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Abstract

Characterization of Transcription Regulation in C. elegans:
The Role of SIG-7 in Coordinating RNA Polymerase Elongation and mRNA Processing
By Jeong Hyun Ahn

The elongation phase of transcription by RNA Polymerase II (Pol II) involves numerous
events that are tightly coordinated, including RNA processing, histone modification, and
chromatin remodeling. RNA splicing factors are associated with the elongating Pol II, and the
interdependent coupling of splicing and elongation has been documented in several systems.
Much of the coordinated events are mediated by their interactions with the C-terminal domain
(CTD) of Pol II. The specificity of the interaction can be obtained by modulating the structure of
the CTD by numerous post-translational modifications (PTMs). One class of enzymes that can
modulate the CTD is the peptidyl prolyl isomerases (PPlase). Here I characterize a member of the
cyclophilin family of PPIases that interacts with Pol II to coordinately regulate transcription
elongation and splicing in C. elegans. SIG-7 contains multiple functional domains, including the
PPI domain and RNA-interacting domains. In embryos depleted for SIG-7, RNA levels for over a
thousand zygotically expressed genes are substantially reduced, Pol II elongation is defective, and
unspliced mRNAs accumulate. Our findings suggest that SIG-7 plays a central role in both Pol II
elongation and co-transcriptional splicing and may provide an important link for their
coordination and regulation.
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CHAPTERI1: INTRODUCTION



An overview of transcription regulation

Transcription produces RNA molecules from a DNA template through the
enzymatic activities of multiprotein enzyme complex named RNA Polymerase. Unlike
prokaryotic organisms which have a single RNA polymerase, three forms of RNA
polymerase (I, II, III) are responsible for transcribing different classes of RNAs in
eukaryotic organisms (1, 2). Among these, RNA Polymerase II (Pol II) is responsible for
transcription of all protein coding genes and some noncoding RNA genes. A defining
feature of Pol II is a unique C-terminal domain (CTD) within Rpbl, the largest subunit of
the Pol II holoenzyme complex, that is not present in other RNA polymerases (3). The
CTD of Pol II is structurally flexible and contains numerous copies of a tandemly
repeated heptapeptide with a consensus sequence of Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Y -S;-
P3-T4-Ss-P-S7). The number of heptapeptide repeats increases with the genomic
complexity of an organism ranging from 26 to 52 repeats (4). The residues within each
repeat are subjected to different post-translational modifications (PTMs) throughout the
transcription cycle (5-8). These PTMs include phosphorylation, methylation and
glycosylation. The phosphorylation of Tyr 1, Ser 2, Ser 5, and Ser 7 residues by distinct
kinases have been well characterized in many organisms and can serve different functions
depending on the residue being modified (4, 8). For example, Tyr 1 phosphorylation by
an unknown kinase has been implicated in preventing termination factor binding to CTD,
while phosphorylation of Ser 5 by cyclin-dependent kinase 7 (CDK7) is required for the
binding of the 5> mRNA capping enzyme (9, 10). Although there is high sequence

conservation among the heptapeptide repeats, the CTD in some organisms also contains



non-consensus repeat sequences. One such example is an arginine substitution at position
7 in place of the serine residue. The methylation at Arg 7 of non-consensus repeat 31 of
human CTD has been reported to be mediated by coactivator-associated arginine
methyltransferase 1 (CARM-1). The exact function of this arginine methylation is not
known. Different types of modification can also occur in the same residue. Glycosylation
at Ser 5 and Ser 7 have been implicated in opposing the phosphorylation at these
residues, and the reduction of O-GlcNAc transferase (OGT) by siRNA caused defects in
transcription and Pol II occupancy at several B-cell promoters (11, 12). Likewise,
different combinations of PTMs at different residues appear to correlate with distinct
stages of transcription regulation, which has led to the hypothesis of a “CTD code”, in
which distinct combinations of phosphorylation marks at CTD may recruit specific

factors that are required at particular stages of the transcription cycle (4, 13-17).

Besides the dynamic regulation of phosphorylation status of residues within each
heptapeptide, the peptide bond preceding proline at position 3 (Pro3) and 6 (Pro6) can
also be regulated by isomerization reaction of peptidyl prolyl isomerase (PPlase), which
can change the conformation of the peptide bond preceding proline from cis to trans or
vice versa (18). This kind of structural change can affect the dynamics of neighboring
residue’s phosphorylation status as well as the interactions between CTD of elongating
Pol II and other factors such as splicing factors. I will summarize the findings of peptidyl

prolyl isomerase that interact with CTD during transcription as well.



Transcription Initiation/Elongation regulation

The failure to reconstitute transcription in vitro using purified Pol II alone led to
the discovery of conserved factors called General Transcription Factors (GTFs) that are
necessary for a transcription (19). These GTFs, which include TFIIA, TFIIB, TFIID,
TFIE, TFIIF and TFIIH, form a preinitiation complex (PIC) at the core promoter of the
genes with the Pol II holoenzyme (3, 20). The formation of the PIC has been proposed to
be achieved by two pathways: a) a stepwise, sequential assembly pathway, or b) an RNA
polymerase II Holoenzyme Pathway, where a subset of TFs including TFIID provide an
access to the promoter and subsequent recruitment of a preassembled Pol II complex with
the remaining TFs and other factors, leading to complete PIC formation at the promoter
(19, 21). The assembly of PIC achieved by either pathway commonly requires initial
recognition of the core promoter sequence by TFIID, which contains TATA-binding
protein (TBP) that bends the TATA-box DNA (22). TFIIB helps to align the TBP bound
promoter DNA close to the Pol IT active center cleft (23). The assembly of the PIC does
not allow transcription initiation to happen right away. A recent structural study of PIC
complex in yeast showed that promoter DNA was only associated with GTFs without any
contact with Pol II, demonstrating the presence of a fully assembled PIC with the closed
complex of the promoter DNA. This supports the previous observation that in vitro
reconstitution of the PIC complex is not sufficient to initiate the transcription reaction,
and that the addition of ATP is required to convert the closed complex to an open
complex (24). The transition to open complex requires formation of a ‘transcription

bubble’ within the promoter DNA, achieved by melting of double stranded DNA, and



this requires the ATP-dependent helicase activity of the TFIIH subunit Rad25 (25). The
activation of initiation of PIC requires the phosphorylation of Ser-5 of Pol II CTD by
another TFIIH subunit CDK?7 (26). This phosphorylation of Ser-5 on the Pol II CTD
recruits a 5’ capping enzyme that adds m7GpppN cap to the 5’ end of an emerging
nascent RNA, as well as recruiting the Set-1/COMPASS complex, which carries out tri-

methylation of H3K4 at nucleosomes near the transcription start site (TSS) (27-30).

Once Pol II is activated for initiation, it can be subjected to further regulation
before engaging into productive elongation phase: Pol II “pausing”. In this scenario, Pol
IT translocates ~30-50 bps downstream of the transcription start site (TSS) and pauses.
Pol II pausing has been observed using different techniques, and was first observed as a
rate-limiting step in heat shock loci in Drosophila S2 cells (31, 32). The initial genome
wide observation of an enrichment of Pol II and TAF-1 together near the promoter from
human fibroblast cells initially was thought to be an evidence that the rate liming step of
transcription is the initiation step, since TAF-1 is a subunit of TFIID that is part of PIC
complex (33). The accumulation of Pol II near a TSS can result from either Pol II waiting
for activation during an initiation step, or from Pol I engaged in elongation but stalled
and waiting for regulated release. A study from Drosophila combined ChIP-chip and
Permanganate footprinting techniques (a technique to detect transcription bubble) to
distinguish between these scenarios. They demonstrated that transcriptionally activated
Pol II at hundreds of genes was paused near promoter regions, and this pausing
mechanism relied on the negative elongation factor (NELF) (34). In human embryonic
stem cells, a similar observation of transcriptionally activated and paused Pol II at many

developmentally regulated gene promoters were reported supporting the idea that there is



an additional post-initiation regulatory mechanism (29). Using a global run-on and
sequencing (GRO-seq) technique that specifically measures the level of transcripts that
are generated from transcriptionally active Pol II, it was shown that ~40% of the protein
coding genes of mouse embryonic stem cells and embryonic fibroblasts were regulated

by this pausing mechanism (35).

Although the occurrence of Pol II pausing in mammals and Drosophila are well
documented, the mechanisms involved in pausing regulation are still under investigation.
Several mechanisms for how pausing is established have been proposed, and excellent

reviews are available (36, 37).

Factors affecting Pol 11 pausing

The conserved motifs found in promoter regions of Drosophila genes are well
characterized (38, 39). Among them, the initator (Inr), the downstream promoter element
(DPE) and the more upstream GAGA elements has been shown to be prevalent in paused
genes in Drosophila embryos (40, 41). The Inr is a 14bp sequence containing a
transcription start site (TSS) that is sufficient for basal transcription in genes without a
TATA box, serving as a simple functional promoter (42). DPE is a 7bp sequence that is
positioned ~30bp downstream of the TSS of TATA-less promoters in Drosophila (43).
The spacing between Inr and DPE is critical for binding of dTAF;;60 and dTAF;40,
subunits of TFIID, to the promoter of TATA-less promoters in both human and
Drosophila (43). GAGA elements are DNA sequences rich in (GA), often abbreviated as
GAGAG motifs found in promoters as well as other regions throughout the Drosophila
genome. GAGA elements are recognized by a GAGA factor encoded by Drosoplila

trithorax-like (Trl) gene (44). GAGA factors are known to have both repressive and



active functions, depending on their association with different factors. For example,
GAGA factor has been reported to interact with the histone chaperone FACT (facilitate
chromatin transcription) complex to induce Hox gene expression by destabilizing the
nucleosome, making the DNA accessible to the transcription machineries (45). These
findings suggest that a particular promoter architecture conferred by these specific DNA
elements on paused genes may create a specific landing pad for certain TFs or chromatin
factors to reorganize nucleosomes around promoter regions, and to facilitate the
recruitment of factors required for pausing. A recent study from Drosophila S2 cells
showed that the +1 nucleosome is a barrier to Pol II elongation for essentially all genes
(46). It may be possible that binding of different transcription factors may affect the
nucleosome occupancy of the target gene promoters via mechanisms yet to be
discovered. A comparative analysis of GAGA factor and M1BP transcription factor-
bound promoters from Drosophila genes with paused Pol II indicated that there may be
distinct mechanisms of pausing, where the +1 nucleosome directly affected pausing in
MI1BP bound genes, while GAGA factor bound genes are not affected by the nucleosome

occupancy (47).

The DRB sensitivity-inducing factor (DSIF) and the NELF are two well
characterized negative factors important for pausing. Both DSIF and NELF co-localize
with paused Pol II at the promoter, and their association with Pol II and transcription
factors has been proposed to stabilize the paused Pol II complex (48-50). The interaction
between DSIF and Pol-II-associated factor 1 (PAF-1) has been shown to be important for
regulating elongation in Hela cell extracts (51). Recently, depletion of PAF-1 by RNAI in

human cell culture resulted in an increased release of paused Pol II, leading to more



transcription yield and increased CTD Ser-2 phosphorylation of Pol II. The authors
proposed that the association of PAF-1 with Pol II stabilizes Pol II in the paused state by
preventing interaction with the super elongation complex (SEC) (52). It appears that Pol

II pausing requires the coordination of multiple factors in a context dependent manner.

The release of Pol Il pausing by P-TEFb

The key factor involved in releasing a paused Pol II into productive elongation is
the positive elongation factor b (P-TEFb). Inhibition of P-TEFb by flavopiridol blocks
the productive elongation of Pol II in both Drosophila and human cells, suggesting that
P-TEFb is required for releasing of promoter proximal paused Pol II (53, 54). P-TEFb is
a heterodimer complex composed of a catalytic subunit, cyclin-dependent kinase 9
(CDKDY), and a regulatory subunit, cyclin T (CYC-T) (55). P-TEFb can be recruited to
paused Pol II by several different mechanisms. P-TEFb can associate with c-MYC via its
CYC-T subunit during transcription activation and is recruited to c-MYC target gene
promoters (56, 57). P-TEFb can also be recruited to target genes directly by its interaction
with the BRD4 coactivator or indirectly by interaction with the MED26 subunit of
Mediator complex as a component of the super elongation complex (SEC) (58, 59). Once
P-TEFD is recruited to target genes, the kinase subunit CDK9 phosphorylates the two
negative factors, DSIF and NELF. CDK9 phosphorylates the Spt5 subunit of DSIF,
which appears to convert Spt5 into a positive elongation factor that travels with Pol 11
through the gene body. Phosphorylation of NELF causes NELF’s dissociation from
elongating Pol II (60-63). It may be possible that phosphorylation of Spt5 weakens the

interaction of DSIF with PAF-1, causing PAF-1 dissociation with paused Pol II, and the



association of Pol I and SEC complex is allowed to activate the paused Pol II for
elongation. CDK9 can also phosphorylate Ser-2 of the Pol Il CTD, which can then
recruit the Set2 histone methyltransferase that mediates methylation at lysine 36 of H3

along the gene body during elongation (60, 64, 65).

Factors alleviating the nucleosome barrier during transcription elongation

After Pol II is released from pausing, Pol II has to overcome the nucleosome
barrier ahead of elongating Pol II. Examination of the dynamics of Pol II and histone
occupancy at inducible GAL genes during transcription showed an inverse relationship
between Pol II and histone occupancy, and the authors also demonstrated that rapid
deposition of histone after each passage of Pol II depends on the activity of the histone
chaperone FACT complex (66). The FACT complex is a heterodimer of SPT16/SSRP1
that interacts with the histone H2A/H2B dimer (67, 68). FACT was initially proposed to
destabilize the nucleosome to facilitate transcription in vitro, but it is now thought that
FACT can also assist in reassembly. Similar results were also obtained by other groups
showing a similar anti-correlation between transcription activity and nucleosome
occupancy in GAL genes, but they also showed that transcription-dependent H3
acetylation by GCNS5 occurs instead of histone eviction for certain genes. Different
mechanisms may thus exist to alter nucleosome dynamics either by eviction, or the
acetylation of histones to weaken nucleosome-DNA contacts during transcription

activation (69).

Chromatin remodeling complexes have also been implicated in reorganization of

the chromatin around promoter regions. A SWI/SNF family remodeler, the
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bromodomain-containing ATPase RSC, has been shown to localize to ORFs of
transcribed genes in vivo and its presence increased elongation in in vitro transcription
assays. The recruitment of RSC to nucleosomes depends on the acetylation status of the
nucleosome by the activity of HATs, both in vivo and in vitro (70, 71). Another
chromatin remodeling protein, Chdl in S. cerevisiae, was also shown to be important for
regulating nucleosome dynamics during transcription elongation, acting with factors
known to be coupled to elongation, including Spt-5 and PAF-1 (72, 73). These findings
demonstrate the need for dynamic nucleosome regulation by concerted action of
remodelers and histone chaperones to evict, or capture and reassemble the displaced or

altered nucleosomes during transcription elongation.

Besides the challenges posed by nucleosomes during translocation along the DNA
template, elongating Pol II also has to cope with the processing of nascent RNA as it is
being generated. Newly transcribed pre-mRNAs have to go through multiple processing
events during transcription, including 5’ capping, splicing and 3’ end formation (74). In
the following section, I will focus on splicing processes that are coupled to transcription

elongation.

Regulation of Co-Transcriptional Splicing

RNA splicing is mediated by large complex, called the spliceosome, composed of
ribonucleoprotein (RNP) subunits with many protein cofactors (75, 76). Different
components of the spliceosome complex recognize and interact with distinct features of
pre-mRNAs during the splicing reaction (Figure 1A) [See these reviews for detailed
interactions (75, 77)]. The assembly of the spliceosome complex occurs in a step-wise

manner, and the composition of the spliceosome at distinct stages of splicing reaction is
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regulated dynamically (Figure 1B). Therefore, these interactions have to be tightly

regulated to ensure proper splicing.

The earlier dominant view of this process, which indicated that most splicing
occurred post-transcriptionally, has changed since the demonstration that spliceosomes
can be observed at splice junctions of nascent RNA by electron microscopy in
Drosophila chorion genes (78). Although this study provided evidence for co-
transcriptional splicing, the functional coupling of transcription and splicing was not
addressed. With the recent development of chromatin immunoprecipitation (ChIP)
procedures, the co-transcriptional assembly of splicing machinery has been demonstrated
in several organisms (79-81). These findings, however, do not exclude the occurrence of
post transcriptional splicing, which is actually a dominant mode of splicing in S.
cerevisiae (82). An in vitro study from a human cell line provided a clear example of co-
transcriptional splicing, detecting exon-exon junction formation of nascent RNAs before
Pol II reached the termination site of genes (83). The development of nascent RNA-seq
techniques has verified the occurrence of co-transcriptional splicing at a genome wide
level in several studies, and it is now evident that co-transcriptional splicing is a
predominant mechanism (84-87). Furthermore, recent studies have indicated that splicing
and transcription elongation may be not only temporally linked, but may also be

mechanistically coupled and co-regulated.

Chromatin and splicing
Proper packaging of DNA into higher-order structure organizes genomes into
functionally distinct structures, termed heterochromatin and euchromatin. Within

transcriptionally active euchromatin regions, the organization of nucleosomes can confer
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intrinsic properties to genes. Analysis of nucleosome occupancy in mammals and C.
elegans discovered an evolutionarily conserved nucleosome enrichment in exons
compared to introns, and this non-random positioning of nucleosomes does not depend
on the transcription status of the genes analyzed (88). The authors argued that the higher
GC contents in exon sequence may partially contribute to favorable interactions between
exonic DNA sequence and nucleosomes. Independent analysis by another group found
similar higher nucleosome occupancy in exons of both human and C. elegans, and they
reported that histone modification of H3K36me3 may facilitate the exon inclusion during
co-transcriptional splicing as they observed higher level of H3K36me3 for included
exons while lower level was observed for excluded exons (89). The latter study also
reported other histone modifications enriched in exons including H3K79mel,
H2BK5mel, H3K27me2, and H3K27me3. However, this study did not provide any
mechanistic insight into how such modifications are established and whether they play
any role in splicing. There is also evidence for histone variants playing a role in splicing.
An analysis of a mammalian specific H2A variant, H2A.Bbd, showed an enrichment of
H2A.Bbd in actively transcribed genes (90). Upon depletion of H2A.Bbd, they observed
changes in gene expression and a disruption in normal mRNA splicing patterns. The
authors further observed specific binding of 15 spliceosome components to H2A.Bbd,

correlating with the splicing defect observed.

In addition to non-random nucleosome distribution and incorporation of specific
histone variants, specific modifications to nucleosome histones can also impact splicing
processes. Dynamic regulation of histone acetylation at K9 and K14 of H3 by histone

acetyltransferases (HATs) and deacetylases (HDACsS) in intron containing genes were
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shown to be important for spliceosome assembly in yeast (91). In HDAC mutants, they
observed increased acetylation in coding regions and a correlative persistence of U2
snRNP components Leal and Msl1, as well as defects in the association of downstream
factors. This study proposed that dynamic regulation of histone acetylation drives some
aspect of stepwise spliceosome assembly during transcription. There is also an interesting
observation of stimulus dependent epigenetic changes correlating with alternatively
spliced exons. A specific local increase of H3K9 acetylation in the chromatin of an
alternatively spliced exon 18 in the NCAM gene, in response to depolarization, was
shown to promote exon 18 exclusion, and this phenomenon could be reverted upon
withdrawal of the stimulus (92). They proposed that local hyperacetylation may enhance
the kinetics of Pol II elongation, thereby increasing the frequency of exon skipping. In
order to support their rationale, they demonstrated that transcription by a Pol II ‘slow’
mutant resulted in 6-fold higher occurrence of exon 18 inclusion than WT Pol II, favoring

a kinetic model of alternative splicing mechanisms.

Histone methylation also has been shown to affect the efficiency of splicing. The
Reinberg lab showed that H3K4me3 is specifically recognized by several factors
involved in post-initiation events including the CHD1 chromatin remodeler, U2 snRNP
subunit, and PAF1 (93). They further showed that the recognition of H3K4me3 by CHD1
and its association with splicing factor U2snRNP subunit is important for efficient
splicing in vitro and in vivo. The recognition of H3K36me3 by MRG15 and its
interaction with polypyrimidine tract-binding protein (PTB) splicing factor at the gene,
has also been shown to repress alternative exon inclusion (94). In human and mouse cells,

the recruitment of an H3K36me3 methyltransferase, HYPB/Setd2, depends on splicing
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events as an inhibitor for splicing significantly reduced gene body region H3K36me3
(95). However, it should be noted that splicing inhibition has been shown to affect Pol II
elongation as well as Ser-2 phosphorylation of CTD, which is known to recruit Set-2 to
mediate H3K36 methylation (96, 97). Therefore, it is equally possible that reduced Ser-2
phosphorylation due to inhibition of splicing caused the reduced recruitment of Set-2, and

therefore reduction in H3K36me3 levels, not splicing itself.

Recent findings suggest that the heterochromatin protein 1 (HP1) family members
can play positive roles in transcription (98-100). CBX3, one isoform of HP1 in murine
cells, was shown to be enriched within the body of actively transcribed genes particularly
at the exon boundaries and was co-immunoprecipitated with phosphorylated forms of Pol
IT (101). Upon loss of CBX3, they showed 1037 genes displayed RNA splicing defects
and a reduction in splicing factor recruitment at tested genes. Interestingly, they did not
observe increased H3K9me3 at the genes that are enriched for CBX3 suggesting an
H3K9me3-independent role of CBX3. The above data collectively indicate that distinct
histone modifications can either directly interact with or indirectly recruit splicing factors
to actively transcribed genes to impact the splicing process. However, much further work
is needed to better understand the role of chromatin related processes in splicing

regulation, since existing studies show correlation, but do not show causation.

The Role of the CTD in Splicing

The CTD of Pol II has been shown to be an important regulator for splicing
processes as truncations of the CTD inhibit splicing (102). It was also shown that
interactions of splicing factors such as SRp40 and SC35 with the Pol II CTD were lost

upon treatment of HeLa cells with DRB, suggesting the phosphorylation of Ser-2 at the
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Pol IT CTD is critical for CTD/spliceosome interactions (103). There is an ample amount
of evidence supporting a recruitment model in which the phosphorylation status of the
heptapeptide repeat within the CTD creates a landing pad for many mRNA processing

factors, in addition to elongation factors, during transcription.

From a structural perspective, the Pol II CTD can conform to an extended or
compact state, depending on the status of phosphorylation at each residue within each
heptapeptide (104). When Pol II is unphosphorylated, the CTD is in a more compact state
based on electron crystallography (105). Several biochemical experiments showed that
phosphorylation of the CTD induces a structural change from a compact state into a more
extended conformation that is more sensitive to protease activity (106, 107). These earlier
findings about structural flexibility of Pol II CTD fits well with later findings of
numerous reported interactions of CTD with many different factors during transcription. I
will discuss evidence of co-transcriptional splicing processes that can benefit from

structural flexibility of the CTD upon phosphorylation.

The U1 snRNP protein Prp40 was shown to directly interact with
hyperphosphorylated CTD via its WW and FF domain (108, 109). Prp40 has been
reported to interact with U5 associated protein Prp8 and the branch point-binding protein,
so it is possible that Prp40 interactions with the CTD may facilitate an intron bridging
process during spliceosome assembly (110, 111). The human ortholog of Prp40, FBP11,
was also shown to bind to phosphorylated CTD peptides in vitro suggesting an
evolutionally conserved function of this splicing factor (112). Polypyrimidine tract
binding protein-(PTB) associated splicing factor (PSF) has been shown to interact with

both hypo and hyperphosphorylated Pol II (113). Notably, they also showed that PSF and
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the p53™®/NonO transcription factor can function as a heterodimeric complex. A PSF
interaction with both hypo and hyperphosphorylated Pol II suggests that PSF may get
recruited to Pol II during the initiation step and maintain its association to elongating Pol
11 via its interaction with the p53™®/NonO transcription factor to mediate co-
transcriptional splicing. The direct interaction between U2AF65 and CTD has been
demonstrated to be phosphorylation dependent, and this interaction was necessary to
further recruit PRP19C to the pre-mRNA to activate the splicing reaction (114). The
author proposed that the interaction between phosphorylated Pol II CTD and U2AF65 is
important for early exon recognition while further recruitment of PRP19C to the CTD via
protein interactions mediated through the RS domain of U2AF65 is required for a later
activation step of the spliceosome. These examples provide how phosphorylation of CTD
may facilitate recruitment of distinct splicing factors at different steps of spliceosome
assembly to assist its loading onto newly made nascent RNA during transcription

elongation.

The Roles of Peptidyl Prolyl Isomerases During Transcription

As in the examples discussed above, the Pol Il CTD can interact with more than
100 factors throughout the transcription cycle (115, 116). How does Pol II achieve such
numerous interactions with any specificity? One plausible way is by inducing structural
changes through different post-translational modifications. All the residues except
prolines within each consensus heptapepetide (Y-S,-P3-T4-Ss-P¢-S7) are subject to
different types of modifications mainly phosphorylation, and there are multiple number
of repeats ranging from 26 to 52 (4, 8). Theoretically, each Pol II CTD can have 26 to 52

differentially modified heptapeptides, and various combination of each differentially
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phosphorylated repeat can generate many possible patterns. In addition to these
modifications, each peptide bond preceding the prolines at position 3 and 6 can exist in
either a cis or trans conformation, further increasing the number of possible configuration
of Pol Il CTD. The variety of combinations of such modifications, and unique secondary

structures form the basis of the CTD Code hypothesis, as discussed earlier.

Cis/trans interconversion of the peptide bond preceding the proline is mediated by
the activity of peptidyl prolyl isomerases (PPIase). The peptidyl prolyl bond has a partial
double bond characteristic making spontaneous interconversion a rate limiting step, and
the activity of peptidyl prolyl isomerase can dramatically increase the rate of
interconversion by a factor of 10°-10° (18, 117). There are three distinct families with
PPIase activity, and their classification is based on specific binding criteria for
immunosuppressive drugs that led to the characterization of the first protein of this family
in 1984 (118). Later, it was found out that the PPIase activity is irrelevant to its
immunosuppressive effect. These three families are the Cyclophilins, the FK506-binding

proteins (FKBP), and the Parvulins.

These PPlases are evolutionarily well conserved and ubiquitously expressed. The
size of the PPlase repertoire varies from 32 members in H. sapiens to 14 members in S.
cerevisiae [See this reference for details (119)]. Cyclophilins comprise the largest family
making up more than 50% of the PPlase repertoire. Each family is composed of proteins
with distinct domain architecture in addition to PPIase domain. PPIases are reported to
have roles in numerous physiological processes: protein folding, heat shock response,
virus assembly, signal transduction, tumor metastasis, cell cycle control, transcription

regulation, channel gating, translation and others (118, 120-128). In the following section
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I will focus on discussing the roles of PPlases that are reported to interact with Pol II’s

CTD and hence play roles in transcription regulation.

PPIases and the Pol II CTD

As discussed earlier, the Pol II CTD is a good substrate for PPlase activity,
because there are 2 prolines in each of the many heptapeptide repeats. In the vicinity of
each proline residues are serine and threonine residues that are subject to dynamic
regulation of phosphorylation/dephosphorylation by distinct kinases/phosphatases. A
particular cis/trans conformation between proline and neighboring residues can either
promote or inhibit phosphorylation/dephosphoryation activities. In addition, various
conformations of CTD dictated by isomerization reactions of distinct PPIases can affect
numerous interactions between Pol II CTD and CTD interacting proteins during the

transcription cycle.

The structural flexibility at each proline has been tested in fission yeast S. pombe
(129). In this study, both proline 3 (Pro 3) and 6 (Pro 6) were independently substituted
by alanine. The authors explained that this P3A or P6A substitution limits the flexibility
by allowing the peptide bond to adopt only trans conformation. In these alanine mutants,
both yeast strains showed lethality at 30°C suggesting there is a requirement for
interconversion of cis/trans conformation at these peptide bonds during normal growth.
They also created separate strains carrying P3G or P6G mutations to mimic better
conformation flexibility where the cis/trans conformation can be equally achieved
without the activity of PPlase due to the achiral nature of the substituted glycine residues.

Interestingly, the P3G mutation was lethal while the P6G mutation only caused slower
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growth, suggesting that there may be a different requirement for structural flexibility at
Pro 3 versus Pro 6 within each repeat. It is important to note that conformation flexibility
gained by glycine substitution can equally mean a loss of conformation regulation that
may be needed for specific interactions. Nevertheless, this study demonstrated that
maintenance of a proper balance of cis or frans conformation at these peptide bonds is
important for cell viability, possibly through its role in CTD dependent transcription

regulation.

The best characterized PPlases that interact with the Pol II CTD are the Ess1 (S.
cerevisiae) and its homologs Pinl (S. Pombe and H. sapiens), which belong to the
parvulin family of PPlase. Ess1/Pinl is multi-domain protein containing a WW domain
and a PPlase domain at its N-terminus and C-termini, respectively (119). An analysis of
two ess/ mutants that harbor mutations within PPlase domain showed a defect in 3° end
formation of pre-mRNAs in S. cerevisiae (130). This finding demonstrates that the
activity of PPlase is functionally important for mRNA processing. The demonstration of
Essl binding to phosphorylated CTD via its WW domain from several labs provided
supporting evidence that the role of Ess1 in mRNA processing is linked to Pol II’s CTD
(130-133). The observation of genetic interactions between Essl and several CTD
kinases led to a testable model that Ess1-dependent structural changes may affect the
phosphorylation status of the CTD and its corresponding interactions with other factors
(134). A functional interaction between Ess1 and the CTD phosphatase Ssu72 has also
been reported. This study showed that ess/ mutants displayed higher levels of Ser-5
hyperphosphorylated forms of Pol II as detected by western blot, suggesting that Ess1

function may be a prerequisite for downstream dephosphorylation activity by Ssu72 at
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the Ser-5 residue of the CTD (135). A structural biochemical study of the phosphorylated
CTD/ Ssu72 complex confirmed previous findings demonstrating that cis conformation
of pSer5-Pro6 mediated by Ess1 promotes rapid dephosphorylation of pSer-5 of CTD by
Ssu72 (136). It was also shown that dephosphorylation can still occur without the Ess1,
but that the phosphatase activity was markedly reduced. A genome wide study showed
that Ess1 is required for the Nrd-1 dependent termination of non-coding RNAs by
modulating the dephosphorylation activity of Ssu72, which can affect competition
between Pcfl1 and Nrd1 for CTD binding (127). An analysis of the distributions of Ser-5
phosphorylated Pol 11, the 5° capping enzyme Cegl, TBP, and TFIIB within many genes
by ChIP in the ess/ mutant showed a marked increase near the promoters (126). This

data suggest that the activity of Ess-1 facilitates Pol II elongation.

In S. pombe, Pinl was also shown to facilitate the dephosphorylation of pSer-5 by
Fcp-1 showing a conserved function in yeast (137). However, the function of Pinl in
humans showed the opposite effect; i.e., the activity of Pinl is required for blocking the
function of Fcp-1. The pin/ mutant resulted in an accumulation of the
hypophosphorylated forms of Pol II likely by an excessive activity of Fcp-1 (138).
Another human Pinl study in HeLa cells showed a similar result of an inhibitory function
of Pinl for the Fcp-1 dependent dephosphorylation of Pol I (139). Although there is a
different effect of Pinl in human compared to yeast, it is consistent that the PPlase
activity of Pinl modulates the CTD phosphorylation level of Pol II in either positive or

negative direction.
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The Cyclophilin PPIases

Another family of PPIlases, the cyclophilins, has also been implicated in the
regulation of Pol II. Among many different types of cyclophilin PPIases, this cyclophilin
stands out for its unique domain architecture, consisting of an N-terminal PPlase domain,
an RNA recognition motif (RRM), and a highly charged arginine-serine rich (RS)
domain-like C-terminal end. This RRM and RS combination resembles the
serine/arginine-rich (SR) proteins and is a well characterized property of numerous

splicing factors (140, 141).

The first characterized gene of this class is kin241 which is a nuclear-localized
protein in Paramecium tetraurelia, (142). A mutation in kin241 resulted in pleiotropic
defects, including aberrant cell size and shape, generation time, thermosensitivity and
others, and it was shown to be an essential gene (143). Its homolog in S. pombe, Rctl was
also shown to be an essential gene, and mutants showed similar pleotropic effects (144).
Increased phosphorylation of both CTD Ser-2 and Ser-5 was observed in rct/
heterozygotes, and defective splicing of meiotic genes was observed. They also showed
that Retl associates with transcriptionally active chromatin and that transcription of
numerous genes was significantly perturbed in rct-1 heterozygotes. Another study
showed that Rct-1 can interact with Cdk-9, Lsk-1 and CTD peptide in vitro through its

PPIase domain (145).

The Arabidopsis homolog AtCyp59 was shown to interact with several SR
splicing factors as well as recombinant Arabidopsis CTD in vitro (146). Consistent with

findings from Rctlin pombe, reduced CTD phosphorylation was observed when AtCyp59
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was overexpressed. It was also shown that AtCyp59 can bind RNAs in vitro. Following
up with this finding, the search for RNA targets of AtCyp59 using systematic evolution
of ligands by exponential enrichment (SELEX) identified several consensus RNA
sequence motifs for AtCyp59 binding such as GGUGCCG, and their analysis showed
that 70% of AtCyp59 bound RNA sequences mapped to protein coding genes (147). The
authors observed binding of both spliced and unspliced RNAs with AtCyp59 suggesting
association of AtCyp59 during transcription. PPlase activity of AtCyp59 was detected in
vitro, and the binding of RNAs to RRM domain caused a reduction in the PPlase activity
of AtCyp59, suggesting an allosteric inhibition of one domain caused by an activity of

the other domain.

In my dissertation project, I investigated the role of this conserved PPlase family
in C. elegans. Prior to my investigations, very little was known about the role of this
conserved family of PPIases in this model organism. The C. elegans homolog of
AtCyp59, Kin24, and Rct-1 is named SIG-7. I performed the first genome-wide study of
this class of PPIases, using a GFP tagged recombinant SIG-7 that fully rescued the
deletion mutant. As was observed in the other organisms, sig-7 depletion causes
pleotropic mutant phenotypes such as a delay in overall growth rate and other tissue
specific developmental defects. I observed that SIG-7 is enriched in transcriptionally
active chromatin and associates with Pol II in vivo. 1 found that the pleiotropic defects in
sig-7 mutants correlates with a global downregulation of transcription. The transcription
defects themselves correlate with a Pol II elongation defect, demonstrated by the
reduction of Pol II enrichment towards the 3’ end of genes downregulated in embryos

depleted of SIG-7 function. RNA-seq experiments also revealed a substantially increased
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ratio of unspliced transcripts to spliced transcripts, providing an evidence for a role for
SIG-7 function in splicing processes. Combining the observations from investigations in
multiple organisms, I propose that this class of cyclophilins are recruited to the Pol II
CTD through their PPIase domain, and this allows its RRM domain to capture nascent
RNAs as they emerge from Pol II. The RNA binding may allosterically induce structural
changes that may modulate the activity of its PPlase domain, which may alter the CTD
structure and promote or enhance elongation efficiency. The absence of SIG-7 causes
defective coupling of co-transcriptional splicing with transcriptional elongation, thereby
decreasing the efficiency of both processes. Collectively, the findings from both
multidomain parvulin and cyclophilin PPlases provide a good evidence that PPlases help
to coordinate the highly complex transcription process via their interactions with and
structural modulations of the Pol II CTD. In chapter two, I have provided a detailed
characterization of the function of SIG-7 in C. elegans that is published in PLOS
Genetics as well as other additional information that were not included in that

publication.

Further Investigations into Transcriptional Memory

During the course of my investigations into the role of SIG-7 in transcriptional
regulation, I also became interested in how the process of transcription creates its own
“memory” of gene activity that may guide gene regulation in a heritable manner. In the
course of my studies, I observed that the separate transcription-dependent and
transcription-independent modes of the chromatin modifications, histone H3 lysine 4 and

lysine 36 methylation (H3K4me and H3K36me, respectively) exhibited an
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interdependency that was required for normal germline function. In Chapter three of this
dissertation, I will present my preliminary results that investigate the synergistic effects

that are observed with combined loss of different modes of H3K4 and H3K36

methylation machinery in the germline of C. elegans.
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Figure 1. The features of pre-mRNA recognized by spliceosome and step-wise

assembly of spliceosome complex

A) The relative position of 5’ splice site, branch site and 3’ splice sites are indicated. B)
The step-wise assembly and dynamic change in composition of each spliceosome
complex are illustrated. This figure is reprinted by permission from Macmillan Publishers
Ltd:[Nature Reviews: Molecular Cell Biology](75), copyright (2014).
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Abstract

The elongation phase of transcription by RNA Polymerase II (Pol II) involves numerous
events that are tightly coordinated, including RNA processing, histone modification, and
chromatin remodeling. RNA splicing factors are associated with elongating Pol II, and
the interdependent coupling of splicing and elongation has been documented in several
systems. Here we identify a conserved, multi-domain cyclophilin family member, SIG-7,
as an essential factor for both normal transcription elongation and co-transcriptional
splicing. In embryos depleted for SIG-7, RNA levels for over a thousand zygotically
expressed genes are substantially reduced, Pol IT becomes significantly reduced at the 3’
end of genes, marks of transcription elongation are reduced, and unspliced mRNAs
accumulate. Our findings suggest that SIG-7 plays a central role in both Pol II elongation
and co-transcriptional splicing and may provide an important link for their coordination

and regulation.
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Introduction

The study of sig-7 (Silencer In the Germline -7) started with a genetic screen to
identify factors required for silencing of repetitive reporter transgenes in the
Caenorhabditis elegans germline (148). Mutagenized animals were screened for germline
GFP expression from a multicopy transgenic array, ccEx7271, which is normally silenced
in germline tissue (149). One mutant allele recovered in this screen, sig-7(cc629),
exhibited significant GFP expression in germ cells, but also demonstrated strongly
enhanced somatic GFP expression in somatic lineages throughout development, with the
increased expression particularly evident in gut, vulva, and uterine tissues (Figure 1). The
effect of sig-7(cc629) on ccEx7271 somatic expression suggests that, as in the germ line,
this transgenic array is also subject to repression in somatic tissues. The sig-7(cc629)
mutation also causes a pleiotropic developmental phenotype that is transgene-
independent.

Although sig-7 mutant displays many other transgene-independent developmental
phenotypes, we were initially interested in sig-7’s role in regulating transgene silencing,
particularly its potential involvement in RNA interference (RNAi) pathways. At that
time, many RNAi and chromatin factors were discovered to be important in silencing
repetitive DNA, and the ccEx7271 array had been used to screen for such factors (150-
155). Therefore, we hypothesized that sig-7 is a component of an RNAi pathway required
for targeting repetitive transgene for silencing in the germline. When we investigated this
repetitive transgene array ccEx7271 by immunostaining for different chromatin

modifications, we found out that the array was decorated with heterochromatin marks



29

when silenced in the germline (See results for details). However, de novo euchromatin
marks were established when the array was desilenced. This finding suggested that one
way of targeting this multicopy repetitive array for proper silencing is via establishing
heterochromatin. Based on these preliminary data, we investigated the potential role of
sig-7 in multiple RNA1 pathways using available assays, but we could not find any direct
evidence for sig-7 being part of any tested RNAi pathway (Data not shown).

Findings from other labs studying sig-7 homologs in Schizosaccharomyces pombe
and Arabidopsis thaliana have reported its role in transcription regulation. In order to test
whether transcription regulation takes any part in transgene silencing mechanism, we
performed RNAIi experiment against the largest subunit of RNA Polymerase II (Pol II),
ama-1, along with sig-7 and control RNAI using strain carrying ccEx7271 repetitive
transgene array. To our surprise, ama-1(RNAi) also resulted in a significant transgene
desilencing phenotype similar to sig-7(RNAi). This finding made us shift our focus from
investigation of sig-7’s function in transgene silencing to it role in transcription
regulation. The details of how transcription regulation can also affect transgene silencing

1s discussed in the Results section.

Gene expression regulation is a highly complex process that requires the
coordination of many activities, including kinases, DNA and chromatin modifying
enzymes, and many classes of noncoding RNAs. (8, 156-158). At the heart of gene
expression is the RNA Polymerase II (Pol II) holoenzyme, a multiprotein complex that is
dynamically regulated through numerous post translational modifications and the
modulation of interactions with general transcription factors and numerous other factors.

Kinases regulate transcription progression by modifying the C-terminal domain (CTD) of
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Pol IT’s catalytic subunit and other factors that regulate the transitions accompanying Pol
IT transcription (7, 24, 37, 159-163). The CTD is composed of a conserved heptapeptide
repeat Y'-S*-P’-T*-S°-P°-S’, and phosphorylation of specific serines, tyrosine and
threonines within the repeats correlate with distinct stage of transcription cycle (5, 8, 9,
164-170). Albeit there are some species specific discrepancies, the consensus is that Ser-5
phosphorylation peaks at the 5* end of the gene near the promoter supporting its role in
processes related to transcription initiation and shows progressive decrease towards 3’
end, while the level of Ser-2 phosphorylation shows progressive increase passed the
promoter and peaks at the 3’ end of the gene supporting its correlation with processes
occurring after transcription initiation step including transcription elongation and
termination. For example, Ser-5 phosphorylation by Cdk7, a component of TFIIH basal
transcription factor, was shown to recruit 5’ capping enzyme that adds a 7-methyl-
guanosine cap on the 5’ end of emerging pre-mRNA (27). A mutation changing second
serine of the CTD repeat to alanine (S2A) caused failure of U2AF65 splicing factor and
U2 snRNA as well as reduction in transcription rate (171). A correlation between the
modifications of the CTD and distinct mRNA processing steps has been well documented
(4, 8, 164, 172).

Specific histone modifications also correlate with discrete steps in Pol II
transcription. Active genes have a significant enrichment of histone H3 tri-methylated on
lysine 4 (H3K4me3) at transcription start sites, indicating this mark is largely added
during promoter interactions, including PIC-associated and early elongation phase events
(24, 173-175). Other histone H3 modifications, such as H3 tri-methylation on lysine 36

(H3K36me3) and di-methylation on lysine 79 (H3K79me?2), correlate with elongation
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(176-178). Although the requirements for, and consequences of, CTD phosphorylation
and the various histone modifications occurring during the transcription cycle are not
completely understood, these conserved modifications have become useful as proxies to

assess Pol Il regulation and transit through genes in different organisms.

In addition to kinases and histone modifying enzymes, peptidyl proline
isomerases (PPIs) can regulate Pol II during transcription progression. The nuclear
parvulin family of PPIs direct cis-trans isomerization of prolines in the context of
Ser/Thr, such as those found in the Pol II CTD repeat, and their activities are affected by
the phosphorylation of Ser/Thr (125, 126, 135, 179). These PPIs are thought to
contribute to structural regulation of the CTD, participating in a “CTD code” that controls
the recruitment of various factors to Pol II during elongation and transcript processing

(135, 136, 180, 181).

The nuclear cyclophilin PPI family, characterized by having an RNA-recognition
motif in addition to a PPI domain (RRM), has also been implicated in regulation of Pol II
through interactions with the CTD. Members of this highly conserved family include
KIN241 in Paramecium tetraurelia, AtCyp59 in Arabidopsis thaliana and Rctl in
Schizosaccharomyces pombe (142, 144, 146, 147). AtCyp59 interacts with Pol II, and its
overexpression causes defective regulation of Pol II CTD phosphorylation (146).
AtCyp59 also interacts with RNA through its RRM domain and has PPI activity, but
whether the PPI domain is required for AtCyp59 function is unclear (147). The S. pombe
Rctl interacts also with and affects Pol II CTD phosphorylation (144), yet removal or

mutation of the PPI domain has little impact on transgenic rescue of rct/ mutants,
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whereas the RRM domain is essential (A. Chang and R. Martienssen, personal

communication).

Here we show that SIG-7, a C. elegans member of the nuclear cyclophilin family,
is essential for normal transcription during embryogenesis. Loss of SIG-7 results in a
genome-wide decrease in mRNA production that is correlated with both defective
elongation and defective co-transcriptional splicing. Our results identify SIG-7 as a
conserved and important factor for the proper coordination of Pol II transcription

elongation with co-transcriptional splicing.

Result

Mapping and characterization of sig-7 mutants

We used the sterile phenotype of cc629 for positional cloning of its associated
genetic locus. Our combined results from polymorphism-based mapping and
complementation rescue restricted the cc629 physical interval to a single predicted gene
annotated as F39H2.2 (Figure 2A). We found that dsSRNA-mediated interference (RNA1)
targeting this locus caused highly penetrant embryonic arrest of progeny when mothers
were either injected dsSRNA or fed bacteria that produce dSRNA. However, the rare RNAi
animals that escaped lethality exhibited post-embryonic defects similar to cc629 mutants
(data not shown). Among these defects is a recessive, fully penetrant hermaphrodite
sterility. We observed a clear excess of sperm production — a masculinization-of-the-
germ-line (Mog) phenotype — in some, but not all hermaphrodites (Figure 3C). This
phenotype results from the failure of the hermaphrodite germ line to transition to a

program of oocyte production after an initial period of sperm production during larval
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stages (182). sig-7(cc629) animals also have a retarded rate of larval development and
gross defects in the post-embryonic morphogenesis of their genitalia, e.g., a protruding
vulva (Figure 3A). Many sig-7(cc629) adults die soon after reaching adulthood from
trauma caused by herniation at either the vulva or male tail, as well as a partially
penetrant molting defect (not shown).

We sequenced the locus from cc629 animals and identified a single mutation, a G-
to-A base pair transition at the conserved splice acceptor site in the predicted fifth intron
of F39H2.2, suggesting that cc629 is an allele that likely affects splicing of this gene. The
F39H2.2(RNAi) phenotype is more severe than what is observed for the cc629 allele,
however, indicating that cc629 is not a null allele. Indeed, of ten F39H2.2 cDNAs from
cc629 animals that were sequenced, intron 5 splicing was only skipped in six, resulting in
a transcript predicted to encode a severely truncated protein (Figure 2B). However, the
remaining four cDNA clones were not different from wild type. Thus, normal F39H2.2
splicing can occur at some level in cc629 animals, despite the mutated intron 5 splice
acceptor. This discovery is not unusual, as multiple studies have previously reported the
production of both mis-spliced and normally spliced transcripts in C. elegans splice
acceptor mutants (183-185). In any case, the amount of functional protein produced in
cc629 animals is clearly not enough for normal development, and may be supplemented
by maternally loaded protein or mRNA from the heterozygous parent in the F1
homozygotes. Because of the transgene silencing defect in cc629, we named the gene sig-

7 (silencer in germline). Because of its homology to cyclophilin-like genes (below), sig-7

has also been annotated as cyn-14.
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In the course of these studies, we also obtained a deletion allele, #5037, that was
isolated in another genetic screen (L. Ma and R. Horvitz, unpublished). n5037 animals
exhibit an early larval stage arrest phenotype, indicating that either SIG-7 has an essential
zygotic function limited to post-embryonic development, or that maternal supplies from
the heterozygous parent is sufficient to rescue an embryonic requirement but insufficient
to support development to later stages. Given the mutant phenotypes and the embryonic
lethality observed in sig-7(RNAi), it is likely that there is continuous requirement for SIG-
7 during all stages that includes a maternal component during embryogenesis. Indeed, our
SIG-7::GFP::3XFLAG expression pattern shows ubiquitous expression in every cell

throughout all developmental stage including embryogenesis (Figure 4).

sig-7 encodes a conserved nuclear cyclophilin that is essential for development

SIG-7 possesses an N-terminal peptidyl prolyl isomerase (PPI) domain and an
adjacent RNA-recognition motif (RRM) (Figure 2C). The C-terminal region is of low
complexity, characterized by the presence of many charged residues including RS and
RD dipeptides (Figure 5). SIG-7 is the sole C. elegans ortholog of a highly conserved
family of PPI and RRM domain-containing nuclear cyclophilins that is found in most
eukaryotes from fission yeast to humans, but notably absent from S. cerevisiae (186).
SIG-7 homologs share greater than 39% overall amino acid identity, most of which is
concentrated within the PPI and RRM domains, with the highest degree of sequence
identity in the RRM domain (Figure 2D).

In order to study the function of sig-7 in better detail, it was essential to generate a

strain expressing tagged version of SIG-7 that can rescue the mutant phenotype. sig-7 is
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positioned as last gene within a cluster of three genes predicted to comprise operon
CEOP1492. sig-7 is comprised of eight exons, and its open reading frame spans a little
over 5 kb. We first tried to generate GFP tagged sig-7 construct by conventional PCR
based cloning strategy. Somehow, PCR reaction always generated about 2kb smaller
product than what is predicted in the C. elegans genome database. We have sequenced
the PCR product and found out that this PCR product contains whole sig-7 ORF except
majority of long intron 1, which is composed of highly repetitive sequences resembling
DNA transposon. We are not sure how DNA polymerase has skipped most of intron 1
and continued polymerization reaction. Although this PCR product contained all 8 exons
except intron 1, we were concerned that this missing 2kb intron 1 may contain some
important regulatory elements that may be important for gene expression. Therefore, we
sought for other approach. There was a fosmid clone with pre-engineered GFP::3XFLAG
tag on sig-7 locus available from the TransgeneOme project (187). We found restriction
enzyme site that will cut the fosmid into 18kb fragment containing the whole CEOP1292
operon with additional 4.5kb upsteam and 1kb downstream sequences. We integrated this
18kb fragment into defined locus of chromosome II (ttTi5605) using MosSCI technique
(188).

After generating this SIG-7::GFP::3XFLAG tagged transgenic line (it will be
called SIG-7::GFP), we tested if this SIG-7::GFP can functionally complement loss of
function of sig-7 by crossing this transgenic line into strain carrying sig-7(n5037)
deletion allele. As expected, this transgene expression fully rescued sig-7(n5037) larval
arrest phenotype back to nearly WT level. As it was mentioned earlier, sig-7(cc629)

mutant allele displays other developmental phenotypes like protruding vulva and sterility.
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We could not observe any of these phenotypes suggesting this transgene expression is
sufficient to replace the endogenous SIG-7 functions. Although we were confident that
this functional rescue was solely attributable to expression of SIG-7::GFP, we wanted to
verify that it is true. This transgenic line contains an additional copy of four genes
including two genes (F43G9.12 and syx-17) in the same operon as well as two additional
genes (mfap-1 and cpn-1) located upstream of CEOP1492 operon during cloning
procedure due to limited choice of enzymatic sites for digestion from fosmid. To show
that functional rescue of mutant phenotype we observes is specifically resulting from the
expression of SIG-7::GFP, we performed RNAIi experiment targeting for GFP, so that we
can specifically knock down expression of SIG-7::GFP. gfp(RNAi) in this strain showed
99% embryonic lethality similar to sig-7(RNAi) that was done in parallel showing that the
functional rescue was due to the expression of SIG-7::GFP, not the expression of

duplicated copy of four additional genes that were included in the transgene (Table 1).

SIG-7 Localizes to Transcriptionally Active Chromatin

The studies from SIG-7 homolog in 4. thaliana AtCyp59 and S. pombe Rctl have
been reported to interact with the CTD of Pol II and have roles in transcription regulation
(144, 146). SIG-7::GFP localizes to the nucleus in all tissues including germ cells
(Figure 4). In adult germ cells, the localization overlaps with DNA in mitotic and
meiotic nuclei, but with a somewhat broader distribution than DAPI-stained chromatin
(Figure 6). In diakinetic oocytes, however, SIG-7::GFP loses its chromatin association
and becomes diffuse within the nucleoplasm (Figure 4D). This transition correlates with

the loss of Pol II from chromatin, and the presumed global cessation of transcription in
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oogenesis (151). We further examined the correlation between SIG-7 staining and
transcriptionally active chromatin in meiotic germ cells. Transcriptional activity is
repressed on the X chromosomes relative to autosomes during C. elegans meiosis, and
the X chromosomes are easily identified by their significantly lower levels of AMA-1
(the catalytic subunit of C. elegans Pol 1) and H3K4me2, as detected by antibody probes
(151). SIG-7::GFP localization in meiotic chromatin exhibits the same pattern as anti-
AMA-1 and anti-H3K4me2, i.e., abundant on all autosomes and depleted from the X
chromosomes (Figure 6A and B). These data, coupled with the sig-7(RNAi) phenotypes,
indicate that SIG-7 plays an essential role in development, and this role correlates with

active transcription, similar to its plant and fission yeast orthologs.

SIG-7 is essential for normal gastrulation during embryonic development.

We next examined sig-7(RNAi) embryos for defects in gastrulation, a sensitive
indicator of zygotic transcription defects in embryos. Gastrulation in C. elegans consists
of the inward migration of a few peripheral cells, including the P4 cell, which is the
progenitor of the two primordial germ cells named Z2 and Z3 (189, 190). This process is
largely completed by the ~80 cell-stage, with P4 having moved in and subsequently
divided to yield its internally localized Z2/Z3 daughters, which are readily identified
using antibodies that recognize germ granules (Figure 7A; L4440 control). Zygotic gene
activation is required for gastrulation, and disruption of embryonic Pol II or other
essential transcription activities results in Z2 and Z3 being born at the periphery instead
of the interior of the embryo (Figure 7A; ama-1(RNAi)). RNAI targeting of either ama-1

or sig-7 caused a highly penetrant gastrulation phenotype, yielding 92.5% and 86.15%
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gastrulation-defective embryos, respectively (Figure 7A and B). This suggests that SIG-7
is required for normal zygotic transcription during early embryonic development.

The sig-7(RNAi) gastrulation phenotype is indicative of a defect in zygotic
transcription, but could be due to inactivation of one or a few genes specifically involved
in gastrulation. As a first test for a more widespread defect, we quantified in sig-7(RNAi)
embryos transcript levels of a panel of genes with strict zygotic expression (191-193). A
significant decrease in level was observed for all tested zygotic transcripts in sig-7(RNAi)
embryos (Figure 7C). This decrease was substantial, albeit not as dramatic as that
observed in ama-1(RNAi) embryos. Thus, both molecular and phenotypic data indicate
that loss of SIG-7 activity leads to significant defects in zygotic transcription, and the

effect appears to be widespread.

SIG-7 physically interacts with Pol II in vivo

We next tested whether SIG-7 and Pol II interact in vivo in C. elegans. We tested
for physical interactions between SIG-7 with Pol Il in C. elegans by immunoprecipitating
AMA-1 from transgene-rescued sig-7(n5037) animals, followed by probing western blots
of the precipitated material with anti-FLAG antibodies to detect SIG-7::GFP::3xFLAG.
SIG-7 was detected in the anti-AMA-1 precipitate (Figure 8). Likewise in reciprocal
experiments, AMA-1 was detected in anti-SIG-7 precipitates (Figure 9). These results
indicate that SIG-7, like its plant and yeast counterparts, interacts with Pol I in vivo. The
stoichiometry suggests that this interaction is either between a subset of each protein in

the cell and/or is transient and dynamic.
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sig-7 RNAI causes a global decrease in embryonic transcript levels

To further explore the extent of SIG-7’s role in gene expression, we next
performed RNA-seq on sig-7(RNAi) embryos versus L4440 RNAi control embryos
(Figure 10). The results verified that sig-7 RNA1i causes a global defect in embryonic
gene expression. Of the 45,627 annotated genes (including non-coding RNAs, etc.),
10,703 had sufficient read representation for further analysis. Of these, 3,045 genes
displayed differential expression between sig-7(RNAi) and L4440 control RNAi samples
with a statistical significance of ¢<0.05 (TableS1). Among these genes, roughly five
times more genes exhibited a two-fold or greater decrease in sig-7(RNAi) than the
number of genes exhibiting a two-fold or greater increase (1549 vs 362, respectively)
(Figure 10A). We sorted these genes into gene categories based on published evidence
for either zygotic expression during embryonic development (“soma-specific”, “embryo—
expressed”, and “X-linked”), exhibiting “ubiquitous” expression, or having enriched or
restricted expression in the germline (“germline-enriched” and “germline-specific”,
respectively) (194). X-linked genes show a distinct bias for either having weak
expression in germ cells or only being expressed in somatic lineages (195). Of the 1549
genes that exhibited at least a two-fold decrease in RNA abundance after sig-7 RNA,
genes categorized as soma-specific, embryo-expressed, or X-linked were significantly
over-represented, and genes categorized as germline-expressed were significantly under-
represented (Figure 10B, left panel). This pattern was reversed for the 362 genes that
exhibited at least a two-fold increase after sig-7(RNAi): germline-expressed genes,
including ubiquitous and germline-enriched genes, were significantly over-represented

(Figure 10B, right panel).
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These results suggested a potential difference in germline and somatic
requirements for SIG-7, which is of interest since other aspects of transcription regulation
differ between soma and germline in C. elegans (196, 197). However, the germ versus
soma differences we observed may also be due to lower efficiency of RNAI in adult
germlines compared to the embryos produced by those germlines. We tested 12 genes
with known germline-restricted expression by qRT-PCR after extended ama-1 or sig-7
RNAI (exposing worms for 55 hours post L3 larval stage). Extended RNA1 resulted in
significant reduction of germline-expressed genes in both sig-7 and ama-1 RNAIi adult
animals, suggesting that SIG-7 is also required for efficient RNA production in larval and
adult germ cells (Figure 11). These longer exposure conditions were not employed in our
genomic analysis of embryos, because the resulting sterility in the treated animals

prevented analysis of embryonic defects.

We also considered whether the embryonic arrest phenotype was skewing the
effect on embryonic loci, since we compared sig-7(RNAi) embryos that mostly arrest at
~200-300 cells with control embryos that can continue to develop. The impact of stage
differences on our results is probably low. The embryos used in our experiments were
isolated from young adults with developing embryos in their uterus; these embryos are
highly enriched for stages prior to the sig-7(RNAi) arrest point. Indeed, analysis of the
developmental stage distributions among embryos from independent RNAi experiments

showed the expected bias for early stages (e.g. Figure 12 and data not shown).

We further examined this issue by comparing the affected genes from our
experiments with those analyzed in a landmark study examining transcript dynamics in

early C. elegans embryos (191). The developmental time points assayed in that study
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were all earlier than the embryonic arrest caused by sig-7 RNAi. We focused on three
narrowly defined gene sets defined by their dynamics in embryos: “strictly maternal”
(expressed in the ovary and degraded in the early embryo), “maternal/embryonic”
(expressed in both ovary and embryos), and “strictly embryonic” (expressed only by the
embryo with no maternal contribution). Of the “strictly embryonic” genes that showed
>2-fold changes in expression with sig-7 RNA1, 328/339 (96.7%) were down-regulated
and only 11/339 were significantly up-regulated (Figure 13). “Maternal/embryonic” and
“strictly maternal” genes showed less bias, with 202/310 (65%) and 77/163 (47.3%)
showing down-regulation, respectively, with sig-7 RNAi. The increase of several strictly
maternal genes in sig-7(RNAi) embryos was verified by qRT-PCR (not shown). The
increased abundance of strictly maternal RNAs in sig-7(RNAi) embryos may be an
indirect effect of defective zygotic transcription-driven development, causing impaired

degradation of maternal RNAs (198).

sig-7 RNAI causes changes in RNA processing

Our RNA-seq analyses also suggests a role for SIG-7 in RNA splicing. Cuffdiff
algorithm have multiple functions to analyze a several aspects of gene expression pattern
difference between samples (199). The analysis we did was limited to differential
expression testing. This particular test generates 4 different output files named as;
isoform_exp.diff, gene exp.diff, tss_group exp.diff, and cds exp.diff. These files
contain results of testing for differences in the level of spliced transcripts, genes, primary
transcripts, and coding sequences respectively. All files contained very similar list of

genes that are approximately 90% identical to each other (Table S1). This results support
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that most of genes that are differentially expressed between L4440 and sig-7(RNAi) are
reflecting defects in general transcription as well as mRNA processing. Upon closer
examination, many of these sig-7(RNAi)-dependent “isoform differences” appeared to be
caused by decreases in exon reads without a corresponding decrease apparent in intron
reads (Figure 14A). Genome-wide analyses also revealed this trend: among genes
showing decreased expression in sig-7(RNAi) embryos, the average exon read coverage
per gene showed the expected significant decrease, but the intron read coverage showed
no significant change relative to controls (Figure 14B). Thus, although the amount of
RNA for these genes was decreasing, the ratio of intron to exon reads for these RNAs
appeared to increase. One limitations with RNA-seq method in respect to analysis for
intron read count is that many reads that are not unique to each genomic locus are
discarded before analysis. These discarded reads are not just random junk. They are just
lacking specificity with statistical confidence, and many of intronic sequences are
repetitive or can be occasionally found to have partial matches to multiple loci in the
genome when BLAST search is performed. The reason why this can be important is that
the chance of capturing the reads from intron region of pre-mRNA in any sample is very
low due to the quick nature of mRNA processing occurring during transcription in the
cell. So, the information we can obtain regarding the amount of intron read can be limited
to only subset that contains specific sequences that can pass the QC step before analysis.
One way to overcome this potential technical problem is by confirming the results by
qRT-PCR. For qRT-PCR, there is no selection and discarding steps for specific reads.
Any cDNA sequences that are generated from present RNA molecules will serve as a

template for the reaction. Therefore, we decided to confirm this by performing qRT-PCR
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for several genes that are down-regulated from our RNA-seq experiment (Figure 15). We
used primer sets that span intron-exon junctions and exon-exon junctions to distinguish
unspliced primary transcripts (pre-mRNAs) from spliced, mature mRNAs (mRNAs),
respectively. The six embryonic genes tested (sdz-27, sdz-28, epi-1, sqd-1, vet-2, end-1)
confirmed the markedly reduced mRNA levels in sig-7(RNAi) embryos observed by
RNA-seq. All six also showed significantly increased levels of unspliced RNAs,
confirming that the reduced transcripts present in sig-7(RNAi) embryos are enriched for

defectively processed RNAs (Figure 14A and 15).

In contrast, RNAs from “upregulated” genes, such as strictly maternal genes,
showed the opposite trend. RNA-seq results for these genes showed an increase in exon
reads, yet their intron reads stayed relatively the same in sig-7(RNAi) embryos,
suggesting a relative enrichment for spliced RNAs relative to controls (Figure 14B).
Indeed, intron sequences could not be detected by qRT-PCR for two maternal genes
tested (Figure 15B). This result is also consistent with abnormal persistence of fully
spliced maternal products, resulting in an apparent enrichment for exon reads relative to

intron reads compared to controls.

Reads from sequences 5’ to the first exon of many of these downregulated genes
also increased in sig-7(RNAi) embryos (Figure 14A and 15A). These reads represent 5’
“outrons”, which like introns are normally removed from the primary transcripts. In
addition to the removal of intron sequences by cis splicing of exons, C. elegans exhibits
co-transcriptional trans-splicing, in which a common “splice leader” transcript serves as a
5 splice donor, leading to a common 5’ exon that is present on the majority of mRNAs

(200-202). In C. elegans, approximately 70% of mRNAs are reported to be trans-spliced
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(203). The outron reads thus represent 5’ nascent transcript sequences that are normally
removed by trans-splicing and replaced by splice leader sequences during transcription.
Indeed the 5’ reads enriched in sig-7(RNAi) embryos mark the transcription start sites
(TSSs) recently identified by GRO-seq and related methods (173, 204, 205). The
retention of RNA-seq reads corresponding to outrons indicates that depletion of SIG-7
causes defects in both cis- and trans-splicing, the latter of which is only known to occur
co-transcriptionally.(206, 207). Since SIG-7 interacts with Pol II, this suggests that SIG-7

plays an important role in transcription-coupled RNA processing events.

sig-7 RNAI causes a global change in Pol Il occupancy and distribution within gene
bodies

Numerous reports indicate that co-transcriptional splicing is mechanistically
coupled to Pol II elongation, and that defects in co-transcriptional splicing can affect Pol
IT elongation (83-85, 208-212). We therefore analyzed the genome-wide distribution of
Pol I by anti-AMA-1 ChIP-seq in sig-7(RNAi) and control embryos. There was strong
correlation with the RNA-seq data; i.e., the same genes and gene classes showed similar
patterns in both changes in RNA and Pol II occupancy (Figures 16 and 17). We next
performed metagene analyses of the Pol II distribution within the bodies of genes
separated into five classes based on published expression data (Figure 18). Genes
classified as either “soma-specific” or “ubiquitous” showed substantial changes. The 3’
enrichment of Pol II observed in controls was significantly reduced in these genes, with

3’ depletion the most obvious with the “soma-specific” class (Figure 18). 5’ localization
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was also reduced for the “soma-specific” class, but the effect was less than the 3’
reduction.

In contrast, genes classified as “germline-enriched” showed little change in Pol 11
distribution. This result indicates that, as with the RNA-seq data, there is a
disproportionate effect of sig-7(RNAi) on genes expressed in embryos, including an effect
on steady-state localization of Pol II within gene bodies. The lack of effect on “germline-
enriched” loci is not as easy to ascribe to reduced RNAI efficiency in parental germlines
compared to embryos, since many of these genes are also transcribed in the embryos
being assayed. It is not obvious why genes generally expressed in germ cells, and in
many other tissues, might be less sensitive to loss of SIG-7 function than those expressed
only in embryos. This may be related to the different modes of Pol II regulation that we
have observed for germline-expressed genes and soma-restricted genes, the latter of
which involve tissue-specific modes of gene regulation (196)

A transcription defect could indirectly cause splicing defects by reducing the
production of essential splicing factors. This seemed unlikely, since splicing factors in
early embryos are available from maternal stores and thus would fall into the class of
genes either unaffected or slightly enriched by sig-7 RNAI. Indeed, our RNA-seq data
confirmed this: of 18 conserved C. elegans splicing factors (213) for which significant
RNA levels could be detected in control embryos, 10 factors showed a slight increase in
sig-7(RNAi) embryos, and 8 factors showed no significant difference between sig-
7(RNAi) and control (not shown). Thus, the splicing defects in sig-7(RNAi) embryos are
unlikely to be due to reduced expression of splicing factors and are instead likely to be

directly due to defects in transcription coupled processing.
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Depletion of SIG-7 causes a reduction in Pol II isoforms and histone modifications
associated with transcription elongation

The decrease in Pol II at the 3° end of gene bodies observed by ChIP-seq
suggested that sig-7 RNAI affects the elongation phase of transcription. The
phosphorylation of specific residues in the Pol I CTD correlates with different stages of
the transcription cycle; e.g., Ser-5P correlates with initiation and Ser-2P increases with
elongation (4, 5, 8, 197, 214). We assessed the relative abundances of these CTD
phospho-epitopes in sig-7(RNAi) and L4440 control embryos by western blot analysis
using monoclonal antibodies specific for the different phosphorylated isoforms of AMA-
1 (Figure 19A). We observed similar levels of anti-AMA-1 signal in experimental and
control lanes, indicating that SIG-7 depletion has little effect on embryonic AMA-1
protein levels. The amount of hypo-phosphorylated Pol II (hypo-phos; 8WG16) was
variable between experiments but often higher in sig-7(RNAi) embryos relative to
controls. Importantly, whereas the Ser-5P epitope was largely unchanged, a significant
decrease in levels of Pol II Ser-2P was consistently observed in sig-7(RNAi) embryos
(Figure 19A and C). The decrease in Ser2-phosphorylated Pol II is consistent with the
decreased 3’ Pol II profile observed by ChIP-seq, and indicates that the elongation phase
of transcription is altered in sig-7(RNAi) embryos.

In yeast, the addition of Ser-5P to the CTD by TFIIH correlates with recruitment
of the histone H3K4-specific methyltransferase Setl, which in turn leads to an
enrichment of H3K4me3 in nucleosomes near the promoter (30, 215, 216). Elongation
and increased phosphorylation of Ser2 in turn correlates with recruitment of the H3K36

methyltransferase Set2 and a resulting enrichment of H3K36me3 within the body of the
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gene as elongation proceeds (30, 162, 217). H3K79me?2 is also produced within gene
bodies during Pol II elongation (218-220). We further examined sig-7(RNAi) and control
embryos by western blot analysis, using antibodies specific for H3K4me3, H3K79me?2,
or H3K36me3 and compared these to total histone H3 (Figure 19B and C). We observed
a slight decrease in H3K4me3 and a substantial decrease in H3K36me3 and H3K79me?2
in sig-7(RNAi) embryos. Elongation-dependent histone modifications are also thus
disproportionately affected by sig-7(RNAi). We also looked at H3K4me3 and H3K36me3
marks in mixed stage embryos by immuno-staining. Consistent with our western blot
result, we observed slight decrease in the level of H3K4me3 most eminently in ~250 cell
stage while H3K36me3 levels are observed to be decreased in all stages after ~60 cell
stage (Figure 20). The H3K36me3 in the early embryo is predominantly provided by
MES-4, a transcription-independent H3K36 methyltransferase, whereas transcription-
dependent H3K36me3 predominates in later stages (51, 101). The minimal effect on
H3K4me3, a promoter-proximal mark coincident with a more dramatic loss of
transcription-dependent H3K36me3, a mark enriched toward the 3’end of transcribed
genes, is consistent with a role for SIG-7 in normal Pol II elongation.

In summary, depletion of SIG-7 from C. elegans embryos causes a developmental
arrest due to widespread defective splicing accompanied by a global decrease in
transcription of genes required for normal embryogenesis. This transcription defect
correlates with a marked decrease in the 3’ distribution of Pol II correlating with
decreases in Pol II CTD phospho-epitopes and chromatin modifications that are
hallmarks of elongating Pol II. Furthermore, SIG-7 physically associates with Pol II in

vivo, is enriched in active chromatin in patterns consistent with association with active
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transcription, and loss of SIG-7 causes defects in co-transcriptional splicing. SIG-7 is
thus required for both transcription and splicing, and may help coordinate both processes

to allow for efficient mRNA production in the nucleus.

Revisiting transgene desilencing in sig-7(RNAi) or sig-7(cc629) mutant

One of many reasons that make C. elegans as a great model organism is its simple
method to generate transgenic worms by simply injecting expression vectors into gonad.
When such expression vectors are injected into a gonad, these vectors go through a
recombination process that forms a repetitive array containing several hundred copies of
the injected plasmid. However, this repetitive array gets quickly targeted for silencing in
the germline. Transgene silencing in the C. elegans germline presented obvious
difficulties to researchers studying the function of germline-expressed genes, but it also
provided an opportunity to discover important biological processes involved in silencing

mechanism, such as RNAi pathways and chromatin factors.

In order to understand the mechanism of transgene silencing, we analyzed several
well-characterized chromatin modifications. Since ccEx7271 repetitive array is targeted
for silencing, we hypothesized that the repetitive array chromatin will be enriched for
heterochromatin marks. Therefore, we performed immunostaining for H3K9me3. As
expected, it was enriched for H3K9me3 in maturing oocytes, where transgene arrays can
be visualized as small DAPI positive bodies that are smaller than chromosomes (Figure
21). We also analyzed for euchromatin mark H3K4me?2. H3K4me?2 marks were enriched
in all chromosomes, but ccEx7271 did not show any enrichment (Figure 21). We then

wanted to test if these heterochromatin marks will go away when this array is desilenced.
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As a positive control, we performed RNAi against known factors including dcr-1, mes-4
and mut-7. RNAIi performed against all three genes showed consistent results. ccEx7271
showed an enrichment of H3K9me3 with de novo methylation for H3K4me?2 (Figure 21).
Due to the absence of oocytes from Mog (masculinization-of-the-germ-line) phenotype of
sig-7 mutant or sig-7(RNAi), we could not test directly if this occurred in sig-7 mutant as
well. However, knowing that all these genes tested are known to have distinct functions,
we concluded that the changes in chromatin modifications we observed is likely the

general result when the ccEx7271 repetitive array is desilenced.

We also tested if this appearance of euchromatin mark correlate with increased
transcription of the reporter genes in ccEx7271 array when it is desilenced. We
performed qRT-PCR using primers specific to GFP sequence. As expected, we saw about
1.5 fold increased expression of GFP reporter transcript in sig-7(RNAi) compared to
L4440(RNAi) control (Figure 22A). This result is consistent with stronger GFP reporter
expression we observed in sig-7(RNAi) or sig-7(cc629) mutant worms. However, this
presents a conundrum: how would a defect in SIG-7 function, which we’ve shown is
involved in coordinating splicing and transcription elongation, lead to increased
expression of the GFP transgene? To assess this, we performed RNAIi against largest
subunit of RNA Pol II, ama-1, in parallel to see how generally knocking down
transcription affected the GFP reporter expression from ccEx7271 array. To our surprise,
ama-1(RNAi) also resulted in a similar level of desilencing to what we observed in sig-
7(RNAi) (Figure 23). Therefore, a general defect in transcription can result in increased

expression of a reporter in a high copy, repetitive array.
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One way in which decreased overall transcription could yield increased
expression from repetitive arrays is through decreased expression of genes required for
heterochromatin formation. Indeed, qRT-PCR for several important genes in RNAi
pathway showed reduced transcript abundance for all tested genes except ergo-1 (Figure
22B). It is thus likely that more copies of the reporter in the array become available for
the transcription machinery, which, despite its overall reduction in efficiency, could
produce a net increase in reporter expression in germ cells. Therefore, we concluded that
the transgene desilencing phenotype of sig-7 mutants most likely results from defects in

general transcription, where SIG-7 is playing a direct role.

nrde assay reveals that the presence of the genetic balancer chromosome is somehow

mimicking the NRDE function via unknown mechanism

As it was discussed in previous section of transgene desilencing result, we
became convinced that SIG-7 is not directly functioning as a component of RNAi
pathways. However, initial experiments suggested it was involved in what are called
“nuclear RNAi1” pathways in C. elegans (221). However, we have looked at several
RNAI pathways using available assays during the course of study. Although most of the
tested assays gave inconclusive results for sig-7’s involvement in tested RNAI, the result
from nuclear RNAi defective (nrde) assay is worth discussing, as the result as this can be

a valuable reference for our lab.

In C. elegans, there are multiple RN A1 pathways carrying out distinct biological

functions (222). However, some core components are shared among the distinct RNAi
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pathways, so knocking down one RNAi pathway often enhances the efficiency of the

other RNAi pathways by increasing the availability of the shared core components.

The Kennedy lab developed a “Nuclear RNAi Defective” (nrde) assay that can be
easily used to assess whether the candidate gene is a component of a nuclear RNAi
pathway, which leads to transcriptional repression, versus the post-transcriptional,
cytoplasmic RNAi pathways (96). This assay takes advantage of the “synthetic multi-
vulva” genes lin-15a and lin-15b, in which disruption of both is required for a multi-
vulva (Muv) phenotype. In this nrde assay, RNAi against /in-15b represses expression of
both /in-15b and lin-15a transcripts since /in-15b is the first gene transcribed from
bicistronic pre-mRNA in the nucleus. In an eri-/ mutant background a separate pathway,
termed “endo-siRNA”, is disrupted and the nuclear RNAi pathway is enhanced. Thus,
whereas in wild-type animals there is little or no detectable Muv with /in-15b(RNAi)
alone, in an eri-/ mutant the occurrence of Muv phenotypes approaches 95% (90). In
nrde mutants, the enhanced Muv penetrance is therefore suppressed, since the nuclear

RNAI pathway is also defective.

Interestingly, previous work in our lab had shown that the expression of a
repetitive somatic GFP reporter, rtls31, was strongly repressed in eri-/ and rrf-3 mutants.
In combination with sig-7, however, the enhanced repression was suppressed; i.e., the
enhanced RNAIi pehotype was defective in the sig-7 mutant (T. Ratliff and W. Kelly,
unpublished). This indicated that sig-7 was operating in an RNA1 pathway separable
from the pathways in which ERI-1 and RRF-3 operated, which suggested a role in the

nuclear RNAi pathway.
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Using the eri-1 enhanced Muv nrde assay, we tested if SIG-7 is involved in
nuclear RNAi. Consistent with previous reports, we observed 97% (634/655) of lin-
15b(RNAi) animals displaying the Muv phenotype in eri-1(mg366) animals. Likewise,
the Muv penetrance was fully suppressed to 0% (0/386) in eri-1(mg366)1V;nrde-
2(gg91)II double mutants, since NRDE-2 is an essential factor in nuclear RNAi (Figure
24). We were then excited to observe that 0% (0/43) of eri-1(mg366)1V:sig-7(cc629)]
double mutants showed the Muv phenotype, indicating a role for SIG-7 in nuclear RNA..
However, we also observed the suppression (1%; 3/323) in eri-1(mg366)IV,sig-
7(cc629)/hT2(L11I) animals, in which the sig-7 mutation is maintained as a heterozygote
in a genetically balanced strain. This was surprising, as all other sig-7 mutant phenotypes

are recessive.

Indeed, the suppression of the Muv phenotype turned out to be due to the
presence of the genetic balancer, which is marked by an integrated repetitive GFP
reporter transgene, that we used to maintain the sig-7(cc629) allele. When we repeated
the experiment using sig-7(cc629) balanced with unc-29(el93), the Muv suppression
phenotype in the heterozygous sig-7 was minimal (86% ; 272/318) compared to the
previously observed significant suppression (1% ; 3/323) when sig-7(cc629) was
balanced with 4T2 genetic balancer. (Figure 24). In addition, we also observed good Muv

suppression (10%; 3/31) when unc-29(el93) was balanced with 472 genetic balancer.

The original suppression we observed in strains balanced by the 272 genetic
balancer is interesting, and indicates a maternal affect from the balancer, since offspring
not inheriting the balancer also showed Muv suppression. However, the results clearly

indicated that sig-7 plays no significant role in nuclear RNAi, and that the original
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defects observed in the eri-/ enhancement of the rt/s31 reporter are likely due to the

indirect effects we observed with repetitive reporter expression.

Discussion

We report an analysis of a highly conserved, multi-domain nuclear cyclophilin,
SIG-7, that is required for efficient transcription elongation and transcript splicing in C.
elegans. Similar to the S. pombe and A. thaliana SIG-7 orthologs (Rctl and AtCyp59,
respectively), SIG-7 is an essential protein implicated in regulation of the
phosphorylation status of important serines in the CTD of Pol 1I (144, 146). Both
maternal supply and zygotic production of SIG-7 is required for normal development at
all stages.

Depletion of SIG-7 results in a substantial decrease in embryonic transcripts that
correlates with defective mRNA splicing, including co-transcriptional frans-splicing. A
change in the distribution of Pol II within gene bodies is also observed that, along with
reduced Pol IT CTD Ser-2 phosphorylation and H3K36 and H3K79 methylation, are
consistent with defects in Pol II elongation. The correlation between elongation defects
and splicing defects suggests a co-dependency between these two processes in C.
elegans, with SIG-7 providing an essential link. The extent to which mRNA processing
and Pol II elongation are co-dependent in any organism is controversial (82, 212, 223-
228). This will likely remain controversial, because it is challenging to experimentally
discriminate between a splicing defect causing an elongation defect versus an elongation
defect causing a splicing defect.

We favor the conclusion that the primary defect in sig-7(RNAi) and mutant

embryos is defective splicing, and this defect results in inefficient Pol II elongation.
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Among the myriad abnormal developmental defects observed in sig-7 mutant animals,
the Mog (masculinization of germline) phenotype stands out as most likely to be
primarily from a splicing defect. The Mog phenotype occurs when germ cells fail to
switch from sperm to egg production when C. elegans hermaphrodites transition from L4
to adult. The bulk of the regulation of the male-to-female switch in the C. elegans
germline sex is post-transcriptional (229). Multiple genetic screens for Mog mutants have
recovered mutations in splicing factors (230-232). In addition, a recent RNAi screen
targeting conserved RNA splicing factors showed that ~40% of them (47/114) resulted in
a Mog phenotype, consistent with splicing of key sex-determination regulators being the
predominant mechanism controlling germline sex switching in C. elegans (231-233).
The Kerins et al. study further showed that general splicing factors are also important for
controlling the switch from germ cell proliferation to meiotic entry, and we observe a
similar germline tumor enhancement effect in sig-7(cc629) mutant worms (T. Ratliff and
W. Kelly, unpublished). In addition, recent reports have indicated that a primary defect in
splicing can cause defective Pol II elongation. Depletion of a known splicing factor,
SC35, results in attenuation of Pol II elongation through gene bodies in mammalian cells
(234). Furthermore, a recent study in HeL A cells showed that specifically inhibiting
splicing, using spliceostatin (SSA) or antisense oligos targeting snRNAs, results in
defects remarkably similar to those caused by SIG-7 depletion: early dissociation of Pol
I leading to its 3’ depletion and decreases in Ser2P (96). It’s thus very likely that the
primary defect in sig-7 mutants is defective splicing, which leads to defective elongation

and Pol II dissociation from genes.
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We thus propose that a key function of SIG-7 is to ensure efficient co-
transcriptional splicing, and that the defects in Pol II elongation in sig-7 mutants/RNAi
are mechanistically linked to inefficient splicing.

What is SIG-7’s role in transcription regulation? The mechanistic roles of nuclear
cyclophilins in any organism remain to be determined, yet clues are provided by our
results and those from other studies. The SIG-7-type nuclear cyclophilins all have a
conserved RNA-recognition motif (RRM domain) in addition to the peptidyl-prolyl cis-
trans isomerase (PPI) domain. Studies in S. pombe and A. thaliana demonstrate a role for
Rctl and AtCyp359, respectively, in regulation of Pol II CTD phosphorylation (144, 146),
and in vitro binding experiments show that the CTD of Pol II interacts with the PPI
domain of Retl (145). Yet other studies implicate Rctl’s PPI domain as being
dispensable for Rctl function, whereas its RRM domain is essential (A.Y-Chang and R.
Martienssen, personal communication). The RRMs of both Rctl and AtCyp59 were
shown to bind a motif present in ~70% of all mRNAs, and AtCyp59 interactions with
pre-mRNAs were observed, supporting a general role in co-transcriptional RNA
processing in vivo (147). Thus, a potential model for SIG-7 is that it binds to the CTD of
Pol II through its PPI domain and employs its RRM domain to capture emerging RNAs,
perhaps to efficiently recruit them to the spliceosome machinery attached to the CTD.
The loss of the PPI domain may only affect the efficiency of this coupling. In the absence
of SIG-7, the linkage between emerging transcripts and the splicing machinery may be
more overtly compromised, leading to decreased splicing efficiency and concomitant

slowing of Pol II elongation via unknown mechanisms.
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Alternatively, the PPI domain’s catalytic function in isomerization of prolines
may target the Pol II CTD repeat, which in turn may affect Pol II elongation via CTD
structural alterations. The PPI activity may be regulated by RNA binding and/or RNA
processing, and this could provide a mechanistic link between elongation and splicing.
Indeed, binding of RNA to AtCyp59 in 4. thaliana affects the isomerase activity of the
PPI domain in vitro (147). Future studies should investigate the importance of the PPI
domain’s catalytic activity and a requirement for it to be structurally linked to the RRM
domain.

Interestingly, while sig-7 homologs are found in most eukaryotes, there is no clear
homolog of sig-7 in budding yeast. Introns are relatively rare in budding yeast genes
(present in just ~4% of protein-coding genes) and the introns are small in size (235). A
comparative genomic study of functionally linked genes in budding and fission yeast
identified three cyclophilin family members, including SIG-7/Rctl, among spliceosomal
components and related proteins that have been lost from budding yeast (186). SIG-7
function is thus dispensable in an organism with few, small introns to process, as might
be predicted for a protein responsible for coordinating transcription elongation with

efficient splicing.
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Material and Methods

Worm strains and maintenance

C. elegans strains were maintained at 20°C. Worms were grown on NGM (Nematode

Growth Medium) plates unless stated otherwise.

Strains: wild type N2 (Bristol), KW1317: sig-7(cc629) VhT2[bli-4(e937) let-?(q782)
qls481(L;11), KW2230: sig-7(n5037) VhT2 [bli-4(e937) let-?(q782) qls48](1, 111),
PD7271: pha-1(e2123ts) 111; ccEx7271(pBK48.1::pC1), KW2309: sig-7(n5037)I;
ckls33(unc-119, sig-7:gfp:3XFLAG)II, ccEx7291(pBK48.1::pRF4), eri-
1(mg366)IV,nrde-2(gg91)11, eri-1(mg366)1V;sig-7(cc629)l/hT2 [bli-4(e937) let-?(q782)
qls48](1, 1), eri-1(mg366)1V, eri-1(mg366)IV unc-29(el193)l/ hT2 [bli-4(e937) let-
2(q782) qIs48])(1, 11I), eri-1(mg366)1V,sig-7(cc629)l/unc-29(el93)1

sig-7::GFP::3XFLAG transgenic strain

Repetitive sequences within intron 1 of the sig-7 gene prevented PCR-based cloning of
the whole gene. We used a fosmid clone (construct ID: 15087717651452437 A06)
containing sig-7 engineered with a 3 GFP::3XFLAG tag obtained from the
TransgeneOme project (187). The fosmid was cut with Sphl to generate an 18KB
fragment containing the entire operon with sig-7 and two neighboring genes
(CEOP1492). This fragment was blunt ended and inserted into the pCFJ151 MosSCI
targeting vector cut with Pvull. This construct, pJA8, was integrated into an LGII

MosSCi targeting site (2¢7i5605) by standard Mos-SCI integration techniques (188).

RNAi-mediated Depletion
RNAIi was performed by feeding HT115 bacteria transformed with plasmids expressing
dsRNA targeting the corresponding gene, or carrying the empty L4440 RNAI vector for

controls.
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RNAIi embryos: Adult worms were collected from plates and washed with M9 buffer
(22mM KH2PO4, 42mM Na2HPO4, 86mM NaCl, 1 mM MgS04), bleached with
sodium hypochlorite (5% bleach with 1.0N NaOH) to isolate embryos. Embryos were
placed on NGM (Nematode Growth Medium) plates without food overnight. The
synchronized hatched L1s were transferred to plates with OP50 bacteria and grown for 36
hours until the L3 larval stage. L3s were washed with M9 buffer 3 times and transferred
to induced RNAI plates (NGM+1mM IPTG+1mM Ampicillin) pre-seeded with bacteria
expressing the desired dSRNA. The worms were grown on RNAI plates for 36 hours,
after which the gravid adults were washed with M9 buffer and separated from any
extruded embryos by filtration through a 40pm mesh cell strainer (Fisher Scientific,
#22363547). The adults were bleached as described above to collect in utero embryos

for analysis.

RNAIi Adults (Figure 11): L3 larvae prepared as above were fed dsSRNA-expressing
bacteria for 55 hours instead of 36 hours and directly processed for total RNA

purification and analysis by qRT-PCR.

Immunofluorescence

Intact embryos were fixed in 2.5%PFA/ethanol (236) or methanol/acetone (237) for all
immunofluorescence except for those probed with monoclonal antibody H5, which was
fixed in methanol/formaldehyde (236). Primary antibodies used were: anti-H3K4me2
(CMA30) 1:1000 END Millipore (203)], anti-P-granules [OIC1D4, 1:5 (237)], anti-
H3K36me3 [(CMA333), 1:1000 (236)], anti-Ser2p RNA pol II CTD (HS5, 1:500,
Covance MMS-129R), anti-GFP (1:1000, Novus NB600-308), anti-AMA-1 (1:10,000,

Novus 38520002), and anti-FLAG (M2, 1:1000, Sigma F1804). Secondary antibodies
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used were Alexa Fluor 488-conjugated donkey anti-mouse (1:500, Invitrogen R37114)
and Alexa Fluor 594-conjugated goat anti-rabbit (1:500, Invitrogen R37117). Samples
were mounted in ProLong Gold anti-fade reagent (Life technologies, P36934) and
observed under a fluorescence microscope (Leica DMRXA; Hamamatsu Photonics,
Hamamatsu, Japan) with Simple PCI software (Hamamatsu Photonics). Image J was used

for quantification of raw immunofluorescence intensity (238).

Immunoprecipitation assays

Embryos were collected as described above, washed , and resuspended in 3X volume of
ice-cold Hypotonc Triton-X buffer [20 mM Tris—HCI (pH 7.4), 10 mM KCI, 10 mM
MgCl2, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 2.5 mM B-glycerophosphate, 1
mM NaF, 1 mM DTT, and Complete protease inhibitors; (239)]. Resuspended embryos
were frozen in liquid nitrogen and ground into a fine powder using a mortar and pestle
and thawed on ice for 10 min. The suspension was sonicated for 2 min at high setting
using a Bioruptor sonicator (Diagenode Inc., Denville, NJ, USA). The salt concentration
was then adjusted to either 150mM or 350mM NaCl, and incubated for 30 min with
rotation at 4°C. After an additional 2 min sonication, the lysate was centrifuged for 15
min at 13,000g. The supernatant was transferred to new tubes, and 1ml of each lysate
supernatant was pre-cleared by incubation with 60 pl of either Protein A (Life
Technologies, 10002D) or Protein G Dynabead (Life Technologies, 10004D) for 30 min
with rotation at 4°C. 100pul of each pre-cleared lysate was saved as input sample, and the
remaining 900ul was used for immunoprecipitation. Either anti-FLAG (Sigma, F1804) or
anti-GFP (Novus biological, NB600-308) for SIG-7 IP and anti-AMA-1 (Novus

biological, 38520002) for Pol II (AMA-1) IP were added to the lysate (10ug of
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antibody/2.5mg of lysates) and incubated for 12 hours at 4°C. 60ul of either Protein A or
Protein G Dynabeads were added directly to the lysate/antibody mix and incubated at 4°C
for 3 hours. Beads were separated from solution using a magnetic bar, washed 2 times for
5 min in Hypotonic Triton-X buffer, and washed twice more with 500mM NaCl
hypotonic Triton-X buffer for 10 min at room temperature. For final elution, beads were
incubated with 150ul of 2X SDS-PAGE sample buffer for 15 min at room temperature.

The final eluates were further analyzed by SDS-PAGE and Western blot.

Protein isolation and Western blot analysis

RNAi-treated embryos were resuspended in 4X volume of RIPA buffer (Thermo
Scientific, #89901) and 2X volume of glass beads (Sigma, G8772), and homogenized
using a Mini Beadbeater-16 (BioSpec, Bartlesville, OK, USA) for 1 min 3 times at 4°C.
The homogenized embryos were incubated at 4°C on a rotator for 30 min and further
processed in a Bioruptor sonicator (Diagenode Inc., Denville, NJ, USA) at high setting
for 10 min to fragment chromatin. The final lysates were centrifuged at 13,000g for 10
min at 4°C, and the supernatants were collected. The protein concentration was
determined using the Bradford reagent (Biorad, #500-0006). Supernatants were mixed
with an equal volume of 2X SDS-PAGE sample buffer and denatured for 5 min at 95°C,
and equal protein amounts were loaded and run on a 4-20% precast SDS-PAGE gel
(Biorad, #456-1094) and transferred to PVDF membrane. Transferred proteins were
blocked in 5% milk PBST for 1 hour, incubated with primary antibody overnight, and
washed 3 times with 1X PBST for 10 min each. After incubation with secondary
antibody for 2 hours at room temperature, the blot was washed 3 times with 1X PBST for

10 min each. The washed membrane was incubated with chemiluminescence reagent
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(Thermo Scientific, #34087) for 5 min, and protein bands were visualized with
autoradiography film (Genesee Scientific, #30-100). The primary antibodies used are the
following: anti-FLAG (Sigma, 1:2000, F1804), anti-Actin (Millipore, 1:10,000,
MABI1501), H14 (Covance, 1:3000, MMS-134R), H5 (Covance, 1:3000, MMS-129R),
anti-AMA-1 (Novus Biological, 1:5000, 38520002), 8WG16 (Covance, 1:1000, MMS-
126R), anti-H3K36me3 (Abcam, 1:1000, Ab9050), anti-H3K79me2 (Abcam, 1:1000,
Ab3594), anti-H3K4me3 (Abcam, 1:1000, Ab8580) and anti-H3 (Abcam, 1:20,000,
Ab1792). The following secondary antibodies were used: Goat Anti-Rabbit IgG, HRP-
conjugated (Millipore, 1:2500, 12-348), Goat Anti-Mouse IgG, Peroxidase-conjugated
(Millipore, 1:2500, AP124P), AffiniPure Goat Anti-Mouse IgM, Peroxidase-conjugated

(Jackson ImmunoResearch Laboratories, Inc, 1:5000, 115-035-075).

RNA purification and qRT-PCR

Embryos collected after RNAi exposure were washed with M9, and pelleted embryos
were resuspended in Trizol (50ul of embryos/300ul of Trizol, Invitrogen), snap frozen in
liquid nitrogen, and subjected to 3 freeze/thaw cycles. 62ul of chloroform was added and
mixed thoroughly by shaking 10 times and spun down for 15 min at 4°C. Nucleic acids
were precipitated with 0.3M acetic acid in 100% isopropanol and resuspended in 100ul
of nuclease-free water. Total RNA was purified using RNeasy kit (Qiagen, Valencia, CA,
USA) as per the manufacturers’ instructions. cDNA was synthesized from 1pg of purified
total RNA using iScript select cDNA synthesis kit (Bio-Rad, 170-8896). 50ng of cDNA
was used for qPCR using SsoFast reagent (Bio-Rad, 172-5201) on CFX96 Real-Time
system (C1000 Thermal Cycler, Bio-Rad). The transcript levels of genes analyzed were

first normalized to 18S RNA for each sample, and the normalized transcript levels of
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either sig-7(RNAi) or ama-1(RNAi) experiments were then compared to the transcript
levels of L4440 controls to generate AACT plots of relative transcript levels. The
averages of two technical replicates from two biological samples were plotted with

standard deviation.

Library preparation and RNA sequencing

Total RNAs were purified as described for qRT-PCR and sent to Axeq Asia (Seoul,
Korea) for transcriptome sequencing. 1pug of total RNA was used as starting material, and
a sequencing library was prepared using TruSeq Stranded Total RNA Sample Prep Kit
after treatment with Ribo-Zero (Human/Mouse/Rat) for rDNA depletion. Library QC was
performed using Tapestation D1000 Screen Tape (Agilent) and quantified using KAPA
Library Quantification Kit (for [llumina® platforms). Clusters were generated by HiSeq
PE (Paired-End) Cluster Kit v3 cBot, and sequencing was done on a HiSeq2000 with

100bp paired-ends using TruSeq SBS v3-HS kit reagents.

Analysis of RNA-seq

RNA-seq reads were quality-checked using FastQC version 0.5.2 to ensure per-base
sequence quality, per sequence quality scores, per base sequence content, per base GC
content, per sequence GC content, per base N content, sequence length distribution,
sequence duplication levels, kmer-content, and that over-represented sequences were
within accepted norms. FastQ Quality Trimmer version 1.0 was used to trim reads with
less than optimal quality scores. The DE analysis protocol outlined in Trapnell et. al. was
used to perform the DE analysis (199). The quality filtered reads were mapped to C.
elegans (cel0) reference genome using TopHat2 version 0.5. TopHat2 internally uses

Bowtie2 to map the reads. Mapping results were used to identify splice junctions between
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exons. Cufflinks version 2.1.1 was used to assemble transcripts and estimate their
abundance. The transcript assembly outputs from Cufflinks were merged into a unified
list of transcripts using Cuffmerge. Cuffdiff version 2.0.2 was then used to quantify gene
and transcript expression levels and test them for significant differences. Default
parameters were utilized for all steps. This analysis was done in part by the Emory
Integrated Genomics Core (EIGC), which is subsidized by the Emory University School
of Medicine and is one of the Emory Integrated Core Facilities. For Figure 14B, exon and
intron coordinates were obtained from WS2220. 99,830 exons with length > 50bp and
69,762 introns of > 50bp were obtained. Custom scripts were used to calculate the

average read coverage of exons and introns per gene.

Library preparation from ChIP material for sequencing

Chromatin immunoprecipitation (ChIP) was done as described in (240) with the
following modifications. 1) Worms were grown on 15c¢m peptone rich plates seeded with
NAZ22 bacteria. 2) Samples were sonicated using a Bioruptor sonicator at high setting for
40min (40sec on/ 20sec off). After collection of immunoprecipitated DNA, DNA
libraries were prepared as described in (241). DNA libraries were sent to Axeq Asia
(Seoul, Korea) for sequencing. Library QC was done using BioAnalyzer High sensitive
DNA chip (Agilent). Clusters were generated by HiSeq PE (Paired-End) Cluster Kit v3
cBot, and sequencing was performed on HiSeq2000 with 100bp paired-ends using

TruSeq SBS v3-HS kit reagents.

Analysis of ChIP-seq data
Gene set definitions used were as published in (194). Briefly, ubiquitous genes are

defined as genes expressed in 4 different tissue-specific SAGE data sets: germline,
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neuronal, muscle, and gut (242, 243). The germline-enriched category was defined by
(195), although spermatogenesis-specific genes were removed. Germline-specific genes
were defined as expressed in the germline either in Reinke et al. or in Wang et al., and
were intersected with the strict maternal gene class in Baugh et al.; any genes expressed
in any of the somatic SAGE expression data of Meissner 2009 were removed (191, 195,
242, 243). Soma-specific (any) genes were defined as expressed in any of the somatic
SAGE data sets of Meissner et al. but not in the germline SAGE data set of Wang et al. or
the germline-enriched set of Reinke et al. (195, 242, 243). Embryo-expressed is the
“strict embryonic” class defined in Baugh 2004 (191). chrX genes are all the X-linked
genes in WS220. Silent genes are mostly serpentine receptors and were defined in (244).
The hyper-geometric distribution was used to calculate the significance of the enrichment
or depletion of any of the gene sets among the mis-regulated genes in Fig 4B. AMA-1
ChIP-seq data were mapped to WS220 using bowtie (245). MACS2 was used to obtain
peak calls for each replicate of L4440 and sig-7(RNAi) (246). The broad peak option was
found to produce the most appropriate peak calls and a significance cutoff of g=0.05. The
peak calls were mapped to WS220 gene annotations. If AMA-1 peak calls of both
replicates of a condition overlapped with a gene body, the gene was called bound by
AMA-1. Meta-gene profiles were produced using custom R scripts. Genes were aligned
at their Transcription Start Site (TSS) and Transcription End Site (TES), and signal over
the gene bodies was averaged in 50 bp windows. The 95% confidence interval of the
mean is shown with error bars. To normalize reads between samples AMA-1 peak
regions from both conditions were removed. The remaining read coverage was scaled

genome-wide so the total number of reads was 2 million reads.
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Protein sequence alignment

Protein sequences of SIG-7 homologues were obtained from the NCBI protein database.
The alignment of homologues was generated with ClustalW2 (247). The conserved
protein domain/motif search was done using ScanProsite web-based tool (248, 249). The
accession numbers for proteins used for alignment are the following: SIG-
7(CAB03088.2), PPIL-4(NP_624311.1), CG5808(AAF56342.1),

AtCyp59(NP_175776.2), Ret-1(CAB52803.1) and KIN241(CAC35733.1).

Transgene desilencing assay

PD7271 strain carrying ccEx7271 repetitive array has been used by many researchers to
screen for factors required for transgene silencing. We have assessed the degree of
desilencing based on the change in intensity of the GFP reporter expression compared to
the expression in control RNAi animals. Out of many cell types where this transgene is
expressed, we picked the intestinal cells for quantification due to its large size nuclei that
make the quantification easy with less variability. Using image J software, we have
measured 2-3 nuclei of intestinal cells that are close to vulva from each animal. Then the
averaged intensity from multiple animals from each RNAi experiments were compared.

We have done student’s t-test for statistical significance of the difference among samples.
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Figures

Figure 1. Repetitive transgenes are desilenced in both somatic and germ cells after
the sig-7 RNAI.

The images on the left of each panel are DIC images of the respective GFP image on the
right. To assess the degree of desilencing from repetitive transgene, the images in panel A
(L4440) and B (sig-7(RNAi)) are taken at the same exposure. Panel B (right) shows much
brighter GFP expression than the panel A (right). The yellow arrows indicate large gut
nuclei. Note that the images in panel C (L4440) and D (sig-7(RNAi)) are not taken at the
same exposure. One can appreciate the degree of overexposure used to take the image of
panel C (L4440) by comparing the GFP expression level to panel A (L4440). The image
in Panel C (L4440) was taken at longer exposure time to make sure that the absence of
GFP expression from an adult germline is not attributable to exposure difference, but it is
rather resulting from disruption of SIG-7 activity by RNAi. The germline expression of
desilenced repetitive transgene is easily visualized at normal exposure time (Panel D; sig-
7(RNAi)). The repetitive array used are ccEx7271(Panel A and B) and ccEx7291(Panel C
and D)
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A. Gene model and chromosomal locus of sig-7
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Rct-1 S. pombe 48
AtCyp59 A. thaliana 44
KIN241 P. tetraurelia 39

S. cerevisiae

Figure 2. The sig-7 gene, protein, mutant alleles, and orthologs in other species.

A) The CEOP1492 operon (blue), the sig-7 gene with exons (red boxes) and introns
(black lines), the position of the GFP::3XFLAG tag, and the genomic region used in the
rescuing transgene construct (dotted line with arrowheads). B) The n5037 deletion and
cc629 splice acceptor mutant alleles are illustrated. C) The domain structure of SIG-7 is
illustrated; all three domains are also found in SIG-7 orthologs listed in (D). No homolog
has been identified in budding yeast.
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Figure 3. Pleiotropic defects in sig-7 mutants.

A,B) Homozygous sig-7(cc629) adults exhibit a highly penetrant protruding vulva (Pvul,
arrow in A) and lower penetrance multiple vulvae (Muv, arrows B). C) Adult
hermaphrodites are sterile due to failure to switch from spermatogenesis to oogenesis
(masculinization of germline or Mog phenotype), as shown in a DAPI stained whole
mount ovary. The dotted line and arrow shows the direction of meiotic progression. The
excessive sperm accumulation is outlined. Other phenotypes observed in the cc629 allele
include molting and seam cell defects and enhancement of germline tumors (not shown).
D) RNAI depletion of sig-7 from hermaphrodites starting at the L3 stage resulted in
~95% embryonic lethality (examples of terminal, arrested embryos shown) among their
progeny, with rare survivors exhibiting the defects described above. Scale bar = 20um



Figure 4. SIG-7 is a ubiquitously expressed nuclear protein.

The sig-7(n5037) allele was rescued with a SIG-7::GFP::3XFLAG fusion protein. The
GFP expression patterns in live animals are shown. A-D) SIG-7::GFP::3XFLAG is
nuclear and observed in all tissues and at all stages, including early embryos (A), late
embryos (B), adult somatic cells (C; arrows and arrowheads), and germ cells (C, D;
outlined with dotted lines). Small speckles in A, C, D are auto-fluorescent gut granules.
The protein is associated with DNA in all germ cells except in transcriptionally inactive
diakinesis-stage oocytes, where it becomes dispersed in the nucleoplasm (insets in D).
The protein is also associated with DNA in male germ cells at all stages, with faint
nuclear signal observed in mature sperm (not shown).
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Figure 5. Sequence alignment of SIG-7 orthologs.

Protein sequences were aligned using ClustalW2 [96]. The degree of conservation is
noted with different symbols in the bottom row of each alignment. The cyclophilin-type
peptidyl-prolyl cis-trans isomerase domain (PPI) and RNA Recognition Motif (RRM)
were identified using the ScanProsite web-based tool and are indicated with black solid
lines [97, 98]. This alignment shows the high degree of conservation among orthologs
within the PPI and RRM domains.



A SIG-7 RNA Pol Il DAPI

B SIG-7 H3K4me2 DAPI

C SIG-7

Figure 6. SIG-7 is associated with transcriptionally active chromatin.

A-C) The distribution of SIG-7::GFP in pachytene-stage germ cells was compared to
DAPI staining of DNA and the distribution of RNA Polymerase 11 (A), H3K4me2 (B),
and H3K36me3 (C). Arrows point to the pair of X chromosomes, which in germ cells
have lower transcriptional activity than the autosomes.
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Figure 7. sig-7 is required for hallmarks of zygotic transcription.

A) RNAI control (L4440), sig-7(RNAi) and ama-1(RNAi) embryos were fixed and stained
with DAPI (red) and antibody OIC1D4, a marker of germ cells (green). In L4440 controls
embryos, the germline blastomere P4 is initially at the periphery of the embryo (~20
cells, arrow), migrates to the interior of the embryo (~60 cells, arrow) and then divides to
produce the primordial germ cells Z2 and Z3 (~150 cells, arrowheads). In sig-7(RNAi)
and ama-1(RNAi) embryos, both P4 and its daughters Z2 and Z3 remain at the periphery
of the embryo. B) Quantification of the % of embryos in which P4 failed to migrate into
the interior of the embryo. Error bars = S.D. from two biological replicates. C) The RNA
levels of a panel of zygotically expressed genes were measured by gqRT-PCR in control
(L4440), sig-7(RNAi), and ama-1(RNAi) embryos. Each sample was normalized to18S
RNA levels, and sig-7(RNAi) and ama-1(RNAi) were plotted relative to L4440 control.
Error bars = S.D. from two technical replicates each of two biological replicates.
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Figure 8. SIG-7 associates with RNA Pol II in vivo.

Embryo lysates were prepared from wild type (N2) or sig-7(n5037) mutants rescued by a
sig-7::GFP::3XFLAG transgene, using either normal salt (150 mM NaCl; odd lanes) or
high salt (420 mM NaCl; even lanes) extraction conditions. RNA Pol II was
immunoprecipitated (IP) using an antibody that recognizes all isoforms (anti-AMA-1),
and the IP material was probed by western blot using the antibodies indicated. 5% input
was used for SDS-PAGE. The blots were also probed with anti-actin both to normalize
for the amount of total protein used for the IP (bottom panel, lanes 1-4) and to determine
the specificity of the co-IP (bottom panel; lanes 5-8).



75

Pol Il IP SIG-7 IP
RNase A wB

Treatment probe

Input

GFP FLAG
I = P P

250 Anti-Pol 11
150 e
o -

Anti-SIG-7
75 e

Anti-Actin

Lane 1 2 3 4 5

Figure 9. SIG-7 interacts with RNA Pol II in vivo.

Lysates from embryos expressing SIG-7::GFP::3XFLAG were divided into equal
aliquots and incubated with antibodies specific for RNA Pol II (a-AMA-1; Lanes 2 and
3), GFP (Lane 4), and the FLAG epitope (Lane 5), and the immunoprecipitates were
analyzed by western blots probed with anti-Pol II Ser-5P (H14; top), anti-FLAG (anti-
SIG-7; middle) and anti-Actin (bottom). The lysate in Lane 2 was incubated with 100ug
of RNase A for 30min at RT prior to the IP procedure.
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Figure 10. RNA-seq analysis of sig-7(RNAi) embryos reveals a global transcription
defect.

RNA-seq was performed on RNA purified from sig-7(RNAi) and L4440 control RNAi
embryos and the profiles compared. A) Volcano plot of normalized RNA-seq results
showing the number of genes exhibiting significantly decreased (1549) and increased
(362) RNA abundance in sig-7(RNAi) compared to L4440 (>2-fold differences with q
value < 0.05). (B) Genes exhibiting significantly decreased (left) or increased (right
panel) transcript accumulation in sig-7(RNAi) compared to L4440 were classified as
ubiquitous, germline(germl)-enriched, germline(germl)-specific, soma-specific (broadly
defined; soma-any), embryo-expressed (embr-expr), or X-linked (chrX). Gene class
definitions are described in Materials and Methods. The number of genes observed and
expected for each class (left y-axis), and the ratio of observed/expected (right y-axis) are
shown. The gene classes with zygotic expression are highly overrepresented in those
showing reduced expression in sig-7(RNAi) embryos, while genes with germline
expression are highly overrepresented in those showing higher expression in sig-7(RNAi)
embryos. The significance of the enrichment of observed/expected representation in
upregulated or downregulated for each gene class is indicated by asterisks (* = p < 0.01, **
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Figure 11. SIG-7 is required for germline transcription.

The abundance of germline-specific transcripts was measured by qRT-PCR in RNAi
adults treated with extended RNA1 (55 hrs post-L3; see Materials and Method). RNA
levels were normalized to 18S RNA levels and plotted relative to L4440 control in each
experiment. Error bars = S.D. from two technical replicates each of two biological
replicates.
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Figure 12. Comparison of embryonic stages present in control vs sig-7(RNAi).
Embryos collected from RNAi experiments were fixed and stained with DAPI. The
approximate numbers of nuclei in the embryos in a field were binned as indicated. (N=
total number of embryos quantified)
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Figure 13. sig-7(RNAi) predominantly affects zygotic gene expression.

Of the 1522 down-regulated genes and 389 upregulated in sig-7(RNAi) embryos (at least
two fold expression difference with q value < 0.05), 607 and 205 genes, respectively,
were among those classified by Baugh et al. as Strictly maternal, Strictly Embryonic, or
Maternal/Embryonic [99]. The percentages of up- or down-regulated genes that fall into
these gene classes are indicated.
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Figure 14. SIG-7 is required for efficient splicing of nascent transcripts.

A) Examples of zygotically expressed genes with splicing defects. The number of aligned
reads generated by Tophat are indicated on the left. The y-axis of the sig-7(RNAi) reads,
which are reduced compared to L4440 controls, is scaled to the exon reads in L4440. An
“outron” is the RNA segment removed by trans-splicing of nascent transcript; its
sequence corresponds to that between the TSS (Transcription Start Site) and SL1 (Splice
Leader 1 acceptor site) of trans-spliced genes. Exons (blue boxes) and introns (black solid
lines) are shown under each RNA-seq profile. The relative levels of introns and outrons
(indicated with asterisks) compared to exons are significantly higher in sig-7(RNAi)
compared to L4440 control, reflecting persistence of primary transcripts. B) Average log2
read coverage per gene for exons and introns in sig-7(RNAi) vs L4440 is shown. Genes
up- and downregulated in sig-7(RNAi) compared to 14440 by cuffdiff analysis are shown
in red and green, respectively. Exon levels change in the manner expected for mis-
regulated genes, while intron levels remain relatively unchanged.
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Figure 15. qRT-PCR analysis of the effect of sig-7(RNAi) on splicing.

qRT-PCR was performed on several strictly embryonic (A), and strictly maternal genes
(B) affected by sig-7 RNAI. In order to distinguish unprocessed pre-mRNA from mRNA,
primers were designed to amplify either outron, introns, or intron-exon junctions as
indicated with green arrows. Other primers were designed to amplify only spliced exon-
exons of mRNAs as indicated with red arrow. The relative abundances measured by qRT-
PCR of respective RNA are shown for each gene as are the ratios of pre-mRNA/mRNA.
For maternally expressed genes, no pre-mRNAs were detected. The expression for each
was normalized to 18S RNA and plotted relative to L4440 controls in each experiment.
Error bars = S.D. from three technical replicates each of four biological replicates.
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Figure 16. sig-7(RNAi)-dependent changes in RNA Pol IT occupancy correlate with
expression changes.

Genome-wide RNA Pol II (anti-AMA-1 antibody) ChIP-seq was performed in L4440
control RNAi and sig-7(RNAi) embryos, and the read density profiles were compared
with the RNA-seq results from the experiments described in Figure 4. The comparison
shows an excellent correlation between the loss of RNA Pol II from genes with a
decrease in RNA abundance, indicating that the changes observed with sig-7(RNAi) are
associated with a transcription defect.
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Figure 17. sig-7(RNAi)-dependent changes in RNA Pol II occupancy among
different gene classes are consistent with defects observed by RNA-seq.

Genes with RNA Pol II occupancy changes in sig-7(RNAi) embryos relative to control
L4440 embryos were classified and compared as in Figure 4. A) Genes expressed in
somatic lineages, embryo-expressed genes, and X-linked genes are overrepresented
among genes showing decreased RNA Pol II occupancy in sig-7(RNAi) embryos. B)
Genes expressed in the germline show an increase in RNA Pol II occupancy in sig-
7(RNAi) embryos.
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Figure 18. RNA Pol II distribution within genes is altered by sig-7(RNAi).

Metagene displays of RNA Pol II ChIP-seq enrichment 1kb upstream and downstream of
the Transcription Start Site (TSS) and Transcription End Site (TES) for different classes
of genes in L4440 RNAI control (blue) and sig-7(RNAi) (red). Genes were categorized as
in Figure 4. Graphs illustrate combined results from 2 biological replicates. Error bars
indicate the 95% confidence interval of the mean signal, indicated by the circles. Reads
were normalized as indicated in Materials and Methods. Note that “germline-enriched”
genes include genes expressed in all tissues that exhibit enhanced expression in germ

cells.
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Figure 19. RNA Pol IT phosphoepitopes and histone H3 modifications associated
with transcription elongation are altered by sig-7(RNAi).

A) Equal amounts of lysates from L4440 control RNAi and sig-7(RNAi) embryos were
analyzed by western blots probed with antibodies against all RNA Pol II isoforms (anti-
AMA-1), hypo-phosphorylated Pol II (§WG16), Pol II Ser5-P (H14), and Pol II Ser2-P
(H5). Anti-actin antibodies show equivalent protein loading. B) Lysates were analyzed by
western blots as in (A) using antibodies against histone H3 modifications associated with
transcription elongation, H3K36me3 and H3K79me2, and the 5’ end of active genes,
H3K4me3. Antibodies against total histone H3 (H3) show similar protein loading. C)
Quantification of the probe signals from each RNA Pol II antibody relative to control
L4440 in A (Top panel). Quantification of probe signals from each histone modification
relative to control L4440 and normalized to total H3 for each sample in B (Bottom
panel). Error bars = S.D. from two separate experiments.
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Figure 20. H3K36me3 is more significantly affected than H3K4me3 during
embryonic development in sig-7(RNAi).

A) H3K4me3 staining patterns are shown for various embryonic stages. The significant
difference is only observed in older embryonic stage between [.4440 control and sig-
7(RNAi). B) H3K36me3 staining patterns are shown for various embryonic stages. Unlike
the H3K4me3 pattern, H3K36me3 shows noticeable difference from earlier stage and
continues to be decreased. Quantification of the average intensity of H3K4me3(C) and
H3K36me3(D) staining from various stages are shown. N= total number of embryos
quantified. Error bars = S.D. The statistical significance of the difference in average
intensity is indicated by asterisks (* = p <0.01, ** = p < 107, *** =p < 1079
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Figure 21. ccEx7271 repetitive array gets de novo H3K4 di-methylation mark when
it is desilenced in adult oocyte.

The immunostainings for H3K4me?2 (euchromatin mark) and H3K9me3 (heterochromatin
mark) in diakinetic maturing oocyte are shown after RNAi experiments knocking down
genes responsible for repetitive transgene silencing in adult germline. ccEx7271
transgene is indicated by yellow arrow. Note that the image of H3K4me?2 staining for
L4440 is taken with much longer exposure to make sure H3K4me2 marks are not there
when ccEx7271 repetitive array is silenced in the control RNAI.
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Figure 22. The increased GFP reporter expression is accompanied by decreased
expression of RNAi pathway genes in sig-7(RNAi) animals.

The abundance of GFP reporter transcript (panel A) and several transcripts of known
RNAI pathway genes were measured by qRT-PCR in RNAi adults. RNA levels were
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normalized to 18S RNA levels and plotted relative to L4440 control in each experiment.

Error bars = SD from three technical replicates each of two biological replicates (panel
A) and four biological replicates (panel B).
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Figure 23. Repetitive transgene array can be desilenced by knocking down RNA Pol
II by RNAIi

A) Live GFP reporter expression from the ccEx7271 repetitive array is shown for
respective RNAi experiments as indicated. Both sig-7(RNAi) and ama-1(RNAi) result in
similar level of desilencing compared to the control L4440 RNAi. B) The average
intensity of live GFP expression are quantified using image J as described in material and
method. N= total number of larval or adult worms quantified. Error bars = S.D. The
statistical significance of the difference in average intensity is indicated by asterisks (* =

-5 -10
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Figure 24. The presence of genetic balancer, not the defects of SIG-7 function, is
responsible for suppression of Muv phenotype in eri-1 background.

The percentage of a multi-vulva (Muv) is plotted for respective strains after RNAi against
lin-15b.
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CHAPTERS3: H3K4 and H3K36 Methylation in Germline stem
cells and Their Roles in Transgenerational Maintenance of
Germline Function
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Introduction

A brief history of the emergence of the field of epigenetics

Over the years, biologists have often encountered challenges to explain stable
changes of genome function that could not be explained by Mendelian inheritance and
have sought additional mechanisms to explain these phenomena. One of the earliest
experiments, performed by Holliday and Pugh, indicated that chemical modifications to
DNA could affect gene expression (250). Since then, several phenomena have been
reported to be controlled by the methylation of bases in DNA. The inactivation of the X
chromosome first observed in in female mammalian embryos in 1961 is one good
example, in which one copy of the X chromosome is randomly inactivated, and its
inactivated state is stably inherited. Several findings indicated that DNA methylation was
an essential part of the underlying mechanism (251). The later demonstration of the
heritable maintenance of the methylation of injected plasmid DNA into Xenopus eggs
suggested that there is a mechanism to stably inherit this DNA methylation (252). It was
further shown that using hemimethylated DNA, where only one strand of double stranded
DNA is methylated, a methylation pattern from one strand can be faithfully copied onto
the other strand. This finding led to the later discoveries of the maintenance DNA
methyltransferase Dnmtl, and the de novo DNA methyltransferases Dnmt3a and Dnmt3b
(253-255). These initial studies regarding DNA methylation established the epigenetic
field, because these findings demonstrated that modifications like DNA methylation can
be stably inherited, similar to how genetic mutations are inherited after each cell division.
The field of epigenetics has since grown fast, and many other mechanisms, including

chromatin modifying factors/regulators have been discovered to play multiple roles in the
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epigenetic regulation. The chromatin-based mechanisms include histone modifications,
histone variants, chromatin remodelers and histone chaperones. The coordinated actions
of these chromatin factors/regulators have multiple roles in many diverse biological
processes, including regulating nuclear architecture (256), modulation of cell signaling
pathways (257), maintenance of pluripotency (258), and the establishment and

inheritance of epigenetic memory, among others (259-262).

A rationale for the need of maintaining cellular memory

Most multicellular organisms arise from a single cell zygote that results from a
fusion of two gametes. In many organisms, the zygote then goes through multiple rounds
of cell division called the cleavage stage. The factors driving these early stages often
come from maternal contribution, and such cleavage stage embryos are composed of
largely homogeneous cells with similar developmental potentials (263). With the onset of
zygotic transcription, often referred as zygotic gene activation (ZGA), each cell becomes
more distant from each other in terms of its developmental potential. This leads to
different lineage specification paths with distinct gene expression programs that can be
partially determined and/or maintained by a cell’s chromatin architecture (264, 265).

Each lineage ultimately gives rise to different tissues and organs of an intact adult animal.

Among all the cells engaging in different developmental paths, only the germ
cells will contribute directly to the next generation. The progenitors of embryonic germ
cells, called primordial germ cells (PGCs), often undergo partial differentiation during
embryogenesis prior to their specification, yet PGCs are thought to retain an underlying

pluripotency. PGCs then give rise to a proliferating population of embryonic germ cells,
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which then provide a stable pool of germline stem cells (GSCs). GSCs then continue to
provide germ cells that further differentiate into meiotic cells and then undergo
gametogenesis (266, 267). At the end, these specialized gametes will fuse and become a
single cell, totipotent zygote. Therefore, there must be some mechanisms to maintain
and/or re-establish pluripotency as germ cells experience differentiation and
gametogenesis pathways. For cells to maintain or reprogram back to pluripotency, there
must be a form of memory that defines the pluripotent state to instruct the cells. The need
for such memory function is not limited to the germ cells (See below for more

discussion).

One candidate mechanism that can serve such a memory function is epigenetic
regulation. A memory in general implies that there is a preexisting history, and such
history is being remembered over time. For cells, transcription activity can be considered
as a history of cellular activity. Therefore, epigenetic marks that are coupled to
transcription may provide a history of cellular activity, and the established history can be
maintained by enzymatic activity in a transcription independent manner. In this Chapter I
describe my initial experiments that investigate the roles of H3K4 and H3K36
methylation, and their transcription-dependent and —independent functions, in

maintaining normal germline function within and across generations.

The role of DNA methylation in epigenetic memory
The adenosine and cytosine bases in DNA in can be modified by methylation. In
mammalian genomes, a methyl group is added to carbon 5 of the pyrimidine ring of

cytosine of forming 5-methylcytosine (SmC). This cytosine methylation is catalyzed by
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two de novo DNA methyltransferases DNMT3A and DNMT3B (253). There is an
additional third protein DNMT3L that is catalytically inactive, but was shown to mediate
de novo DNA methylation by recruiting DNMT3A and DNMT3B to loci where H3K4 is
unmethylated (268). These methylation patterns are then maintained by the DNA
methyltransferase DNMT1 during the S phase of a cell cycle, thus faithfully maintaining
the previously established methylation patterns (269). The maintenance methylation
pattern depends on the cytosine being in the context of CG dinucleotides. A CpG islands
(CGI), a short stretch of DNA sequence with more frequent CG appearance than other
regions, are usually hypomethylated and often located around the promoter of
housekeeping genes that are expressed in all cells, while other non-CGI intergenic
regions, including repetitive elements are hypermethylated to suppress expression in
human (270). Therefore, DNA methylation near the promoter is considered a repressive
mark for gene expression. DNA methylation in plants occurs at CG, CHG, and CHH (H
stands for A, C, or T), and altered methylation patterns were shown to be stably inherited
through both mitosis and meiosis, and hence transgenerationally (271). However, recent
findings suggest there are more complex patterns and distinct mechanisms underlying
DNA methylation that can function more than just on and off switch for a gene
expression. For example, a comparative analysis of the DNA methylation pattern
between embryonic stem cells and differentiated fibroblast cells showed an existence of
different classes of genes based on distinct DNA methylation patterns in both cell types
(272). They also compared the different clonal populations of both cell types and
observed that embryonic stem cell clonal populations showed a more stable ground state

of low methylation status without noticeable distinction among them while fibroblast
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clonal cells showed a persistence of distinct clonal DNA methylation patterns suggesting
DNA methylation pattern might confer a cellular memory function. Another study from
human cell lines identified methylation pattern differences between embryonic stem cells
and differentiated cells. They observed that the DNA cytosine methylation in IMR90
fibroblast cells occurs strictly in the CG context while 25% of the total DNA cytosine
methylation in H1 stem cells occurs in non-CG contexts (mCHG/mCHH) (273). They
also showed that this non-CG methylation is specific to stem cells by demonstrating the
loss of non-CG methylation upon induced differentiation, and the recovery of non-CG
methylation in induced pluripotent stem cells. Another interesting finding from this study
was a gene body enrichment of the non-CG methylation that positively correlates with
gene expression. A similar finding has been reported from genome-wide DNA
methylation analysis in Arabidopsis. They found that ~33% of all the annotated genes
had gene body methylation, and they also observed a positive correlation between the
gene body methylation and expression level of the respective genes (274). Another
interesting observation is that gene body methylation is not due to non-CG type
methylation that is usually mediated by small-RNA directed methylation (RdADM)
pathway. This may suggest that these type of CG gene body methylations have a different
function. They also showed that genes containing the CG methylation at their promoters
tend to be expressed in a tissue specific manner, therefore different cell types may
achieve cell type specific transcription by preventing unnecessary gene expression via
DNA methylation. It appears that the location of the methylation seems to confer its

distinct conserved functions rather than the types of methylation.
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It is possible that the gene body methylation described in above studies may have
some unrecognized function. The authors of the works mentioned above proposed that
gene body methylation may have some function in splicing processes, since this type of
methylation correlates well with the exon enrichment pattern of H3K36 methylation on
gene bodies (89, 244). Alternatively, it is also possible that gene body methylations may
play a role in transcriptional memory of expressed genes that may contribute to some
aspects of epigenetic inheritance. The role of H3K36me3 for providing a germline
expression memory, and the specific recognition of DNMT3A for H3K36me3 provide a
potential functional interaction that may be important for transmitting the transcription

history during development (194, 275).

The Role of Histone Methylation in Epigenetic Memory

The DNA in eukaryotes is organized into a complex structure called chromatin
composed of DNA and proteins. The basic building block of chromatin is the nucleosome
where 147 base pairs of DNA is wrapped around a histone octamer composed of two
copies each of H2A-H2B and H3-H4 dimers (276, 277). The N-terminal “tail” of each
histone within the nucleosome contains a flexible structure that is important for the
stability of histone core, and are sites for numerous post translational modifications that

are important for various biological processes (278-282).

The modifications to histones can have various impacts (283). For example, an
acetylation of histone lysine residues can neutralize the positive charge of lysine,
therefore it can weaken or change the property of the interactions between the histone tail

and DNA. Unlike acetylation, the methylation of histones does not alter the charge of
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modified residues. The methylation of lysine can also be mono-, di-, or tri-methylated,
and arginine residues can also be methylated by distinct enzymes (284). The added
methyl group(s) on the side chain of the targeted lysine or arginine residues, and the
position and the level of methylation at the residue being targeted, can serve as a binding
platform for proteins that can impart different biological functions. For example, HP1
protein can recognize and bind H3K9me3 to help the establishment and spreading of
heterochromatin, while H3K4me3 can be recognized by the TAF3 subunit of TFIID

during transcription initiation (285, 286).

So how can such modifications play a stable role in epigenetic memory,
especially during DNA replication and cell division? All the cells in multicellular
organisms have to go through mitosis during all stages of development regardless of their
cell types. Even germ cells arise from germline stem cells initially before they undergo
gametogenesis, so virtually all types of cells will be affected if such information is not

maintained or transmitted properly during cell division.

One emerging mechanism is called “mitotic bookmarking”. During the interphase
of the cell cycle, there is transcription of cell cycle regulators during the transition from
G1 to S phase (287). However, as cells enter the mitosis stage of the cell cycle,
chromosomes condense, and transcription shuts down. There is also increased
phosphorylation of histones, and as a result, transcription factors dissociates from the
mitotic chromatin (288). However, some transcription factors and histone modifications
have been observed to be stably associated with the condensed chromosomes, and these
stably associated factors are proposed to allow quick reactivation of gene transcription

once the cells exit mitosis [see these reviews for the complete list of transcription factors
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and histone modifications, (289, 290)]. Particularly, H3K4me2 and H3K4me3 at the
promoters and gene body regions are enriched at constitutively active genes before and
after the mitosis suggesting these marks can persist through cell cycle process despite the
dynamic reorganization of the nucleosomes that takes place (291). One interesting
observation is the gene body enrichment of H3K4me3, which deviates from the normal
promoter restricted enrichment patterns associated with the gene activation. This
enrichment pattern may reflect the different biological function than the promoter
enriched H3K4me3, perhaps marking the previously transcribed genes serving as an
epigenetic memory. Consistent with this idea, a similar type of broader enrichment
referred as the Broad H3K4me3 domain was observed to be a conserved feature across
numerous species from the re-analysis of H3K4me3 distribution patterns of more than
200 data sets from various organisms (292). Genes with the Broad H3K4me3 domain had
a better transcriptional consistency rather than a higher expression level supporting the
epigenetic memory function. These distinct H3K4me3 enrichment patterns can be
achieved if different methyltransferase complexes are targeted to distinct classes of
genes. Indeed, this kind of distinct complexes has been reported very recently from a
planarian study (293). Two distinct methyltransferase for H3K4me3, Set-1 and MLL1/2,
showed distinct target preferences with its associated distinct enrichment patterns within
the stem cells. Therefore, it clearly demonstrates the existence of distinct
H3K4methyltransferase complexes marking functionally different classes of genes within
the same cell. Whether this kind of mechanism is conserved feature of all species will

need further study.
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One cell type that certainly needs such mitotic bookmarking is the stem cell
populations. During the proliferation stage, stem cells go through constant mitotic
divisions while each daughter cells equally maintain pluripotency. Therefore, any factors
contributing to pluripotency must be maintained during the clonal expansion of stem cells
before they are induced to differentiate into a particular cell type, and any compromised
pluripotency can further affect its downstream differentiation process. Several chromatin

factors have been shown to be important for stem cell proliferation and differentiation.

Among them, the co-localization of the H3K4 and H3K27 tri-methylation in
clusters of homeotic transcription factors and other developmentally important genes,
referred to as bivalent or poised chromatin, have gained wide attention for its proposed
dual roles of silencing developmental genes in ES cells while priming them for later
activation in differentiated cells (294-297). Thus, it is plausible that one
methyltransferase may be responsible for establishing H3K4 methylation at bivalent
domain while other complexes may regulate the H3K4 methylation at other regions in

stem cells.

Numerous publications have identified genes found in bivalent domains, and
there have been at least 1165 genes cross-validated in more than two independent studies
out of total 6897 genes reported from multiple studies (298). Although characterization of
such domains in multiple organisms have been done, we are still far from understanding
the mechanism of how these marks are directed to each loci in the genome and the
precise biological role of these marks. Several studies have proposed potential
mechanism for how bivalent domains may get established. A correlation between binding

sites of pluripotency transcription factor and binding sites of WDR-5, a core subunit of
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Set-1/MLL complex, and PRC2 complexes have been reported to exist for subsets of
genes found in bivalent domain (299, 300). Cfp-1, a component of the Set-1/MLL
complex, was shown to tightly correlate with unmethylated CpG islands that are enriched
for H3K4me3 in the mouse brain, and HOTTIP, a long non-coding RNA, has also been
shown to interact with the Set-1/MLL complex to induce HOXA expression in human cell
lines (301-303). Interestingly, a direct interaction between WDR-5 and Oct-4 has been
observed, and a significant overlap among target genes of WDR-5 and key transcription
factors for “stemness” including Oct4 has been observed (299). WDR-5 is notably highly
expressed in both ES cells and induced pluripotent stem cells (iPSCs) and downregulated
in differentiated cells, and loss of WDR-5 causes loss of self-renewal and enhanced
differentiation (299). The Tip60—p400 complex of the INO80 chromatin remodeling
complex family has been shown to localized to both active and silent genes, but the
investigators observed noticeable co-localization of p400 with H3K4me3-marked early
differentiation genes in bivalent domain that are suppressed in ES cells (304). These
findings suggest that the establishment of histone marks associated with bivalent domains

may require coordinated interactions among multiple biological processes.

What are the roles of H3K4 and H3K27 methylation in bivalent domains? Many
studies of H3K27 methylation by PRC1/2 complex have provided evidence supporting its
proposed function to repress the expression of lineage specification factors (305-307).
The PRC complex-mediated repression of lineage specification factors was postulated to
be important for the maintenance of pluripotency in ES cells. The tri-methylation of
H3K4 in bivalent domains of ES cells has been shown to mark key developmental genes

that are poised for transcriptional activation during early development. Repression is
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released by loss of H3K27 methylation when ES cells undergo differentiation pathways
(308, 309). Depletion of Dpy-30, a component of the SET1/MLL complex in ES cells,
did not affect gene expression of most genes nor its ability for self-renewal, but the
H3K4me3 mediated by Dpy-30 was shown to be essential at poised developmental genes
upon differentiation mediated by RA-induction, suggesting that H3K4me3 mediated by
Dpy-30 containing SET1/MLL complexes may have specific role for marking poised
developmental genes (310). In the same study, the increased level of H3K27me3 levels at
the TSSs of ESC-specific genes (K1f4, Oct4 and Upp1) upon RA-induction, which is
thought to be mediated by PRC2 complex, was also dependent on Dpy-30 or RbBP-5
suggesting more complex requirement for a crosstalk between PRC2 complex and

SET1/MLL complex.

The requirement for a proper establishment of H3K4 methylation in stem cells is
evident. Although it has not been tested whether this establishment of H3K4
methylation, particularly in bivalent domain, requires any means of memory function, the
following studies regarding H3K4 methylation suggest it is possible that H3K4

methylation can serve as a memory function.

An observation of the inheritance of the active transcription state has been
reported during nuclear transplantation (NT) experiment where isolated somatic nucleus
is transplanted into enucleated egg (311). The donated nucleus of an egg obtained by the
NT experiment usually gets reprogrammed by cytoplasmic contents of the recipient egg,
but they observed a persistence of a donor cell specific gene expression. A further
investigation revealed that the lysine 4 residue of H3.3 histone is critical for mediating

the memory function of the transcriptional active state (312). Interestingly, this
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maintenance of the active state occurs independent of the transcription. A similar finding
has also been reported from Dictyostelium showing that the memory of transcriptional
state is lost by the endogenous mutation changing the lysine 4 of H3 to an alanine (313).
In C. elegans, our lab has shown that a mutation in spr-5, a homolog of the H3K4me2
demethylase LSD1, caused a progressive accumulation of the H3K4me?2 in germ cells
correlating with the severity of sterility over generation (314). These findings support that
proper establishment and maintenance of the H3K4 methylation during development is
one important component for transmitting epigenetic memory over a successive

generation.

The H3K36 methylation is another histone modification linked to the epigenetic
memory function in C. elegans. It was shown that H3K36me3 of the germline expressed
genes in the adult are maintained in the early embryos by the activity of MES-4, a

maintenance methyltransferase for H3K36me3 (194, 236).

In this study, I provide the first evidence for a crosstalk/interdependency between
the H3K4 methylation and the H3K36 methylation specifically in the germline stem cells
that is essential for a proper germline development. Especially, I describe the importance
of an uninterrupted flow of an epigenetic information carried out by the methylation at
H3K4 and H3K36 that can occur in two distinct modes, transcription dependent and
independent, throughout the development. I would like to explore the significance of this
crosstalk during the germline development, particularly its potential function in the
epigenetic memory maintenance, and expand our search for more interaction with other
histone modifications as well as recently discovered adenine N6-methylation (6mA) in C.

elegans DNA in the near future.
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Result

GFP tagged WDR-5 protein is expressed in adult gonads, and the maternally
inherited WDR-5 protein shows a persistence over a few cell divisions during early
embryogenesis.

To study the function of WDR-5 dependent H3K4 methylation in the germline
stem cells (GSCs), I expressed a tagged version of WDR-5 with expression restricted to
the GSCs in adult gonads, 1XFLAG::GFP::WDR-5.1. I obtained the pTS1 plasmid,
which contains endogenous wdr-5.1 genomic sequences with an N terminally inserted
gfp. I then subcloned this into a plasmid with a g/h-2 promoter and fbf-2 3> UTR
sequence, which restrict expression and translation, respectively, to the GSCs. I used the
MosSCI integration technique to generate a transgenic animal with a single copy
insertion (188). It has been shown that 3’ UTR is the determining factor for special and
temporal gene expression patterns within the gonads. Therefore, I chose the fbf-2 3’UTR,
which was reported to limit gene expression to the distal region of the gonad, where the
GSCs reside (315). I found, however, that the expression pattern was not limited to the
GSCs, but instead was expressed throughout the gonad (Figure 2). The
IXFLAG::GFP::WDR-5.1 protein was expressed in adult germline and in one cell
embryos, but eventually got diluted during several rounds of cell division in embryos.

This pattern is a typical expression pattern of maternally inherited proteins.

I also confirmed that the size and expression was what was predicted for an intact
IXFLAG::GFP::WDR-5 by western blot (Figure 3, Lane 2). As a positive control, I
prepared worm lysate from another strain expressing GFP tagged WDR-5 driven by its

endogenous promoter and 3’UTR, which is expressed in every cell type (Figure 3, Lane
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4). For a negative control, I prepared worm lysate from WT animals lacking GFP
expression (Figure3, Lanel). The 1XFLAG::GFP::WDR-5 was detected at the expected

size of 68.95kDa (Figure 3).

1XFLAG::GFP::WDR-5 can restore H3K4 methylation in the wdr-5.1(0k1417)
mutant.

In order to test whether the 1XFLAG::GFP::WDR-5.1 can function as one of the
core members of the H3K4 methyltransferase complex, I created a line expressing
IXFLAG::GFP::WDR-5.1 in the wdr-5.1(ok1417) mutant. In the wdr-5.1(ok1417) gonad,
H3K4me3 is significantly reduced in the GSCs. Therefore, I did immunostaining for
H3K4me3 in this transgenic line and showed that H3K4me3 methylation is back to
normal levels in the wdr-5.1(ok1417) background (Figure 4). This result confirms that
IXFLAG::GFP::WDR-5.1 can associate with other components in the methyltransferase

complex to restore H3K4 methylation in the GSCs of the wdr-5. I mutant.

Both the transcription independent H3K4 methylation and the transcription
dependent H3K36 methylation is required for the proper establishment of H3K36
methylation by MES-4 in the GSCs.

H3K4 and H3K36 methylations mediated by WDR-5 and MES-4, respectively,
are maintained by transcription independent mechanisms in the GSCs, I was interested in
potential crosstalk between these two modifications. I therefore examined H3K4 and

H3K36 methylation in the GSCs of the wdr-5.1(ok1417) mutant. The loss of H3K4me3
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in the GSCs of the wdr-5.1(ok1417) mutant did not noticeably affect the gross pattern of
H3K36me3 (Figure 5). I then examined met-1(n4337),; wdr-5.1(ok1417) double mutants
to determine the effect of loss of “maintenance” H3K4me3 on MES-4-mediated
H3K36me3 in the absence of MET-1 function. In this double mutant, the only
methyltransferase for H3K36 is MES-4. I observed a marked increase of H3K36me3
level specifically in the GSCss where H3K4me3 is lost (Figure 5). It is interesting that
mutations of both wdr-5.1 and met-1 are required to see this increase of H3K36me3 by
MES-4, since it is not observed in the wdr-5 single mutant. It appears that both the
transcription independent H3K4 methylation mediated by the WDR-5 complex and the
transcription dependent H3K36 methylation mediated by MET-1 are required for normal
H3K36 methylation by MES-4 in the GSCs. This data suggests that there may be a novel
inter-dependency or a crosstalk between H3K4 and H3K36 methylation, during germline

development. The exact mechanism for such interaction needs further studies.

The met-1(n4337); wdr-5.1(0k1417) double mutant causes a transgenerational
sterility due to various germline defects

As it was described, the met-1(n4337); wdr-5.1(ok1417) double mutant displayed
an improper increase of H3K36me3 in the GSCs indicating an epigenetic imbalance in
these cells. I thus further explored the consequences of this imbalance. I measured the
brood size of the met-1(n4337),; wdr-5.1(ok1417) double mutant compared to the met-
1(n4337) and the wdr-5.1(ok1417) single mutants. As previously reported, the met-
1(n4337) mutant showed a slight decrease in brood size with no significant change over

multiple generations while the wdr-5.1(ok1417) mutant showed a progressive decrease in
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brood size over generations (Figure 6B). In contrast, the met-1(n4337); wdr-5.1(ok1417)
double mutant showed a significant reduction in brood size immediately, and produced a
completely sterile population after two generations (Figure 6B). I could also replicate the
same result by performing RNA1 targeting wdr-5.1 in the met-1(n4337) mutant
background. Introducing the ckSi35 transgene expressing GFP tagged WDR-5 into the
met-1(n4337);wdr-5.1(okl1417) double mutants rescued the sterility defect. I then used
RNAI targeting GFP in this strain for further experiments, which targeted the rescuing

transgene, rather than performing crosses, for subsequent experiments.

The gfp(RNAi) exposure from L1 larvae to adult stage was sufficient to cause
100% sterility (Figure 7C). The gfp(RNAi) animals displayed a significantly disturbed
germline morphology, with reduced gonad size and irregularly organized germ cells
(Figure 7A). To further examine the germline phenotype, I performed DAPI staining to
visualized the DNA structure. The germ cell nuclei of the gfp(RNAi) animal displayed
various types of germline development defects. The most frequent defect was a
masculinization of germline (mog) phenotype where the animals failed to switch from
spermatogenesis to oogenesis as adults, yielding adult hermaphrodites with continuous
sperm production. I also observed much smaller sized gonads filled with fewer germ cell

nuclei, many of which were irregular in size (Figure 7B).

The wdr-5.1(RNAi) causes a precocious sterility in the M'Z" mes-4(0k2326) mutant
I showed that the H3K4 methylation mediated by WDR-5 complex is partially
important for proper MES-4 function during germline development. Therefore, I wanted

to see if the loss of WDR-5 function will worsen the mes-4 phenotype by RNAi. The
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mes-4 mutant exhibits maternal effect sterility (mes); i.e., mes-4 homozygous mutants
segregated from genetically balanced mes-4 parental strain are fully fertile in F1
generation due to the maternally provided MES-4 protein acting during an early
embryogenesis (Figure 8A). These fertile offspring are maternal + zygotic — (M+Z-) for
MES-4 activity. The M'Z" offspring of the M+Z- animals completely sterile since they
lack even maternal MES-4. I performed wdr-5.1(RNAi) from L1 stage of the genetically
balanced mes-4/+ strain, and continued RNAi on their mes-4 M'Z homozygous offspring
(Figure 8C). In contrast to the mes-4 M+/Z- RNAI controls, which exhibited no fertility
defects, 42% of M'Z" mes-4;wdr-5.1(RNAi) displayed a precocious mes sterility

phenotype (Figure 8 A and B).

WDR-5 males do not produce cross progeny

In trying to set up a genetic cross between wdr-5.1(ok1417) males and met-
1(n4337) hermaphrodites, I noticed that there was no cross progeny despite numerous
attempts and various efforts. In contrast, the reciprocal cross using met-1(n4337) males
was successful, and this cross was used to generate the met-1(n4337); wdr-5.1(ok1417)
double mutant for this study. Whether the failure of the genetic cross using the wdr-
5.1(0k1417) male was due to problems during a spermatogenesis yielding defective
sperms or physical defects in mating apparatus in a tail region has not been determined. I
do not observe any obvious morphological defect in the wdr-5.1(ok1417) males at the
gross level, but I did not perform any microscopic level of the analysis examining many
aspects of the mating apparatus. The fact that wdr-5.1(ok1417) hermaphrodites are fertile,

albeit with a decreased brood size, suggests that functional sperm can be produced in
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wdr-5.1(ok1417) hermaphrodites. The apparent sex-dependent mating defect I observed

for this mutant needs further examination.

Loss of set-17 or set-30 does not noticeably affect transcription dependent H3K4

methylation in the adult germline

Our lab and others have shown previously that SET-2, a homolog of yeast Setl, is
the methyltransferase that is required to maintain WDR-5-dependent H3K4me3 in the
GSCs (316). The methyltransferase responsible for transcription dependent H3K4me3 is
not known in C. elegans. I therefore examined either mutants for potential H3K4
methyltransferases, or targeted them by RNAi . Two proteins that have been reported to
have H3K4 methyltransferase activity in vitro are encoded by the genes set-17 and set-30
(317). I performed RNAI against set-30 in the wdr-5.1(ok1417) mutant, and RNAi
against wdr-5.1 in the set-17(n5017) mutant. As expected for the loss of WDR-5 alone, in
both cases H3K4me3 was significantly reduced in the GSCs, with a minor reduction in
meiotic nuclei in the adult gonad (Figure 9, row 3 colum 4). Surprisingly, I did not
observe any reduction of H3K4me?2 even in the wdr-5.1(ok1417) mutant controls. This
finding is different from what has been previously reported. However, I also did not
observe any significant decrease in either H3K4me2 or H3K4me3 (Figure 9). It is
possible that these genes are redundant, so a knock-down of both will be important to

examine in future studies.
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Discussion

In this study, I report an interaction/crosstalk between H3K4me3 and H3K36me3
that is important for germ cell function. I am particularly interested in understanding the
function of transcription independent methylation for both K3K4 and H3K36. Why do
early embryos and GSCs share this maintenance mode of these histone modifications?
What are in common between these two population of cells? The common property
shared between early embryos and GSCs is their ‘stemness’ or ‘pluripotency’. During C.
elegans embryogenesis, maternal factors including mRNAs and proteins expressed in the
parental germline control the early cell divisions and developmental patterning until the
onset of a gastrulation, when zygotic gene activation takes over the control of further
differentiation programs (318-321). Although some of the early blastomeres have begun
cell fate specifications, these cells are still highly plastic and ectopic expression of cell-
type inducing transcription factors can convert all cells to a single somatic fate (322-326).
However, this kind of developmental plasticity is only observed up to the 80 cell stage
(321). This suggests that pluripotency is preserved only during early embryogenesis. This
timing correlates well with the when the mode of H3K4 and H3K36 tri-methylation
switches from being transcription independent to transcription dependent (Figurel). This
observation suggests that both H3K4me3 and H3K36me3 that are maintained in the
chromatin at these early stages contribute to maintaining a pluripotent state. What
epigenetic patterns are maintained, and how might they be important for pluripotency?
MES-4 maintains, in the embryo, H3K36me3 patterns that arrive with the gametes.
These patterns match the transcription patterns that are produced by adult germ cells; i.e.,

in the embryo, MES-4 maintains the H3K36me3 patterns that were established by
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transcription in the parental germ cells (194, 327). This suggests that this pattern includes
those required for pluripotency, as pluripotency is considered to be a fundamental

property of germ cells.

Similarly, H3K4me patterns in the early embryo grossly reflect the patterns
observed in adult germ cells (328). Unlike the case with MES-4 and MET-1, the WDR-5
independent H3K4 methyltransferase is as yet unknown, so the patterns of H3K4me3
maintained by WDR-5 alone is not yet known. Identifying the transcription-dependent
H3K4 methyltransferase(s) is thus an important goal, and will be one of several aims that

we would like to explore further in future studies.

Similar paradigm exists between the GSCs and the differentiating meiotic germ
cells in the adult gonad, where the WDR-5 complex and MES-4 are the major
transcription independent H3K4me3 and H3K36me3 methyltransferases, respectively, in
the GSCs (Figurel). In the adult gonad, H3K4me3 methylation mediated by WDR-5 has
been reported to be important for a proper expression of germline expressed genes and
repression of somatic genes in the germline (329). This misregulated gene expression
caused by the loss of H3K4me3 methylation loosens germ cell identity and allows trans-
differentiation of the germline into somatic cell types under certain conditions. The
authors proposed that the trans-differentiation is linked to the loss of H3K9 methylation
and the loss of PGL-1, a P-granule component that is specific to the germline. However,
these phenotypes could be an indirect consequence of the loss of H3K4me3 methylation.
First, the H3K4me3 methylation mediated by SET-2/WDR-5.1 complex has been shown
to be independent of Pol II activity by our lab (316), so it is not clear whether the

misregulation of germline expressed genes is directly linked to the loss of H3K4me3
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methylation. Secondly, the major portion of the H3K4me3 methylation mediated by SET-
2/WDR-5.1 complex occurs in the GSCs at the distal end of the gonad, so the global loss
of H3K9 methylation from the whole gonad does not correlate well with the pattern of
the H3K4me3 methylation loss in mutants they have analyzed. Lastly, the trans-
differentiation phenotypes are not immediate. The most obvious phenotypes are all seen
at F5 generations, which correlates with the generation exhibiting a significant reduction
in the germline stem cell pool (316). Although the proposed role of SET-2/WDR-5.1
complex and its phenotypes described in these mutants are very interesting, it requires
further investigation to better understand its exact roles and the mechanism for how all
these phenotypes make sense. I think the I XFLAG::GFP::WDR-5.1 transgenic strain and
the experimental design I developed in this study will serve well for that purpose. By
collecting L3 worms, the only cells expressing the GFP/FLAG tagged WDRS5 are GSCs
where the majority of H3K4me3 methylation is mediated by SET-2/WDR-5.1 complex. |
can then either purify these cells by FACS and perform ChIP-seq for H3K4me3, and/or
do anti-FLAG ChIP-seq for WDR-5.1 to identify where this complex is operating in these

cells.

Lastly, I found the first example of what appears to be an antagonistic relationship
between H3K4me and H3K36me. I found that the H3K36me3 methylation by MES-4 is
specifically upregulated in the GSCs of met-1,wdr-5.1 double mutants, coinciding with
where H3K4 methylation is specifically lost. The fact that the loss of the transcription
independent H3K4me3 methylation alone is not sufficient to induce such a misregulation
of the transcription independent H3K36 methylation raises many interesting possibilities

to investigate further.
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The loss of H3K4 can cause changes in other chromatin regulators that can now
allow MES-4 to bind at more number of loci causing increased H3K36 methylation.
Alternatively, the epigenetic information laid out by both the transcription independent
H3K4me3 methylation by WDR-5 in the GSCs and continuing or uninterrupted
transcription coupled H3K36me3 by MET-1 may be needed for the proper germline
transcription history by MES-4 function. In order to test these interesting possibilities, a
more thorough comparative analysis of other chromatin modifications including H3K4
and H3K36 in various mutants or combinations of different mutants to see how they are
affected in the absence of the other. One potential modification that needs prioritized
attention will be the H3K27me3 methylation by MES-2/3/6 complex, a homologous
PRC2 complex in C. elegans. Like the WDR-5 complex and MES-4, H3K27 methylation

by MES-2/3/6 complex occurs in early embryos and in adult germline (330).

We hope that we can learn more details of the function of the histone
modifications that act in transcription independent mode and how they are interdependent
to each other. Especially, we hope to gain more insight into their potential functions in

mediating the transgenerational epigenetic memory using C. elegans as a model system.
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Material and Method

Worm strains and maintenance

C. elegans strains were maintained at 20 °C and were grown on NGM (Nematode

Growth Medium) plates unless it is stated otherwise.

Strains: wild type N2 (Bristol), KW2307: set-17(n5017), KW1616: wdr-5.1(ok1417),
KW1660: met-1(n4337), KW1083: cKSi35(unc-119, glh-2p:gfp: IXFLAG:wdr-
5.10RF:fbf-2 3'UTR)II, KW1087: cKSi35(unc-119, glh-2p:gfp: IXFLAG:wdr-

5. 10RF:fbf-2 3'UTR)II, wdr-5.1(ok1417)III, KW1119: met-1(n4337)1, cKSi35(unc-119,
glh-2p:gfp: IXFLAG:wdr-5.10RF:fbf-2 3'UTR)II, wdr-5.1(ok1417), KW1032: a strain
expressing GFP tagged WDR-5.1 was a gift from Palladino lab (331).

1XFLAG::GFP::WDR-5.1 transgenic strain generation

To generate the GFP tagged WDR-5.1 construct, I used the g/h-2 promoter to drive
germline-restricted expression. The g/h-2 promoter sequence was amplified from the
pJL43.1 vector, that has been verified for germline expression in our lab. The sequence of
the gfp::wdr-5.1 ORF was subcloned from the pTS1 vector with the forward primer that
contains 1 XFLAG sequence. I then cloned in the 3’UTR region of the fbf- 2 gene to limit
the translation of WDR-5.1 to the GSCs in the adult gonad, as previously reported (315).
The cloned fragments were ligated together and inserted into the pCFJ151 MosSCI
targeting vector. This construct was then integrated into the #7i5605 site of the EG6699

strain using the MosSCI integration techniques (188).
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RNAi-mediated transcript knockdown

RNAI was performed by feeding animals HT115 bacteria transformed either with
plasmids expressing dsRNA targeting the specific gene of interest, or carrying the empty
L4440 RNAI vector for RNAI controls. Synchronized L1 larvae were transferred to the
induced RNAI plates (NGM+1mM IPTG+1mM Ampicillin) pre-seeded with the bacteria
expressing the desired dSRNA and grown until the adult stage for one generation (~65
hrs). The feeding protocol was continued for one more generation to completely
knockdown the targeted transcripts in both germline and somatic cells. The F1 adult

offspring were then analyzed as described.

Immunofluorescence

Adult gonads were dissected on poly-Lysine coated slides, glass coverslips were placed
on the specimens, and then the slides were placed on a dry ice block for 10-20 mins. The
Freeze-crack method was performed to separate the coverslip from the slide. The slides
were placed in ice cold methanol and acetone for 10 min sequentially, then the slides
were washed in PBST for 30-60 min at room temperature. 15 ul of a primary antibody
was directly put on to the specimen on the slide and incubated in a humidity chamber
overnight at 4°C. The next day, slides were washed in PBST three times for 10 min each.
15ul of a secondary antibody was directly put on to the specimen on the slide and
incubated in a humidity chamber for 2-3hrs at room temperature, then washed in the
PBST four times for 10 min each. At the third wash, a DAPI was added in the PBST
solution. The specimens were mounted in the ProLong Gold anti-fade reagent (Life
technologies, P36934) and observed under a fluorescence microscope (Leica DMRXA;

Hamamatsu Photonics, Hamamatsu, Japan) with Simple PCI software (Hamamatsu
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Photonics). Primary antibodies used were: anti-H3K4me2 (CMA303) 1:500, Millipore],
anti-H3K4me3 (CMA304) 1:500, Millipore], anti-H3K36me3 [(CMA333), 1:500 (236)],
anti-GFP (1:1000, Novus NB600-308), anti-H3K27me3 (1:500, EMD Millipore 07-
449)and anti-FLAG (M2, 1:1000, Sigma F1804). Secondary antibodies used were Alexa
Fluor 488-conjugated donkey anti-mouse (1:500, Invitrogen R37114) and Alexa Fluor

594-conjugated goat anti-rabbit (1:500, Invitrogen R37117).

Protein isolation and Western blot analysis

Adults worms were resuspended in 4X volume of RIPA buffer (Thermo Scientific,
#89901) and frozen and thawed three times in liquid nitrogen. Samples were incubated at
4°C on a rotator for 30 min and sonicated in a Bioruptor sonicator (Diagenode Inc.,
Denville, NJ, USA) at the high setting for 15 min to fragment chromatin and worm
cuticle. The final lysates were centrifuged at 13,000g for 10 min at 4°C, and the
supernatants were collected. The protein concentration was determined using the
Bradford reagent (Biorad, #500-0006). Supernatants were mixed with an equal volume
of 2X SDS-PAGE sample buffer and denatured for 5 min at 95°C. An equal protein
amount was loaded in each lane and run on a 4-20% precast SDS-PAGE gel (Biorad,
#456-1094) and transferred to PVDF membrane. Transferred proteins were blocked in
5% milk PBST for 1 hour, incubated with a primary antibody overnight, and washed 3
times with 1X PBST for 10 min each. After incubation with a secondary antibody for 2
hours at room temperature, the blot was washed 3 times with 1X PBST for 10 min each.
The washed membrane was incubated with the chemiluminescence reagent (Thermo
Scientific, #34087) for 5 min, and protein bands were visualized with autoradiography

film (Genesee Scientific, #30-100). The primary antibody used is the following: anti-GFP
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(1:1000, Novus NB600-308). The following secondary antibody was used: Goat Anti-

Rabbit IgG, HRP-conjugated (Millipore, 1:2500, 12-348).

Brood size assay

20 to 30 L3 larvae of each genotype were individually picked and transferred to 6 cm
plates pre-seeded with OP50, grown to adult stage, allowed to lay eggs for 24hrs, and
transferred to new plates daily until they stopped laying eggs. The number of viable
progeny from the plates were counted and recorded for to determine the brood size of

each animal.
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Figurel. Summary of the methylation dynamics of H3K4 and H3K36 during
embryonic and an adult germline development

A relative abundance of H3K4 (Bottom) and H3K36 (Top) methylation mediated by
different methyltransferase complexes at different stages of either an embryonic or an
adult germline development are plotted. Note that both modifications can be added by
either transcription independent (Purple) or dependent (Green) mechanisms.



Figure 2. Live WDR-5:GFP expression (ckSi35)

The expression of the GFP tagged WDR-5 in live adult gonads (Top left) and embryos
(Top right, yellow dotted circles) are shown with their respective DIC images below. The
yellow arrow head indicates an oocyte where WDR-5 protein starts to dissociate from the
chromatin and becomes nucleoplasmic. White arrows are indicating the embryos with
detectable GFP expression. Note that the intensity of the GFP expression and the age of
the embryo is negatively correlated. This pattern is a typical of maternally expressed
proteins. See the material and method for details of ckSi35.
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Figure 3. Western blot for GFP confirms the expression of WDR-5.1

Equal amounts of lysates from N2(Lanel), KW1087(Lane2) and KW1032(Lane4) were
analyzed by western blots probed with antibodies against GFP and Actin. A lysate from a
N2 strain shows no detectable band while lysates from the KW 1087 and the KW 1032
show very similar sized bands. The expected size of the GFP tagged WDR-5.1 from
KW1087 and KW1032 are 68.95kDa and 67.96kDa respectively. Note that the KW 1087
strain contains an additional 1X FLAG sequence (~1 kDa) that is not present in the
KW1032.
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Figure 4. The expression of FLAG::GFP::WDR-5.1 is sufficient to restore the loss of
H3K4me3 from the GSCs in the wdr-5.1 mutant.

The distribution of H3K4me3 in germ cells was compared to a DAPI staining from the
strains indicated. The strikingly reduced H3K4me3 distribution in the GSCs of the wdr-
5.1 mutant is restored back to the wildtype level in the wdr-5.1 mutant expressing the
FLAG::GFP::WDR-5.1 proteins from the ckSi35 transgene (See the material and method
for details of ckSi35).
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Figure 5. An increase in H3K36me3 is observed in the GSCs of met-1;wdr-5.1 double
mutants.

Dissected adult gonads from the indicated mutants were fixed and stained with antibodies
specific for either H3K4me3 or H3K36me3. Note that there is a marked increase in
H3K36me3 where H3K4me3 is reduced in the GSCs of the met-1,wdr-5.1 double mutant.
Yellow dotted lines are marking a relative location of the transition zone (TZ), which
marks the border between the GSCs and entry into meiosis.
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Figure 6. Synergistic defect in the fertility of the mez-1;wdr-5.1 double mutant

A) The schematic of the crosses used to generate the outcrossed single mutants and the
double mutants used for brood size assay is shown. B) The brood sizes of each mutant
before and after the outcross are shown in comparison. Note that each newly outcrossed
single mutants show an increased brood size compared to each single mutant that has
been maintained as homozygous for multiple generations.
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Figure 7. The loss of both wdr-5.1 and met-1 causes sterility due to various defects
during germline development

A) DIC images of an adult gonad (yellow dotted line) after the L4440 control RNAi and
the gfp(RNAi) are shown. B) A DAPI staining of a N2 adult gonad is shown on the top
left. The other three images are DAPI stained adult gonads of the sterile animals from the
gfp(RNAi) samples. The most consistent defects observed are a frequent appearance of
the irregularly shaped germ cell nuclei and the mog phenotype (bottom right) as well as
overall decrease in total number of germ cell nuclei in the gonad. C) Percentages of
sterile adult animals after RNAi from L1 stage are plotted. Note that the L4440 control
RNAIi shows 5.7% sterility, which is similar to the sterility frequency observed from the
met-1 mutant alone. N = number of animals quantified. * indicates the approximated
position of the DTC located at the distal end of gonad.
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Figure 8. The wdr-5.1(RNAi) causes a precocious appearance of the maternal effect
sterile (mes) phenotype of the mes-4 mutant (M+Z-)

A) DIC images of an adult gonad (yellow dotted line) for the indicated genotypes are
shown. Yellow arrow is pointing at some abnormal germ cell nuclei B) The percentages
of the F1 sterile m+z- mes-4 after RNAi experiment are plotted. C) The schematic of an
RNAI experiment is shown. * indicates the approximated position of the DTC located at
the distal end of the gonad.
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Figure 9. Nether set-17 nor set-30 is the major transcription dependent H3K4
methyltransferase in the adult gonad of C. elegans

Dissected adult gonads from the indicated mutants/(RNA1) were fixed and stained with
the antibody specific for H3K4me2 and H3K4me3. The yellow bars indicate the
approximated length of the GSCs based on the DAPI stained nuclei of each gonad.
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CHAPTER 4: The significance of my studies and future
directions
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The significance of SIG-7 studies

We provided the first genome wide in vivo description of the role of a nuclear
multidomain cyclophilin PPIase, SIG-7, in coordinating splicing and Pol II elongation
through its interaction with nascent RNA and CTD of Pol Il via its RRM and PPI
domains, respectively. I have summarized a potential model of SIG-7’s function based on
combined data from ours and other model organisms (Figure 1). Such genome wide
studies in other organisms have been difficult, due to challenges in generating stable
transgenic strains that can replace the endogenous function of SIG-7 homologs.
However, our data does not directly reveal the exact mechanism of how SIG-7 carries out
its proposed function. Using the CRISPR-Cas9 genome editing system, one can possibly
generate mutations in each domain that will inactivate their predicted function, to
examine the roles of each independently. It will provide more mechanistic insights into
how this class of cyclophilin PPIase function differently than parvulin type PPlase such

as Essl1.

It might also be useful to identify SIG-7 interacting partners using
immunoprecipitation (IP) followed by Mass-spec identification, as this could provide
valuable insights into its direct effects. In initial IP/MassSpec experiments, I have
identified some peptides corresponding to interesting proteins such as MOG-2, HRP-2,
RNP-5 and RNP-4, which are all involved in some aspects of splicing processes (Table
S2). However, these were minor peptides and there were many other peptides observed
that suggested the IP was not sufficiently pure. Repeating the IP procedure from nuclear
extracts instead of whole embryos may improve this assay and reduce background noise.

With our epitope-tagged transgenic line that rescues the deletion phenotype, it is now
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possible to use ChIP-seq to capture the location of this enzyme along the gene, and see
whether it will localize at the 5° end, gene body or 3° end of the gene. Our initial attempt
did not show a consistent result. Only one of three independent experiments yielded
sufficient reads with any enrichment pattern, which showed enrichment in exons (data
not shown). This kind of information will help us determine which step of the

transcription cycle requires the activity of SIG-7.

Another interesting area to study further is the interaction between Pol II CTD
and SIG-7. The interaction between Ess1 and CTD is known to be mediated by the WW
domain that specifically recognizes the phosphorylated serine. Although I and others
have shown that SIG-7 and its homolog can directly interact with Pol II, whether this
interaction is phosphorylation dependent or not has not been tested. Therefore,
biochemical pull down assays using CTD mimicking peptides, or using endogenous Pol
IT CTD expressed in bacteria, will be useful to determine if phosphorylation status will
affect its interaction with SIG-7. In the similar experimental setting, it will be also
informative if SIG-7 and Ess-1 will compete for the binding when only peptide of one
repeat length is available compare to peptide with many repeats. If they do compete, then
testing whether this competitive binding is phosphorylation dependent or not will also be
an important information. All these potential future experiments can help to understand
its molecular mechanism of how SIG-7 and its homolog can coordinate the process of

splicing and Pol II elongation.

The significance of WDR-5 project
Although many findings from multiple organisms suggest that histone

modifications play a critical role in maintaining pluripotency, and also transmitting
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epigenetic memory after each cell division during development, we still don’t have a
clear picture of how they are all connected and influence each other. Although yeast has
served as a simple model organism to initially characterize the function and the
composition of many chromatin modifying enzyme complexes, it has its own limitation
for studying the function of these complexes in the developmental context of
multicellular organisms. Likewise, using mammalian models is probably the best in terms
of its application to human, the complexity of such model organism often makes it hard
to interpret the findings in precise manner due to an increased number of complexes
carrying out the same modification. For example, there are multiple WDR-5 containing
histone methyltransferase complexes for H3K4 in mammals. Therefore, it can be
challenging to distinguish which WDR-5 containing complex is responsible for the
phenotypes they observe by knocking down WDR-5 in mammalian systems. In C.
elegans, we showed that H3K4 tri-methylation can be established in two distinct modes:
transcription-dependent and transcription-independent. With the experimental strategy we
designed, we can isolate a specific cell type, in this case germline stem cells, where the
majority of H3K4 tri-methylation is WDR-5 dependent. The cell type specific analysis of
H3K4me3 that is mediated by WDR-5, versus the H3K4me3 that does not depend on
WDR-5, will allow identification of the specific targets and its importance for germline
stem cell function. Besides this technical advantage, I also provided evidence for a novel
antagonistic relationship between H3K4 methylation and H3K36 methylation that has not
been described elsewhere. Further examination of this antagonism, and its role in

maintaining epigenetic memory and germline function, will be important for
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understanding how the “immortal” germline retains its unique capacity for retaining

pluripotency despite its differentiation into gametes at each generation.



132

Figure
A
TSS
1= E=h—
Q
&
B
=
C
=
D
TSS
—El =7 b y: =
(¥)
DNA
RNA
° phosphorylation
splicing factors
@=2>@° siG7

Figure 1. A potential model of SIG-7’s function

This is an illustration of how sig-7 may function. A) Before Pol II is engaged into
productive elongation, the CTD may conform into a more compact state. B) Upon
phosphorylation at numerous heptapeptide repeats, the CTD may conform into more
extended structure. This extended structure of the CTD may provide an opportunity for
SIG-7 to interact with Pol II using its PPlase domain as well as binding of splicing factors
to phosphorylated residues within the repeats. C) Once SIG-7 binds to the CTD, the
activity of PPlase domain of SIG-7 may induce structural change of the CTD via its
cis/trans isomerization reaction. D) The binding of the pre-mRNA by the RRM domain of
SIG-7 may allosterically regulate the PPlase activity, possibly slowing down its PPlase
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activity. This may provide an opportunity for SIG-7 to interact with splicing factors
bound to the Pol II CTD using its highly charged C-terminal domain and thus assist in
linking splicing factors on the Pol II CTD with the emerging pre-mRNAs bound to SIG-
7.
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