIM534 pJMS533 with al-a2 site mutant with 4 bp changes

pBG1 PCR-TOPO 2.1 with bp +1600 to +2200 of IME4
pBG7 pBG1 with al-a2 site mutant with 4 bp changes

pBG110 IME4 with -400/+400 bp from pBG113 cloned into
Xbal/HindIII sites in RS415

pBGI111 IME4 with -400/+400 bp from pBG114 cloned into
Xbal/HindIII sites in RS415

pBG112 isogenic to pBG111

pBG113 2.9 kb IME4 fragment with -400/+400 bp flanking in
PCR TOPO 2.1, T7 direction

pBG114 2.9 kb IME4 fragment with -400/+400 bp flanking in
PCR TOPO 2.1, Sp6 direction

pBG129 Xbal/HindIII fragment from pBG112 cloned into RS405

pBG132 pBG129 with rme2-sI mutation

pBG133 pBG129 with ime4A800-1700 mutation

pBG134 pBG129 with ime4A1-900 mutation

pBG135 pBG129 with ime4A1-451 mutation

pBG136 pBG129 with ime4A451-900 mutation

pBG151 pBG129 with ime4Al-224 mutation

pBG152 pBG129 with ime4A676-900 mutation

pBG157 pBG112 with HOPI-ursl promoter from pAV124

pBG165 pBG112 with Mlul site introduced at +148 bp

pBG166 pBG112 with ime4::225-675 Flipped

pBG167 pBG157 with al-a2 site mutant with 4 bp changes

pBG173 pBG129 with rme2-s2 mutation

pBG200 HIM1 -387/+336 in pGEM Easy-T

pBG201 isogenic to pPBG200

pBG202 HIM1 -387/+336 in Sacl/Sacll sites in RS405

pBG203 HIM1 -387/+336 in Sacl/Sacll sites in RS303

pBG204 him1Apr in pPBG202

pBG205 rhil Apr in pBG203
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downstream al-a2 binding site (as indicated above, for the IME4 site) to produce
pJMS35.

Plasmid pBG200 and pBG201 contain a PCR cassette of +387 to -336 of HIM 1,
amplified by PCR from genomic DNA of JRY118, cloned into pGEM-Easy T
(Promega). Plasmid pBG201 was digested with Sacl and Sacll to liberate the insert with
sticky ends, to clone in the Sacl/Sacll sites of RS405 and RS303 to create PBG202 and
pBG203, respectively. Site directed mutagenesis was used to delete 250 bp upstream of
HIM1I in pBG202 to create pBG204, and 250 bp downstream of HIM1 in pBG203 to
create pBG205; 250 bp downstream of HIM1 was deleted in pBG203 to generate
pBG205.

Strain construction. Strains YBG111 and YBG112 were constructed by transforming
W303 derivative strains LNY315 and LNY316 with a PCR fragment amplified from
pFA6a-KanMX6 with the KanMX cassette and 50 bp flanking homology, to delete the
IME4 ORF and -450 to +400 bp flanking ORF (Wach, et al., 1994). These strains were
mated to produce the diploid strain ime4A/ime4 A strain YBG115. Plasmids were
transformed via the lithium acetate method. IME4 deletion and polyA terminator
mutants were integrated at the LEU2 locus by digesting the listed plasmids with Xcml
and transforming the linearized DNA into yBG111. Transformants were selected on
media lacking Leucine.

Strains IMY076 and JMY 077 were constructed by using a Candida albicans
URA3 cassette from pGEM-CaURA3 (A gift from Chuck Martin) to delete the al-a2
binding site. These strains were transformed with a PCR product from pBG7 in the

presence of 5-FOA to recombine the mutant binding site at the wild-type locus, to
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generate strains JMYO081 and IMY082. JMYO081 and IMY082 were mated to generate
JMY084, a homozygous diploid with the al-a2 mutation downstream of IME4.

The native ZIP2 gene was deleted by transformation with a KanMX PCR
fragment amplified from the Yeast Deletion Strain collection (Research Genetics) in
strains LNY392 and LNY433 to generate ]IMY 104 and JMY105. JMY 104 and IMY 105
were transformed with Xcml-linearized pJM533 to generate JIMY 108 and IMY 109,
which were mated to produce JMY110. JMY 104 and IMY 105 were also transformed
with Xcml-linearized pJM535 to generate JMY 111 and JIMY 112, which were mated to
produce IMY113. All genomic integrations were confirmed by PCR.

Strains YBG200 and YBG201 were generated by first transforming JRY 116 with
plasmid pAV113 (MATa, 2u, URA3) and JRY 102 with pRS423 (2u , HIS3).
Transformants were cross-streaked on —His, —Ura media to select for mating cells.
Mated single colonies were grown overnight in YEPD to facilitate plasmid loss, and then
struck onto 5-fluoroorotic acid (5-FOA) to select for loss of pAV113, and on —HIS media
to confirm loss of pRS423. Mating tests against a- and a.- testers were done to confirm
MATa mating type.

The MATa and MATa him1 A strains were constructed by transforming LNY433
and LNY392 with a him1::KanMX cassette from the Yeast Deletion Library to knockout
the native HIM1 gene, generating strains YBG204 and YBG205. YBG204 was
transformed with Xcml digested pBG202 to generate YBG206, with Xcml digested
pBG204 to generate YBG208, and with Ndel digested pBG205 to generate YBG210.
YBG208 was transformed with Ndel digested pBG205 to generate YBG212. YBG205

was transformed with Xcml digested pBG202 to generate YBG207, with Xcml digested
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pBG204 to generate YBG209, and with Ndel digested pBG205 to generate YBG211.
YBG208 was transformed with Ndel digested YBG205 to generate pBG213.

Strain YBG225 was created by transforming LNY433 with a PCR generated
LoxP-KANMX-LoxP cassette from pUG6 which was targeted to delete the 250 bp
immediately downstream of LAP4, selecting on YEPD+G415 (Guldener, et al., 1996).
KanMX integration was confirmed by PCR. Strain YBG227 was then transformed with
pSH47 and selected on -Ura media, then grown for 14 hours in Synthetic Galactose —Ura
media to induce the Cre-recombinase on the plasmid. Cells were streaked for single
colonies, and replica patched on YEPD+G415 to select for loss of the LoxP-KANMX-
LoxP cassette.

Strain YBG226 was created by transforming LNY433 with a PCR generated
LoxP-KANMX-LoxP cassette from pUG6 which was targeted to delete the 250 bp
immediately downstream of HPF'I, selecting on YEPD+G415 (Guldener, et al., 1996).
KanMX integration was confirmed by PCR. Strain YBG228 was then transformed with
pSH47 and selected on -Ura media, then grown for 14 hours in Synthetic Galactose —Ura
media to induce the Cre-recombinase on the plasmid. Cells were streaked for single
colonies, and replica patched on YEPD+G415 to select for loss of the LoxP-KANMX-

LoxP cassette.
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Strain Genotype Source
LNY315 MATa ade2-1 trpl-1 his3-11,15 canl-100 ura3-1 leu2-3,112 L. Neigeborn
LNY316 MAToa ade2-1 trpl-1 his3-11,15 canl-100 ura3-1 leu2-3,112 L. Neigeborn
LNY392 MATo ade2-1 TRP1 his3-11,15 canl-100 ura3-1 leu2-3,112 L. Neigeborn
LNY433 MATa ADE?2 trpl-1 his3-11,15 canl-100 ura3-1 leu2-3,112 L. Neigeborn
LNY435 MATa/MATa ade2-1/ade2-1 trpl-1/trpl-1 his3-11,15/ his3- L. Neigeborn

11,15 canl-100/ canl-100 ura3-1/ura3-1 leu2-3,112/ leu2-3,112
FY2180 MATa leu2 Al his4-912s lys2-1280 FLAG-spt6-1004 F. Winston
FY346 MATa spt16-197 ura3-52 leu2 Al lys2-1280 F. Winston
DN1359 MATa leu2 Al ura3-52 his3A200 trpl1A63 ade2-101 lys2-801 D. Norris
JRY103 MATa/MATo trpl-1/TRP his3-11,15/ his3-11,15 J. Matthias

canl-100/ canl-100 ura3-1/ ura3-1 leu2-3,112/ leu2-3,112

ashlA::LEU2 / ashlA::LEU2
JRYI116 mataA::TRP1 ADE?2 his3 leu2 trpl ura3 ashlA::LEU2 J. Matthias
JRY118 MATA/MATa trpl-1/TRP his3-11,15/ his3-11,15 J. Matthias

canl-100/ canl-100 ura3-1/ ura3-1 leu2-3,112/ leu2-3,112

ashlA::LEU2 / ashlA::LEU2
YBGI11 MATa ade2-1 trpl-1 his3-11,15 canl-100 ura3-1

leu2-3,112 ime4A::kanMX4 this study
YBG112 MAToa ade2-1 trpl-1 his3-11,15 canl-100 ura3-1

leu2-3,112 ime4A::kanMX4 this study
YBGI115 MATa/MATa ade2-1/ ade2-1 trpl-1/ trpl-1 his3-11,15/

his3-11,15 canl-100/ canl-100 ura3-1/ ura3-1

leu2-3,112/ leu2-3,112 imed4A::kanMX4/ ime4A: :kanMX4 this study
YBG144 MATa/MATa ade2-1ADE trpl-1/TRP his3-11,15/ his3-11,15 this study

canl-100/ canl-100 ura3-1/ ura3-1 leu2-3,112/ leu2-3,112
IMYO076 LNY392 with IME4—al-a2::CaURA3 this study
IMYO077 LNY433 with IME4—al-a2::CaURA3 this study
JIMYO081 LNY392 with IME4—al-a2 mut this study
JIMY082 LNY433 with IME4—al-a2 mut this study
IMY084 YBG144 with IME4—al-o2 mut/ IME4—al-a2 mut this study
IMY104 LNY392 with zip2:: kanMX4 this study
IMY105 LNY433 with zip2:: kanMX4 this study
JIMY108 LNY392 with zip2:: kanMX4+ ZIP2::LEU?2 this study
JIMY109 LNY433 with zip2:: kanMX4 + ZIP2::LEU?2 this study
IMY110 YBG144 with zip2:: kanMX4/ zip2:: kanMX4

leu2::ZIP2 / leu2::ZIP2 this study
IMY111 LNY392 with zip2:: kanMX4 leu2::ZIP2-al-oa2 mut this study
IMY112 LNY433 with zip2:: kanMX4 leu2::ZIP2-al-a2 mut this study
IMY113 YBG144 with zip2:: kanMX4 leu2::ZIP2-al-a2 mut this study
YBG145 YBGI111 with leu2::ime4A3’ this study
YBG147 YBGI111 with leu2::IME4 this study
YBG149 YBG115 with leu2::IME4 / leu2::IME4 this study



YBG150
YBG158

YBG159
YBG160
YBG161
YBG162
YBG176
YBG183
YBG184
YBG200

YBG202
YBG204
YBG205
YBG206
YBG207
YBG208
YBG209
YBG210
YBG211
YBG212
YBG213
YBG225
YBG226
YBG227
YBG228

LNY315 with leu2::ime4 A3’

YBG144 with zip2:: kanMX4/ zip2:: kanMX4
leu2::ZIP2-al-a2 mut / leu2::ZIP2

YBG111 with leu2::rme2-sl

YBGI111 with leu2::ime4Al-900

YBG111 with leu2::ime4Al1-450

YBGI111 with leu2::ime4A451-900

YBG111 with ime4::Hgh

YBG111 with leu2::ime4Al-224

YBGI111 with leu2::ime4 A676-900

MATa/MATA::TRP1 trpl-1/TRP his3-11,15/ his3-11,15
canl-100/ canl-100 ura3-1/ ura3-1 leu2-3,112/ leu2-3,112

ashlA::LEU2 / ashlA::LEU2

YBG111 with leu2::rme2-s2

LNY392 with himl A: :kanMX4

LNY433 with himl A::kanMX4

YBG204 with HIM1::LEU?2

YBG205 with HIM1::LEU?2

YBG204 with himlApr::LEU?2

YBG204 with rhil Apr::HIS3

YBG204 with rhil Apr::HIS3, himl Apr::LEU2
YBG205 with himlApr::LEU?2

YBG205 with rhil Apr::HIS3

YBG205 with rhil Apr::HIS3, himl Apr::LEU2
LNY433 with alf4Apr::LoxP-KanMX-LoxP
LNY433 with hzrl Apr::LoxP-KanMX-LoxP
LNY433 with alf42prdown::LoxP

LNY433 with hzrlApr::LoxP

this study

this study
this study
this study
this study
this study
this study
this study
this study
this study

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

34
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B. Methods

RNA extraction. RNA was extracted from cells using the hot acid phenol method
previously described (Abraham and Vershon, 2005; Ausubel, 1987). Cell pellets of
between 50-150 ul in volume (described below) were frozen overnight at -80°C. Pellets
were resuspended in 400 ul TES+DEPC and 400 ul of acid-phenol chloroform (Sigma),
and incubated for 45° at 65°C, vortexing several times during heating. Mixtures are
centrifuged 5’ and the aqueous phase was transferred and re-treated with acid phenol-
chloroform twice. The final aqueous phase was recovered with 1 ml Ethanol (100% non-
denatured) and 40 ul of 3M NaOAc + DEPC, pH 5.2. RNA samples were resuspended in

75-150 ul of DEPC-treated water, and quantitated by UV.

Northern Blot. Yeast strains LNY315 (MATa) and LNY435 (a/a) were grown in
volumes of 50 ml at 30° C in YEPD media, to an ODggo range of .400 - .800. At this
point, 49 ml of the culture was spun down at 1000 rpm, washed with DEPC water, and
the cell pellet frozen at -80°C. A 1 ml aliquot of the YEPD culture was used to inoculate
a total of 100 ml of YEPA media and grown for 12-16 hours. At the end of YEPA
growth, 50 ml were spun down, and washed with DEPC water and frozen as above. The
remaining 50 ml YEPA culture was spun down, washed with water, and resuspended in
50 ml SPM media. The SPM cells were incubated for 3 hours at 30°C, and harvested as
above. RNA was extracted from the cell pellets as described above (Abraham and
Vershon, 2005; Ausubel, 1987). RNA was separated by molecular weight on a 1.5%
MOPS-agarose gel containing formaldehyde and transferred to a Nytran Membrane

(Scleicher and Schuell) by capillary transfer. The membrane was pre-hybridized in 10 ml
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hybridization solution for 3 hours (50% Formamide, 5x SSC, 50 mM NaPO4pH 7.0, 1x
Denhardt’s reagent, 0.1% SDS, 100 ug/ml sheared single stranded salmon sperm DNA).
Double-stranded DNA probes were generated by PCR and labeled with [o->*P] dCTP by
random priming (MegaPrime DNA Labeling Kit, Amersham/GE). After overnight
hybridization to radiolabeled DNA probes and washing with 2X SSC and 0.1% SDS at
42°, RNA expression was detected by exposure to a phosphorscreen and imaging on a

Molecular Dynamics phosphoimager.

RT-PCR assays. Expression of the RNA transcripts was assayed by Reverse-
Transcriptase PCR (RT-PCR). Yeast strains were grown under rich nutrient (YEPD) or
sporulation-inducing conditions (SPM; 3 hours for IME4 assays, and 5 hours for ZIP2
assays) and total RNA was extracted by hot acid-phenol extraction, as previously
described (Abraham and Vershon, 2005). Normalized RNA samples were treated with
Turbo DNA Free DNase (Ambion) and PCR amplification of the DNase treated RNA
with the IME4/RME?2 or ZIP2/RME3 primer set was performed to verify the absence of
contaminating DNA. Sense and antisense cDNA of the IME4, URA3, ZIP2, YFLOI2W,
HIMI, HPF1, SULI, LAP4 and ACTI genes was synthesized for each RNA sample with
sense and antisense specific primers, using Omniscript RT (Qiagen). Different cDNA
sample concentrations (1-4 ul) were assayed to verify that the reaction was in the linear
range. Nested PCR reactions using different concentrations of cDNA as a template were
amplified in 50 ul reactions containing 10 pmols of each primer, 1X Amplitaq Taq Buffer
I, 2.5 U of Amplitaq Taq polymerase (Applied Biosystems). The amplifications were

carried out at 94°C for 3 min, followed by 30 cycles of 94°C for 30 secs, 52°C for 1 min,
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and 72°C for 30 secs and a final extension step of 7 min at 72°C. Samples were run on
1.4% Agarose TAE gels, and images were photographed with a Fluorochem 8800

camera.

Chromatin Immunoprecipitation Assay (ChIP). ChIP assays were performed using a
modified version of protocols described elsewhere (Mathias, et al., 2004; Nagaraj, et al.,
2004; Rusche and Rine, 2001; Shang, et al., 2000). Cultures of LNY392 and YBG144, or
YBGI11 and YBG115 strains carrying the indicated HOPIpr::IME4 constructs were
grown to midlog (O.D. ¢ = .500) in the appropriate media (YEPD, SD-Leu, or SPM); 50
ml of the cultures was fixed with a final concentration of 1% formaldehyde for 15 min at
22°C, washed with 1 ml TBS, and frozen at -80°C for a minimum of 12 h. Cell pellets
were resuspended with 400 ul FA lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1
mM EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate) plus ImM PMSF, 1X Protease
Inhibitor Cocktail from Roche (1873580), and 50 ul Sigma Protease Inhibitor Cockail
(P8215). To this, 200 ul of glass beads was added and cells were lysed by vortexing at
full speed for 40 min at 4°C. The lysate was then centrifuged for 5 min at 12,000 x g at
4°C. The supernatant was transferred to a new tube, and the beads were washed with 500
ul of FA lysis buffer; the supernatant from this wash was added to the original
supernatant fraction. DNA was sonicated at 30% output for 6 x 5 sec cycles to give an
average chromatin fragment size of 500 bp. Sonicated lysates were centrifuged at 12,000
x g, for 5 min and 50 ul of the sonicated DNA was reserved as a Total Chromatin (TC)
sample. The remaining DNA was pre-cleared by the addition of 25 ul of protein G

agarose beads, nutated for 1 hour at 4°C; and the lysates were cleared by centrifugation at
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12,000 x g for 5 min at 4°C. To immunoprecipitate TBP- or Abfl-bound DNA, 10 ul of
TBP yN-20 polyclonal antibody (Santa Cruz, sc-26141) or Abf-1 yC-20 polyclonal
antibody (Santa Cruz, sc-6679) was added and nutated for 16 h at 4°C. The protein G
beads centrifugation, washes, DNA elution, crosslinking reversal, and proteinase
treatment, were all performed as previously described (Nagaraj, et al., 2004; Rusche and
Rine, 2001). Frozen TC samples were brought up to 500 ul in volume with elution
buffer. To purify DNA, a Qiagen PCR Purification kit was used, adding 50-80 ul of 3M
Sodium Acetate, pH 5.2 per sample, and following the manufacturer’s protocol, eluting in
50 ul 10 mM Tries, pH 8.0. For PCR, TC samples were diluted 50-fold, (IP samples
were undiluted) and 2 ul of DNA was used in each reaction. PCR was performed in 50
ul reactions containing 10 pmols of each primer, 1X Amplitaq Taq Buffer II, 2.5 U of
Amplitaq Taq polymerase (Applied Biosystems). The amplifications were carried out at
94°C for 3 min, followed by 30 cycles of 94°C for 30 sec, 52°C for 1 min, and 72°C for
30 secs and a final extension step of 7 min at 72°C. The PCR products were run on 1.5%

agarose gels.

3’ RACE (Rapid Amplification of cDNA Ends). The 3° RACE assay was performed as
described in Molecular Cloning (Sambrook and Russell), using an oligo(dT) primer with
a 15 bp tag on the 5’ end to generate poly(A) cDNA. This cDNA was amplified using a
primer downstream from the /ME4 start codon that would anneal specifically to RME2,
and a primer that hybridizes to the tag sequence on the oligo(dT) primer used for cDNA
synthesis. The PCR products of this reaction were gel purified (Qiagen), and the PCR

phase was repeated with a second RME2-specific primer and the tagged primer to
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eliminate false positives. These products were ligated into TOPO TA (Invitrogen) and

sequenced to determine the 3’ end of the RME?2 transcript.

Biological assays. To test URA expression from the IME4-RME?2 promoters strains
LNY392 (In) and yBG144 (2n) were transformed with pJM530, pRS415, or pRS415 and
pRS426, and grown in —Leu or —Leu —Ura media to saturation. Concentrations were
normalized based on O.D. (, values. Five-fold serial dilutions were spotted onto —Leu, —
Leu —Ura, or —Leu 5-FOA media, and grown at 30 degree for the indicated amounts of

time; photographs were taken with a Fluorochem 8800 camera.

Preparing and Purifying RNA for SOLiD Library. Strains YBG200, and JRY 103
were streaked for single colonies on YEPD plates. For glucose samples, three different
single colonies were inoculated and grown in separate 50 ml cultures of YEPD at 30° to
ODgoo = .600. Sporulation samples were made by first growing in YEPD as above,
followed by centrifugation, washing, and transferring the cell pellets into 50 ml of YEPA
for 16 hours growth at 30°. The YEPA sample was spun down, washed with water, 40
OD units of cells were transferred to SPM (3% Potassium Acetate, .2% Raffinose) media
for 3 hours. Upon completion of the growth phase, cells were pelleted by centrifugation,
washed with DEPC water, and stored at -80C. RNA was extracted as described above by
the hot-acid phenol method, and quantitated by UV; quality and relative quantity of
samples was confirmed by running 10 mg on a 1X MOPS-Formaldehyde-DEPC-2%
Agarose gel (Abraham and Vershon, 2005; Ausubel, 1987). For each biological replicate
library, 30 mg of total RNA was treated with RiboMinus (Invitrogen), and recovered

using ethanol precipitation in the presence of glycogen and 3M sodium acetate, as
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described by the manufacturer. The RiboMinus RNA sample was resuspended in 60 ul of
nuclease-free, DEPC treated water, and ribosomal RNA removal was verified by running
2 ul (estimated .01 ug) on a LONZA 1.2% RNA gel, versus an equivalent amount of total
yeast RNA.

RNA was quantitated on a NanoDrop ND-1000 spectrophotometer, and
subsequent quality analysis was done via Bioanalyzer E2100 Expert Pico, to verify
quantitation and reduction of Ribosomal RNA to under 2.0% of total sample. Samples
which failed the initial analysis (rRNA > 2.0% of total sample) were re-treated with

RiboMinus to reduce contaminant rRNA to below this level.

SOLiD Library Assembly. After RiboMinus treatment and purification, roughly 300 ng
of RNA was submitted to the Waksman Genomics Facility for library assembly. The
standard Fragment Library RNA-seq protocol was used, as described by the manufacturer
(Applied Biosystems). All samples were quality-controlled and quantified by Q-bit

analysis and real-time PCR prior to the SOLiD Emulsion PCR protocol.

SOLiD Emulsion PCR and Sequencing-by-Ligation. SOLiD emulsion PCR was
performed by the manufacturer’s protocol for 50 bp fragment library reads using SOLiD
version 4.0 (Applied Biosystems) at the Waksman Genomics Facility. WPA analysis was
performed prior to sequencing by ligation to verify samples were not overamplified

during Emulsion PCR.
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Mapping of SOLiD reads and comparative alignment. All libraries were mapped with
Bioscope 1.2 at the Cancer Institute of New Jersey, allowing for up to two mismatches
per 50 bp read, against the sacCer2 yeast reference genome. Bioscope was chosen over
other reads mappers due to its native support for color-space and handling of strand-
specific reads. Read-Per Kilobase per Million Reads Sequenced (RPKM) values for each
gene from each experiment were calculated using custom Perl scripts based on the CDS
annotation from sacCer2. Reads that mapped outside of CDS regions or mapped to
opposite strands of CDS regions were classified as unannotated, mapped reads. Reads
antisense to coding genes were measured by RPKM values relative to the overlapped
coding gene. Unannotated mapped reads that mapped within +£100bp of a CDS feature
on the same strand as the CDS feature were discarded as they are indicative of
unannotated UTRs. The remaining unannotated mapped reads were split into non-
overlapping 1000bp bins along the genome. These bins were used to identify genomic

regions showing unannotated expression.
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A. Results
1. IME4 is regulated by RME?2

i. al-a.2 binding in the IME4-COX]13 intergenic region affects IME4
expression, and not COX13

IME4, an N6-methyladenosine transferase required for sporulation, was shown to
be expressed only in a/a diploid cells, which express the al-a2 complex (Clancy, et al.,
2002; Shah and Clancy, 1992). This suggested that the al-a2 repressor complex could
also act as an activator. Previous work had identified that al-a2 was bound in-vivo to a
functional site in the IME4-COX13 intergenic region (Galgoczy, et al., 2004; Nagaraj, et
al., 2004). While IME4 expression was known to be cell-type regulated, COX13, a
component of the cytochrome C oxidase complex, was not regulated in a cell-type
specific manner (Galitski, et al., 1999; Shah and Clancy, 1992; Yin, et al., 2003). Because
IME4 is upregulated in response to starvation, we examined expression in rich (YEP+2%
Glucose), glucose-limited (YEP+2% Potassium Acetate) and Sporulation-inducing
(SPM) media. To further examine transcription of the IME4 and COX13 loci, |
performed Northern Blot Analysis using double-stranded, random primed probes in both
MATa and a/a cells. The expression pattern of COX13 appears to be the same for both
In and 2n cells, indicating that COX13 expression is not affected by the binding of al-a2
(Fig. 8, lanes 1-3 vs. 4-6) at this site. In contrast, IME4 (indicated by the + for both
probes) is not expressed in 1n cells, and the highest expression is seen in 2n cells under
sporulation, consistent with previous findings (Shah and Clancy, 1992). Interestingly,
both of the probes used for IME4, as well as a probe to dubious ORF YGL193c were

found to anneal to a haploid-specific
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Figure 8. Northern blots of IME4 and COX13 in 1n (MATa) and 2n (a/a) cells.
Northern blots of In (LNY315, lanes 1-3) and 2n (LNY435, lanes 4-6) cells grown to log
phase in YEP + 2% Glucose (Glu, lanes 1,4), YEP+2% Potassium Acetate (Ace, lanes
2,5) and Sporulation Inducing (SPM, lanes 3,6) media. Blots were probed for 24-48
hours before exposure on a phosphor screen, and then stripped before re-probing. All
probes, except pC4, which is random primed from the pC4 plasmid with **P-dCTP, are

double stranded PCR products labeled by random priming with **P-dCTP.
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RNA larger than the 1800 bp — IME4 transcript (Fig. 8, IME4 3°, IME4 5°, and
YGLI193c).
ii. The IME4 locus expresses an antisense transcript.

Previous investigations of /ME4 indicated the presence of a second transcript,
named RME?2, for Repressor of Meiosis 2, which is expressed from the antisense strand
of IME4 (Shah and Clancy, 1992). I hypothesized that it is possible that the al-a2 site
downstream of IME4 was regulating expression of the RME? transcript, and that RME2
expression may be cell-type specific. To assay for RME? in a strand-specific manner,
RT-PCR (Reverse Transcriptase PCR) was performed using primers that hybridize to the
IME4 sense and antisense strands to synthesize the cDNA of each transcript (Fig. 9A).
The cDNAs were then used as templates in PCR, with a second primer set which was
nested relative to the cDNA primers, to independently detect expression of /ME4 and
RME?2. The expression of IME4 and RME?2 was assayed in haploid and diploid cells
grown in rich or sporulation-inducing media (Fig. 9B). Consistent with previous
observations, the IMFE4 transcript is only expressed at high levels in diploid cells under
conditions inducing sporulation (Fig. 9B, lane 4) (Chu, et al., 1998; Shah and Clancy,
1992). In contrast, the RME? transcript is expressed in both rich and sporulation media
in haploid, but not a/a diploid cells (Fig. 9B, lanes 1 and 3). This data is consistent with
the hypothesis that the al-02 binding site downstream of /ME4 acts as a repressor of
RME? expression. Furthermore, the comparative lack of RME?2 expression in diploid
cells is consistent with the hypothesis that RME2 must be repressed to permit IME4

expression.



47

Figure 9. IME4 and RME? expression in wild-type cells assayed by RT-PCR. A)
Schematic of the nested RT-PCR reaction used to assay for IME4 and RME?2 transcripts.
A strand-specific primer is used to generate cDNA, and the internal primer set is used in
PCR reactions to amplify. B) An RT-PCR assay of IME4 and RME? in both wild-type
MATa (LNY392, lanes 1,3) and a/a (YBG144, lanes 2,4) cells under glucose (lanes 1,2)
and sporulation-inducing (lanes 3,4) conditions. —RT is a PCR-amplification of the
DNAse-treated RNA with the nested primer set. Genomic DNA is amplified as a

positive control for PCR amplification. ACT1 is a positive loading control.
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iii. Loss of Downstream al-a2 binding prevents IME4 expression

To determine if al-a2 binding site downstream of IME4 represses RME2 in a
diploid-specific manner, I introduced base pair substitutions at four positions in the site
that are contacted by the al and a2 proteins in the site (Fig. 10A). These bases have
previously been shown to individually reduce al-o2-mediated repression by greater than
20-fold (Jin, et al., 1995; Vershon, et al., 1995). As predicted, this mutation did not
appear to affect IME4 or RME?2 expression in haploid cells (Fig. 10B, lanes 1 vs. 3; and 5
vs. 7). In comparison to the wild-type diploid, where RME? is repressed, RME2 was
expressed in al-a2 mutant diploid cells (Fig. 10B, RME?2- lane 6 vs. lane 8). These
results indicated that the al-a2 complex directly repressed RME?2 expression in diploid
cells. More interestingly, there was a complete loss of IME4 expression in the mutant
diploid cells under sporulation conditions (Fig. 10B, IME4- lane 8). These results, taken
together show that RME?2 expression in diploids prevents IME4 expression.

These results suggested that the RME?2 transcript, rather than a protein cofactor,
may be the haploid-specific repressor of IME4 in haploid cells (“X” in Fig. 3). To verify
this, I constructed a mutant version of /MFE4 that has a 400 bp deletion (+1809 to +2209
relative to the IME4 ATG) that removes the presumptive RME?2 promoter region. If
RME? expression regulates IME4, loss of RME?2 should permit /ME4 expression.
Haploid cells with this mutation failed to express RME?2 (Fig. 10C lane RME?2). More
importantly, this mutation caused /ME4 to be derepressed (Fig 10C, lane 2, IME4). This

verified that haploid-specific expression of RME? is required to repress IME4.
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Figure 10. IME4 is regulated by RME2, and RME?2 by al- a2. (A) Mutation of the
al-a2 site downstream of IME4. The contacts with residues of al (underlined) and a2
are shown. Arrows are hydrogen bonds; diamonds denote water-mediated contacts; lines
ending in circles are van der Waals interactions. The bottom shows the mutated binding
site, with altered DNA bases in red. The retained contacts in the mutant are shown. (B)
RT-PCR assays for the presence of the IME4 (sense) and RME?2 (antisense) transcripts
from strains MATa haploid (LNY392, lanes 1, 5), al-a2 mutant haploid (JMY082, lanes
3,7) WT a/a diploid (YBG144, lanes 2, 6), and al-a2 mutant diploid (JMY084 lanes 4,
8) grown in vegetative (lanes 1-4) or sporulation-inducing conditions (lanes 5-8). —RT
row is a PCR amplification of DNase treated RNA with the /ME4 primer set to control
for contamination of genomic DNA. RT-PCR of ACTI expression is used as a loading
control. Genomic DNA (gDNA, lane 9) was included as a control for PCR amplification.
C) RT-PCR of IME4 and RME?2 expressed in haploid cells with either wild-type IME4

(YBG147; lane 1) or ime4A3°(YBG150; lane 2) integrated at LEU2.
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b. RME?2 represses IME4 in cis-

There are several possible models for how RME?2 may function to repress IME4.
It is possible that expression of the complementary /ME4 and RME?2 transcripts allows
the formation of double stranded RNA (dsRNA). The formation of dSRNA by the
transcripts could serve as a target for degradation by nucleases, such as Rntl, or trigger
silencing of IME4 expression through a mechanism similar to RNAi-mediated regulation
found in C. elegans, Arabidopsis, and S. pombe (Ge, et al., 2005; He and Hannon, 2004;
Matzke and Birchler, 2005). Alternatively, it is possible that the process of transcription
of RME? interferes with expression of IME4, similar to how transcription of SRG/
interferes with expression of SER3 in yeast (Martens, et al., 2004). To test between these
alternatives, we examined if expression of RME? is able to repress IME4 at another
location in the chromosome.

As shown in above, the ime4A3 " mutant is unable to express the RME? transcript,
and instead, expresses /ME4 constitutively (Fig. 10C, lane 2). The ime4A3’ construct
was integrated at LEU?2 into a haploid strain with a wild-type IME4 gene. This strain was
assayed for the ability of the endogenous RME? to repress IME4 expression from the
ime4A3’ locus. If RME?2 can repress IME4 in trans-, this strain would have an expression
pattern like a wild-type haploid. Expression of miRNA, in trans-, has been shown to
reduce coding gene expression to undetectable levels (Couzin, 2002). However, if RME?2
can only repress IME4 in cis, then the IME4 transcript expressed from ime4A3’ would
still be present. Both RME?2 and IME4 were expressed in this strain, and there was no
appreciable loss of IME4 expression when compared to the ime4A3’ strain. (Fig. 11,

compare lane 3 vs. 4). These results indicate that RME? is unable to repress expression
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Figure 11. Wild-type RME?2 only represses IME4 in —cis. Deletion of the RME?2
promoter region allows expression of /ME4 in haploid cells, and wild-type RME?2
expression in trans fails to repress the ime4A3° mutation. RT-PCR assays of the IME4
and RME? transcripts were performed on strains ime4A (YBGI111, lane 1), WT
(YBG147, lane 2), ime4A3’ (YBG145, lane 3) and WT + ime4A3° (YBG150, lane 4) in
haploid strains, under sporulation-inducing conditions. The —RT row are PCR
amplifications of DNase treated RNA with the /ME4 primer set to control for
contamination of genomic DNA. RT-PCR of ACT] expression is used as a loading

control. Genomic DNA (gDNA, lane 5) was included as a control for PCR amplification.
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of IMFE4 if supplied in trans-, ruling out mechanisms that involve post-transcriptional
formation of dsSRNA. Therefore, it appears that S. cerevisiae uses a novel cis-

mechanism for antisense-mediated repression.

3. ROLE OF THE SENSE PROMOTER REGION IN REGULATION
i. RME? is polyadenylated and extends into the /ME4 sense promoter

It has been shown that regulated transcription of the SRG/ gene, which overlaps
the SER3 promoter, interferes with transcription factors binding to the coding promoter
(Martens, et al., 2004; Martens, et al., 2005). If regulation of /ME4 is working through a
similar mechanism then we would expect that the RME? transcript to extend through the
IME4 promoter. Additionally, knowing what type of transcript RME?2 is (Poll, Polll,
Polll) would give a better idea how it might be regulated, and how it might be possible to
create different mutations of RME2. To determine if RME?2 is a Polll transcript, |
performed parallel cDNA syntheses of IME4 and RME?2 using both the gene-specific
internal primer set described above, and with oligo-dT primer. Because RME? is only
expressed in haploid cells, PCR-detection of cDNA synthesized with the oligo-dT primer
could only be RME?2, and not IME4, which is polyadenylated. RME2 cDNA made using
oligo-dT primers was detected in the PCR phase, indicating that the RME2 ncRNA is a
RNA Pol II transcript (Fig. 12A, lane 2).

Because RME? is polyadenylated, the 3 end was mapped using Rapid
Amplification of cDNA End (RACE) experiments with an oligo-dT primer. Sequence
analysis of several independent clones showed the wild-type RME?2 transcript ends at bp

+384 upstream of the start of the IME4 ORF (Fig. 12B). The RME? transcript therefore
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likely overlaps most of the /ME4 promoter region, and could interfere with initiation of
transcription or the binding of activators and general transcriptional machinery. If this is
the case, then alteration of the 3’ end of the RME?2 transcript could inhibit its ability to

silence the IME4 transcript in haploid cells.

ii. Termination site of RME?2 determines ability to repress IME4

The observation that /ME4 is repressed in haploid cells through antisense
transcription raises the question of how does expression of an antisense transcript in cis
prevents expression of the sense transcript? One of the most economical models is that
antisense transcription through the sense promoter prevents transcription factor binding
and activation of the sense promoter. This model is similar to the mechanisms proposed
for the SER3 and ADH1 genes, which are regulated by the upstream ncRNAs SRG/ and
ZRR1, respectively (Bird, et al., 2006; Martens, et al., 2004; Martens, et al., 2005).
Transcription of the upstream ncRNAs through the coding gene promoter prevents
binding of the transcriptional activators required for expression. If IME4 is regulated by
a similar mechanism, then I predicted that premature termination of RME?2 transcript may
allow expression of the /ME4 transcript in haploid cells.

To test this model, two mutations were constructed which are silent with respect
to IME4, but introduce signal sequences for premature polyadenylation at 800 or 400 bp
upstream of the normal 3-prime end of the RME?2 transcript (mutant rme2-s/ and rme2-s2
respectively, Fig. 13A). Premature polyadenylation was similarly used to shorten the
Kcnglotl transcript (Kanduri, et al., 2006). The placement of the rme2-s1 signal, at

approximately 440 bp downstream from the /IME4 ATG, was predicted to truncate the
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Figure 12. RME?2? is a polyadenylated transcript that extends into the IME4
promoter. A) RT-PCR assays of MATa haploid (LNY433) and a/a diploid (YBG144)
cells grown in sporulation-inducing media. GS is cDNA made with a stranded, gene-
specific primer, and dT is cDNA made with an oligo-DT primer; both are amplified with
the same detection primer set. ACT1 is a positive control for oligo-dT priming and
loading, the Ul SNRP is a negative control for —.dT priming. B) 3’ RACE assay of
RME? indicates that the transcript extends to 384 bp upstream of the IME4 ATG. cDNA
was synthesized using adaptor-oligo-dT and amplified with a primer antisense to RME?2
and the adaptor sequence (top, PCR). Bands from the first PCR were extracted and
reamplified in the Nested PCR. The indicated band from this reaction was cloned into a

TOPO vector (Invitrogen) and sequenced to determine the 3’ end of RME?2.
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RME? transcript before it extends through the 5’ end of the /IME4 ORF. The rme2-s2
mutation, at 23 bp upstream of the IME4 ATG, terminates transcription of RME?2 through
the whole IME4 sense promoter, but not through the 5’ end of the ORF. To assay for
premature termination of RME?2, primer sets within the /ME4 promoter (Pr), IME4 5-
prime end (5°), and the middle of the ORF (Mid) were used (Fig. 13A). These alternate
primers sets should differentially detect the wild-type, rme2-sI and rme2-s2 mutants.

In wild-type cells, all three primer sets detected the RME?2 transcript (Fig. 13B
lane 1). In contrast, the rme2-si transcript was only detected by the Mid- primer set,
indicating that the transcript was prematurely terminated; similarly, rme2-s2 is only
detected by the Mid - and 5’ primer sets. (Fig. 13B, RME?2 lane 3). The rme2-s2
mutation does not appear to effect the repression of /ME4, which is undetectable in this
strain, as in wild-type. In contrast, expression of the rme2-s1 transcript, which does not
extend through the IME4 5’ end, does result in loss of IME4 repression (Fig. 13B, IME4
lane 2). These results suggest that a minimum length of antisense transcript is required to
repress the IME4 gene. This may be somewhat similar to the mechanism of repression
of SER3 by SRGI. A terminator was used to prevent the SRGI ncRNA from extending
into the promoter caused repression to be lost (Martens, et al., 2004). In the case of
IME4, it appears that extension of the antisense transcript through the 5’ end of the gene

is required for repression, but fully crossing the promoter region is not.

iii. Substitution of HOPI-ursl promoter
Previous research on the regulation of /ME4 showed that expression of IME4

transcripts from the GAL 1 promoter under conditions of galactose induction could
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Figure 13. Altering the polyadenylation and termination of the RME?2 transcript
alters its ability to repress JME4 in haploid cells. (A) Illustration of the three PCR
amplicons (IME4 Promoter, Pr; 5° end of the sense ORF, 5’; and middle of the ORF,
Mid) used to detect both IME4 and RME?2 transcripts, up- and downstream of the
introduced termination sites in rme2-sI and rme2-s2. Primers downstream (relative to
RME?2) of each amplicon were used to generate strand-specific cDNA. (B) RT-PCR
assays of wild type (YBG147, lane 1), rme2-s1 (YBG159, lane 2) and rme2-s2 haploid
strains (YBG202, lane 3). Assays and controls were performed as described in Fig. 2.

The -RT control was performed for all assay primer pairs.
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override repression by RME? in haploid cells (Hongay, et al., 2006). It is possible that
the GAL 1 promoter was not repressed by RME? transcription due to differences in
promoter specificity. For example, it is possible that the binding of specific transcription
factors to the IME4 promoter is sensitive to disruption by antisense transcription. In
contrast, the transcriptional activator of GAL 1, the Gal4 protein and its cofactors may be
insensitive to this form of regulation. To further test this model we assayed for the ability
of RME? to repress a heterologous promoter with similar activity to the native IME4
promoter. We constructed a strain in which the IME4 promoter was substituted with a
mutant version of the HOPI promoter. The HOPI promoter is normally repressed in
haploid and diploid cells in vegetative media by the Ume6 repressor protein binding to
the URSI site (Strich, et al., 1994). A mutation in the URS1 site allows constitutive
expression from this promoter in both haploid and diploid cells (Vershon, et al., 1992).
Diploid cells in sporulation-inducing media expressed similar amounts of /ME4 under the
control of either the wild-type IME4 or HOP1-ursl promoter (Fig. 15A, lane 6 vs. lane
8). However, in haploid cells, the HOPI-ursl promoter was repressed by RME2
transcription (Fig. 14A, lanes 5, 7).

To further test this result, we mutated the al-a.2 site downstream of JME4 in the
context of the HOPI-ursl promoter. If RME?2 transcription is able to repress
transcription from the HOPI-ursl promoter, then both haploid and diploid cells
containing the mutant al-a2 site should be unable to express IME4. The HOPI-ursl
promoter was repressed in diploid cells when the al-a2 site is mutated (Fig. 14B, lane 6

vs. lane 8). These results indicate that RME?2 transcription is able to repress a
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heterologous promoter and that there are unlikely to be specific elements or factors bound

at the IME4 promoter that make it sensitive to antisense transcription.

iv. ChIP for Abfl1 protein

The specific transcriptional activators of IME4 are unknown. However, the
HOP1-urs1 promoter, which is repressed by RME?2 in a manner similar to the IME4
promoter, is activated by the transcription factor Abf1 (Gailus-Durner, et al., 1996). We
used this promoter fusion to determine if RME?2 transcription prevents Abfl from binding
to the DNA. If the promoter interference model is correct, we would expect to see Abfl
bound to the HOP-ursl promoter only in diploid cells, where RME? is repressed.
Surprisingly, we found that Abf1 remains bound to the HOP1-IME4 promoter in cell
types where IME4 transcription is repressed by RME?2 (Fig. 15). This result suggests that
RME? does not repress IME4 through a mechanism of interference with any general

transcription factors binding to the promoter.

v. ChIP for TBP

The inability of the shortened rme2-s1 mutant to repress IME4 suggested that it was
possible that antisense expression represses transcription by interfering with factors
binding to the IME4 promoter. However, the above experiment suggested that this was
not the case in for HOPI-urs1-IME4, as Abfl was still bound, even when RME?2 was
being expressed, and IME4 repressed. This could be due to constitutive binding of Abfl,
which may render it insensitive to disruption by antisense transcription (Buchman, et al.,

1988). To account for this, I also looked at general transcription factor binding at both
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Figure 14. Expression of IME4 from the HOPI-ursl promoter is regulated by
antisense transcription in a manner similar to the native IME4 promoter. (A) RT-
PCR assays of IME4 and RME? from haploid (1n) and diploid (2n) cells, grown in YEPD
(Veg) or Sporulation inducing (Spo) media. IME4 (sense) transcription is driven by
either the native IME4 promoter (WT, lanes 1, 2, 5, and 6), or HOPI promoter containing
a mutation in the URSI site (lanes 3, 4, 7, and 8). (B) RT-PCR assays of IME4 and
RME? from In and 2n cells with IME4 (sense) transcription is driven by either the native
IME4 promoter (lanes 1, 2, 5, and 6) or the constitutive HOP-urs] mutant promoter
(lanes 3, 4, 7, and 8) with a mutant (Mu) al-a2 binding site downstream of the ORF.

Assays and controls were performed as descried in Fig. 9.
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Figure 15. Transcription of RME?2 does not prevent the Abfl transcription factor
from binding at the HOPI-urs1-IME4 promoter. Relative position of primer set used
in a ChIP assays for the presence of Abfl transcription factor bound at the promoter of
HOPI-ursl::IME4 is indicated at top. Binding was compared to the occupancy of the
native HOP1 gene as a positive control, and to the RPL 9B promoter, which is not
regulated by Abf1, as negative control. ChIP assays to detect the binding of Abfl at the
HOPI-ursl::IME4 promoter were performed on both haploid (lanes 1, 2, 5, and 6) and
diploid (lanes 3, 4, 7, and 8) strains, and in the context of WT (lanes 1-4) and mutant al-
a2 binding sites (lanes 5-8) downstream of the IME4 gene. TC is the Total Chromatin
sample (lanes 1, 3, 5, and 7), and IP is DNA Immunoprecipitated with Abfl yC-20

antibody (lanes 2, 4, 6, and 8).
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sense and antisense promoter regions. TATA-Binding Protein (TBP) recruitment has
previously been used to determine if a non-coding RNA acts to disrupt transcription
factor binding at another undetermined promoter (Martens, et al., 2004). The wild-type
IME4 and hybrid HOPI-ursI-IME4 promoters, were both analyzed for TBP binding,
under sporulation-inducing and vegetative growth conditions respectively. TBP binding
to the IME4 promoter (5°), middle of the ORF (Mid) and to the RME?2 promoter (3”) was
assayed in haploid and diploid cells. The RME2 promoter was bound by TBP in haploid
cells with 16.9-fold higher affinity than in diploid cells (Fig. 16A, 3> IME4, lanes 3 vs. 4).
As expected, TBP was bound to the IME4 promoter in diploid cells (Fig. 16A, 5° IME4,
lane 4). Surprisingly, despite repression of IME4 by RME2, TBP was also bound to the
IME4 promoter with almost equal affinity (0.90-fold difference) in haploid and diploid
cells (Fig. 16A, 5’ IME4, lane 3). Similar patterns of TBP binding were observed for
HOPI-urs1-IME4 (Fig. 16B). These observations show that RME? transcription is not
blocking binding of transcription factors or actively knocking them off the DNA. This
shows that RME?2 represses IME4 through a completely different mechanism than the

regulation of SER3 and ADH1, by SRGI and ZRR1, respectively.

4. ROLE OF THE IME4 ORF IN REGULATION
i. Substitution of the URA3 ORF

Regulation of the IME4 gene by expression of the antisense transcript may be a
function of the relative strengths of the promoters (Hongay, et al., 2006). In haploid cells
the stronger expression of the RME?2 promoter overcomes the weaker /IME4 promoter. In

diploid cells, where al-a2 is bound downstream of the gene, RME?2 promoter is
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Figure 16. TBP is not blocked from the IME4 promoter by expression of RME?2.
Antisense transcription does not disrupt TBP binding at the /ME4 promoter. (A) ChIP
assays for TBP bound at both the sense (5”) and antisense (3”) promoters in haploid wild-
type (LNY392 lanes 1,3); diploid wild-type(YBG144 lanes 2,4) cells. Assays were
performed after 3 hours in SPM media. The middle of the IME4 and ACT1 ORFs, which
are not precipitated with TBP-antibody were included as negative controls, and the
constitutive ACT1 promoter is included as a positive control for antibody binding. TC is
the Total Chromatin sample (lanes 1-2), and IP is DNA Immunoprecipitated with TBP
yN-20 antibody (lanes 3,4). Numbers to the right represent the fold-change in TBP
binding in haploid over diploid cells. B) ChIP assays for TBP bound at both the sense
(5°) and antisense (3”) promoters in the context of haploid HOPI-ursi-IME4 (YBGI111+
pBG157) or diploid HOPI-ursI-IME4 (YBG115+ pBG157). The assays are performed

as above.
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repressed, allowing expression of the weaker IME4 promoter. If the mechanism of
antisense-mediated repression is strictly through the relative strengths of the promoters,
then one would predict that if another gene were substituted for the /ME4 ORF it would
be expressed in a similar cell-type dependant manner that is similar to /ME4.

To test this model, we substituted the URA3 ORF for the IME4 ORF, and assayed
for the ability of haploid and diploid cells harboring this construct regulate URA3
expression by examining growth on media lacking uracil (Fig. 17A). While diploid cells
express the ime4.::URA3 gene and grow as predicted, haploid cells containing the
ime4::URA3 construct are also able grow on media lacking uracil. This suggests that the
ime4::URA3 construct is not repressed (Fig. 17A). RT-PCR assays for the expression of
the sense and antisense ime4.:URA3 transcripts confirmed that haploid
cells express both the antisense-ime4::URA3 and ime4::URA3 sense transcripts (Fig. 17B
lane 1). In contrast, the native IME4 gene is properly repressed by the presence of
RME? in this same strain. These results suggest the possibility that there are sequences

within the /ME4 ORF are required for antisense-mediated repression.

Deletion Analysis of IME4

Because the HOPI promoter is correctly repressed by transcription of RME?2, it
suggested the possibility that the IME4 ORF sequence has a role in regulation by RME?.
This could include sequence that is more sensitive to permitting transcription in the sense
direction to be interrupted by transcription in the antisense direction. To identify possible
regions within the gene that are required for antisense mediated repression, I performed a

series of deletion analyses of the IME4 ORF. The different deletions are summarized in
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Figure 17. The URA3 OREF in the context of IME4 is not regulated by antisense
transcription. A) Growth assays of haploid (LNY392) or diploid (YBG144) cells
transformed with ime4::URA3 (pJM530), ura3- (PRS415) or URA3+ (PRS416) plasmids.
Five-fold serial dilutions were grown for 3 days, on media with and without Uracil. B)
RT-PCR assays of ime4::URA3 in 1n (LNY392) or 2n (YBG144) cells carrying pJM530
(+) or RS415 vector (-) . The ime4.::URA3 cDNA was primed in the flanking (IME4-

specific) region, and amplified with URA3-specific primers.
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Figure 19A. These deletions were integrated into haploid cells with the native IME4
locus deleted, and expression of the IME4 and RME? transcripts was assayed in
comparison to both wild-type haploid and diploid cells. Deletion of base pairs 1-900
derepressed the IME4 sense transcript in haploid cells, compared to a WT haploid (Fig.
18B, lane 1 vs. lane 3). In contrast, a deletion of bp 901-1800 had no effect on IME4
repression in haploid cells (data not shown). 1t was possible that the loss of IME4
transcriptional repression in the ime4A7-900 mutant was due to premature termination of
the RME?2 transcript. However, RT-PCR assays confirmed that RME2 was expressed
and that the transcript extended across the IME4 promoter region (Fig. 18B, lane 3).
Taken together, these results suggest that the first 900 bp of the IME4 ORF is required for
antisense-mediated repression.

To further define what region is required for repression of IME4 by RME2, a
series of smaller deletions were made within the first 900 bp of the /ME4 ORF. Deletion
of bp 1-224 or bp 676-900 had no effect on the repression of /ME4 in haploid cells (Fig.
18B, lanes 6 and 7). In contrast, deletions of bp 1-450 or 451-900 caused derepression of
the IME4 sense transcript in haploid cells (Fig. 18B, lanes 4 and 5). This indicates that a

DNA element within bp 225-675 is required for proper antisense-mediated repression.

Orientation switch of the required region
Deletion analysis of the /IME4 ORF showed that a region from bp 225-675 is
required for RME2-mediated repression of /ME4 in haploid cells. It is possible that

transcription of this region in the antisense direction creates a chromatin structure that
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Figure 18. Deletion analysis of IME4 reveals a region within the ORF is required for
antisense-mediated regulation. The cartoon on top shows the location of the deletions
and how deletion of the hatched region leads to loss of IME4 repression. RT-PCR assays
of IME4 and RME? expression are shown from haploid (lane 1), diploid (lane 2), and
haploid cells with the indicted bp of the IME4 ORF deleted (lanes 3-7), grown in Spo
media. IME4 expression was monitored using an amplicon within the ORF and RME?2
expression was monitored using an amplicon in the /ME4 promoter region. Deletion

strains are listed in Table 2.
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prevents effective extension of the full-length sense transcript. If this occurs, then there
may be an orientation-specific requirement of this DNA element.

To test for this requirement, the segment of DNA from bp 225-675 was flipped in
the opposite orientation within the context of the /ME4 ORF. While this mutation had no
effect on the expression of /ME4 in diploid cells, it caused derepression of the IME4
transcript in haploid cells (Fig. 19 lane 1 vs. lane 3). Interestingly, assays for the
presence of the RME?2 transcript up- and downstream of this region, showed that there
was premature termination of the RME? transcript in the flipped orientation in contrast to
the wild-type orientation (Fig. 19, RME?2- end, compare lane 1 vs. lane 3). This result
suggests that transcription of RME?2 across this element may set up orientation-specific

termination of the sense transcript.

Protein cofactors tested for role in regulation

In addition to the DNA element within bp225-675, it is possible there are
additional components required for the antisense mediated repression of IME4. For
example, protein cofactors may bind to this element during the transcription of RME? to
block transcription of full-length /ME4. Alternately, there might be chromatin
remodeling enzymes that bind at this element and spread, permitting transcription only in
the direction of RME?2. In addition, I had wanted to identify what the specific activators
of IME4 are to determine if these have any role in antisense-mediated regulation.

To identify potential proteins involved in the activation of IME4, a search using

the TRANSFAC database was performed of /ME4 and its upstream sequence. The
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Figure 19. Reversing the orientation of the bp 225-675 region of IME4 prevents
proper regulation by RME2. RT-PCR assays of IME4 and RME?2 from haploid
(YBGI11, lanes 1,2) or diploid (YBG115, lanes 3,4) cells, carrying IME4 on a plasmid
with bp 225-675 in either the wild-type (pBG112; lanes 1,3) or “flipped” (antiparallel,

relative to WT) orientation (pBG166; lanes 2,4).
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search suggested that there were binding motifs for ADR/ and GCN4 within the IME4
promoter region. To test if these proteins had a role in either IME4 activation or RME?2-
mediated repression, I made both haploid and diploid deletions of these genes, and
assayed for IME4 and RME?2 expression. There was no significant effect on transcription
of either IME4 or RME? observed for either gene deletion (Fig. 20A and 20B).
Therefore, it is unlikely that either of these transcription factors individually plays a role
in the activation of IME4.

Additionally, this study also tried to identify cofactors that may be bound to the
DNA during antisense transcription, and have a role in preventing simultaneous sense
transcription. The elongation factors Spt6 and Spt16 have been previously described as
having roles in the establishment of the boundaries of coding genes, preventing the
expression of ncRNAs from cryptic sites (Duina, et al., 2007). Furthermore, Spt6 and
Spt16 —ts mutants have been shown to be defective in repression of SER3 by SRG1
(Hainer, et al., 2011; Thebault, et al., 2011). If Spt6 and/or Spt16 do have roles in
repression of IME4, it would be expected that induction of the —ts mutation would result
in expression of both transcripts Haploid strains carrying the spt16-197 and spt6-1004 —
ts mutants were assayed under both uninduced conditions (Fig. 20C, lanes 1-3) and
induced by a 1-hour shift to 37’ C (Fig. 20C, lanes 4-6) for both IME4 and RME?2
transcription. Under both conditions, there was no discernable effect on repression of
IME4 by RME?2 (Fig. 20C, lane 4 vs. 5,6). Therefore, it can be concluded that regulation

of IME4 does not involve these cofactors, unlike SER3.
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Figure 20. Testing of Cofactors that may have a role in the regulation of IME4 and
RME?2. A) RT-PCR assays of wild-type haploid (LNY392) and diploid (YBG144) cells
compared to adrl A haploids (YBGI151) and diploids (YBG152). B) RT-PCR assays of
wild-type haploid (LNY392) and diploid (YBG144) cells compared to gcn4A haploids
(YBG153) and diploids (YBG155). C) RT-PCR assays of wild-type haploid (DN1359,
lane 1, 4) cells compared spt6-197 haploids (FY346, lane 2, ) and spt16-1004 haploids
(FY2180 lane 3, 6). Cells were grown in sporulation media for 3 hours as described
above (SPM), or grown in sporulation media for 2 hours, then grown 1 hour in the same
media at 37 degrees to induce the TS- mutation. All assays and controls are performed as

described in Figure 9.
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C. Discussion

In this chapter, the cell-type specific regulation of /ME4 by the ncRNA expressed
from its antisense strand, RME?2, was explored as a novel form of gene regulation. It had
previously been shown that IME4 expression required the presence of al-a2, which is
known as a transcriptional repressor (Shah and Clancy, 1992; Strathern, et al., 1981).

The research presented here shows that the haploid-specific repressor of /IME4, indicated
by the “X” in Figure 3, is in fact the RME2 ncRNA, and not a protein cofactor. Diploid
cells express IME4 when starved; haploid cells constitutively express RME?2 (Fig. 21A).
The connection of al-a2 to IME4 is through the binding site 125 bp downstream of the
ORF (Nagaraj, et al., 2004). Rather than activating IME4 expression, RME? is repressed
in diploid cells by al-a2 binding downstream of the /ME4 ORF (Fig. 21B). Loss of a
functional site results in diploid cells which constitutively express RME2. Expression of
RME? in this mutant repressed IME4, which strongly suggested that RME? is the haploid
specific repressor of IME4 (Fig. 21D). The role of RME? as a direct repressor of IME4
was verified by the ime4A3 " mutation, which abolished RME?2 expression in haploid cells
and allowed IME4 expression (Fig. 21C). This circuit is very similar to the regulation of
SER3 by SRG1. Repression of SER3 depends on the Swi-Snf activator complex, which
activates the intermediary ncRNA SRGI. The fact that al-a2 repressor complex can
function as an activator through the intermediary RME?2 suggests the possibility that other
al-o2 sites may have similar functionality. The activation of diploid-specific genes may
require al-a2 repression of haploid-specific ncRNAs.

The constitutive expression of IME4 from ime4A3’ allowed me to determine if the

interaction between IME4 and RME? occurs in cis- or trans-. Trans- interactions
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Figure 21 Repression of IME4 by RME?2 is cell-type specific. A) In haploid cells, al-
a2 is not expressed. The RME?2 transcript is expressed, which prevents expression. In
diploid cells (a/a), al-a2 is bound downstream of IME4. This represses RME?2, and in
turn, permits /ME4 expression. C) Haploid cells which have the RME?2 promoter region
deleted do not express RME?2, and are able to express /IME4. D) Diploid cells with a
mutant al-a2 binding site downstream of IME4 fail to repress RME?2 in a cell-type
specific manner. The expression of RME?2 in diploid cells prevents expression of IME4

from that locus.
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between sense and antisense RNAs have been identified in numerous eukaryotes. This
includes the miRNAs and siRNAs (Couzin, 2002; He and Hannon, 2004). However, S.
cerevisiae, unlike other eukaryotes, lacks the endogenous Dicer, Drosha, and Argonaute
homologs needed to carry out siRNA-mediated repression (Drinnenberg, et al., 2009).
Prior to this work, there was only one case of a trans- acting RNA known in yeast; all
other endogenous regulatory ncRNAs function in cis- (Berretta, et al., 2008; Bird, et al.,
2006; Martens, et al., 2005). The fact that the constitutive expression of IME4 from
ime4A3’ was not repressed by RME?2 expressed from the IME4 locus or a heterologous
construct even in high copys, is strong evidence that this form of regulation is cis- acting;
this has been shown by other sources (Hongay, et al., 2006).

The mechanism of how a cis- acting antisense transcript functions to repress
transcription was also examined. SRG/ and ZRR 1, the upstream regulatory ncRNAs ,
repress by blocking access of transcription factors to the coding gene’s promoter. RME?2
also extends across the promoter region of /ME4, in the antisense direction, so it is
formally possible that it regulates in a similar manner. However, analysis of the rme2-s2
mutant, which does not cross the promoter of /ME4, showed that transcription of the
promoter is not required for repression. Further evidence for the lack of role for the sense
promoter comes from the ChIP assays. These showed that even when RME? is expressed,
and /ME4 repressed, Abfl and TBP remain bound to the /ME4 sense promoter. It was
previously observed that incomplete /ME4 transcripts are expressed even in haploid cells
(Hongay, et al., 2006). These results indicate that RME? is not repressing IME4 through

promoter interference but through another mechanism.
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The ime4::URA3 construct was expected to create a cell-type specific marker
system to identify what cofactors are required to allow antisense transcription to repress
sense transcription. However, it was a surprise to find that the /ME4 and RME?2
promoters failed to regulate the URA3 ORF in the same manner as /ME4; while
antisense-URA3 was expressed in haploids, this did not repress sense-URA3 expression.
This suggested that possibly the IME4 OREF itself had sequence or spacing specificity that
permitted RME? to regulate it. The internal deletion analysis of the IME4 ORF
confirmed this finding, showing that a region of the IME4 ORF, bp225-675, appears to be
the DNA element that responds to antisense transcription. The flipping experiments
show that this region must be correctly oriented to repress sense transcription.

In diploid cells, antisense transcription is repressed by the al-a2 complex. In
haploid cells, the RME?2 transcript is expressed. Transcription of RME?2 across the
antisense strand of the ORF, through bp225-675 prevents full-length IME4 expression.
This may be through a folded RNA structure of the elongating RME?2 transcript that
blocks IME4 elongation. Alternately, the act of transcribing the antisense strand may
open the local chromatin structure to permit the binding of proteins that prevent IME4
expression. These findings show an example of a novel mechanism of transcriptional

regulation, which may repress other genes in a similar manner.
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Introduction

The identification of the cell-type specific regulation of IME4 by the antisense
transcript RME?2 prompted a major question: How widespread is this form of
transcriptional regulation? To identify if other diploid-specific genes were regulated by
haploid-specific antisense transcription, the data from the previous work on the
identification of al-a2 target sites was revisited, as many sites were found with no
apparent cell-type specific regulation of the genes downstream of these sites (Galgoczy,
et al., 2004; Nagaraj, et al., 2004). We specifically looked for potential al-a2 targets
that were downstream of genes that are regulated in a cell-type specific manner.

To better understand the roles of these sites, data from the Yeast Transcriptome
Database was employed (David, et al., 2006). This study utilized a novel stranded, tiled
microarray technology to assay for the expression of not only coding genes, but also the
antisense strands and intergenic regions of the genome. By reapplying the binding site
preference data and the expression values of the antisense strand of the upstream gene,

other cases of cell-type specific antisense regulation similar to /ME4 could be identified.

Results

1. Bioinformatic Search for Candidate Genes

Since IME4 is regulated by transcription of a ncRNA in the antisense direction,
we wanted identify other genes regulated by a similar mechanism. We therefore re-
evaluated our previous data identifying al-a2 sites in the yeast genome by relaxing the

sequence requirements for al-a2 sites and specifically searching for sites that are
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downstream of cell-type specific genes (Nagaraj, et al., 2004). We then used the Yeast
Transcriptome Database to search for the presence of antisense transcription for the gene
upstream of the al-a2 site (David, et al., 2006). The RME?2 transcript is detected because
the database assays expression in MATa cells (Fig. 22A). Using this approach, we
identified al-a2 sites downstream of antisense-expressing genes HSP26, YFLO12W,

MCK] and ZIP2 as possible targets for antisense-mediated regulation (Fig. 22B-22E).

2. The ZIP2 locus also expresses a haploid-specific antisense transcript, RME3
To test for expression of sense and antisense transcripts expressed in a cell-type-
specific manner similar to /ME4, RT-PCR assays of both strands were performed on
ZIP2, YFLO12W, HSP26, and MCK, in haploid and diploid cells grown in both
vegetative and sporulation media. Antisense transcripts of ZIP2, YFL0O12W, and HSP26
were detected by the assay (Fig. 23C, D, E). However, the sense and antisense transcripts
of HSP26 and YFLO12W are not differentially regulated in a cell-type specific manner
(Fig. 23C, E). In contrast, analysis of ZIP2, a meiosis-specific component of the
synaptonemal complex, suggested the sense and antisense transcripts are regulated in a
cell-type dependant manner. In agreement with gene expression profiling experiments
during meiosis, the ZIP2 (sense) transcript was expressed only in diploid cells under
conditions of sporulation (Fig. 23B, lane 4) (Chu, et al., 1998; Chua and Roeder, 1998).
In contrast, haploid cells under the same conditions express the non-coding antisense
ZIP?2 transcript, which we will refer to as RME3 (Regulator of Meiosis 3) (Fig. 23B, lane

3). Unlike IME4, it appeared that the RME3 transcript was smaller than the Z/P2 ORF,



91

Figure 22. Candidate genes for antisense-mediated repression. Images of sense and
antisense transcription from the Yeast Transcriptome Database

(http://www.ebi.ac.uk/huber-srv/cgi-bin/view Y eastTilingArray) for the ZIP2, YFLOI2W,

HSP26, and MCK1 genes, which were identified as potential targets of al-
a2-mediated antisense regulation. Numbers are log scale expression of the Watson (top)

and Crick (bottom) strands. Green boxes highlight the antisense ncRNAs
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Figure 23. Expression of sense and antisense transcripts of candidate genes. RT-
PCR assays of haploid (LNY392) and diploid (YBG144) cells, grown in Vegetative
(YEPD) or Sporulation-inducing (SPO) media were performed to detect sense and
antisense transcripts of A) IME4 as a control, B) ZIP2, C) YFL0O12W, D) HSP26, E)
MCKI. -RT reactions were run for each primer set. ACT1/ is a loading control for

samples.
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extending only through the last 1200 bp of the 2200 bp ZIP2 ORF (Fig. 22B)(David, et

al., 2006; Miura, et al., 2006).

3. al-a2 binding represses RME3, and RME3 represses ZIP2

The expression pattern of ZIP2 and RME3 is similar to that observed for IME4
and RME?2. In addition to cell-type specific regulation of the ZIP2 and RME3, we found
that al-a2 binds to the predicted site in vivo (Fig. 24A). We were therefore interested if
the antisense transcript RME3 regulated expression of ZIP2, similar to the regulation of
IME4 by RME?2. 1 first tested if RME3 is repressed by al-a2. Mutation of four bases in
the al-a2 site downstream of ZIP2 (as described above for IME4) allowed expression of
RMES3 in diploid cells (Fig. 24B, lane 7 vs. lane 8). This indicated that RME?3 is actively
repressed by al-a2 in a cell-type specific manner, similar to RME?2.

As was previously observed in the mutational analysis of the al-a2 site
downstream of IME4, expression of the RME3 transcript in diploid cells repressed
transcription of ZIP2 (Fig. 24B, lane 8). This suggests that a mechanism of antisense-

mediated transcriptional regulation, similar to the one regulating IME4, represses the

ZIP2 gene in haploid cells.

4. Regulation of ZIP2 occurs in cis-

To test if RME3 represses ZIP2 transcription in cis- or trans- dependant manner,
we constructed a diploid strain heterozygous for the Z/P2 locus (Fig. 25A). One of the
ZIP?2 alleles in this strain is wild-type, while the other contains the 4 bp mutation in the
al-o2 site that allows RME3 expression in diploid cells. If ZIP2 is repressed by RME3 in

trans, we would expect to see a significant drop in the level of detectable ZIP2 in the
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Figure 24. ZIP2 and RME3 are expressed in a cell-type specific manner, regulated
by al-a2 binding. A) ChIP assay of the ZIP2-PDE1 intergenic region in MATa/matA
pseudohaploids (JRY118) and a/a diploids (JRY 103), using antibody to a2 (Nagaraj, et
al., 2004). The cartoon illustrates the relative position of this site in relation to Z/P2 and
RME3. B) RT-PCR assays of ZIP2 and RME3 from haploid and diploid cells grown
under vegetative (lanes 1-4) or in sporulation-inducing conditions for 5 hours (lanes 5-8),
with either a wild-type (WT) haploid (JMY 108, lane 1, 5) or diploid (JMY 110, lane 3, 7)
strains or al-a2 binding site mutant (Mu) haploid (JMY 108 lane 2, 6) or diploid

(JMY110 lane 4, 8) strains.
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heterozygote compared to wild-type, as previously described for RNAi systems in other
eukaryotes (Couzin, 2002; He and Hannon, 2004). However, expression of the RME3
transcript in trans did not repress expression of Z/P2 in the heterozygote strain in
comparison to the wild-type homozygous diploid (Fig. 25B, lane 2 vs. lane 4). This
indicates that RME3 regulates ZIP2 in a cis-dependant configuration, similar to the

IME4/RME? regulatory system.

5. ChIP for TBP at ZIP2/RME3 promoters

My previous research on /ME4 had shown that unlike SRG/ or ZRR 1, RME?2 does
not appear to block factors binding to the promoter of /IME4. There is no difference in
the amount of TBP bound at the /ME4 promoter, in haploid or diploid cells (Fig. 17A).
To determine if the mechanism of antisense mediated repression is similar for
ZIP2/RMES3, 1 assayed the binding of TBP at the ZIP2 and RME3 promoters from wild-
type haploid and diploid cells. The RME3 promoter, which is repressed by the al-a2
complex, is bound by TBP in a haploid but not diploid cells, much like the RME?2
promoter (Fig. 26, ZIP2 3’ lane 3 vs. 4). Similar to /ME4, TBP binding was found to be
non-cell-type dependant at the Z/P2 promoter, with the transcriptionally repressed
haploid cell showing equivalent levels of binding to diploid cells (Fig. 26, ZIP2 3’ lane
3,4).

In contrast, the HOPI gene, which is activated at a similar time point in meiosis,
only has TBP bound to its promoter in diploid cells. This shows that other cell-type
specific promoters are not constitutively bound by TBP (Fig. 26, HOPI lane 3 vs. 4).

The RT-PCR assays indicate that both RME3 and ZIP2 are repressed in vegetative media,
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Figure 25. ZIP2 is repressed in —cis by RME3. A) Cartoon illustrating the potential
mechanism for dsSRNA mediated repression of ZIP2 in trans. If repression can function
in trans, antisense RNA and mRNA will anneal to form dsRNA leading to repression of
the mRNA. (B) RT-PCR assays of ZIP2 and RME3 from wild-type (JMY 110 lanes 1,2)
or heterozygous diploid cells (YBG158, lanes 3,4) grown in Veg. or Spo media, as above.

Assays and controls were performed as described in Fig 23.
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Figure 26. TBP binding at the ZIP2 and RME3 promoters. Amplification of the ZIP2
and RME3 promoters from haploid (LNY392; lanes 1, 3) and diploid cells (YBG144;
lanes 2,4). TBP binding was assayed with the 5°, Mid-, and 3’ amplicons illustrated in the
cartoon. The native HOPI promoter was tested as a meiosis-specific, cell-type dependant
promoter. ChIP assays were also performed on the ZIP2 and RME3 promoters in
vegetative cultures of both cell types, to confirm that these regions are not constitutively
bound by TBP. Numbers represent the fold enrichment of TBP binding in haploid vs.

diploid, measured and normalized by ImageJ quantitation.
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suggesting that TBP binding may also be conditionally regulated. The ChIP assays
directed against the ZIP2 and RME3 promoters in vegetatively grown cultures of wild-
type haploid and diploid cells were performed to confirm that these regions are not
constitutively bound by TBP (Fig. 26, Veg. ZIP2 5’ and ZIP2 3’ lanes 3, 4). These
results taken together suggest that like RME2-mediated repression of IME4, RME3
transcription does not repress ZIP2 through mechanisms of interference with factors

binding to the promoter.

6. ZIP2 transcription initiates, but does not extend full-length, in haploid cells
The ChIP assay showed that TBP is recruited to the ZIP2 promoter in meiosis-
inducing conditions in both haploid and diploid cells. This suggested that transcription of
ZIP2 may be initiated, but elongation of the full-length transcript may be blocked by
RMES3 expression. IME4 has been shown to produce short transcripts even when
repressed by RME?2 (Hongay, et al., 2006). To test if this is true for ZIP2, I used a series
of RT-PCR assays distributed along the ORF to detect the extent of ZIP2 expression in
haploid cells (Fig. 27A). Each of these different primer sets detected Z/P2 from diploid
cells (Fig. 27B, lanes 2, 5, 8, 11). In haploid cells, while the 5 end primer sets detected
ZIP2, the two 3’-most primer sets failed to detect ZIP2 mRNA. This showed that
transcription initiation from the ZIP2 promoter is not regulated by RME3. It suggests that

RME3 blocks full-length elongation of the ZIP2 transcript.
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Figure 27. ZIP2 transcription is initiated, but not extended full-length in haploid
cells. A) Primer sets used for tiled RT-PCR of ZIP2 to assay for aborted sense
transcription. B) RT-PCR of ZIP2 expressed from haploid (LNY392) and diploid
(YBG144) strains grown in sporulation media for 5 hours, using tiled primer sets
described above. The —RT controls were run for each detection primer pair. ACT/
control is quantitation of the individual cell extracts. RME3 was assayed with the 1600-

1850 bp primer set as a control for correct cell-type regulation.
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Discussion

The finding of a second cell-type specific gene that is regulated by antisense
transcription showed that this is a conserved form of regulation. Like IME4/RME?2, the
diploid-specific gene ZIP2 is “activated” by al-a2-mediated repression of the haploid-
specific antisense ncRNA RME3. RME3 appears to prevent full-length sense
transcription by acting in a cis- dependant manner at the same ORF, though it does not
appear to affect either the transcription factor binding or initiation of Z/P2. This raises
the question as to how RME3 regulates ZIP2. It is possible that like IME4, a region in
ZIP?2 creates a chromatin structure that acts as a physical barrier to full-length
transcription. This region could also serve as a recruitment site for cofactors that prevent
ZIP2 elongation. It is possible that if repression by RME2 and RME3 work by the same
mechanism then there would be similar sites or sequences within the coding regions of
IME4 and ZIP?2 that block elongation. However, sequence alignment of the IME4 bp225-
675 region with ZIP2 did not show any significant homology matches. Therefore, it may
be that the repressor element of ZIP2 is distinct from that in /ME4, and it is context-
specific to ZIP2.

It may also be possible that there is no specific element in Z/P2, and that
repression is related to the act of antisense transcription in the vicinity of the ZIP2 3’ end.
It has been shown that isw2 mutants express transcripts from cryptic promoters, which do
not span the entire coding region (Whitehouse, et al., 2007). These antisense transcripts
can reduce the coding gene expression. Therefore, RME3 may be an example of a non-
cryptic antisense transcript that regulates in a similar manner. While the specific

mechanisms and cofactors of IME4 and ZIP2 regulation have not been completely
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discerned, the conservation of cell-type regulatory transcripts indicates that there may be

many more examples of this form of regulation.
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V. TRANSCRIPTOME ANALYSIS BY SOLiD SEQUENCING
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Introduction

The identification of ZIP2 as a second case of a gene regulated by a haploid-
specific antisense transcript suggested that this mechanism of repression may regulate
additional genes in S. cerevisiae. In support of this model, antisense ncRNAs were
identified by other groups, which regulate PHO84 and TY1, through somewhat different
mechanisms (Berretta, et al., 2008; Camblong, et al., 2009). The previous search that
identified RME3 was limited by several factors. One, the search was based on finding
specific protein binding sites for al-a2 that were close to the downstream regions of
diploid-specific genes. If there is no al-a2 site regulating the antisense RNA, or if its P-
value for identification was below threshold, the target will be missed. Second, the
identification of antisense RNAs was based on a single tiling array, performed in a MATa
background, under a single growth condition. If a particular ncRNA is not expressed at a
high enough level in that condition, such as an a/o— specific ncRNA, it would also be
missed. Therefore, to truly explore the non-coding transcriptome of yeast by cell-type
and growth condition, I used Strand-Specific RNA-sequencing (RNA-seq) Deep-
Sequencing technology to assay expression levels of all transcripts expressed in S.
cerevisiae. This technique was used to detect ncRNAs, so that an analysis to correlate
antisense expression to coding repression could reliably be performed.

The main principle of RNA-seq is that the total RNA, depleted of ribosomal
RNA, is fragmented to a short segments (<100 bp) and then ligated to adaptors for
sequencing. In the ABI SOLiD system used for this study, the adaptors are strand-
specific, creating a library that preserves the strandedness of the original RNA (Fig.

28A). Hundreds of millions of short sequences, known as reads, are produced by this
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Figure 28. Strand-specific library assembly and barcoding A) Strand-specific library
assembly using the SOLiD transcriptome protocol. 1) Ribosomal RNA is removed, and
2) remaining sample is fragmented with RNAse III. 3) RNA fragments 100-300 bp in
size (green) are ligated with directional RNA-DNA hybrid adaptors (Red/Blue). A
degenerate sequence (N) hybridizes to the RNA and maintains directionality. 4) Reverse
transcriptase fills in the second strand of cDNA from the 3’ end. 5) Library is PCR
amplified with a common primer (blue arrow) and a second barcoded library primer
(Pink). 6) Sequencing is performed only through a specific primer, to maintain strand-
specificity. B) Barcoding protocol for parallel running of replicate, randomized, and
blocked samples. 7) Library PCR is performed with unique primers (Pink or Light blue)
for different libraries. Quantitated samples are mixed prior to ePCR and sequencing by
ligation. 8) Reads generated in a common pool have a unique barcode associated with
sequenced DNA. 9) Sequences are bioinformatically deconvoluted into their respective

libraries and data is mapped to the genomic sequence and counted.
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process; they are then bioinformatically reassembled and mapped to the genome, to
recreate the transcriptome.

RNA-Seq offers several advantages over the microarray methods. First,
barcoding technology allows different replicates, both biological and technical, to be run
in a single reaction (Fig. 28B). Second, because RNA-seq reads sequences, instead of
using a less stringent hybridization approach, one can assign where each read came from
with a greater degree of specificity. This allows genes with high sequence homology to
be individually assayed with less problems of cross-reactivity. Third, because the
sequences are discrete units, instead of a threshold-based assay like microarrays, RNA-
seq has a much greater dynamic range and sensitivity can be detected, allowing rare
species to be reliably identified.

To identify antisense ncRNAs which may be differentially regulated in different
cell-types, MATa/MATA and a/a diploid cells were used. These strains preserve the
genomic copy number and will only identify expression changes related specifically to
the MAT locus, and not ploidy (Galitski, et al., 1999; Strathern, et al., 1981). These
strains also contain an ash/.::LEU2 mutation, to normalize gene expression between
mother and daughter cells (Sil and Herskowitz, 1996). To examine the differences in
expression between cells in mitotic growth and those that have entered the early steps of
meiosis or starvation, each strain was grown in both vegetative and in sporulation-
inducing media for three hours. Triple biological replicates of the four permutations of
cell-type/growth were used to reliably detect rare transcripts that are differentially

expressed.
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Results
Mapping, Transcriptomic Coverage, and Gene Expression Validation

To saturate the yeast transcriptome, and detect low expression species reliably,
stranded fragment library RNA-seq with 50 base pair reads using SOLiD 4.0 was
performed, using triple biological replicates of MATa —Glu, a/o—Glu , MATa-SPM, and
a/a -SPM. The number of reads, mappability, and transcriptomic coverage for each of
the four biological triplicates of is shown in Table 3. Mappability is defined as the
percentage of reads which are mapped correctly by Bioscope to the yeast genome
(version SacCer2) permitting 2 mismatches per 50 bp read length (4% of read length).
Previous RNA-seq studies have used a standard of 1 mismatch per 10 bp (10% read
length) (Auer and Doerge, 2010; Mortazavi, et al., 2008; Nagalakshmi, et al., 2008).
However, due to the degree of coverage obtained in our experiments, we have used a
more stringent criteria to enhance the reliability of mapping. The MATa-Glu replicate 3
library was found to have a significant variance in the number of raw and unmappable
reads, but the total number of mapped reads was not significantly different from other
replicates. This has consistently been observed in other sequencing runs (David Sidote,
personal communication). Transcriptome coverage is the total bp length of the reads
mapped within the boundaries of the coding strands of ORFs (number mapped x 50 bp)
divided by the total bp length of the same coding regions. Previous RNA-seq analysis of
S. cerevisiae, which was performed with the non-strand specific Illumina protocol had an
average coverage of 22X (Nagalakshmi, et al., 2008). The range for individual replicates

in my experiment was from 120X-206X coverage (Table 3). Pearson’s correlation test
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Table 3. Readcount Totals, Mappability, and Transcriptome Coverage of RNA-seq
Total reads is the number of reads generated RNA-seq of a single biological replicate of
the listed strain (YBG200, MATa/matA; JRY 103, a/at) under the listed growth condition
(2%Glu = log phase in YEPD; 3HSpm = 3 hours grown in SPM media). Each library
was individually barcoded. Mapped reads are the number mapped to the yeast genome,
version SacSer2, using Bioscope 1.2 and allowing for 2 mismatches/read. Mappability is
the percent of total reads mapped. Transcriptomic coverage is the calculation of total
number of reads mapping to coding strand sequences times read length (50 bp) divided

by the total length of coding sequences.
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Transcriptome
Cell-type/ Condition Total Mapped  Mappability Coverage
MATa 2%Glu -1 43988587 30131122 69% 166x
MATa 2%Glu -2 44301859 31200697 70% 172x
MATa 2%Glu -3 113200477 37292719 33% 205x
a/a_2%Glu -1 36672651 26442372 2% 145x
a/a_2%Glu - 2 35837153 24777275 69% 136x
a/a_2%Glu - 3 37236313 26286950 71% 144x
MATa 3HSpm - 1 42118488 28439292 68% 156x
MATa 3HSpm - 2 36759253 24633263 67% 135x
MATa 3HSpm -3 34008174 22311885 66% 122x
a/a. 3HSpm - 1 31110443 21715294 70% 119x
a/o. 3HSpm - 2 31256641 22011841 70% 121x
a/a. 3HSpm - 3 54483064 36898931 68% 203x
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Figure 29. Correlation of biological replicates of RNA-seq data Log-scale plots of
the Pearson’s correlation between each pair of biological replicates in each triplet. The

r-value denotes significance of variability between two replicates.
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of the biological replicates showed that there was non-significant statistical variance in
gene expression from sample to sample (Fig. 29).

To quantify gene expression, Reads-Per KB per Million reads collected (RPKM)
values were generated for all ORFs, including both verified and dubious ORFs
(Mortazavi, et al., 2008; Pepke, et al., 2009; Wilhelm and Landry, 2009). To verify that
the SOLiD protocol detected the correct transcripts for the two different cell-types, I
compared the expression level in MATa and a/a cells, by RPKM, to identify cell-type
specific genes that are repressed in diploid cells. I then compared this list of genes to
with the cell-type specific expression from microarray data sets (Galitski, et al., 1999).
The microarray analysis defined differential expression between two samples as a change
of greater than 3-fold and a difference of 100 units in the signal values between samples.
Haploid-specific expression in the RNA-seq dataset was similarly defined as those genes
that show a greater than 4-fold change of the averaged RPKM (MA7Ta — Glu divided
a/o—Glu). Low expression genes in the RNA-seq dataset (RPKM < 1.0) were filtered
against by selecting only genes with a numeric difference of 5.0 in the RPKMs between
MATa and a/a.

The SOLiD RNA-seq detected the majority of al-a2 regulated genes idenfied by
microarray (Table 4). DDR2, which was shown to be al-a2 regulated in the microarray
experiments, was excluded due to our more stringent filter for expression change
(Galgoczy, et al., 2004). This data verifies that the cell-type specific coding
transcriptome is being detected properly by SOLiD.

The SOLiD RNA-seq analysis also identified 30 genes that are repressed by

greater than 4-fold in the a/a diploid and that had not been previously identified as a-
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specific or haploid-specific genes by microarray studies. Thirteen of these genes have no
known function. It is possible that they may have functions in haploid-specific pathways
such as mating and invasive growth. Although the MATa and a/a strains used in the
preparation of the RNA-seq libraries were grown in the same batch of media under the
same conditions, MATa cells interestingly showed a significant enrichment in the
expression of genes involved in arginine metabolism and vitamin B6-biosynthesis,. It is
possible that these changes in expression are related to the differences in growth and
nutrient usage in MA4Ta and a/a cells (Gimeno and Fink, 1992; Gimeno and Fink, 1994;
Guo, et al., 2000). This data shows that RNA-seq’s increased sensitivity may be useful
for detecting new examples of differential expression that were undetectable in

microarray studies.

2. MATa and a/a. cells express different antisense ncRNAs, in both vegetative and
sporulation-inducing media

The RPKM analysis method was able to properly identify genes that are regulated
in a cell-type specific manner, a modified version of this standard method was used to
measure the non-coding strand expression. The value ncRPKM (non-coding Reads Per
Kilobase per Million) was generated, using the same formula, but counting reads which
mapped to the antisense strand of the ORF (Mortazavi, et al., 2008). Many of the
dubious ORFs, which do not have evidence of in vivo expression, are arranged in an
antisense configuration relative to known coding genes. Expression of the coding gene
can therefore appear as false positive for a transcript antisense to the dubious ORF. We

therefore excluded all ORFs annotated as dubious from the analysis.
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Table 4. RNA-seq expression of haploid-specific genes. Comparison of averaged
RPKM values of MATa Glu (Column 3) and a/a-Glu libraries (Column 4). Haploid-
specific expression data from the SOLiD RNA-seq was filtered by the standard (RPKM-
MATaGlu / RPKM a/a-Glu) > 4.0 (Column 5), and RPKM-MATaGlu > RPKM a/a-Glu
by five units (Column 6). Column 7 lists what known cell-type specific regulator
represses the listed genes according to ChIP-Chip and microarray data (Galgoczy, et al.,
2004). Comparable haploid-specific genes from a microarray analysis were those
expressing a minimum 100 expression units in MATa/MATa cells and a 3-fold increase in
expression in MATa/MATa units compared to a/a cells (Column 8)(Galitski, et al., 1999).
(*) An extra copy of TRPI integrated at the mating type locus is present in YBG200
(MATa/MATA). A (-) indicates these genes were not part of this dataset (Galitski, et al.,

1999; Kessler, et al., 2003).
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Table 4. RNA-seq expression values of haploid-specific genes

Micro-
Ratio: ChIP-ChIP  array
RPKM RPKM MATa Repression Haploid-
ORF Gene  MATaG  a/aG  /a/e ARPKM  target specific Function
YNL145W  MF42 1219 1.1 1152 1209  a2-Mcml Yes  Mating Factor a
YDL227C HO 10.4 0.1 80.5 10.3 al-a2 Yes  Mating type switching
YIL157C FARI 19.6 0.4 50.1 19.2 al-a2 Yes  CDK Inhibitor
YBLO16W  FUS3 232 05 478 227 al-a2 Yes  Mitogen activated mating kinase
YMRO95C  SNOI 57.8 1.7 334 56.0 Pyroxidine metabolism
YLRO31W 43.4 1.5 297 420 Unknown

YGL032C AGA2 12.9 0.6 218 123 «2-Mcml Yes  Agglutination

YILOISW BAR! 294 1.6 18.7 27.8  «2-Mcml Yes  Aspartyl protease of MATa cells
YIRO86W  STEIS 120 07 175 11.3 al-a2 Yes G protein dimer with STE4
YFLO26W STE2 50.1 29 17.1 472  «2-Mcml Yes  Receptor for alpha-factor
YDR461W  MFAI 25.0 1.7 14.5 233 «2-Mcml Yes  Mating pheromone a-factor

YNLO36W  NCEI03 3085 245 126 2840 Protein export
YLR265C NEJI 13.9 1.2 11.5 12.7 al-a2 Non-homologous recombination
YDRI114C 353 3.2 11.1 321 Unknown
YMRO96W  SNZI 70.1 6.6 10.7 63.5 Snol coregulated/complex
YPLOS6C LCLI 1449 144 101 1305 Unknown; deletion is long lifespan
YERI38W-A 101.8 10.8 9.4 91.0 (-) Unknown
YGL170C  SPO74 6.8 0.8 8.7 6.0 Prospore membrane
YHRO07C-A 23.0 27 8.5 203 Unknown
YFLOSOW SNZ3 9.3 1.2 8.0 8.2 Sno3 coregulated/complex
YOLOSSW  ARGI 3146  39.6 7.9 275.0 arginosuccinate synthestase
YNL333W SNZ2 7.7 1.0 7.9 6.7 Sno2 coregulated/complex
YMRI75W-A 61.1 8.0 7.6 53.1 (-) Unknown
YDRI03W  STES 11.1 1.5 7.4 9.6 al-a2 Mating MAPK
YLRO30OW 9.2 1.3 7.3 7.9 Unknown
YDR366C 6.3 0.9 6.9 53 Unknown
YHRO05C GPAl 21.3 3:2 6.7 18.1 al-a2 alpha subunit, pheromone receptor
YGR240C-A 10.0 1.6 6.2 8.4 (-)  Unknown
YKL209C STE6 40.9 6.6 6.2 343 «2-Mceml Yes  Export of a-factor
YFLO2IW GATI 34.6 59 59 28.8 Regulates nitrogen catabolism
YLR307C-A 6.3 1.1 5.8 5.2 (-)  Unknown
YBRO73W  RDH54 809 14.2 5.7 66.7 al-a2 Yes  DNA-dependent ATPase
YOR212W STE4 52.4 9.4 5.6 43.0 al-a2 Yes G protein dimer with Stel§
YDROOTW  TRPI* 246 4.4 5.6 20.2 Extra copy present in YBG200
YDRO19C GCvi 75.2 139 54 61.4 Glycine catabolism
YIR109C CPA2 2412 446 54 196.6 Carbamoyl phosphatease synthetase
YGLI17TW 103.6 202 51 83.4 Unknown
YLR3I18W EST2 15.0 29 5.1 12.0 Telomerase RT
YDLISIW  INHI 254 5.3 4.8 20.1 ATP hydrolysis nhibitor
YGR044C RME] 89.3 19.1 4.7 70.3 al-a2 Yes  Repressor of Meiosis
YCLO056C 58.0 13.1 4.4 45.0 Unknown; thermotolerance
YGRIS3W 542 126 43 41.6 Unknown
YJILOSRW ARG3 373 8.7 4.3 28.5 Ornithine carbamoyltransferase
YPRI22W  AXLI 7.7 1.9 4.1 5.8 al-a2 Haploid specific endoprotease
YDR38OW  AROI0  21.0 5.1 4.1 15.9 Phenylpyruvate decarboxylase
YDL21OW  UGA4 9.6 24 4.0 7.2 Permease that GABA transport

YPL256C CLN2 41.2 103 4.0 30.9 G1 cyclin
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Tiled array analysis had previously detected 402 significant antisense transcripts,
detected in MATa cells from both poly(A) and total RNA (David, et al., 2006). Strand-
specific RNA-seq using the [llumina protocol detected 1103 antisense units expressed in
MATa BY4741 background cells (Yassour, et al., 2010). This analysis did not exclude
dubious ORFs, and included small transcripts that may only overlap UTRs.

Statistically significant antisense transcription in the SOLiD RNA-seq was
defined by a minimum threshold ncRPKM for an expressed transcript being greater than
1.0 (Auer and Doerge; Li, et al.; Wilhelm and Landry, 2009). Based on this criteria,
RNA-seq identified a total of 1421 unique antisense transcripts across all four libraries,
1020 of which were expressed (ncRPKM > 1.0) in MATa -Glu cells. This contrasts with
the antisense expression of MATa-SPM (603 transcripts); a/a—Glu (732 transcripts); and
a/a -SPM (742 transcripts). The changes in total number of expressed antisense ncRNAs
suggests that cell-type and growth condition induce changes in ncRNA expression,
similar to changes in coding gene expression.

Although many genes appeared to have antisense transcripts, this does not
necessarily imply that they have a regulatory function in controlling the sense gene. For
example, YGRO3 1 W completely overlaps NAGI in the antisense direction (Ma, et al.,
2008). However, both YGR031W and NAGI are expressed. Therefore, to identify the
ncRNAs that are regulatory, the relationship between antisense expression and sense

repression needs to be determined.

3. Differential shifts between sense and antisense transcripts similar to IME4
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As shown in Chapter 3, IME4 is repressed by the haploid-specific antisense
transcript RME2 in MATa and MATo haploid, cells while the IME4 sense transcript is
normally expressed only in a/a diploids (Gelfand, et al., 2011; Hongay, et al., 2006; Shah
and Clancy, 1992). Therefore, this locus can be used as a model for stranded differential
gene expression. The expression data from the SOLiD transcriptome experiments shows
that MATa cells express IME4 at an average RPKM value of .061 in the MATa library,
while the RME?2 transcript (measured by the ncRPKM of IME4) is expressed at a value of
5.2 (Fig. 30). In contrast, RPKM and ncRPKM values for IME4 in a/a diploid cells
change to 9.2 and 0.21, respectively, indicating that IME4 was expressed and that RME?2
was repressed (Fig 30). Representative data of IME4 and RME?2 reads mapping to the
IME4 locus visualized with the Integrated Genome Viewer is shown (Fig. 30) (Robinson,
etal., 2011). These results suggested that difference in the RPKM and ncRPKM value
may be used to bioinformatically identify other genes that are regulated in a similar
manner to /ME4.

With statistically correlated biological replicates of the expression data, we can
confidently make comparisons about the changes in expression of both coding and
noncoding genes, between two libraries (Auer and Doerge). To identify additional cases
of antisense-mediated regulation, I looked for instances where the non-coding transcript
is expressed (ncRPKM > 1.0) at a level at least two-fold greater than the expression level
of the sense transcript. For all genes with an expressed antisense RNA, stranded
differential expression was compared by the ratio of RPKM to ncRPKM value using the
formula (coding RPKM + K / noncoding RPKM + K; where K is a constant lower than

the lowest RPKM value to correct for a zero-value, 0.0001). This formula for
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Figure 30. Expression of IME4 in SOLiD Dataset. Expression of /ME4 and
RME?2 in MATa-SPM (YBG200; library 8) and a/a—SPM (JRY 103; library 12) cells
assayed by SOLiD RNA-seq. The noncoding transcript (RME?2) is represented by a green
arrow. Mapped reads were visualized with Integrated Genomics Viewer (Robinson, et
al., 2011). Genes encoded on the Watson strand (IME4, COX13) are colored red. Genes
encoded on the Crick strand (HOS2, CDC55, RPS26) are colored in blue. Individual
reads mapped to S. cerevisiae genome are colored according to strand in the same
manner. Reads mapped to HOS2, COX13, CDC55, and RPS26 in both cell types, as well
as IME4 in a/a. cells, map in the direction of the ORF (black arrow). In a MATa cell, the
reads mapping to the /ME4 locus are blue, indicating RME?2 expression (green arrow).
The table below lists averaged expression values of both strands in the MA4Ta-SPM and
a/o—SPM libraries. Coding genes are measured by Reads Per Kilobase per Million reads
collected (RPKM) and non-coding strand Reads Per Kilobase per Million reads collected
(ncRPKM) values(Mortazavi, et al., 2008). The expression levels of RME?2 are
measured by ncRPKM-/ME4. Values under 1.0 are considered to be non-expressed

transcripts.
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0.1
9.2
5.2
0.21

HOS2 IME4
6.3

8.7

0.63

MATaSPM RPKM

a/a SPM RPKM
MATaSPM ncRPKM 0.11
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expression change, which we termed Stranded RPKM Ratio (SRR) was used to classify
genes into these three categories. Category 1 is comprised of genes where antisense
expression is greater than sense expression by a minimum of 2- fold, like IME4 in MATa
cells (Fig. 30, 31). Category 2 is the subset of genes where sense and antisense
expression are within 2-fold of each other. Category 3 is comprised of genes that have
sense expression over 2-fold greater than antisense expression, like /ME4 in diploid cells
(Fig. 30). All genes in each library had SRR calculated based on the averaged RPKM
and ncRPKM expression values. Genes expressing antisense transcripts at an ncRPKM >
1.0 in each library were categorized by SRR value (Table 5).

The majority of expressed antisense transcripts were in SRR category 3,
indicating that they are expressed, but at a level lower than the coding transcript.
Pervasive transcription across non-coding regions of the yeast genome, without respect to
strandedness, has previously been observed (Nagalakshmi, et al., 2008). It is possible
that these transcripts are expressed from cryptic promoters exposed during transcription
of the sense gene. Alternately, SRR category 3 may represent antisense transcripts that
are induced in conditions other than those observed here to repress coding transcription.
There were also a significant number of genes in each library that are in SRR Category 2,
where both strands are transcribed simultaneously. These genes may be similar to the
IME4 deletion mutants and URA3 replacement, which are not sensitive to repression by
antisense transcription (Chapter 3). Alternately, antisense transcription may partially
downregulate, as opposed to completely repressing sense expression. The genes in SRR

Category 1 are those most like /IME4, where antisense expression levels of RME?2 are
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Figure 31. Stranded RPKM Ratio (SRR) measures relative amounts of sense-
antisense transcription. ORFs are represented by the red boxes, transcribed to the
right. Red arrows represent expression of the sense transcript, measured by RPKM. Blue
arrows represent antisense transcripts, measured by ncRPKM. Expression values for
each non-dubious ORF were compared by the formula
((RPKM+.0001)/(ncRPKM+.0001)) to generate SRR values which fall into three
categories illustrated above. (1) ncRPKM greater than RPKM by 2-fold; (2) both RPKM

and ncRPKM within 2-fold; (3) RPKM over 2-fold greater than ncRPKM.
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Table S. SRR Analysis of Expressed (ncRPKM > 1.00) Antisense RNAs

MATa-Glu a/a.Glu MATa-SPM  a/o. SPM

Total # expressed antisense 1020 732 603 742
Category 1: SRR < 0.5 183 158 145 175
Category 2: 0.5 <SRR <2.0 180 109 148 155
Category 3: SRR > 2.0 657 465 310 412

Totals are the number of genes, out of 5910 non-dubious ORFs, which have an expressed

antisense RNA, defined by an ncRPKM >1.00.
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significantly higher than sense. If the SRR Category 1 genes switch to SRR category 2 or
3 in other conditions then these may be candidates for antisense mediated regulation.

The first comparison I made was between the MATa -SPM and a/a—SPM libraries
since the regulation of IME4 by RME?2 is observed under this condition. In this case, the
expression levels of IME4 (RPKM) and RME2 (ncRPKM) shown in Figure 30 produce
SRR values of .012 (Category 1) in MATa cells, and 43.8 (Catgegory 3) in a/a cells. In
MATa-SPM, there are 145 genes which have are SRR Category 1, indicating that a higher
level of antisense transcripts are expressed than sense (Table 6, Col 3, Total row). When
compared to a/a—SPM, there were 14 genes, including /ME4, which change from SRR
Category 1 to SRR Category 3 (Table 6, Col 3, Row 1 to 3). An additional 23 genes
change to SRR Category 2. This group may include genes where the antisense transcript
is downregulating the sense gene, rather than completely repressing it (Table 6, Col 3,
Row 1 to 2). It also includes genes where bidirectional transcription occurs that is
independently regulated. Interestingly, there are 108 genes that are in SRR Category 1 in
both libraries. These antisense transcripts are expressed at a higher level than sense
transcripts in both libraries, and are not differentially regulated by cell-type or under
sporulation-inducing conditions (Table 6, Col 3, Row 1 to 1).

A similar comparison was used to identify a/a—specific antisense ncRNAs that
may repress coding transcription specifically during sporulation. These are genes that are
in SRR Category 3 in the MATa-SPM library, and change to SRR Category 2 or 3 in the
a/a—SPM library. Of this subset of 32 genes, 20 change to SRR Category 2 and 12
change to SRR Category 3 in MATa-SPM (Table 6, Col 3, Row 2 to 1 and Row 3 to 1,

respectively). Most Category 3 genes remain the same in both libraries.



Table 6: Comparative analysis of antisense expressing genes

SRR category MATa MATa a/a Glu
change between SPMvs.  Gluvs. vs. a/a
libraries a/ao SPM  a/a Glu SPM
Category 1 Total 145 183 158
SRR < 0.50 1tol 108 134 108
1to?2 23 29 34
1to3 14 20 16
Category 2 Total 148 180 109
0.50 <= SRR <2.0 2t02 64 61 42
2to 1 30 18 29
2t03 54 101 38
Category 3 Total 309 657 465
SRR >2.0 3to3 277 622 333
3to2 20 30 105

3tol 12 5 29
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MATa

Glu vs.

MATa
SPM

183
121
32
30

180
51
32
97

657
598
43
16
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The remaining comparisons of the four RNA-seq libraries were made using the
same breakdown of SRR change as described above for the MATa-SPM vs. a/a-SPM
analysis. The results of these comparisons (a/a-Glu vs. a/a—SPM; MATa -Glu vs.
MATa —SPM; MATa - Glu vs. a/a—Glu) are summarized in Table 6. As stated above,
the genes in SRR Category 1 (antisense transcripts) in one library that change to SRR
Category 3, or vice versa are of primary interest, as they follow the expression pattern of
IME4 (Table 6, Rows 1 to 3 and 3 to 1).

To select for the genes where sense and antisense expression levels changed in an
inversely proportional manner, the list of genes generated by the SRR comparison was
filtered by additional standards. In the above analysis only genes with ncRPKM > 1.0 in
the SRR Category 1 condition were considered. To look for differential expression, I
screened for genes in this list that had an RPKM > 1.0 in the SRR Category 3 condition,
and which had at least a 2-fold change in RPKM and ncRPKM. Genes that passed one
RPKM-fold filter by this standard, and passed the second RPKM fold filter by a more
lenient standard of 1.25-fold were also considered as lower-ranked candidate genes. The
specific genes that shift between SRR Categories 1 and 3 in each comparison are listed in
Table 7. The same set of filters was applied to genes that shift from SRR category 1 to
Category 2, which may represent downregulation by antisense transcription. These genes
are listed in Table 8.

These comparisons uncovered many interesting examples of differential
expression. FARI was previously shown to be a haploid specific gene (Galgoczy, et al.,

2004). RNA-seq showed that there is an a/o— specific FARI antisense transcript, which
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may regulate FARI. PRMH4, which is involved in mating, is upregulated in starved MATa
cells (Heiman and Walter, 2000). However, during sporulation, PRM4-antisense is
expressed instead. GAL4, which is required for activation of the other GAL genes,
expressed an antisense transcript in both cell-types during vegetative growth. Starvation
reduced GAL4-antisense levels, possibly allowing GAL4 activation only when glucose is
depleted.

I also observed that there are 65 genes that express primarily antisense transcripts
across all four libraries (Table 9). These genes may represent cases where antisense-
mediated repression is relieved in a condition other than those assayed here. For
example, HXT11, HTX12, HXT15, and HXT16 expressed antisense transcripts in all
conditions, and did not express sense. These genes may be induced in the presence of
specific carbon sources when glucose is also depleted. AQYI, PRM3, YFL051C, SMK1,
AZRI, RECI14 and SPO75 are all induced in mid-meiosis, but expressed antisense
transcripts in the conditions analyzed here. (Chu, et al., 1998; Vershon and Pierce, 2000).
It is possible that entry into mid-meiosis represses these antisense transcripts, allowing
coding expression.

To verify that the bioinformatic comparisons were performed correctly, the
mapped RNA-seq data was visualized with the Integrated Genome Viewer (IGV)
(Robinson, et al., 2011). Examples of genes that shift between SRR categories 1 and 3
from each comparison were examined. Like IME4 and RME2, these genes show a
distinct switch between sense transcription and antisense transcription (Fig. 30, 33). This

shows that differential strand-specific expression is a conserved phenomenon.
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Table 7. Genes shifting from SRR Category 1 to Category 3 RNA-seq libraries were
compared to identify genes which are in SRR Category 1, in one library and SRR
Category 3 in the other library. Target genes have RPKM value > 1.0 in the SRR
Category 3 condition, and ncRPKM >1.0 in the SRR Category 1 condition, and have
greater than 2-fold RPKM and ncRPKM changes. RPKM Fold and ncRPKM fold are
the ratios of the respective expression values for a given gene in the first library divided
by the expression value of the second library, in a given comparison. Genes with either
fold change greater than 2X, and no less than 1.25-fold change in the other comparison
were included. A) MATa-Glu compared to a/a-Glu. B) a/a Glu-compared with to a/o.-

SPM. C) MATa-SPM compared to a/a-SPM. D) MATa-Glu compared to MATa-SPM.
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Table 7. Genes shifting from SRR Category 1 to Category 3

A) MATa Glu vs. a/a Glu

MATa Glu a/a Glu

SRR SRR RPKM ncRPKM
gene_id ORF RPKM ncRPKM SRR Cat. RPKM ncRPKM SRR Cat. Fold  Fold
SRR Category 1 MATa Glu: SRR Category 3 a/a. Glu
YGL192W IME4 0.5 45 0.1 1 75 0.1 72.6 3 15.1 435
YNL146W 0.9 32 03 1 25 0.2 13.6 3 29 17.0
YOR316C-A 0.6 1.1 0.5 1 1.8 0.1 15.2 3 31 9.5
YGR212W SLi 1.9 6.5 0.3 1 54 1.6 33 3 28 4.0
YMR2RIW GPII2 78 158 0.5 1 228 74 31 3 29 2.1
YNRO14W 0.5 23 0.2 1 38 1.6 23 3 7.1 14
YOR049C RSBI 1.1 10.0 0.1 1 388 85 4.6 3 34.0 1.2
YDROT8C SHU2? 35 6.7 0.5 1 6.2 1.3 4.9 3 1.8 5.2
YMR201C RADI4 29 214 0.1 1 4.8 1.7 28 3 1.6 12.3
YALO63C-A 1.9 58 0.3 1 27 0.3 7.7 3 1.4 16.9
YLLO52C AQY2 21 42 0.5 1 27 0.5 5.1 3 13 8.0
YMRO94W CTF13 49 158 03 1 59 0.3 18.2 3 1.2 48.6
YJL149W DASI 25 6.4 0.4 1 3.0 0.4 7.9 3 12 16.9
SRR Category 1 a/a Glu; SRR Category 3 MATa Glu
YIL160C POTI 1.5 0.5 28 3 0.5 1.3 0.3 1 0.3 0.4
YJLI57C FARI 19.6 29 6.8 3 04 5.9 0.1 1 0.0 0.5
YMRO9SC SNOI 57.8 32 18.0 3 1.7 44 0.4 1 0.0 0.7
YFLOS3W DAK2 1.8 03 6.9 3 12 24 0.5 1 0.7 0.1
B) a/a Glu vs. a/a SPM

aoGu————— aaSPM—

SRR SRR RPKM ncRPKM
gene_id ORF RPKM ncRPKM SRR Cat. RPKM ncRPKM SRR Cat. Fold Fold
SRR Category 1 a/a Glu; SRR Category 3 a/a. SPM
YKL103C LAPS 3.0 216 0.3 1 14.2 22 6.5 3 4.7 9.9
YKLO93W MBRI 28 74 04 1 517 0.8 67.1 3 184 9.6
YMR206W 0.5 1.6 03 1 334 0.3 127.5 3 62.8 6.3
YIL160C POTI 0.5 13 0.3 1 6.0 0.2 241 3 13.1 54
YORO32W-A 04 4.1 0.1 1 27 0.9 29 3 74 44
YLROS3C 0.2 42 0.1 1 18.7 1.1 17.7 3 78.2 4.0
YLLOI7W 0.9 45 0.2 1 4.1 1.5 2.7 3 4.6 29
YMRO95C SNO1 1.7 44 0.4 1 27.6 15 18.2 3 16.0 29
YEL035C UTRS 03 1.0 0.3 1 10.9 0.4 26.0 3 418 24
YPL248C GAL4 1.6 37 0.4 1 6.5 1.8 3.7 3 4.0 21
YEL069C HXTI3 0.3 27 0.1 1 149 1.3 1.1 3 44.9 2.0
YLR446W 26 85 0.3 1 49 0.7 7.1 3 19 12.5
YEL067C 0.5 56 0.1 1 16.4 34 4.8 3 347 1.7
YPLOI7C IRCIS 1.9 56 0.3 1 15.5 3.6 44 3 82 1.6
YHRI160C PEXI8 08 14 0.5 1 43 1.2 35 3 57 1.2
SRR Category 1 a/a SPM: SRR Category 3 a/a Glu
YNL145W MFA2 1.1 0.0 105837.8 3 0.0 1.8 0.0 1 0.0 0.0
YILI6TW 1.5 04 285 3 4.0 164 0.2 1 0.4 0.0
YMRO94W CTFi3 5.9 03 18.2 3 21 5.1 0.4 1 0.3 0.1
YHRO61C GIC! 48 0.6 8.2 3 1.7 5.7 0.3 1 0.4 0.1
YGL209W MIG2 12.6 0.4 292 3 1.5 35 04 1 0.1 0.1
YORO032C HMS! 15.1 1.1 13.6 3 21 8.1 0.3 1 0.1 0.1
YER06OW Fey2l 364 20 18.1 3 35 125 0.3 1 0.1 0.2
YLR145W RMPI 17.6 20 8.8 3 35 109 0.3 1 0.2 0.2
YILIS8W AIM20 219 3.0 73 3 25 144 0.2 1 0.1 0.2
YMLOOSW TRMI2 12.0 34 35 3 5.6 154 0.4 1 0.5 0.2
YKLOSTW SFK1 252 31 8.1 3 57 123 0.5 1 0.2 0.3
YDL037C BSCI 1.9 0.6 19.5 3 04 24 0.2 1 0.0 0.3
YNL246W VPS75 17.6 6.6 2.7 3 34 214 0.2 1 0.2 0.3
YNLO72W RNH201 5.7 0.6 9.0 3 1.0 1.9 0.5 1 0.2 0.3
YOR339C UBCH 47 0.8 6.0 3 0.2 23 0.1 1 0.0 0.3
YORIOOW SPRI 1.6 0.5 3.1 3 04 1.1 04 1 0.2 0.5
YDR254W CHL4 9.6 39 25 3 S8 11.2 0.5 1 0.6 0.3
YGRO41W BUDY 124 2.6 48 3 23 4.7 0.5 1 0.2 0.5
YIRI14TW HMS2 6.2 30 2.1 3 26 4.9 0.5 1 0.4 0.6
YMROO6C PLB2 12.1 24 5.1 3 0.9 37 0.2 1 0.1 0.6
YGR213C RTAL 8.9 26 34 3 0.8 4.0 0.2 1 0.1 0.7
YDR414C ERDI 10.0 33 3.0 3 1.4 4.6 0.3 1 0.1 0.7
YILO73C SPO22 4.1 1.9 2.1 3 0.6 27 0.2 1 0.1 0.7
YOR373W NUD/ 27 04 6.2 3 20 44 0.5 1 0.7 0.1




C) MATa SPM vs. a/a SPM

gene id ORF
YALOS5W PEX22
YGL192W IME4
YNROI4W

YORO10C TIR2
YKLO87C cYr2
YOLI55C HPFI
YPL124W SPC29

SRR Category 1 a/at SPM:

YPL276W
YDRS36W
YLRO92W
YLRO0O4C
YGR213C
YNLI145W
YNRO56C
YPLI56C
YDLO37C
YILOGOW
YMRO06C
YILIS7C
YKL096C-B
YDR383C
YPLO96C-A

D) MATa Gluvs. MATa SPM

gene id

YIL149W
YMRO34C
YOR293C-A
YORO32W-A
YDRS36W
YMR194C-B
YLR446W
YMROS1C
YEL067C
YDR253C
YMLORTC
YNROO2C
YCRO6IW
YKL096C-B
YEL075C
YBR294W
YPLO17C
YDR223W
YIL100W
YGL154C
YKL103C

SRR Category 1 MATa SPM: SRR Category 3 MATa Glu

YGRI53W
YILI6IW
YGL209W
YHRO61C
YORO32C
YMLO2TW
YERO6OW
YCRIOSW
YDR317TW
YKLOS7C

STLI
SUL2
THI73
RTAI
MFA2
BIOS
PRM4
BSCI

PLB2
FARI

NKPI
ERII

ORF

DASI

STLI
CMC4

ISF1

MET32
AIM33
ATO2

SULI
IRCIS
CRF1
LSB6
LYSS
LAP4

MIG2
GIcl
HMS1
Yoxi
Fcy2n
ADH7

cyYr2

MATa SPM

RPKM ncRPKM SRR
SRR Category 1 MATa SPM: SRR Category 3 a/a. SPM

2.6
0.1
0.3
0.4
1.5
1.0
0.8

SRR Category 3 MATa SPM

149
52
1.2
1.9
29
60.7
2.0

4.0 0.2
8.8 0.3
6.8 0.4
3.1 0.7
6.1 12
244 0.6
1.7 0.5
7.7 24
22 1.0
178 44
4.0 1.8
35 1.4
173 6.7
18 52
15.2 0.3
MATa Glu

RPKM ncRPKM SRR
SRR Category 1 MATa Glu; SRR Category 3 MATa SPM

25
2.7
1.1
03
0.4
5.2
1.6
2.6
1.9
27
0.9
1.0
1.2
3.0
0.5
1.8
1.8
0.7
4.6
53
1.6

54.2
10.2
54
3.0
8.9
24
38.2
2.6
32
12.9

6.4
4.9
244
4.8
2R
9.7
4.8
6.8
7.2
5.6
25
43
2.7
20.0
1.1
4.3
5.0
2.0
228
13.1
283

1.1
1.2
0.4
0.4
0.8
0.5
1.8
0.5
0.8
1.6

0.2
0.0
0.2
0.2
0.5
0.2
0.4

17.1
254
18.7
4.2
5.2
42.1
3.1
32
23
4.0
22
2.6
2.6
23
46.4

0.4
0.5
0.0
0.1
0.1
0.5
0.3
0.4
0.3
0.5
0.4
0.2
0.4
0.2
0.5
0.4
0.4
0.3
0.2
0.4
0.4

513
8.6
138
7.1
114
5.0
213
4.9
4.3
8.0

SRR

W WL L W W W L W W W L L W

SRR
Cat.

WL L W W LI L L W W

a/a SPM —

RPKM ncRPKM SRR

6.8 0.5
92 0.2
213 0.1
1.1 0.4
285 1.5
137.5 357
1.1 0.2
0.0 R4
0.6 35
0.6 3.0
1.1 2.6
0.8 4.0
0.0 1.8
0.6 1.4
13 6.0
0.4 24
43 9.9
0.9 37
0.3 1.8
1.1 2.6
7.6 62.5
10.6 49.7
MATa SPM

RPKM  ncRPKM

5.1
9.8
82
1.6
88
28.0
54
18.6
6.0
8.4
39
6.1
53
17.3
1.4
711
5.2
1.6
77
87
15.1

58
24
1.0
1.3
0.9
0.4
1.8
0.3
0.5
1.5

0.1
0.1
0.5
0.3
1.2
0.6
0.9
1.6
1.3
0.7
1.3
0.9
6.7
0.4
1.5
2.1
1.0
04
4.2
5.8

12.2
1.5

3.6
4.9
25
42
1.1
L5
29

14.7
431
2083
25
18.5
29
4.9

0.0
0.2
0.2
0.4

0.0
0.4

0.2
0.4
0.2
0.2
0.4
0.1
0.2

SRR

38.1
713

23.0

475
25
1.9
19.6
2.1

2.6

0.5
0.2
0.3
0.4

0.1
0.4
0.3
0.4
0.5

SRR RPKM ncRPKM

Cat.

[P P P R R R )

SRR

W) L) L Lo LD L) L L Lo L) L L L) L) L L L W

[FERETCRE)

Fold

27
150.0
74.1
29
19.1
125
1.4

0.0
0.1
0.1
0.4
0.1
0.0
0.4
0.2
0.2
0.2
0.2
0.1
0.1
0.6
0.7

RPKM
Fold

20
37
73
47
248
53
34
7.0
3l
31
43
6.2
45
5.7
26
40.6
28
17.7
1.7
1.6
1.3

0.1
0.2
0.2
0.5
0.1
0.1
0.0
0.1
0.2
0.1

Fold

322
246
12.0
4.6
1.9
1.7
9.1

0.0
0.1
0.1

0.3
0.3
0.4
0.4
0.4
0.4
0.5
0.8
2.6
0.1
0.0

ncRPKM
Fold

48.0
358
20.1
9.1
8.1
7.9
7.9
7.8
4.4

3.6
32
3.0
3.0
3.0
28
24
2.0
583

4.9

0.1
0.1
0.1
0.1

0.2
0.4
0.5
0.5
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Table 8. Genes shifting from SRR Category 1 to Category 2 RNA-seq libraries were
compared to identify genes which are in SRR Category 1, in one library and SRR
Category 2 in the other library. The highest scoring target genes have RPKM value >
1.0 in the SRR Category 2 condition, and ncRPKM >1.0 in the SRR Category 1
condition. RPKM Fold and ncRPKM fold are the ratios of the respective expression
values for a given gene in the first library divided by the expression value of the second
library, in a given comparison. Genes with either fold change greater than 2X, and no
less than 1.25-fold change in the other comparison were included. A) MATa-Glu
compared to a/a-Glu. B) a/a Glu-compared with to a/a-SPM. C) MATa-SPM

compared to a/a-SPM. D) MATa-Glu compared to MATa-SPM.



Table 8. Genes shifting from SRR Category 1 to Category 2

A) MATa Glu vs. a/a Glu

MATa Glu
gene id ORF RPKM  ncRPKM SRR
SRR Category 1 MATa Glu: SRR Category 2 a/a Glu
YHLOISW-A 0.8 5.1 0.2
YLR405SW DUS4 15.1 104.1 0.1
YIL100W LSB6 4.6 228 0.2
YOLI44W NOP& 6.3 18.0 04
YOLI14C 1.1 48 0.2
YILI33W MRS3 8.7 309 03
YOLI55C HPFI 14 46.5 0.0
SRR Category 1 a/a Glu: SRR Category 2 MATa Glu
YHLOI2W 1.2 1.6 0.8
YKLO3TW AIM26 1.1 1.0 1l
YIROS6W STEIS 12.0 9.9 1.2
YKLO93W MBRI1 7.6 4.0 1.9
YILOI3C PDRII 29 1.6 I8
YILI70C ASG7 1.2 1.1 1.1
YLROS3C 24 33 0.7
B) a/a Glu vs. a/a SPM

a/a Glu
eene id ORF RPKM ncRPKM SRR
SRR Category 1 a/a Glu: SRR Category 2 a/a SPM
YOR242C ssp2 0.1 47 0.0
YBR294W SULI 04 7.1 0.1
YGRI109W-B 0.9 31 0.3
YILOS2W-A 1.2 52 0.2
YILOSOW 1.3 49 0.3
SRR Category 1 a/a SPM: SRR Category 2 a/a Glu
YMRI0SW-A 23 1.7 14
YBLIOOW-C I8 33 0.6
YHLOISW-A 1o 1.2 0.8
YGRI109C CLB6 2.0 24 0.8
YFLO64C 1.2 1.0 1.2
YILO72W 21 1.2 1.8
YDR317TW 1.6 1.9 0.9
C) MATa SPM vs. a/a SPM

MATa SPM
eene id ORF RPKM  ncRPKM SRR
SRR Category 1 MATa SPM: SRR Category 2 a/a SPM
YILI33W MRS3 1.9 7.4 0.3
YBR296C-A 0.3 59 0.0
YKLO7TIW 2.1 123 0.2
YOR242C ssp2 0.2 L5 0.1
YDR4TEW SNM1 0.8 35 0.2

SRR Category 1 a/a SPM: SRR Category 2 MATa SPM

YILO72W 24 1.9 1.3
YILO73C SpO22 1.6 1.6 1.0
YJIROTOW 6.8 6.6 1o
YARO6G6W 1.2 14 0.9
YORI192C-C 8.3 8.9 0.9
YMRIOSW-A 1.3 I8 0.7
YOL047C 1.1 L5 0.7
YDRI14C 105 9.8 L1
YFLO64C 1.3 L1 1.2
D) MATa Gluvs. MATa SPM
MATa Glu

eene id ORF RPKM ncRPKM SRR
SRR Category 1 MATa Glu: SRR Category 2 MATa SPM
YARO6GSW 0.5 3.9 0.1
YNLI196C SLZI 0.9 45 0.2
YILOS2W-A 0.6 34 0.2
YILOSOW 0.7 32 0.2
YGRI09W-B 0.6 2.1 0.3
YNLI46C-A 29 1.4 0.3
YPL248C GAL4 0.9 39 0.2
YJIROTOW 5.1 36.0 0.1

SRR Category 1 MATa SPM: SR

YALOS5W PEX22 35
YALO34W-A MTW1 22
YOR298W MUM3 1.7
YHL026C 2.0
YMR279C 1.3
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Table 9. Genes with constitutively expressed antisense transcripts. Genes in this list
are in SRR Category 1 in all four libraries. The expression value of the average ncRPKM
of all four libraries must be greater than 1.00, with not more than one individual library
average less than 1.0. Genes are ranked by average RPKM value. Genes antisense to
ribosomal RNA and UTRs were excluded. RNA (Column 8) indicates whether the

antisense transcript is a ncRNA (nc) or coding RNA (cod).



Table 9. Genes with constitutively expressed antisense transcripts

gene id
YLR264C-A
YDRS524W-C
YFLO10W-A
YARO035C-A
YGL168W
YGRO35W-A
YIL169C
YOLI55W-A
YGR240C-A
YORO68C
YIROISC-A
YDLIISW
YCRO50C
YOL164W-A
YERO14C-A
YHRO21TW-A
YILO77C
YKLO70W
YFLO51C
YNRO75C-A
YFRO35C
YMR247W-A
YGRI09W-A
YGL041C-B
YLLOOSC
YGR221C
YPL192C
YMR317W
YPRI192W
YGL258W
YOR384W
YGR224W
YOROO8C-A
YAROS0W
YPRO54W
YPL165C
YOR387C
YNLO33W
YPRO27C
YHR2I3W-A
YNLO019C
YHR213W-B
YHR214W
YIR160C
YNL210W
YFLO67TW
YOR378W
YDL247TW
YDR246W-A
YIL17IW
YMRI33W
YHR2I2W-A
YDL245C
YKR105C
YGLO89C
YAR064W
YHR213W
YIRIS8W
YOL156W
YIL170W
YCLO6OW
YBRO19C
YIRI53W
YOR268C

ORF

AUAI

HURI

VAM10

BUD25
ECMI2
ICS3

SPO75
TOS2
PRM3

AQY1
VELI
FRES
AZRI1

FLOI1
SMKI1
SET6

MPH3
MERI

MPH2

HXTI12
REC114

HXT15
VBAS
MF(ALPHA)2

HXT16
HXT11
HXTI12
VBA3
GAL10
PGU1

MATaG a/a G MATaSPM
ncRPKM ncRPKM  ncRPKM
4090.71  1006.98 225.54
820.27 727.60 484.89
124.93 126.61 64.74
16.12 7.44 144.54
72.22 44.70 55.65
66.10 30.50 9.86
20.01 19.13 33.25
20.36 11.02 4.08
29.86 15.25 12.64
25.26 36.70 4.54
16.69 13.07 19.67
24.41 18.70 2.95
11.84 14.73 10.00
11.29 6.47 12.33
21.40 10.62 7.50
13.55 23.16 3.26
8.97 10.02 7.38
7.60 12.53 4.70
1.14 7.56 1.48
11.33 13.14 1.82
8.83 8.89 4.14
5.43 9.81 293
6.38 9.25 297
5.22 7.67 1.46
2.60 4.73 7.07
3.88 5.77 3.29
4.07 8.17 5.13
3.64 4.00 3.86
295 4.46 6.46
7.99 4.17 224
1.82 2.57 3.78
4.08 7.41 293
4.88 6.01 3.30
3.46 3.72 4.54
3.25 4.52 227
3.07 3.60 3.72
2.30 5.38 2.78
2.83 2.85 2.98
6.28 2.12 2.19
3.12 2.73 1.76
2.84 2.47 2.60
2.69 2.05 2.86
235 2.20 2.67
1.81 3.04 2.12
1.61 2.96 221
1.36 3.25 1.39
1.64 3.73 0.96
1.77 2.55 1.94
2.63 3.46 1.11
5.45 1.03 0.75
2.08 1.10 2.43
3.20 2.03 1.81
222 1.81 1.31
1.72 1.93 1.32
2.90 1.71 0.61
1.46 1.56 1.76
243 1.01 1.76
1.75 1.53 0.84
2.16 1.44 0.62
2.50 1.45 043
1.04 1.15 0.85
1.05 0.62 1.18
1.48 1.18 0.79
1.22 1.05 1.29

nc
nc
cod.
nc
cod.
nc
nc
nc
nc
cod.
nc
cod.
cod.
nc
cod.
cod.
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc

a/a SPM Avg
ncRPKM ncRPKM RNA
391.48  1428.68
538.47 642.81
30.28 86.64
48.35 54.11
28.39 50.24
15.58 30.51
49.50 30.47
49.66 21.28
20.66 19.60
4.91 17.85
11.12 15.14
397 12.51
12.45 12.25
17.95 12.01
7.59 11.78
2.08 10.51
12.76 9.78
7.88 8.18
20.49 7.67
1.70 7.00
542 6.82
7.74 6.48
6.38 6.24
8.70 5.76
5.95 5.09
6.97 4.98
239 4.94
8.14 4.91
4.16 4.51
3.62 4.50
9.72 4.47
2.75 4.29
2.08 4.07
4.41 4.03
5.94 3.99
5.01 3.85
2.85 333
4.34 3.25
2.15 3.19
4.59 3.05
3.29 2.80
2.67 2.57
2.77 2.50
2.86 2.46
2.94 243
3.59 2.40
3.17 2.38
292 2.30
1.82 2.26
1.69 223
2.74 2.09
1.14 2.04
1.95 1.82
2.13 1.78
1.79 1.75
2.06 1.71
1.37 1.64
1.75 1.46
1.12 1.33
0.93 1.33
1.58 1.15
1.75 1.15
1.02 1.12
0.63 1.05

nc
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Figure 32. Comparison of genes which differentially express sense and antisense
transcripts. Venn diagrams of the number of genes that express primarily antisense
RNA (SRR category 1) in one library, and shift to increased levels of sense mRNA (SRR
category 2 or 3) in the other library (non-overlapping portions). This dataset was filtered
based on averaged RPKM and ncRPKM of three biological replicates, where ncRPKM >
1.0 in the antisense expressing (SRR Category 1) condition, and RPKM > 1.0 in the
sense expressing (SRR Category 2 or 3) condition, and the previously listed fold changes
in both RPKM and ncRPKM. The overlap is the subset of genes expressing the same

sense:antisense ratio (SRR Category 1) in both of the tested conditions.
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Figure 33. Visualization of sample genes that change between sense/antisense
expression, as determined by SRR comparison. IGV was used to visualize
representative data from the indicated libraries (Robinson, et al., 2011). Two examples
from each library are shown. Watson-strand features (reads and gene annotations) are in
Red; Crick strand features are Blue. Novel antisense transcripts, correlated with lowered

coding expression are indicated by the arrows in green.
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4. Verification of SOLID findings
i. RNA-seq identified HPF1, a new gene regulated by a haploid-specific antisense
RNA

While a significant number of genes showed differential expression patterns
similar to /ME4, the presence of an antisense RNA does not necessarily mean that the
overlapping coding is regulated by the antisense transcript (Jenks, et al., 2008; Xu, et al.,
2009). For example, as shown by the IME4 deletion and URA3 experiments shown in
Chapter 3 (Fig. 17, 18), not all antisense transcripts that do not affect coding
transcription. To investigate if antisense ncRNAs discovered by the RNA-seq
experiments have functional roles in the cell, I selected several genes that showed
changes from SRR category 1 to 3 in at least one comparison (Fig. 33).

One gene of interest was HPF'1,which is known to have a role in breaking down
mannoprotein aggregates in wine (Brown, et al., 2007). In MATa-SPM libraries, this
OREF expresses the highest level of antisense transcript of any verified ORF (ncRPKM =
60.6,), with an SRR value of 0.217. HPF is therefore in SRR Category 1 in MATa
cells, much like IME4. In contrast, the HPF'I transcript is highly upregulated and the
antisense downregulated in a/a cells (SRR = 2.90) much like IME4 and RME? (Fig.
33B). RT-PCR of wild-type cells verified there was differential expression of both
transcripts (Fig. 34A, lane 1 vs. 2). The antisense transcript, termed Haze Regulator 1, is
only expressed in MATa cells, while HPFI is the predominate species in a/a cells.

To test if HZR1 expression directly regulates HPF 1, 1 deleted the HZR I promoter.
If HZR1 regulates HPF'I, preventing HZR1 expression would permit haploid cells to

express high levels of HPF'1. This would be similar to the way the ime4A3’ mutant fails



146

Figure 34. HPF1 is repressed in a cell-type specific manner by the antisense
transcript HZR1 A) RT-PCR assays of HPFI and its antisense transcript HZR1 in MATa
(YBG200) and a/a. cells (JRY103). Strand-specific cDNA of both transcripts was
generated, and PCR amplified by a common nested primer pair. ACT1/ is a loading
control for the RNA samples, and —RT reactions were performed for each primer set
used. B) Deletion of the HZR I promoter permits HPFI expression. Cartoon illustrates
the deletion of 250 bp downstream of HPF I, containing the presumptive HZR [ promoter.
RT-PCR assays show the expression of HPFI and HZRI in MATa (YBG200, lane 1),
MATa —hzrl Apr (YBG228, lane 2), and a/a cells (JRY 103, lane 3). Controls and assays

were performed as above.
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to express RME?2, allowing expression of /IME4 (Fig. 10C, Fig. 11). Deletion of a 250 bp
region downstream of HPF I, containing the presumptive HZR! promoter, prevented
HZRI1 expression in MATa cells (Fig. 34B, lane 1 vs. lane 2-HZR1). More importantly,
the loss of HZR1 resulted in diploid-like expression of HPF'I (Fig. 34B, lane 2 vs. lane 3-
HPF1). This showed that HPFI is regulated in a cell-type specific manner, and
suggested that genes which shift SRR ratios between Category 1 and 3 could be likely

examples of antisense-mediated regulation.

ii. The LAP4 locus expresses an antisense RNA that represses LAP4
in vegetative cells.

In addition to genes regulated by cell-type specific antisense transcription, the
RNA-seq experiments also looked for genes regulated by growth conditions. LAP4 is an
aminopeptidase with a role in vacuolar formation (Cueva, et al., 1989; Schu, 2008).

This gene showed significant levels of antisense expression in both cell-types during
vegetative growth (MATa-Glu ncRPKM = 28.0; a/a. ncRPKM = 21.5), which gave SRR
values of .408 in MATa and .258 in a/a cells. This antisense RNA, which we call ALF4
(Antisense LAP4), spans 2.2 KB and completely overlaps the LAP4 gene, similar to the
arrangement of IME4/RME?2 (Hongay, et al., 2006). Verification of the RNA-seq
dataset via RT-PCR showed that ALF4 is expressed in both cell-types in vegetative media
(Fig. 35A.) LAP4 is not expressed under the same conditions, suggesting regulation of
ALF4 and LAP4 is not cell-type specific. Previous studies showed that LAP4 RNA and
protein expression are both highly induced when cells are starved for fermentable carbon

sources, or in the presence of metal ions such as Zinc (Adamis, et al., 2009; Cueva, et al.,
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1989; Schu, 2008). If ALF4 expression functions to repress LAP4 in vegetative media,
we would expect to see down-regulation of the antisense transcript under the conditions
that induce LAP4 expression. In our transcriptome data, we observed that transfer to
sporulation media, which also lacks a fermentable carbon source, lowered expression of
ALF4 by an average of 7.2X and LAP4 expression was increased by an average of 3.0X
(Fig. 33D). When MATa cells were grown without glucose, during stationary phase, and
when exposed to 1 mM Zn*", which are conditions known to induce LAP4 expression, we
observed that ALF4 is no longer expressed and LAP4 is expressed (Fig. 35B, lanes 2-4).
This result indicates that there is a conditional switch between sense and antisense
expression, similar to that observed for IMEA4.

To verify that ALF4 is the direct repressor of LAP4 in vegetatively grown cells, |
made a mutant, alf4Apr, which deletes a 250 bp sequence downstream of LA P4 that
likely contains the presumptive ALF4 promoter. If ALF4 is the direct repressor of LAP4,
then we would expect to see derepression of LAP4 in the alf4Apr strain due to the loss of
ALF4. Conditions that induce LAP4 would show no change in expression. As
expected, both wild-type and alf4Apr cells express LAP4 when induced
by the presence of 0.1 mM Zn2+, indicating that this mutation does not effect the ability
to induce LAP4 (Fig. 35C, lanes 3, 4). However, in alf4Apr mutants, the expression of
ALF4 is lost under vegetative conditions (Fig. 35C, lane 2). This loss also causes LAP4
expression under conditions where it should be repressed. Therefore, we can conclude
that the ALF4 ncRNA has a direct role in vegetative-state repression of LAP4, similar to

IME4 and ZIP2.
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Figure 35. LAP4 is a gene that is repressed by antisense transcription in vegetative
cells. A) A) RT-PCR assays of LAP4 and its antisense transcript ALF4 in MATa
(YBG200, lane 1) and a/a. cells (JRY 103, lane 2) grown in YEPD media. B) RT-PCR
assays of LAP4 and ALF4 from MATa (LNY433) cells grown to log phase in vegetative
media (lane 1); vegetative media to stationary phase (lane 2); shifted to glucose-free
media (lane 3); or induced by 15 min exposure to I mM Zn** (lane 4). C) RT-PCR
assays of LAP4 and ALF4 in Wild type (LNY433, lanes 1,3) and alf4Apr (YBG227, lanes
2,4) strains, either in vegetative media (lanes 1,2) or induced by 15 min exposure to 1

mM Zn*" (lanes 3,4).
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iii. HIM1 is repressed in non-MATa cells by cis-acting antisense transcript, RHI1

In the bioinformatics analysis of the RNA-seq data, changes from SRR Category
1 and SRR Category 3 appear to be the most likely candidates for antisense-mediated
repression. However, there are also many genes in each comparison that show less
dramatic shifts in the ratio of sense: antisense transcription. As an example, a shift from
Category 3 to 2 is indicative of a reduction in sense transcript in the presence of an
antisense transcript. An example of this is the HIM gene, which encodes a protein
involved in DNA mutation repair (Kelberg, et al., 2005). In the MATa-Glu library the
HIM]1 sense transcript is expressed. In the a/a-Glu library, HIM1 sense transcription was
reduced, and an antisense transcript that does not apparently encode a protein, was
detected (Fig. 36A, bottom). I wanted to see if this transcript may have a role in
regulating HIM1 in a cell-type specific manner, like the HZR1 and ALF4 transcripts do.

RT-PCR assays showed that the HIM1 sense transcript is expressed in MATa cells

when grown vegetatively (Fig. 36B. HIM-lane 2). Neither MATo nor a/o. mating-types
express detectable levels of HIM 1 under the same conditions (Fig. 36B. HIM-lane 1, 3).
Interestingly, both MATo and a/a cells express the non-coding HIM1 antisense transcript
in this assay, which is consistent with the SOLiD data from a/a cells. I have named this
transcript Regulator of Him1 (RH11). This indicated that there was differential cell-type
regulation of the HIM1 and RHII transcripts.

To further understand the interaction between H/IM1 and RHI1, 1 wanted to
identify if there is a regulation, between the two transcripts and if so, what transcript is

regulating the other. If it is similar to IME4/RME?2, the non-coding RHII transcript
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would repress HIM transcription in MATo and a/a. cells. If this model is correct, the
loss of RHII transcription would likely result in expression of HIM1 in MATo. cells. On
the other hand, the loss of HIM would likely have no effect on RHI! transcription in
MATa cells. If the HIMI coding transcript instead represses the ncRNA RH/1, it would
be expected that preventing HIM1 expression in MATa cells would allow RHII
expression. In this case, MATa cells would not express either transcript in an RHI/
promoter mutant.

To inactivate HIM1 sense transcription, 250 bp upstream of the HIM1 start codon
was deleted (himIApr, Fig. 36C). This mutation deleted the TATA box and any
upstream activation elements of HIM 1. RHII transcription was inactivated by deletion of
250 bp downstream of the HIM1 ORF (rhil Apr,; Fig. 36C). Both mutants were
reintegrated in MATa and MATo himlA cells. In MATa cells, HIMI RNA is expressed
when integrated at the LEU?2 locus at the same level as in wild-type cells (Fig. 36D lane
1). The rhil Apr mutation prevented the expression of HIM1 as predicted (Fig. 36 lane
2). However, RHII was not expressed in this strain, which indicates that RHI! is not
expressed as a consequence of HIM1 repression. The rhil Apr mutation did not affect
HIM] expression in MATa cells.

In MATa cells, there was no HIM1 expression in either wild-type or him I Apr
strains (Fig. 36E, lanes 2,3). RHII was present in both strains. In contrast, il Apr not
only failed to express RHII, it also allowed expression of HIM1 (Fig. 36E lane 3). This
directly showed that like /ME4, loss of the RHII ncRNA resulted in derepression of the

coding transcript in the inappropriate cell-type.
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Figure 36. HIM1 is an a-specific gene repressed by antisense transcription in
MATo cells. A) Reads mapping to the HIM1 locus in MATa-Glu and a/a cells,
visualized with IGV. B) Expression of HIM1 and RHII in MATo. (JRY118, lane 1) MATa
(YBG200, lane 2), and a/a. (JRY'103, lane 3). C) Cartoons illustrating the him 1 Apr and
rhil Apr constructs and presumptive effect on transcription of HIM1 and RHII. D)
Assays of MATa- himlA (YBG205) cells with reintegrated HIM1 (YBG207, lane 1),
him1Apr (YBG211, lane 2), rhil Apr (YB212, lane 3), or himIApr and rhil Apr (YBG213,
lane 4). E) Assays of MATo- himiA cells (YBG204, lane 1) with reintegrated HIM 1
(YBG206, lane 2), him 1 Apr (YBG208, lane 3), rhil Apr (YB209, lane 4), or him 1 Apr and

rhil Apr (YBG210, lane 5).
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MATa and MATa strains carrying both mutants in a frans- configuration were
also constructed to determine if the relationship between HIM1 and RHII occurs in a cis-
mechanism like /ME4 and RME?2, or if it can function in trans- like miRNA (He and
Hannon, 2004; Martens, et al., 2004). MATo cells with him 1 Apr and rhil Apr integrated
at a distant locus showed expression of both transcripts similar to the single constructs

(Fig. 36E, lane 5). This indicated that HIM1 regulation by RHI! likely occurs in —cis.

Discussion

RNA-seq analyses of the cell-type and early meiotic transcriptome uncovered a
significant number of novel antisense transcripts. Previous studies of antisense
transcription in S. cerevisiae using Tiled Microarrays and SAGE Tagging suggested that
almost 400 genes have reliably expressed antisense transcripts (David, et al., 2006;
Miura, et al., 2006). From a combined analysis of all four replicated libraries, using the
minimal criteria of averaged ncRPKM > 1.0, my work has identified over 1400 examples
of transcripts antisense to coding RNAs. Interestingly, in any given cell-type under either
vegetative or meiosis-inducing condition, there appear to be about 600 to 1000 antisense
ncRNAs expressed. This clearly indicates that like the coding transcriptome, many of
the ncRNAs are differentially regulated by both cell-type and growth condition. This is
consistent with previous studies of specific ncRNAs in yeast. For example, RME2 and
RME3 are cell-type regulated; SRG! is activated by low serine; PHOS84-antisense is
activated by long-term stasis (Camblong, et al., 2009; Gelfand, et al., 2011; Hongay, et

al., 2006; Martens, et al., 2005).
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In addition to the number of antisense transcripts discovered, comparing sense
and antisense expression across cell-types and growth condition was able to directly
identify many specific cases where differential stranded gene expression occurs.

A change between SRR Category 1 and 3, like is observed for IME4/RME?2, appears to be
a good detector of regulated antisense expression. In each comparison performed in this
analysis, between thirty-one and fifty-one genes are differentially expressed in this
manner. [ have shown here that HPF1, LAP4, and HIM1 have differentially regulated
expression of sense and antisense transcripts similar to /ME4 and ZIP2. In each of these
cases, in conditions or cell-types where the antisense transcript is expressed, there is no
detectable sense expression. When the antisense transcription was prevented by deletion
of the antisense promoter, sense expression was concurrently induced.

Some genes expressed antisense transcripts at higher levels than sense under all
four conditions. This included the genes FRES, AZR1, and SMK1. The coding
transcripts for these genes are induced in low iron, resistance to azoles, and middle
sporulation, respectively (Pierce, et al., 1998; Shakoury-Elizeh, et al., 2004; Tenreiro, et
al., 2000). It is possible that these antisense transcripts are downregulated in these
conditions, to permit coding expression.

While differential expression of sense and antisense transcripts may be suggestive
of regulation, it does not mean that it is always occurring. For example, non-regulatory,
cryptic antisense transcription can be induced in absence of Isw2, without a large effect
on the expression of sense genes (Whitehouse, et al., 2007). Furthermore, as described in
Chapter 3, there are also deletions within /ME4 and bp225-675 Flip mutants that cause a

lack of repression, despite the presence of an antisense transcript. Therefore, I wanted to
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prove that antisense transcripts identified by RNA-seq directly regulate gene expression.
The promoter deletions of the non-coding antisense genes HZR 1, ALF'4 and RHII proved
that these ncRNAs directly regulate expression of the overlapping coding genes. In each
case, loss of the antisense transcript permitted sense expression in the inappropriate cell-
type or growth condition. Of the over 1400 antisense ncRNAs identified by SOLIiD,
there are likely many more cases where antisense transcription regulates sense
transcription. Additionally, if the cases of low-level antisense expression are also
considered, (0.00 < ncRPKM < 1.00), there exists the potential for over 2000 additional
antisense transcripts. These low-level antisense transcripts are not highly induced in the
four conditions assayed here; however, it is distinctly possible that other conditions may
induce their expression, leading to conditional downregulation of the coding gene. S.
cerevisiae has previously been shown to express ncRNAs that regulate genes during
depletion of serine, depletion of Zinc, and extended exposure to low temperature
(Berretta, et al., 2008; Bird, et al., 2006; Martens, et al., 2004). The data I have collected
for the cell-type and early meiotic transcriptomes suggests 30-50 genes differentially
express sense and antisense transcripts in response to a single change. Taken together,
this suggests that regulation by antisense transcription may be a widespread, conserved

process in the cellular response and differentiation.
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The study presented here had two primary goals: to determine the mechanism by
which the antisense transcript RME?2 represses IME4, and if this mechanism of repression
regulates the expression of other genes in S. cerevisiae. ldentifying a novel widespread
mechanism of gene regulation would represent a significant change in how we think
about cells function. If this mechanism were conserved in other eukaryotes, it would
likely have a significant impact on the study of many human genetic disorders and
diseases caused by eukaryotic parasites.

I have shown in this work that /ME4, a diploid-specific gene required for
sporulation, is differentially regulated by cell-type. In haploid cells, the antisense
transcript RME?2 is expressed from the same locus, which prevents transcription of full
length IME4. In diploid cells, the al-a2 repressor complex binds downstream of IME4,
in the RME?2 promoter. This prevents RME?2 expression, which in turn permits IME4
expression only in the appropriate a/a cell type. This mechanism is distinctly different
from miRNA-mediated regulation, in that it only functions in a cis- configuration. This
mechanism of regulation is similar in some aspects to other regulatory ncRNAs present in
S. cerevisiae, such as SRGI and ZRR].

I hypothesize that gene regulation by ncRNAs benefits the cell by reducing the
number of different regulatory proteins expressed. For example, in the case of SER3, the
Swi/Snf activator complex functions as a repressor by inducing SRG1, which blocks
transcription of SER3. ADH1 and ADH3 similarly are repressed by Zap1, which activates
transcription of ZRRI and ZRR3, respectively, which block access to the ADH promoters.

Similarly, the al-a2 complex, which normally functions as a repressor of haploid-



161

specific genes such as GPA1 and STES, also functions as an activator by preventing
expression of the RME2 and RME3 transcripts. By repressing these antisense ncRNAs,
al-o2 activates the diploid-specific genes IME4 and ZIP2. It has long been known that
the mating-type locus in diploid yeast functions in the repression of both a-specific and
haploid-specific genes (Fig. 2). The discovery of this mechanism may provide insight
into how diploid-specific processes, including meiosis and sporulation are controlled.
While the initial finding that /ME4 is antisense-regulated has been observed
elsewhere, there was little explanation of the mechanism of repression (Hongay et al.
2006; Shah and Clancy 1992). In this work, the mechanism by which antisense
transcription regulates /ME4 has been further examined (Gelfand, et al., 2011; Hongay, et
al., 2006; Shah and Clancy, 1992). Regulation by SRGI and ZRRI in S. cerevisiae
suggested a model where transcription across their respective coding promoters blocks
transcription factor binding and gene expression. In the case of SER3, this involves
nucleosome remodeling by Spt2, Spt6, Spt16 to occlude promoter access (Hainer, et al.,
2011; Thebault, et al., 2011). However, IME4 does not appear to be regulated by RME?2
in the same manner. The spt6-1004 and spt16-197 mutants that prevent SRG/ from
repressing SER3 did not affect IME4 repression by RME?2. Truncation of RME?2, so that
it is not transcribed across the IME4 promoter region did not affect regulation of IMEA4.
A similar mutant in SRG/, that terminates before crossing the SER3 TATA box was
defective in repression (Martens, et al., 2004). The ChIP assays of both IME4 and ZIP2
showed no appreciable differences in TBP binding difference between haploid and
diploid cells. It has been shown that repression of PHO84 by PHOS84-antisense does not

disrupt TBP, either (Camblong, et al., 2009). This is unlike repression of SER3, where
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transcription of SRG1 prevents TBP binding. These findings show that regulation by
ncRNAs may utilize several different molecular mechanisms.

Interestingly, the mechanism of repression by antisense transcription for /IME4
appears to be dependant on sequences within the ORF itself, rather than the promoter
region. A copy of the URA3 gene cloned in place of IME4 was not cell-type regulated by
growth assays. RT-PCR showed the presence of both sense and antisense transcripts in
haploid cells. This indicated that antisense transcription alone was not sufficient for
regulation. This was verified by the deletion analysis of the ORF, which identified a
direction-specific DNA element at bp225-675 that is critical for RME2-mediated
repression.

The exact function of this region within /ME4 is not completely clear. It is
possible that this region is a recruitment site for chromatin remodeling complexes.
Histone H2A.Z, and chromatin modifiers Isw2, and Set2 have been shown to repress
cryptic antisense transcription (Whitehouse, et al., 2007, Carrozza, 2005 #195; Zofall, et
al., 2009). If these complexes are involved in antisense mediated regulation, then
deletion mutants of these genes should derepress /ME4 transcription in haploid cells. If a
particular mutant shows a defect in IME4 repression, then ChIP assays could be used to
determine if the complex binds directly to the bp225-675 element when RME? is
expressed, or if there is an indirect interaction between this region and chromatin
remodeling complexes.

Alternately, the RNA structure of RME? in this region may play a role in the
inhibition of full-length transcription. I believe that further deletion analysis of this

region would be able to provide clues to which mechanism may be true. If smaller sub-
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regions of bp225-675 are required for regulation, then these regions could be examined
more specifically for role they may play in regulation. One possibility is that sequences
within this region of the RME?2 are binding sites for RNA-binding proteins, such as
THOI and THO2, which have been shown to regulate transcription and chromatin
remodeling (Piruat and Aguilera, 1998). RNA-binding proteins recruited to this region
may act alone or as part of a complex to physically block full-length RME?2 expression.

RNA folding and base pairing of the required regions within bp225-675 could
also be analyzed. One possibility is that sequences within RME?2 form stem-loop
structures, which are recognized by the polymerase transcribing /ME4 on the opposite
strand. Binding of the RNA stem-loops to Polll may then forcibly terminate transcription
of IME4. Similar RNA folding and base pairing has been shown to have a role in Rho-
independent termination in bacterial transcription (Wilson and von Hippel, 1995). If
there are sequences that suggest the formation of such structures, then mutants that
prevent folding could be examined for failure to repress IME4.

It is also possible that the act of transcription of RME?2 across this region of DNA,
rather than the RNA molecule itself remodels the chromatin structure in a manner that
exposes a premature polyadenylation or termination site for /ME4. The factors involved
these processes would then be able to bind and prevent the full length /ME4 RNA from
being expressed. If there is a polyadenylation site for IME4, which is exposed by
transcription of RME2, then it may be possible to use oligo-d(T) 3 RACE to detect the
prematurely polyadenylated /ME4 transcript (Hague, et al., 2008; Lutz, 2008). It is also
possible IME4 is terminated by the Nab-Nrd pathway that terminates non-polyadenylated

RNA PollI transcripts (Carroll, et al., 2007). Nabl and Nrd3 bind directly to the RNA
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transcript to prevent elongation and recruit other proteins involved in termination. If this
pathway is involved in the termination of /ME4 RNA-protein analysis (RIP-ChIP) for the
Nab-Nrd complex bound to /ME4 near the possible termination site could be used to
detect the interaction (Baroni, et al., 2008). Similar experiments would also be
performed on the other antisense-regulated genes identified in this study to determine if
there is a conserved mechanism of antisense-mediated termination, or if they are
regulated in a different manner.

RNA Polll ChIP-on-Chip or ChIP analysis by Deep-sequencing (ChIP-Seq)
showed that RNA Polymerase II frequently pauses and stalls during transcription
(Churchman and Weissman, 2011). It is possible that sense-strand RNAPolII pausing at
specific sites, such as within the bp225-675 region of IME4, is susceptible to disruption
by polymerase moving in the opposite direction. /ME4 and the other genes regulated by
antisense transcription could be examined for pause sites. If pausing is involved in
regulation, then deletion of pause sites would be expected to prevent antisense-mediated
regulation.

The initial finding of the similar mechanism regulating ZIP2 suggested the
possibility that this mechanism of regulation was not limited to a single gene, but may be
employed as a widespread mechanism of transcriptional regulation. The RNA-seq
experiments performed here show that differential antisense transcription is a widespread
phenomenon, suggestive of regulation. With a switch in cell-type or growth condition, an
average of 30 different genes are differentially expressed in a strand-specific manner. It
is likely that other changes in growth conditions show similar numbers of genes changing

stranded expression.
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The RNA-seq described here examined the expression of MATa and a/a. cells.
This identified changes in haploid vs. diploid expression, but also includes a-specific
genes which are repressed by a2-Mcm1. Therefore, RNA-seq of the MATo cell-type
should be performed to determine which of the haploid specific antisense transcripts are
al-o2 or a2-Mcml regulated. This would also identify a-specific ncRNAs which may
be induced by the au1-Mcm1 activator complex (Bender and Sprague, 1987).

RNA-seq was used to identifiy target genes that differentially express antisense
ncRNAs, which may regulate coding gene expression. The cell-type specific antisense
ncRNAs HZR1 and RHII were shown to repress HPFI in haploid cells, and HIMI in
MATo and a/a. cells, respectively. While deletion of the antisense promoters showed that
expression of these transcripts regulated coding genes, the specific activators of RHII and
HZRI are not known. There are no binding sites for mating-type regulators in their
promoter regions. ALF4 represses LAP4 during vegetative growth, and repression is
relieved by glucose depletion or addition of Zinc, independent of cell-type. This implies
that ALF4 is regulated by conditional transcription factors. To identify the factors that
regulate these ncRNAs, the RNA-seq data could be cross-referenced to ChIP on Chip or
ChIP by Deep-Sequencing experiments (ChIP-seq) datasets to try and correlate regulated
antisense transcription with specific factors. It is highly likely that other cell-type and
conditional regulatory proteins and complexes regulate ncRNAs. I would be particularly
interested in knowing how many different transcription factors have dual functions as
shown for Swi/Snf, Zapl, and al-a2.

Additionally, the use of strand-specific RNA-seq to examine the full scope of

transcriptional regulation during meiosis and sporulation could possibly explain the
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regulation of many genes. Previous studies of the yeast transcriptome during this process
were performed using non-stranded microarray technology (Chu, et al., 1998).

Therefore, antisense and sense transcription would not have been distinguished. Based
on the results observed by RNA-seq here, it is distinctly possible that some of the
apparently upregulated genes are in fact downregulated through antisense transcription.
Additionally, I observed that several mid to late meiotic genes, including SMK1, AZRI,
and SPO75 express antisense transcripts in vegetative and early meiotic conditions.
RNA-seq of the full program of sporulation would show if the sense transcript is
differentially expressed during mid-meiosis, and determine if the antisense transcripts are
re-activated in late meiosis to repress these genes again.

As stated above, activator and repressor proteins can apparently have dual roles,
acting through an ncRNA intermediate. I think that it is highly likely that some of the
coordinate gene activation and repression that occurs during this process depends on this
property. For example many middle-sporulation genes are activated by Ndt80 (Chu, et
al., 1998; Pierce, et al., 2003). During middle sporulation, early meiotic and vegetative
stage genes are downregulated (Vershon and Pierce, 2000). It is possible that this is
done through Ndt80-activated ncRNAs which act as repressors. RNA-seq would be able
to identify the ncRNAs ,which may be repressing coding expression. To further examine
these regulatory circuits, cross reference of the RNA-seq data of the sporulation process
would be cross referenced to global binding data of Sum1, Ndt80, and al-a2 to
determine if these or other transcription factors regulate the sporulation-specific antisense

ncRNAs.
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The final question that this research provokes is how common this system of
regulation occurs in other organisms. It has been shown that S. cerevisiae lacks the
endogenous ability to produce and utilize miRNA (Drinnenberg, et al., 2009). Therefore,
any endogenous antisense RNAs expressed in S. cerevisiae must be repressing through
alternative mechanisms. This study has shown that IME4, ZIP2, and HIM1 are regulated
through cis- acting pathways. In higher eukaryotes, the RNAi —response can also be
activated by larger antisense RNAs annealing to target species in trans- (Drinnenberg, et
al., 2009; He and Hannon, 2004; Mallory, et al., 2004). However, there are no logical
reasons why other eukaryotes cannot also use cis- acting antisense transcription to
regulate gene expression. To examine this, stranded RNA-seq of related organisms
utilize RNAI, such as Saccharomyces castelli and Schizosaccharomyces pombe, would
identify the ncRNAs present in these species (Drinnenberg, et al., 2009; Kato, et al.,
2005; Martienssen, et al., 2005). If antisense RNAs expressed in cis- to coding ORFs are
identified in these species, promoter knockouts like the ime4A3°, alf4Apr, rhil Apr, and
hzrl Apr mutants assayed here would indicate if the sense genes are regulated by their
respective antisense transcripts. Antisense promoter mutants that derepress sense
transcription would then have the antisense transcript supplied in trans-, as I have done
for IME4, ZIP2, and HIM1. 1If the mutant is rescued by trans- antisense RNA, it would
suggest that gene may also be regulated through the RNAi pathway. Mutants which fail
to be repressed by trans- supplied antisense RNA would prove that similar mechanisms
of cis- acting RNA are present in species which can also use RNAi. This would show
that this mechanism is conserved in other eukaryotes, which would potentially have a

dramatic impact on studies of gene regulation of genetic disorders and cancer cells.
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