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Abstract

We demonstrate that convergent transcription induces transcriptional gene silencing (TGS) in
trans for both fission yeast and mammalian cells. This methodology has advantages over existing
strategies to induce gene silencing. Previous studies in fission yeast have characterized TGS as a
cfs specific process involving RNA interference that maintains heterochromatic regions such as
centromeres. In contrast for mammalian cells, gene silencing is known to occur by a post
transcriptional mechanism employing exogenous siRNAs or endogenous microRNAS to inactivate
mRNA. We now show that introduction of convergent transcription plasmids into either S. pombe
or mammalian cells allows the production of dsSRNA from inserted gene fragments resulting in
TGS of endogenous genes. We predict that using convergent transcription to induce gene silencing
will prove a generally useful strategy and allow a fuller molecular understanding of the biology of
transcriptional gene silencing.

Introduction

RNA interference (RNAI) in eukaryotes can be elicited by either cytoplasmic post-
transcriptional (PTGS) or nuclear transcriptional gene silencing (TGS) mechanisms. PTGS
is related to either the destruction or translational inhibition of MRNA while TGS is
associated with epigenetic chromatin silencing marks such as CG DNA methylation or
nucleosomal histone tail modifications such as histone H3 lysine 9 trimethylation
(H3K9me3) 14, RNAIi mechanisms begin with the formation of double strand RNA
(dsRNA) generated by transcription of inverted repeats, resulting in RNA hairpins or by
convergent transcription leading to overlapping transcripts. dsSRNA so formed is processed
by RNAse 111 type endonucleases, Dicer and Drosha to generate short interfering (si) RNAs
or micro (mi) RNAs respectively °. PTGS targets mRNA inactivation or degradation
through the incorporation of siRNA or miRNA into the RNAI induced silencing complex
(RISC). Within this complex argonaute acts to cleave the mRNA targeted by siRNA or
miRNA primed RISC 6. With TGS a different siRNA primed argonaute complex (RITS) is
targeted to gene loci homologous to the siRNA resulting in gene silencing. This in turn
recruits chromatin modifying enzymes that induce heterochromatin formation. TGS has
been well documented in S. pombe as a cis silencing process with the dSRNA derived from
the same loci that are to be silenced /. We have shown that convergent genes (CGs) in S.
pombe generate G1 specific read-through transcripts forming dsRNA that induces transient
heterochromatin through nuclear RNAi pathways. However following S phase, cohesin
recruited by CG heterochromatin blocks further read-through transcription causing
heterochromatin loss in G2 8. We have also shown that S. pormbe CGs (encoding RNAI
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Results

factors) are transcriptionally downregulated by TGS in G1 through the production of
siRNAs. This effect is CG dependent, since switching CGs into a tandem orientation at their
chromosomal location prevents gene silencing °.

Different eukaryotes employ different RNAI strategies. In C. elegans miRNA elicit
cytoplasmic PTGS and also reenter the nucleus to induce TGS effects 19, Plant RNAI
involves a wide range of dicer and argonaute proteins? mediating TGS and PTGS pathways.
Similarly drosophila employs both RNAI strategies 11. Several studies have reported the use
of convergent transcription (CT) to promote gene silencing in different eukaryotes. In
trypanosomes, convergent bacteriophage T7 promoters flanking a gene sequence to be
silenced are transfected into parasites that also express T7 phage RNA polymerase resulting
in presumed PTGS affects 1214, CT induced gene silencing has also been described in
Drosophila and mammalians. Drosophila CT was engineered by using Gal4 regulated RNA
polymerase 11 (Pol 1) promoters (from budding yeast) flanking a test gene sequence.
Transfection in flies, also expressing Gal4 transcription factor, induced presumed PTGS
effects!®. In mammalian cells, CT plasmids using Pol 11l convergent promoters (from U6
snRNA genes) with the targeting sequence less than 30 nucleotides were transfected into
tissue culture cells 6. The short dsSRNA produced avoids activation of cytoplasmic
interferon responsel’. Significant gene silencing of target genes was again observed. These
various studies show the potential for CT as a way to induce gene silencing. However this
technology has not been widely applied possibly due to the complexity of arranging such
transcription systems and the fact that the silencing observed was assumed to induce only
short term PTGS.

We have tested whether CT can be utilized as a simple and effective way to mediate long
term TGS in both S. pombe and mammalian cells. We show that CT systems have
substantial advantages over currently employed gene silencing procedures.

CT leads to silencing by RNAi in S. pombe

We initially tested the transcription of plasmids transformed into S. pombe containing the
ura4 open reading frame (ORF) between divergently arranged nmtI promoters
(CTura4ORF, Fig. 1a). We employed an wra4 deletion strain, allowing detection of plasmid
derived wradtranscripts. In wild type (wt) cells no plasmid wura4 transcripts were detectible
while in separate strains lacking RNAI factors, dicer or argonaute, (Adcr1, Aagol), ura4
transcription (both sense and antisense) was evident (Fig. 1b). These results indicate that in
wit cells plasmid derived wra4 CT induces gene silencing in ¢/s, presumably by dicer
dependent processing of ura4 double strand (ds) RNA. We next tested for ura4 siRNAs
using a siRNA specific plant viral protein called p19 18 which has high affinity for small
dsRNA or RNA:DNA hybrid. ura4 DNA oligonucleotides (32P labeled 20mers) were
annealed to total S. pombe RNA fractions and siRNA:DNA hybdrids were then selected
with p19 coated magnetic beads. After extensive washing isolated 32P-DNA
oligonucleotides (as part of the hybrid) were fractioned revealing a strong signal for wt but
not Adcrlor Aagol RNA (Fig 1c). We have previously shown that TGS induced by
endogenous convergent gene transcription in S. pombe does not require RNA dependent
RNA polymerase (Rdp1) amplification @ unlike centromeric heterochromatin formation?.
We therefore tested this plasmid TGS effect in ArgpI cells. Like wt RNA, no ura4
transcripts, but abundant ura4 siRNAs were observed (Fig. 1b,c). Overall these results
demonstrate that plasmid-generated dsSRNA elicits efficient ¢/s TGS resulting in
transcriptional silencing of the plasmid located wra4 ORF.
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Convergent transcription induces trans silencing in S. pombe

While TGS acting in c/s (at the site of dSRNA synthesis) is a well described phenomenon in
S. pombe, especially for centromeric heterochromatin, frans acting TGS has proven harder
to achieve. Previously plasmid or genomic constructs that express a hairpin RNA capable of
generating siRNAs were reported to induce some TGS in trans 19. However this appeared to
act preferentially on target genes either close to antisense transcription units or to other
heterochromatic regions.

We tested whether C7ura4 plasmids can induce frans TGS of endogenous wra4 (Fig. 2). Two
different CT plasmids containing either the ura4 promoter or ORF caused a reduction to
32% and 44% respectively of endogenous wra4 polyA* mRNA (Fig. 2b). In contrast
transformation of empty CT vector (V) had no effect. Similarly endogenous actZ mRNA
levels were unchanged by CTura4ORF transformation. Note that the ura4inserts in CT lack
polyA signals (PAS) and so cannot generate ura4 polyA* mRNA. The inducible nmt1
promoters (activated by lack of thymine) that generate the dsRNA signal from the CT
plasmid were normally switched on by overnight growth in minimal medium. However
when grown in minimal medium for several days a greater TGS effect was observed:
reduced to 12% of wra4 nascent RNA and 19% of ura4 mRNA (Fig, 2c,d). Further controls
for CTura4induced TGS are presented (Supplementary Fig. 1a, b) showing that reduction of
ura4 mRNA levels depends on CT induction by growth in minimal medium (EMM; -
thymine). Also transformation of S. pombe with separate sense and antisense wra4ORF
plasmids showed no significant reduction (only to 80 and 90%) in ura4 mRNA levels. In
contrast, co-transformation of Sura4ORF and ASura4ORF weakly suppressed (reduction to
50%) levels of ura4 mRNA. Efficient silencing (reduction to 23%) required transcription of
both DNA strands from the same gene template as in C7urad4.

To establish that the CTura4 trans silencing effect acts at a transcriptional level we measured
levels of Pol Il and the heterochromatin histone mark (H3K9me3) on endogenous wra4 using
chromatin immunoprecipitation (ChlP), following activation of plasmid derived CTura4
transcription. S. pombe transformed with either CTuradprom or CTura4ORF but not V
plasmid, showed Pol Il reduction and increased H3K9me3 levels both indicative of trans
TGS (Fig. 2e-h). In detail different regions of endogenous wra4to sequence present in the
CT plasmids were subjected to ChIP analysis. CTura4prom transformed cells showed about
65% reduced levels of Pol 1l over ura4 ORF and terminator regions while CTura4ORF
showed a similar reduction over ura4 promoter and terminator regions. Analogous
experiments probing wra4 chromatin for H3K9me3 heterochromatin marks showed TGS
induction over endogenous wra4. Interestingly the terminator region seems to be especially
enriched for this histone mark following CT7ura4 induction.

To further investigate the capability of C7ura4to induce endogenous #rans TGS we tested
the effect of stably integrating CTura4ORF into the S. pombe genome. An integrated
ICTura4ORF strain was generated showing 2N ura4 copy number and significant levels of
sense and antisense wra4 transcript grown in minimal medium to activate the /CTura4 allele
(Supplementary Fig. 1c, d). As with CT7ura4 plasmid transformation, endogenous ura4
transcript was reduced as compared to wt cells following induction of the nmt1 promoters
(Fig. 3a, b). Similarly we show a reduction in Pol 11 levels and the appearance of H3K9me3
marks over endogenous ura4 (Fig. 3c, d). These results underlie the capacity of CTura4
whether episomal or stably integrated to induce TGS in trans.

We tested if CT mediated TGS was effective with other S. pormbe endogenous genes,
especially essential genes, as these are normally inactived by use of temperature sensitive
(ts) alleles requiring growth at non-physiological temperatures. Two additional CT plasmids
containing ORFs for either cdc10 (required for G1 cell cycle progression) or rad21
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(component of cohesin) were stably integrated into the S. pombe genome. iCTcdc10and
[CTrad?1 strains were growth defective in minimal medium as compared to cells stably
transformed with empty vector (V) and showed commensurate reduction in cdc10or rad?1
mRNA levels (Fig. 3e-g). Furthermore since cdc10is required for passage through the G1
phase of the cell cycle we tested whether /CTcdcl0activation perturbs the cell cycle.
Remarkably induction of cdc10 gene silencing induced cell cycle arrest in G1 cells as shown
by FACs analysis (Fig. 3h). Since unsynchronized S. pombe is predominantly in G2 (2N),
wit cells (stably transformed with V) gave a 2N FACs profile in either YES or EMM
medium. Note that in minimal media cell growth is perturbed yielding higher chromosome
copy number cells. However with /CTcdc10transformed S. pombe, the cell population was
G1 synchronized.

Overall we show (Fig. 2 and 3) that CT technology silences S. pombe genes by TGS.
Furthermore our CT technology has substantial advantage for essential genes, which can by
silenced at physiological temperature.

CT induces TGS of mammalian y-actin gene

Our studies on CT induced gene silencing in S. pombe led us to test this effect in
mammalian cells. We employed the pCl mammalian expression vector with its CMV
promoter, but added a second opposing CMV promoter (Fig. 4a), creating a mammalian CT
plasmid. We then inserted a cDNA fragment (exons 2-6) of y-ACT71 into CT to test for
potential endogenous »-ACT1 silencing following HeLa cells transient transfection.

Pol Il ChIP analysis of y-ACT1 in untransfected HeLa cells (UN) or transfected with empty
vector (V) or with CTyACTI1 revealed similar Pol Il occupancy over ¥-ACT71exon 1 and
intron 3-exon 4 junction in UN and V cells, but lower levels in CTyACTI1 transfected cells
(Fig. 4b). Since neither probed regions of endogenous y—-ACT1 are inthe CTyACT1
plasmid, we infer that endogenous »—ACT1 silencing has occurred. Pol Il levels over
GAPDH were similar in all three samples, excluding a general transcriptional effect. Next,
we measured y-ACT1 versus control GAPDH mRNA levels in UN, V and CTyACT1
transfected cells (Fig. 4c). Note that »ACT71 sequence in CT lacks a PAS and so will not
produce stable mRNA. OligodT was used for the RT reaction and the same exon 4 primers
for the PCR reaction. While UN, V and CTyACT1 transfected cells show similar GAPDH
MRNA levels, -ACT1I mRNA levels were decreased to 34% in CTyACT1. We also tested
the effect of CTyACT1 transfection into HEK293 cells and observed a similar reduction in
y-ACTI mRNA levels (Supplementary Fig. 2a). We next tested whether heterochromatin
was induced by CTyACT1 transfection into HeLa cells. H3K9me3 ChIP analysis on UN, V
and CTyACTI transfected cells with y-ACTZ intron 3-exon 4 junction and 3" UTR primers
(not present in CTyACT1)as well as GAPDH primers revealed no positive H3K9me3
signals for the GAPDH gene in all tested samples. Similarly no signal was detected for -
ACTIin UN and V cells. However, H3K9me3 signals were demonstrated over y-ACT1in
CTyACT1 transfected cells (Fig. 4d). Note that we also detect H3K9me2 marks on y-ACT1
chromatin from CTyACTI1 transfected cells (Supplementary Fig. 2b, c). We infer that
CTyACT1 transfection induces TGS of endogenous y-ACT1. To generalize our CT
induced TGS results to other endogenous genes we generated three more CT constructs
containing cDNA sequences from CYPA, PGK1and GAPDH. Importantly each gave
similar endogenous gene silencing effects as judged by reduction in Pol 1l occupancy and
MRNA expression from these different gene loci (Supplementary Fig. 2d-g). We also
investigated -y-actin protein levels following C7TyACT1 transfection. Levels of y-actin in
UN and V cells were similar at all post-transfection time points while with CTyACT1
transfected cells, a slight decrease in -y-actin occured after 24 hr transfection, with further
reductions at 48 and 72 hr (Fig. 4e). Since -y—actin is a stable and essential protein, a larger
effect was not anticipated. We initially considered that dSRNA (as formed by our CT gene
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constructs) might induce the cytoplasmic interferon response leading to cell death 2, Indeed
this occurs with some shRNA expression vectors where the hairpin RNA is processed in the
cytoplasm 21, However we anticipated that our CT generated dsRNA is nuclear localized
and directly processed by nuclear dicer, as dicer is reported to be active in the nucleus?2-24,
We measured the levels of 2’5 oligoadenylate synthase (OAS1) known to be activated in
the interferon response pathway 21 following CTyACT1 transfection (versus UN and V) but
detected no change in OASL1 levels 72 hrs post-transfection (Fig. 3e). We infer that the
interferon response is not activated in this situation.

We finally wished to establish that the gene silencing effect is RNAi associated. We
therefore transfected CTyACT1 into ES cells lacking dicer expression 2°. Although
transfection efficiencies for these cells are lower than for HeLa, we still detected a y-ACT1
silencing effect with both nascent transcript and mRNA. ES cells lacking dicer (ADCRI)
lost this silencing effect (Fig. 4f and Supplementary fig. 2h). These data predict that CT
plasmid expression induces TGS of endogenous target genes through an RNAi mechanism.
We also performed ChIP analysis using Ago2 antibody (cloneelF2C2, dilution 1:1000) on
CTyACT1 versus vector alone transfected HeLa cells. A strong Ago2 signal was detected
on both endogenous exon 1 and intron 3 of y-ACT1 but not GAPDH following CTyACT1
(not V) transfection (Fig. 4g).

Y-ACT1 TGS by CT is more efficient than PTGS by siRNA/shRNA

Inhibiting mammalian gene expression by specific sSiRNA or shRNA transfection is a
commonly used procedure. The efficiency of such experiments varies, depending on the
expression of the tested gene. Usually a “two hit” transfection experiment is necessary to
achieve a significant effect. Also off target effects may necessitate testing multiple siRNAs
or sShRNAs26. We compared the efficiency of CT versus siRNA or shRNA mediated gene
silencing. We obtained commercial y-ACT1 specific sSiRNA and a ShRNA expression
plasmid and transfected HeLa cells with these different gene silencing reagents. First, we
tested y-ACT1 and control GAPDH mRNA levels. We normalized these to mRNA levels
from untransfected cells and observed a (p < 0.05, n=3) decrease of sense y-AC7ZI mRNA
levels in cells treated with siRNA or shRNA after 72 hr (Supplementary Fig. 3). This effect
was lost at the next 96 hr time point, confirming only a transient effect. Interestingly, CT
transfected cells show lower levels of »~ACTI mRNA 48 hr after transfection and even
lower levels at the later time points of 72 (reduction to 30%) and 96 (reduction to 10%) hr
post transfection. GAPDH mRNA signals were similar in all samples (Supplementary Fig.
3a). These data show that the silencing effect induced by CT is greater and longer lasting
than transient siRNA and shRNA induced down-regulation of mRNA levels. We also
analyzed antisense y-ACT1 versus GAPDH transcription and detected positive y-ACT1
signals in cells treated with CT, at all time points, reaching the highest level at 72 hr post
transfection (Supplementary Fig. 3b).

Next, we analyzed the down-regulation effect on -y-actin protein levels (Supplementary Fig.
3c) following siRNA, shRNA or CT transfection. Tubulin levels were constant in all
samples at all time points, confirming equal loading. Levels of y-actin show a moderate, but
visible decrease with siRNA and shRNA, but were significantly (p < 0.05, n=3) reduced in
CT treated cells as compared to all other samples. This suggests CT has a stronger effect on
gene silencing than siRNA and shRNA. Finally, we tested H3K9me3 levels by ChIP in cells
treated with sSiRNA, shRNA or CT for 48 and 96 hr post-transfection (Supplementary Fig.
3d). H3K9me3 signal was detectible in CT cells at both time points. Comparison of CT to
siRNA and shRNA reveals that CT induced y-ACTI gene silencing is more efficient.
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In vitro and in vivo analysis of nuclear dicer function

We show above that CT gene constructs elicit a TGS response in both S. pormbe and
mammalian cells strongly implying a nuclear function for dicer. To further investigate the
molecular basis of this nuclear RNAI process we tested if C7yACTI can generate dSRNA
by /n vitro transcription in nuclear extracts and if this dSRNA can undergo dicer dependent
SiRNA formation. We first confirmed that the nuclear extracts contain detectible levels of
dicer and that this protein fraction can be immunodepleted using a dicer antibody (Fig. 5a),
A control template that /77 vitro transcribes 363 nt single strand RNA was also employed (+)
as was empty vector (V). RNA isolated from untreated nuclear extracts gave heterogeneous
RNA species for CTyACTIand V templates and a single RNA product for +. Single strand
(ss) specific S1 nuclear nuclease treatment degraded most transcripts implying that they are
predominantly single stranded. However, some dsRNA (390 nt) was observed with a
CTgACTI1Ex4 construct (Fig. 5b). This effect was controlled by use of V1 nuclease, which
is dSRNA specific. No enrichment of »—~ACTI RNA was observed over the heterogenous
RNAs. Finally we show that CTyACT1 in vitro transcription in nuclear extracts also yielded
detectible siRNA (Fig. 5¢). Dicer depletion of the nuclear extracts caused a loss of SIRNA
production but not levels of dSRNA. Overall these results demonstrate that HeLa cell
nuclear extracts contain active dicer associated RNAI activity. This recognizes co-
transcriptionally formed dsRNA to generate siRNA like molecules. We consequently infer
that HeLa nuclei possess active RNAI apparatus and that this may account for the observed
TGS effect we see with our various transfected CT gene plasmids.

We finally confirmed these /n vitro data by analysis of dicer activity /7 vivo. For dsRNA,
whole cell extracts from HeLa cell CTACT1 transfections were immunoprecipitated using
dsRNA specific J2 antibody 27. Selected RNA fractions were analysed by qRT/PCR for
sense and antisense ¥ACTI1and GAPDH transcripts. As indicated (Fig. 5d) transfected
CTyACT1, but not V transfected RNA neither endogenous GAPDH gave positive signals.
This confirms that CT7ACT1 generates dsSRNA. For siRNA /n vivo detection, p19 reagent
was again used!8 (Fig. 1c). A human HEK293 cell line with a stably integrated and
inducible gene construct that expresses dicer ShRNA was employed. Following CTyACT1
transfection (with or without doxycyclin induction and consequent dicer knock down)
nuclear and cytoplasmic RNA fractions were p19 selected using y—ACTI DNA
oligonucleotides and the products gel fractionated. As shown (Fig. 5e), only nuclear RNA
from CTyACTI (not V) transfected cells without Dicer knock down yielded signal above
background. This confirms that C7»ACT1 generates nuclear specific and dicer dependent
siRNAs both /in vitroand in vivo.

Specificity of mammalian CT induced TGS

We constructed additional -ACT1 expression plasmids with a single CMV promoter
driving either sense (S) or antisense (AS) transcription (Supplementary Fig. 4). HeLa cells
were transiently transfected with V, S, AS or mixed S and AS plasmids as well as
CTyACT1. Endogenous y-ACTI1 was analysed for heterochromatin marks (Fig. 6a) and
mMRNA expression levels at 24 and 48 hr post-transfection time points (Fig. 6b).
Significantly (2.1% and 3.8% of input) H3K9me3 accumulated over endogenous y-ACT1
for CTyACT1 transfected cells and to a lesser degree (0.9% and 1.3% of input) with S+AS
constructs (p < 0.05, n=3). Consistent with heterochromatin formation, y~AC7Z mRNA was
also only effectively reduced by TGS with CTyACT1 transfected cells. Presumably the
weaker TGS effect of S+AS versus CT reflects the fact that separately synthesized
complementary RNAs do not anneal as effectively as co-transcribed transcripts. The even
weaker TGS effects seen with AS alone transfected cells may reflect low level recognition
of endogenous y-ACTI mRNA by this antisense transcript. We determined, whether TGS
effects can be induced by CT plasmids containing only intron. Notably intron was as
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effective as exon in reducing levels of either nascent -ACT1 transcript or mRNA (Fig. 6¢
and Supplementary Fig. 4). This further emphasizes that CT plasmid transfection induces
TGS since introns are nuclear restricted. Finally we tested whether placing a PAS at the end
of each convergent transcript (CTT) (Supplementary Fig. 4). Transcripts produced from
CTT should be stabilized by polyadenylation and possible cytoplasmic export. However it is
evident (Fig. 6d) that CTT versus CT plasmid transfection did not increase the TGS effects
on endogenous y-ACT already seen with CT plasmid, at nascent and steady state RNA
level.

Spatial and temporal aspects of CT induced TGS

We investigated whether CT induced TGS causes only localized heterochromatin formation.
We employed a CT construct designed to target the pre-mRNA splicing associated gene,
TDP-43. Using a CT TDP-43exons 2-6 construct, we again showed a TGS effect of reduced
Pol 11 over the endogenous gene with commensurate reduction in gene expression at the
mMRNA and protein levels (Supplementary Fig. 5). We also investigated the profile of
induced heterochromatin marks across 7DP-43 (Fig. 7a). While the exonic regions cloned
into the CT vector showed H3K9me3 marks, above the vector only transfection control,
adjacent intronic sequence showed reduced levels of heterochromatin marks. These results
indicate that heterochromatin spreading is locally restricted. Presumably the lack of RNA
dependent RNA polymerse in mammals, an activity know to cause spreading of
heterochromatin marks in plants 228 may explain this effect. We finally tested the temporal
extent of co-TGS induced by CT transfection (Fig. 7b). Based on reduced Pol 11 levels and
elevated H3K9me3 on 7DP-43 chromatin, it is apparent that TGS effects remain in place for
a week following initial C7TDP43transient transfection. Beyond this time the TGS effect
diminished, presumably because the small fraction of untransfected HeLa cells eventually
outgrow transfected cells.

Discussion

We demonstrate that convergent transcription of a variety of test gene fragments transfected
into S. pombe or mammalian cell lines induce trans TGS through a nuclear RNAI pathway
(Fig. 7c). This predicts that long dsRNAs derived from CT plasmids, are processed co-
transcriptionally by nuclear dicer.

In S. pombe we show that TGS isn’t solely restricted to cis effects such as in centromeric
heterochromatin formation. Thus transformation of CT constructs into S. pombe induces
trans TGS of three different endogenous genes with surprising facility. Previously in S.
pombe only weak trans TGS was observed using plasmids that transcribe hairpin RNAs 19,
Other studies suggested that hairpin induced #rans silencing requires further genetic
modifications to be successful 2230, CT transcription as described here offers a more
efficient way to induce trans TGS. Possibly siRNAs produced from CT derived long dsSRNA
cover the chromatin target region more effectively and so induce faster target recognition by
RNA. factors. As shown in these studies (Fig. 3e, f), CT mediated #ans TGS may be
particularly useful for studying essential genes previously analysed by ts mutants. The
drawback with using ts mutants is that the temperature shift necessary for protein
inactivation is stressful to cells. By cloning essential genes into CT, regulated transcriptional
gene silencing can be induced without elevated temperature. We tested our system using two
model genes, rad21 and cdc10and show that expression of CT allows depletion of these
essential genes at normal temperature. As Cdc10 is a cell cycle regulator acting in G1 we
now show that C7cdc10 can be used to block cell cycle in G1 without temperature shift and
consequent indirect stress responses (Fig. 3g).
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We also show that targeted TGS in human HeLa cells can be induced by transfection of five
different CT gene constructs. To date experimentally induced mammalian gene silencing has
relied on PTGS by transfected siRNAs or RNA hairpin gene constructs. TGS has remained
an enigmatic process that is thought to be less experimentally tractable. Even so a number of
studies have pointed towards the possibility that mammalian RNAi induced TGS can also
occur. Thus use of gene constructs that express long hairpin RNA in transgenic mice have
been reported to induce RNAI effects31:32, In one case dsRNA hairpins were detected in
both oocytes and somatic cells, but RNAI effects were only observed in oocytes32,
Transfection of duplex siRNAs has also been employed to induce TGS33 by targeting
ncRNA aasociated with gene promoters34-36, In studies on the progesterone receptor gene
(PR), siRNA (called antigene RNAs or agRNAS) against ncRNA either in the PR promoter
or terminator regions can induce gene silencing or activation37-39, This may depend on
whether the targeted ncRNAS are activators or repressors of PR gene expression. Also
siRNAs to gene exon or intron sequences of the human fibronectin gene induce localized
heterochromatin that can perturb local alternative splicing patterns 49. Finally natural
antisense transcripts (NATS) have been shown to induce TGS of cis sequences in both the
human a-globin gene cluster 4! and the murine Na/phosphate transporter gene 42.

Our CT methodology will be especially useful when it is important to inactivate a particular
gene rather than its MRNA product. Several studies have reported dicer activity in the
nucleus 22-24, Although long dsRNA in the cytoplasm causes a strong interferon response 43
our system produces dsRNA directly in the nucleus and so does not induce increased levels
of OAS1 mRNA indicative of the interferon response. In effect nuclear dicer prevents the
escape of long dsSRNA into the cytoplasm with consequent induction of interferon
responsel’. siRNAs derived from these long dsRNA will also silence target genes. An early
study from our laboratory relates to HeLa cell CT induced TGS as shown in this study. Here
intergenic transcripts derived from the B-globin gene locus, detectible in erythroid cells
could be induced by transfecting non erythroid cells with plasmids that transcribe globin
gene sequence #4. This induction process involved the association of B-globin plasmid with
the endogenous B-globin gene locus. It remains an interesting possibility that our
mammalian CT plasmids similarly co-localize with their endogenous target genes and that
this association relates to TGS induction.

Probably TGS occurs naturally in mammalian cells. Accumulating evidence for widespread
ncRNA? including NATSs 46-48 opens up the possibility of endogenous overlapping
transcripts with consequent dsRNA formation. Indeed the recent discovery 49 that Alu repeat
dsRNA accumulates in dicer deficient retina pigment epithelia leading to blindness in man
(macular degeneration) underlies the importance of dicer dependent dsRNA processing.
Similarly artificial depletion of dicer has been shown to increase ncRNA levels and act to
derepress specific gene loci 22 50, In effect this natural process can be harnessed either by
adding exogenous antisense oligonucleotides to target ncRNAs °1 or as in our case simply
providing ectopic dsRNA. Overall our studies underline the capacity of mammalian cells
like other eukaryotes to employ both nuclear TGS and cytoplasmic PTGS. Clearly CT
induced TGS can be employed as a powerful tool to inactivate endogenous genes as well as
an approach to better understand the mechanism and biological prevalence of TGS in
mammalian cells.

Online Methods

CT plasmid construction

S. pombe CT constructs are based on pJR-3X for episomal plasmids and pCloNat for stable
integration. CT employs two convergent nmtI promoters flanking a multi cloning sequence.
Further CT construct details are available on request to authors. Mammalian C7 plasmids

Nat Struct Mol Biol. Author manuscript; available in PMC 2013 May 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Gullerova and Proudfoot Page 9

are based on pC1 (Promega). The different constructs tested are listed in Supplementary Fig.
4.

Transformation and transfection

Transformation of fission yeast by standard lithium-acetate methodology. C7 pJR-3X
episomal plasmids were maintained in yeast by growth in — /s selective medium. Stable
integrants were generated by transformation of pCloNat C7 plasmids. Selective plates
(nurseothricin) were incubated at 32°C, 7 day. Single colonies were genotyped for nmt1
integration and DNA copy number. CT induction was by growing transformed strains in (-
thymine) medium overnight (or for longer time as indicated). Transfection of HeLa cells
was performed using Lipofectamine 2000 (Invitrogen).

Growth assays in S. pombe

Exponential cells were serially diluted onto EMM (minus thymine) or YES complete plates
and incubated at 32°C. FACS analysis measuring DNA content was on fixed cells treated
with propidium iodide.

Chromatin immunoprecipitation (ChlIP)

Oligonucleotide position and sequence of all primer pairs used in gPCR analyses are
available on request to Authors.

S.pombe ChIP—cCells were grown to ODgqg 0.5, cross-linked (1% formaldehyde) for 10
min at 25°C with gentle shaking, then chilled on ice for 30 min with occasional shaking and
harvested by centrifugation at 1000 g for 5 min at 4°C. Pellets were washed 4 times with ice
cold buffer I (50 mM Hepes/KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 7.5, 1% Triton
X-100, 0.1% sodium deoxycholate) and resuspended in 500 I of buffer | containing
protease inhibitors (Roche).

The same volume of acid-washed glass beads was added and homogenized for 60 sec,
followed by 5 min on ice. Procedure was triplicated. Supernatant was transferred into 1.5 ml
microfuge tubes and sonicated (30 sec on, 45 sec off) on ice for 15 min. Suspension was
centrifuged at 14k rpm for 15 min at 4°C and supernatant was transferred into 1.5 ml tubes.

Antibodies (Pol Il, 8WG16 Abcam, 0.1pg/1pg of chromatin; H3K9me3 and H3k9me2
Abcam, 0.1pg/1g of chromatin) were added to whole cell extracts and incubated over night
at 4°C on rotating wheel. Agarose beads were added to cell extracts and incubated by
rotation at 4°C, 2 hr. Beads were washed twice in ice cold buffer I, once in ice cold buffer I
(50 mM Hepes/KOH pH 7.5, 500 mM NaCl, 1 mM EDTA pH 7.5, 1% Triton X-100, 0.1%
sodium deoxycholate) and once in ice cold buffer 111 (10 mM Tris-HCI pH 8.0, 250 mM
LiCl, 1 mM EDTA pH 7.5, 0.5% Nonidet P-40, 0.5% sodium deoxycholate). Beads were
resuspended in 100 .l TE buffer (10mM Tris-Cl pH 7.6, 1 mM EDTA pH 7.5) containing
10 pg/ml RNase A and incubated for 15 min at 37°C. Cross-link reversal was performed in
presence of 100 g Proteinase K, over night at 65°C. Cross-linked chromatin was purified
using phenol chloroform precipitation. PCR amplification of chromatin derived DNA
employed primers specific to vra4 locus, including promoter, ORF or terminator regions.
Signals are represented as average values from three biological repeats. Error was
determined by standard deviation.

HeLa cell ChiP—Transfected cells were collected from 10 cm plates. Formaldehyde was
added directly, at 20°C to tissue culture medium at 1%: 250 .1 of 40% w/v, followed by
incubation 10 min 20°C on gently shaking platform. Formaldehyde was inactivated by
adding glycine to a final concentration of 0.125M. Medium was aspirated and cells washed
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twice with 5 ml ice cold PBS, containing protease and phosphatase inhibitors and scraped
into 2 ml tubes. Samples were centrifuged for 4 min, 2.8k rpm at 4°C. Cells were gently
resuspended in 300 .l of cell lysis buffer [SmM PIPES, pH8.0; 85mM KCI; 0.5% nonidet
P-40; 1mM PMSF; 1pg/ml pepstatin A; Lug/ml leupeptin; 5mM sodium butyrate] and
incubated on ice, 10 min. Nuclei were collected by centrifugation at 2.4k rpm at 4°C and
resuspended in ice-cold 400ul nuclear lysis buffer (1% SDS, 10mM EDTA, 50mM Tris-
HCI, pH8.0, 0.5mM PMSF, 0.8ug/ml pepstatin A, 1ug/ml leupeptin, 5mM sodium
pyruvate), followed by incubation on ice for 10 min. Samples were sonicated to an average
length of 300-500bp, keeping on ice- 12 x 2 watts (15 sec sonicate, 20 sec rest) and spun for
10 min, 13k rpm, 4°C to remove cell debris. Supernatant was diluted by adding IP dilution
buffer (0.01% SDS, 1,1% Triton X100, 1.2mM EDTA, 16.7mM Tris-HCI pH 8.1, 167mN
NaCl, 0.5mM PMSF, 0.8ug/ml pepstatin A, 1ug/ml leupeptin, 5mM sodium butyrate) and
aliquoted into various IP samples. Antibodies were added to samples and incubated over
night at 4°C on rotating wheel. Anti-Pol 11 (N20X) Santa Cruz; H3K9me3 and H3K9me2
Abcam, all used at 0.1pg/1pg of chromatin dilution. Immune complexes were pulled down
with 60 pl of 50 protein A —agarose pre-blocked with salmon sperm DNA/ProtA (#16-157)
from Upstate, followed by extensive washes with buffers A-D. A: 0.1% SDS, 1% Triton
X-100, 2mM EDTA, 20mM Tris-HCI pH8.0, 150mM NaCl. B: 0.1% SDS, 1% Triton
X-100, 2mM EDTA, 20mM Tris-HCI pH8.0, 500mM NaCl. C: 0.25M LiCl, 1% NP40, 1%
sodium dexoycholate, ImM EDTA, 10mM Tris-HCI pH8.0. D: 10:1 TE pH 8.0.

Immune complexes were eluted with 250 .l IP elution buffer (1% SDS, 0.1M NaHCO3)
and spun down 3 min, 13k rpm. Reversal of cross links was performed by initially adding to
3 pg/ml RNaseA, 0.3M NaCl, at 65°C 4-5 hr, followed by addition of 10 il of 0.5M EDTA,
20ul of 1M Tris-HCI, pH 6.5, 2 I 10mg/ml proteinase K and incubation at 45-C for 2 hr.
DNA was purified by Qiagen PCR clean up columns and eluted by 100ul of elution buffer.
Signals represent average of three biological repeats expressed as % of input signal.
Standard deviation was used to estimate error level.

Protein extraction

Cells were collected and pellet was resuspended in RIPA buffer (50 mM Tris-HCI, pH7.5,
150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.25% DOC, 0.1% SDS), followed by 10 min
incubation on ice. Cells debris was separated by 5 min centrifugation, 13k rpm at 4°C.
Protein loading buffer was added to supernatant and samples were boiled prior to loading on
precast bis-tris acrylamide gradient 4%-12% gels (Invitrogen).

Western blots employed the following antibodies: anti-y—actin (Sigma) anti-tubulin
(Sigma), anti-OAS1 (Abcam), anti-TDP43 (gift from Ashish Dhir), anti-dicer (Abcam) and
anti-Hsp70 (Abcam) all at 1:1000 dilution.

RNA isolation and qRT-PCR

Total cell RNA from S.pombe, HeLa, HEK293 and mouse ES cells was isolated using
phenol/chloroform or Trizol (Gibco) and dissolved in sterile water and treated with RNase-
free DNase (Promega) for 30 min at 37°C. 100 ng of total RNA was reverse transcribed
using Superscript 111 system (Invitrogen) with oligo(dT)45 or specific primers. cDNA was
diluted to 100 pl in TE buffer and 10 pl was used for PCR. Genomic DNA was employed as
positive control for primer pair efficiency. Results were quantified by real-time PCR with
SYBR Green dye and Rotor-Gene 6 software. Nascent transcripts were detected by using
RT primer in last exon of each gene (which is not included in the insert on CT plasmid) and
probes in introns. PolyA+ transcripts were detected by using oligo(dT) with linker as RT
primer and probes with specific forward primer in last exon and reverse primer
corresponding to linker. Signals represent average value of three biological repeats and
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standard deviation determines error level. Signals were normalized to value of wt (S.
pombe) or V transfected cells (HeLa or HEK293), set as 1. Signals are expressed as a fold
change to wt or V transfected cells. Oligonucleotide positions and sequences of primers used
in RT-PCR analyses are available on request to Authors.

p19 siRNA selection 18

Total RNA was incubated with 32P end labeled DNA oligonucleotides specific to ura4 or -
ACTI1at50°C, 1 hr. Short DNA:RNA hybrids were pull down using p19 protein bound to
magnetic beads. Eluted hybrids were separated on 20% polyacrylamide gel and visualized
by Phospholmager.

J2 dsRNA pull down 27

J2 antibody (Scicon), 0.1pg/1eg of chromatin dilution, was incubated with cell extracts, 2 hr
on rotating wheel in presence of protein G agarose beads. dsSRNA was eluted from washed
beads and analysed by qRT-PCR for y-ACT1 or GAPDH sense and antisense transcripts.
Signals were normalized to V transfected cells, set as value 1. These represent average
signal from three biological repeats and standard deviation determines the level of error.

Immuno-depletion

Nuclear extract (Promega) was incubated with anti-Dicer antibody (13D6, Abcam, 0.1pg/
1pg of chromatin dilution) in presence of Protein G beads at 4°C for 90 min. Beads with
bound Dicer protein were removed from nuclear extracts.

In vitro transcription and RNA fractionation

DNA control templates + (390 nt RNA transcribed from CMV promoter on linearized DNA
fragment), V (CT cassette with no insert) and CT (C7-yACT1Ex4, long) were incubated
with nuclear extract and dicer depleted nuclear extract in presence of a32P-UTP for 1 hr at
30°C. Total RNA was isolated by phenol/chloroform. Low molecular weight RNA was
separated from high molecular weight RNA by 20% PEG8000/2M NaCl on ice, 30 min.
Long RNA were treated with S1 or V1 nucleases, 10 min. at room temperature and
separated on 6% PAGE gel. Small RNA was visualized on 20% PAGE gel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. S. pombetransformed CT plasmids are silenced by RNAI

(a) Diagram depicting CT plasmid containing vra4 ORF transcribed by bidirectional nmt1
promoters in a ura-S. pombe strain. MCS denotes multiple cloning site. Positions of
convergent nmtI promoters are shown by arrows.

(b) gRT-PCR. Levels of ura4 sense and antisense transcript measured by strand specific
gRT-PCR for different CTura4ORF transformed S. pombe RNAi mutant strains. All bars
represent average values + SD from at least three independent biological experiments. *
indicates statistical significance (p < 0.05), based on unpaired, two-tailed distribution
Student’s t-test.

(c) p19 siRNA pull down. Diagram showing use of p19 protein beads to select SiRNAs
hybridized to wra4 probes (5”end 32P labelled DNA oligonucleotides). Gel image of wra4
probes selectively isolated are shown
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Figure 2. CT ura4 plasmidsinduce TGS of endogenousurad in S. pombe

(a) CT wra4 plasmid diagram showing endogenous ura4 with indicated positions of ChIP
probes on endogenous ura4 as indicated.

(b) gRT-PCR. CT ura4 plasmids containing either vra4 ORF or promoter sequences induce
selective reduction of endogenous wra4 but not actZ mRNA levels as measured by gRT-PCR
using oligodT primer for cDNA synthesis. Empty CT vector (V) was used as normalizing
control. Induction period of CT nmt1 promoters by growth in EMM was overnight (as for all
experiments except for (c,d)).

(c,d) gRT-PCR of nascent ura4 RNA (using RT primer across PAS) or ura4 mRNA (using
oligodT RT primer) following induction of CT for three days.

(e,f) ChIP analysis using Pol 11 specific antibody on chromatin isolated for C7ura4prom or
CTura4ORFtransformed S. pombe with PCR primer pairs as indicated in (a).

(g,h) ChlIP analysis using histone H3K9me3 specific antibody as in (e,f)
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All RT-PCR and ChIP values are based on average values + SD from at least three

independent biological experiments. * indicates statistical significance (p < 0.05), based on
unpaired, two-tailed distribution Student’s t-test.
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Figure 3. Integrated CT constructs promote endogenous ura4 TGSin trans
(a,b) gqRT-PCR. /CTura4ORF transformed S. pombe shows reduced levels of endogenous
ura4 nascent RNA(a) and mRNA(b) based on gRT-PCR analysis. Diagram shows integrated
CT chromosome with position of RT primer used to detect nascent RNA (not cleaved at
PAS). Also shown, nmt1 promoters (red arrows) and endogenous ura4.
(c,d) ChlIP analysis. Endogenous wra4 is subjected to trans TGS from /CTura4ORF as judged
by Pol 1l and H3K9me3 ChIP analysis.
(e,f) qRT-PCR. Induction of /CTcdc10and iCTrad?1 integrated into S. pombe causes a
selective reduction in endogenous cdcI0and rad21 mRNA levels based on gRT-PCR
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analysis. All RT-PCR and ChIP values in a-f) are based on average values + SD from at
least three independent biological experiments. * indicates statistical significance (p < 0.05),
based on unpaired, two-tailed distribution Student’s t-test.
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(9) Growth analysis. /(CTcdc10and iCTrad21 integrated S. pombe strains show a growth
defect following CT induction on EMM plates.

(h) FACs analysis showing that /CTcdc10 S. pombe are synchronized in G1 cell cycle phase
following EMM growth. Unsynchronised wt cells display a G2 FACs profile as this is the
longest cell cycle phase.
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Figure 4. Transfection of mammalian CTura4 plasmid inducesy-ACT1 TGS

(a) Diagram of CT yACT1 containing ¥ACT1 cDNA (exons 2-6).

(b) Pol 11 ChIP analysis of y-ACT1 or GAPDH control using amplicons specific to
endogenous gene as shown on gene diagram below. Chromatin was isolated from HelLa cells
transiently transfected with CT vector alone (V), CTyACTI or untransfected (UN).

(c) gRT-PCR. Measurement of mRNA levels using oligodT primed gRT-PCR on RNA from
HelLa cells transfected as in (b).

(d) H3K9me3 antibody ChIP as in (b).

(e) Western blot analysis and quantitation of -y-actin protein levels compared to tubulin and
OAS1 on total protein isolated from HeLa cells transfected as in (b) for 1-3 days.

(f) gRT-PCR. Effect of CTyACT1 transfection of ES cells, wt or ADCR1 on nascent
transcript levels from y-ACTI1 versus GAPDH.
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(9) Ago2 ChIP on chromatin from V or CTyACT1 transfected HeLa cells using specific
amplicons for endogenous -y-ACTI or GAPDH.

All RT-PCR and ChIP values in b, ¢, d, f and g are based on average values + SD from at
least three independent biological experiments. * indicates statistical significance (p < 0.05),
based on unpaired, two-tailed distribution Student’s t-test.
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Figure5. in vitro and in vivo analysis of nuclear dicer activity

(a) Western blot analysis of dicer and Hsp-70 from whole cell extract (WE) versus nuclear
extract (NE) with or without dicer immunodepletion (NE-dicer). Hsp70 was only detectable
in WE confirming purity of NE.

(b) In vitro transcription. NE dependent /n vitro transcription of CTyACTI1 Ex4 (390 nt
RNA) and vector alone plus control run off template (yielding 363 nt RNA). Following the
transcription reaction, RNA was isolated and fractionated. The long RNA fraction was
treated with S1 (single strand specific), V1 (double strand specific) nucleases. Lower panel
shows that dicer depleted NE still yields CT derived dsRNA.

(c) In vitro transcription. Fractionation of small RNAs isolated from templates as indicated
(Supplementary Fig. 4). S denotes single promoter construct making just a sense transcript.
Only CT and CTT yield detectible siRNAs (denoted by arrow) but not in dicer depleted NE.
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(d) gRT-PCR. Immunoselection of dsSRNA from CTyACT1 or V transfected Hela cells
using J2 antibody. Sense and antisense transcripts from C7yACT1 or endogenous GAPDH
were monitored by qRT/PCR using strand specific RT primers. RT-PCR values in are based
on average values = SD from at least three independent biological experiments. * indicates
statistical significance (p < 0.05), based on unpaired, two-tailed distribution Student’s t-test.
(e) p19 selection of siRNAs using 32P -y-ACTI DNA oligonucletides (as in Fig. 1c).
HEK293 (inducible dicer knockdown cells) were transfected with CTACTZor V. See
online Methods for details.
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Figure 6. Specificity of TGS induction by CTyACT1 transfection
(a,b) ChIP and qRT-PCR. H3K9me3 ChIP and y-actinmRNA gqRT-PCR respectively were

performed as in Fig. 4 but using additional y-ACT1 (Ex2-6) expression constructs: sense (S)
or antisense (AS) alone y-ACT1 transcription plasmids or S and AS plasmids cotransfected.
Note only CT plasmid is effective in inducing full levels of heterochromatin and maximum

reduction in mRNA levels.
(c) gRT-PCR. CT constructs containing y-ACT1 intron 3 or exon 4 only were compared for
TGS effects versus the full CT yACTIEx2-6 sequence measuring polyA+ mRNA (left) and
nascent (right) (intronic) transcript.
(d) gRT-PCR. CT yACTI1 (Ex2-6) plasmid was modified by positioning PAS derived from

SV40 at either end of the y-ACT1 sequence so that both S and AS transcripts are

& B LTl TT

Page 23

polyadenylated (Supplementary Fig. 4). The TGS effects were then determined for both
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nascent (left) and steady state (right) y-ACT1 transcripts by qRT/PCR analysis. P denotes
CMV promoter and T, SV40 PAS.

All RT-PCR and ChIP values are based on average values + SD from at least three
independent biological experiments. * indicates statistical significance (p < 0.05), based on
unpaired, two-tailed distribution Student’s t-test.
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Figure 7. Spatial and temporal properties of plasmid induced TGS

(a) ChlIP analysis. The extent of C7T7DP43induced gene silencing across 7DP-43was
measured by H3K9me3 ChlIP analysis. Heterochromatin spreading was largely restricted to
regions directly targeted by the CT construct. 7DP-43gene map is shown below with exons
as boxes and introns as lines. Positions of PCR amplicons used are indicated

(b) ChlIP analysis. TGS effects (Pol Il and H3K9me3 ChlIP) were measured over longer time
points post transfection of CTyACT1.

All ChIP signals in a) and b) are based on average values + SD from at least three
independent biological experiments. * indicates statistical significance (p < 0.05), based on
unpaired, two-tailed distribution Student’s t-test.

(c) Model depicting the mechanism of nuclear TGS in mammals. Chromosome and plasmid
transcription are indicated. Active Pol Il (in blue) transcription is depicted by green arrows
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and inactive transcription by red arrows. Nuclear RNAi apparatus (in yellow) dsRNA and
siRNA are also indicated.

Nat Struct Mol Biol. Author manuscript; available in PMC 2013 May 01.



