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SUMMARY

Transcriptional downregulation caused by intronic
triplet repeat expansions underlies diseases such
as Friedreich’s ataxia. This downregulation of gene
expression is coupled with epigenetic changes, but
the underlying mechanisms are unknown. Here,
we show that an intronic GAA/TTC triplet expansion
within the IIL1 gene of Arabidopsis thaliana results
in accumulation of 24-nt short interfering RNAs
(siRNAs) and repressive histone marks at the IIL1
locus, which in turn causes its transcriptional down-
regulation and an associated phenotype. Knocking
down DICER LIKE-3 (DCL3), which produces 24-nt
siRNAs, suppressed transcriptional downregula-
tion of IIL1 and the triplet expansion-associated
phenotype. Furthermore, knocking down additional
components of the RNA-dependent DNA methyl-
ation (RdDM) pathway also suppressed both tran-
scriptional downregulation of IIL1 and the repeat
expansion-associated phenotype. Thus, our results
show that triplet repeat expansions can lead to local
siRNA biogenesis, which in turn downregulates tran-
scription through an RdDM-dependent epigenetic
modification.
INTRODUCTION

Trinucleotide repeat expansions have been shown to underlie

several neurogenetic diseases (Gatchel and Zoghbi, 2005).

Disease-associated repeat expansions can be found both in

coding and non-coding regions of the affected genes (Gatchel

and Zoghbi, 2005; Pearson et al., 2005). Repeat expansions in

coding regions, such as those seen in Huntington’s disease

are relatively small in size (�40 repeats) and mostly result in

poly-glutamine stretches in the encoded protein, which can

be toxic and pathogenic (Gatchel and Zoghbi, 2005; Pearson
et al., 2005). By contrast, expansions in non-coding regions,

as seen in Friedreich’s ataxia or fragile X syndrome, can instead

be massive (�up to 2,000 repeats) (Gatchel and Zoghbi, 2005;

McMurray, 2010; Pearson et al., 2005). Themechanisms through

which expansions in non-coding regions affect gene function

appear to vary between different diseases (Gatchel and Zoghbi,

2005; Pearson et al., 2005).

Friedreich’s ataxia (FRDA) is the most commonly inherited

genetic ataxia, and it is caused by the expansion of GAA/TTC

repeats in the first intron of the FRATAXIN (FXN) gene (Campu-

zano et al., 1996). This expansion is associated with a reduction

in FXN expression, which is the primary defect and the underly-

ing cause for FRDA (Bidichandani et al., 1998). Consequently,

there are efforts to increase FXN expression as a potential ther-

apeutic option for managing FRDA (Di Prospero and Fischbeck,

2005; Erwin et al., 2017; Evans-Galea et al., 2014; Li et al., 2018;

Sandi et al., 2014).

Several models have been proposed to explain how intronic

repeat expansions could lead to the observed transcriptional

downregulation of the affected gene. It has been suggested

that GAA/TTC expansions can form unusual DNA structures,

which could potentially interfere with transcription (Bidichandani

et al., 1998). In vitro transcription assays on DNA templates that

contain repeat expansions indicated that GAA/TTC expansions

could interfere with transcription in a length- and orientation-

dependent manner (Ohshima et al., 1998; Sakamoto et al.,

1999). The GAA/TTC repeat expansion in FXN is also thought

to impede transcriptional elongation in vivo, as the epigenetic

mark H3K36me3 associated with transcriptional elongation

was reduced in the FXN gene of FRDA cells (Punga and Bühler,

2010). Furthermore, histone deacetylase inhibitors have been

shown to reverse transcriptional downregulation of FXN in the

primary lymphocytes from individuals affected with FRDA, which

suggests that the expansion of the intronic repeat induces

repressive epigenetic modifications at the FXN locus (Herman

et al., 2006; Nageshwaran and Festenstein, 2015). Moreover,

the inclusion of �200 GAA/TTC repeats in a transgene has

been shown to cause silencing of the transgene in a mouse

reporter cell line (Saveliev et al., 2003). It has also been

shown that RNA/DNA hybrids (R-loops) could be formed due
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to repeat expansions, which in turn are correlated with repres-

sive H3K9me2 chromatin marks (Groh et al., 2014). In addition,

the epigenetic silencing of the FXN locus has been shown

to be associated with antisense FXN transcription (De Biase

et al., 2009). Simultaneous sense and antisense transcription

of a gene could in principle lead to production of small RNAs

that trigger RNA-induced transcriptional gene silencing (Borges

and Martienssen, 2015; Verdel et al., 2004). However, efforts to

identify small RNAs that map to FXN have not been fruitful

(Punga and Bühler, 2010). While these findings suggest that

GAA/TTC repeat expansions lead to transcriptional downregula-

tion of the affected gene possibly via epigenetic gene silencing, it

remains unclear how this occurs.

We have previously described an intronic GAA/TTC repeat

expansion at the ISOPROPYL MALATE ISOMERASE LARGE

SUBUNIT 1 (IIL1) gene in the Bur-0 accession of Arabidopsis

thaliana (Sureshkumar et al., 2009). This triplet repeat expansion,

which is still present in natural Irish populations of Arabidopsis

thaliana (henceforth referred to as Arabidopsis), causes a growth

defect referred to as ‘‘irregularly impaired leaves’’ (iil) that is seen

only at elevated temperatures (Sureshkumar et al., 2009; Tabib

et al., 2016). This intronic repeat expansion is also associated

with transcriptional downregulation of IIL1, and increasing IIL1

expression through transgenic manipulation resulted in the sup-

pression of the iil phenotype (Sureshkumar et al., 2009). Sponta-

neous natural revertants, which have lost the repeat expansion,

show increased IIL1 expression at high temperatures and a

suppression of the iil phenotype confirming that the repeat

expansion-mediated transcriptional downregulation underlies

the iil phenotype (Sureshkumar et al., 2009). However, how the

repeat expansion leads to transcriptional downregulation of the

IIL1 locus remains unanswered.

The intronic GAA/TTC repeat expansion at IIL1 in Arabidopsis

shares some parallels with the repeat expansion at FXN in hu-

mans that results in FRDA. In both instances, the intronic repeat

expansion leads to a reduction in gene expression, and this

reduction appears to be the underlying cause for the observed

phenotypes (Bidichandani et al., 1998; Sureshkumar et al.,

2009). In addition, in both situations, the repeat expansion dis-

plays somatic variability and genetic instability, suggesting that

at least some of the underlying mechanisms may be conserved

across kingdoms (Bidichandani et al., 1999; Clark et al., 2007;

De Biase et al., 2007; Sureshkumar et al., 2009).

One of the well-documented mechanisms through which tran-

scriptional gene silencing can be achieved in plants involves

small RNAs (Borges and Martienssen, 2015). In particular, 24-nt

siRNAs produced by DICER-LIKE 3 (DCL3) guide transcriptional

gene silencing in Arabidopsis (Borges and Martienssen, 2015).

These 24-nt siRNAs are methylated and stabilized by HUA

ENHANCER 1 (HEN1), and then associate with ARGONAUTE 4

(AGO4) to recognize complementary, non-coding RNA polymer-

ase V (Pol V) transcripts. Formation of the AGO4-Pol V complex

results in recruitment of DNA methyltransferases and histone

modifying enzymes that apply repressive epigenetic marks to

the local chromatin (Borges and Martienssen, 2015).

Here, we used the IIL1 repeat expansion in Arabidopsis as a

model to investigate themolecularmechanisms throughwhich in-

tronic repeat expansions lead to transcriptional downregulationof
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the affected gene. In common with FRDA in humans, we demon-

strate that the transcriptional downregulationcausedby the triplet

repeat expansion is associated with an increase in the repressive

epigenetic marks at the IIL1 locus. We also demonstrate that the

GAA/TTC repeat expansion at IIL1 leads to increased accumula-

tion of 24-nt siRNAs in a temperature-dependent manner that

correlates with the iil phenotype. We show that DCL3 and other

components of the RNA-dependent DNA methylation (RdDM)

pathway are essential for this siRNA-directed epigenetic gene

silencing of IIL1. Our results suggest that siRNA-mediated epige-

netic regulation plays a fundamental role in the silencing of genes

harboring intronic GAA/TTC repeat expansions in plants. Given

the earlier discovery of an antisense transcript and histone mod-

ifications at FXN (De Biase et al., 2009), our findings suggest

that RNA-dependent transcriptional gene silencing pathways

should be assessed further as a possible mechanism for epige-

netic attenuation of FXN expression in FRDA.

RESULTS

Triplet Expansion-Induced Transcriptional
Downregulation of IIL1 Is Associated with Epigenetic
Changes
We have previously hypothesized that the reduction in IIL1

expression observed in Bur-0 could be due to epigenetic gene

silencing (Sureshkumar et al., 2009). To assess whether the

downregulation of IIL1 is associated with repressive epigenetic

marks, we examined the abundance of H3K27me3, which is

known to be associated with a transcriptionally repressed chro-

matin state (Gan et al., 2015), at the IIL1 locus. We compared

the abundance of H3K27me3 in the Bur-0 accession harboring

the repeat expansion (IIL1-Bur-0, >400 repeats in intron 3 of

IIL1), which is associated with the iil phenotype, with that of a

spontaneous phenotypic revertant in the Bur-0 background

called Natural Suppressor 15 (NS15, IIL1-NS15) that partially

lost the repeat expansion (with�100 repeats), and the reference

strain Col-0, which contains 23 copies of this triplet repeat in IIL1

(IIL1-Col-0). We observed increased accumulation of H3K27me3

inBur-0 plants compared toNS15andCol-0 controls, which sug-

gests that the IIL1-Bur-0 locus is epigenetically silenced in a

triplet expansion-dependent manner (Figures 1A and S1). In

contrast, the accumulation of theH3K36me3 histonemark,which

is known to be associated with active chromatin (Wagner and

Carpenter, 2012), was reduced in IIL1-Bur-0 that harbors the

repeat expansion (Figure 1B), when compared to that in IIL1-

Col-0 and IIL1-NS15. This is consistent with the observed

reduction in IIL1 expression in Bur-0 and correlates with the iil

phenotype. These results suggested that the repeat-expan-

sion-associated transcriptional downregulation of IIL1 observed

in Bur-0 could be mediated through epigenetic modifications.

Triplet Repeat Expansion Is Associated with Increased
Accumulation of Small RNAs
Small RNAs play a critical role in epigenetic gene silencing in

plants (Borges and Martienssen, 2015). A 38-bp tandem repeat

present in the promoter region of the FWA gene was shown

to be associated with small RNA-dependent, DNA methyla-

tion-mediated gene silencing (Chan et al., 2006). Genetically



Figure 1. Triplet Expansion-Mediated Tran-

scriptional Downregulation Is Associated

with Epigenetic Changes

(A) Relative enrichment of H2K27me3, a mark

for repressive chromatin in Bur-0 compared

to NS15 and Col-0 that lack the repeat

expansion. The percentage of the input data

are normalized as fold enrichment compared to

enrichment seen in AG, which is used as a

positive control for this repressive epigenetic

mark.

(B) Depletion of H3K36me3 in Bur-0 compared to

NS15 and Col-0. The percentage of the input data

are normalized as fold enrichment compared to

enrichment seen in ACTIN, which is used as a positive control for this active epigenetic mark for transcriptional elongation. p values from one-way ANOVA are

shown for the respective comparisons, **p < 0.01, ***p < 0.001.

Error bars represent SEM. See also Figure S1.
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engineered tandem repeats of similar length have also been

demonstrated to generate siRNAs in Arabidopsis (Sasaki et al.,

2014). It has been shown that the ribonucleaseDICER can cleave

CNG triplet repeats that form hairpins to shorter repeats that can

silence specific targets (Krol et al., 2007). Furthermore, in human

system, an antisense transcript, which has the potential to form

double-stranded RNA, has been previously reported at the FXN

locus, associated with its epigenetic silencing in FRDA (De Biase

et al., 2009). Therefore, we considered whether small RNAs

could be involved in the transcriptional downregulation of IIL1

that underlies the iil phenotype.

To test whether small RNAs could contribute to the iil pheno-

type, we performed genome-wide deep sequencing of small

RNAs in Bur-0, NS15, and Col-0 plants grown at 23�C and

27�C. We mapped the small RNAs to the respective genomes

(Col-0 [for Col-0] or Bur-0 [for Bur-0 and NS15]), filtered, and

quantified the small RNAs that map to the IIL1 locus (Figure 2;

Table 1). When compared with Col-0 or NS15, there was a signif-

icant increase in the number of small RNAs that mapped to the

IIL1 locus in Bur-0 both at 23�C and 27�C (Figure 2; Table 1,

p < 0.002 for all comparisons, Student’s t test). Consistent with

the temperature-dependence of the iil phenotype, we also

observed a significant increase in the number of small RNAs

that map to the IIL1 locus in Bur-0 plants grown at 27�C
compared to 23�C (Table 1, p = 0.0057, Student’s t test). This in-

crease in small RNAs inBur-0 grown at 27�Cwas not restricted to

the triplet-derived small RNAs, but spread both upstream and

downstream of the repeat (Figure 2). The majority of IIL1 small

RNAsmapped to the 50 region of the gene up to exon 8, including

the location of the repeat expansion (intron 3) and the transcrip-

tional start site of the locus (Figure 2). Therewas also a significant

increase in the small RNAs that perfectly matched the triplet

expansion in Bur-0 grown at 27�C (Table 1, p < 0.001 for all com-

parisons, Student’s t test). These findings suggested that there is

a temperature-dependent and locus-specific increase in the

abundanceof IIL1 small RNAs inBur-0, correlatingwith the length

of the triplet repeat expansion and its associated phenotype.

Knocking Down DCL3 Suppresses the Triplet
Expansion-Associated Phenotypes
In plants, different DICER molecules produce distinct species of

small RNAs, which can be distinguished based on their size (Xie
et al., 2004).We therefore analyzed the read length distribution of

the small RNAs that map to the IIL1 locus in our samples and

found that 24-nt small RNAs represented the dominant species

(Figure 2). The 24-nt siRNAs are produced by DICER LIKE 3

(DCL3) in Arabidopsis (Xie et al., 2004). To determine if the

24-nt siRNAs we identified have a role in the iil phenotype, we

ascertained the effect of knocking downDCL3 in the Bur-0 back-

ground using artificial microRNAs (35S::amiR-DCL3). We ob-

tained numerous independent transgenic lines in which RNA

expression analyses confirmed downregulation of DCL3 (Fig-

ure S2B). We observed that the iil phenotype was indeed sup-

pressed in 35S::amiR-DCL3 lines (Figures 3A and S2A). Of the

28 primary transgenic lines, we observed varying degrees of

phenotypic suppression including complete suppression of the

iil phenotype in 12 lines with other lines displaying varying levels

of phenotypic suppression (Figures 3A and S2A). Stable pheno-

typic suppression as well as the presence of the repeat expan-

sionwas further confirmed up to the third generation (Figure S3A;

Table S1). Suppression of the iil phenotype was coupled with an

increase in IIL1 expression and a decrease in the 24-nt siRNAs

mapping to IIL1 (Figures 3B, S2C, S3B, and S3C). This suggests

that DCL3 activity, and in turn the 24nt-siRNAs that map to IIL1,

are essential for the transcriptional downregulation observed in

the presence of a triplet repeat expansion at the IIL1-Bur-0 locus.

To assess whether 24-nt siRNAs underlie the epigenetic gene

silencing seen at IIL1 in Bur-0 at 27�C, we determined the epige-

netic status at the IIL1 locus in 35S::amiR-DCL3 plants in which

the iil phenotype is suppressed at 27�C. Interestingly, we found

that H3K36me3 levels were significantly increased in 35S::amiR-

DCL3 Bur-0 lines compared to non-transgenic Bur-0 control

plants (Figure 3C), despite the presence of the expanded repeat

in both batches of plants. This indicates that the DCL3-depen-

dent siRNAs are essential for the observed epigenetic changes

caused by the expanded repeat in IIL1 of Bur-0.

Downregulation of Pol IV and RDR2 in Bur-0 Suppresses
Triplet Expansion-Associated Growth Defects
The best-known pathway for 24-nt siRNA biogenesis in

Arabidopsis involves DCL3 processing of double-stranded

RNAs synthesized by RNA Pol IV (Pol IV) and RNA-DEPENDENT

RNA POLYMERASE 2 (RDR2) (Martienssen, 2003; Onodera

et al., 2005). To assess the involvement of RDR2, we knocked
Cell 174, 1–11, August 23, 2018 3



Figure 2. Abundance of siRNAs that Map to IIL1 Locus Are Signifi-

cantly Increased in Bur-0

Small RNA profiles at the IIL1 locus generated with Small Complementary RnA

Mapper (SCRAM) (Fletcher et al., 2018). The genic region is shown at the

bottom with the black boxes and lines representing exons and introns,

respectively. SCRAM output shows the normalized coverage along with

standard error (shown as shadows) across the IIL1 locus for the 21, 22, 23, and

24 nt small RNAs. Only the small RNAs that mapped to non-triplet repeat

sequences of IIL1 are shown in the figure. Quantification of the sense and

antisense small RNAs is shown in the positive and negative dimensions,

respectively, along the y axis. The green arrow indicates the position of the

GAA/TTC triplet repeat in intron 3 of IIL1.

See also Tables S2 and S3.
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down RDR2 using artificial microRNAs and analyzed the impact

of this knockdown on the iil phenotype. Similar to the phenotypic

suppression of iil seen in 35S::amiR-DCL3, 35S::amiR-RDR2-

mediated knockdown of RDR2 in the Bur-0 background resulted

in transgenic plants in which the iil phenotype was suppressed

(41 out of 49 total lines, representing 3 different amiR-con-

structs, Figures 4A and S4A; Table 2). Similarly, transgenic lines

harboring artificial microRNAs expressed against the NRPD1A

gene encoding the largest subunit of Pol IV (35S::amiR-NRPD1A)

displayed suppression of the iil phenotype (39 out of 66 lines,
4 Cell 174, 1–11, August 23, 2018
Figures 4A and S4D; Table 2). Consistently, we observed

an increase in IIL1 expression in these knockdown lines (Figures

4B, S4B, S4C, and S4E), which suggests that Pol IV/RDR2 are

among the components involved in the transcriptional down-

regulation of IIL1 caused by the triplet repeat expansion.

HEN1, AGO4, and Pol V Are Required for the Triplet
Expansion-Associated Transcriptional Downregulation
of IIL1
Multiple loci play a role inmediating siRNA-dependent epigenetic

silencing (Bologna and Voinnet, 2014). One of the initial steps in

siRNA biogenesis is the methylation of small RNAs, which is

mediated throughHEN1 (Yang et al., 2006). Therefore, we tested

whether HEN1 is required for the transcriptional downregulation

seen in the presence of the triplet repeat expansion. Of the total

27 independent 35S::amiR-HEN1 primary transformants, 22 dis-

played varying levels of suppression of the iil phenotype at 27�C
with 12 displaying complete suppression (Figures 4A and S5A;

Table 2). The expression of IIL1was increased in these transgenic

knockdown lines (Figures 4B, S5B, and S5C) along with the

suppression of the iil phenotype, which indicates that HEN1 is

required for the observed transcriptional downregulation.

24-nt siRNAs can cause transcriptional gene silencing of a

target gene through their interaction with AGO4 (Qi et al., 2006;

Zilberman et al., 2003). To test whether AGO4 is involved in

the triplet expansion-induced transcriptional downregulation of

IIL1, we knocked down AGO4 in the Bur-0 background and

analyzed its impact on the iil phenotype. 35S::amiR-AGO4 trans-

genic plants displayed suppression of the iil phenotype at 27�C,
suggesting that AGO4 is required for the repeat expansion-

mediated iil phenotype (Figure 4A). We observed complete

phenotypic suppression in most (10 out of 11, Table 2) of the in-

dependent transgenic lines. Expression analysis in these trans-

genic lines revealed that the levels of the IIL1 transcript were

increased when AGO4 levels were reduced, along with a reduc-

tion in 24-nt siRNAs mapping to IIL1 despite the presence of the

repeat expansion (Figures 4B, S3C, S5D, and S5E). This sug-

gests that AGO4 is essential for the transcriptional downregula-

tion of IIL1 caused by the repeat expansion.

AGO4-dependent transcriptional downregulation involves

RNA polymerase V (Pol V), a plant-specific RNA polymerase

(Herr et al., 2005; Lahmy et al., 2009). Multiple independent

transgenic plants (12 out of 12) in which RNA Pol V was knocked

down using artificial microRNAs (35S::amiR-NRPE1) in the Bur-0

background appeared normal at 27�C (Figure 4A; Table 2).

Consistent with a reduction in NRPE1 levels, IIL1 expression

was increased in these lines at 27�C despite the presence of

the repeat expansion along with a reduction in siRNAs mapping

to IIL1 (Figures 4B, S3C, S5D, and S5F). These results suggest

that Pol V is essential for the observed transcriptional downregu-

lation of IIL1 caused by the repeat expansion.

Perturbation of DNA Methylation Suppresses Triplet
Expansion-Associated Transcriptional Downregulation
Canonical models for small RNA-mediated transcriptional

silencing invoke a role for DNA methylation (Cuerda-Gil and

Slotkin, 2016; Matzke and Mosher, 2014), mediated through the

DOMAINS REARRANGED METHYL TRANSFERASE 2 (DRM2),



Table 1. Abundance of siRNAs that Map to the IIL1 Locus Is Increased in Bur-0 Grown at Higher Temperatures

Genotype Region Type

23�C 27�C

Rep 1 Rep 2 Ave ± SD Rep 1 Rep 2 Ave ± SD

Col-0 repeat sense 0 0.04 0.02 ± 0.02 0 0.06 0.03 ± 0.04

antisense 1.31 2.52 1.92 ± 0.86 3.25 9.24 6.25 ± 0.86

non-repeat sense 1.31 0.74 1.03 ± 0.4 0.33 1.02 0.68 ± 0.49

antisense 0 0 0 0.07 0.11 0.09 ± 0.03

total 2.62 3.3 2.96 ± 0.48 3.65 10.43 7.04 ± 4.79

Bur-0 repeat sense 0 0.09 0.05 ± 0.06 0.18 0.49 0.34 ± 0.22

antisense 3.43 7.87 5.65 ± 3.14 97.35 103.34 100.35 ± 4.24

non-repeat sense 17.52 18.32 17.92 ± 0.57 135.27 124.47 129.87 ± 7.64

antisense 9.62 15.64 12.63 ± 4.26 82.8 77.22 80.01 ± 3.94

total 30.57 41.92 36.25 ± 8.03 315.6 305.52 310.56 ± 7.13

NS15 repeat sense 0 0.17 0.09 ± 0.12 0.19 0.06 0.13 ± 0.09

antisense 13.63 29.64 21.64 ± 11.32 16.17 18.05 17.11 ± 1.33

non-repeat sense 1.86 1.7 1.78 ± 0.11 1.36 1.41 1.39 ± 0.04

antisense 0.29 0.4 0.35 ± 0.08 0.49 0.35 0.42 ± 0.10

total 15.78 31.91 23.85 ± 11.4 18.21 19.87 19.04 ± 1.17

Normalized sequence reads (by library size, in reads per million) of siRNAs that mapped to the IIL1 locus in sense and antisense direction are shown.

Datasets of each library include normalized reads perfectly matching to the IIL1 locus (from �400 upstream of transcriptional start site and +200 from

transcriptional stop site, shown as non-repeat) and the reads that map perfectly to the TTC/GAA repeats (shown as repeat) for Bur-0, a natural sup-

pressor NS15 (lacks the repeat expansion in the Bur-0 background), andCol-0 grown at 23�C and 27�C in short days. SD, standard deviation of the two

biological replicates. The siRNA counts in Bur-0 at 27�C is significantly different from all others (p < 0.002 for all comparisons, Student’s t test).
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which carries out de novomethylation of the DNA. We compared

themethylation profile of IIL1-Bur-0with IIL1-Col-0, using the epi-

genome data from the 1001 Genomes Project (Kawakatsu et al.,

2016). IIL1-Bur-0 appears to be hypermethylated in the 50 region
of the gene up to exon 8 including the repeat expansion, particu-

larly in CHG and CHH sequence contexts, when compared with

the reference strain Col-0 (Figure S6A). Furthermore, analysis of

all the epigenome data from the 1001 Genome Project revealed

that the methylation profile of IIL1-Bur-0 was unique, correlating

with thepresenceof the repeat expansion (FigureS6B). To assess

whether DRM2 is required for the transcriptional downregulation

causedbyexpanded repeats,weknockeddownDRM2usingarti-

ficial microRNAs in the Bur-0 background. The 35S::amiR-DRM2

lines, in whichDRM2 levels were reduced, displayed suppression

of the iilphenotype. Of the total 48 independent T1 lines harboring

two distinct amiR-DRM2 constructs, 41 showed phenotypic

suppression of iil, coupled with an increase in the IIL1 expression

(Figures 4A and S6C–S6E; Table 2). While DRM2 is required

for de novo RNA-directed DNA methylation in all sequence con-

texts, maintenance of methylation at CHG and CG require

methyltransferases CHROMOMETHYLASE 3 (CMT3) and DNA

METHYLTRANSFERASE 1 (MET1), respectively (Cao and Jacob-

sen, 2002; Chan et al., 2005; Law and Jacobsen, 2010). In addi-

tion, loss of MET1 has also been shown to modulate histone

methylation mediated by polycomb group (PcG) proteins (Deleris

et al., 2012). To assess the role ofCMT3andMET1 in the iilpheno-

type, we generated transgenic lines harboring knockdown con-

structs for CMT3 and MET1 in the Bur-0 background (Figures

4A and S6F–S6K; Table 2). We obtained 58 and 33 independent

primary transgenic lines for 35S::amiR-CMT and 35S::amiR-

MET1, respectively, in the Bur-0 background.We observed a sta-
tistically significant increase in the phenotypic suppression of iil

coupled with an increase in IIL1 expression with both constructs;

�50% of T1 lines for both 35S::amiR-CMT3 (27/58) and

35S::amiR-MET1 (16/33), (Figures 4B and S6F–S6K; Table 2).

Taken together, these results confirm that DNA methylation is

an essential component of the triplet expansion-induced tran-

scriptional downregulation of IIL1.

Histone Methyltransferases Are Essential for the
Transcriptional Downregulation Caused by Triplet
Repeat Expansions
Because our results have shown the involvement of the RdDM

pathway in the transcriptional downregulation of IIL1 induced

by the repeat expansion and because there was enrichment for

the H3K27me3 in the presence of repeat expansion (Figure 1A),

we asked whether perturbing histone methyltransferases could

suppress the iil phenotype. To assess this, we generated artificial

microRNA constructs against the polycomb group protein LIKE

HETEROCHROMATIN 1 (LHP1) and the histone N-lysine

methyltransferase, CURLY LEAF, a component of the polycomb

repressive complex (PRC) (Mozgova and Hennig, 2015). The

35S::amiR-LHP1 (20 primary transgenic lines) and 35S::amiR-

CLF (38 independent primary transformants) plants displayed

very strong phenotypes similar to lhp and clf mutants (Fig-

ure S7A), which prevented us from assessing whether the iil

phenotype was suppressed in these lines. However, IIL1 expres-

sion analysis in few 35S::amiR-CLF lines suggested a potential

increase in IIL1expressionwhenCLFwasperturbed (FigureS7B).

To assess this possibility further, we generated transgenic lines

that expressed artificial microRNAs against CLF under the con-

trol of an estradiol-inducible promoter (XVE::amiR-CLF). We
Cell 174, 1–11, August 23, 2018 5



Figure 3. DCL3 Is Required for Transcrip-

tional Downregulation of IIL1 Induced

by an Intronic GAA/TTC Triplet Repeat

Expansion

(A) Knocking down DCL3 suppresses the

irregularly impaired leaves (iil) phenotype in the

Arabidopsis accession Bur-0. Scale bar, 1 cm.

(B) Expression levels of IIL1 in different genotypes

harboring varied intronic GAA/TTC triplet repeat

lengths. All genotypes are in the Bur-0 genetic

background. Expression levels from individual

plants are shown thus lacking the error bars.

ANOVA revealed that the expression differences

are significant (p < 0.0001).

(C) Relative enrichment of H3K36me3 in chromatin

immunoprecipitation (ChIP) experiments across

various genotypes measured through qPCR. The

data shown in (B) and (C) are for individual plants

and the p values from one-way ANOVA are shown

above the comparisons. **p < 0.01, ***p < 0.001,

****p < 0.0001.

See also Figures S2 and S3 and Table S1.
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induced the amiR-CLF,when the primary transgenic plants were

at the 7-leaf stage, which is when the Bur-0 plants typically start

to display the iil phenotype when grown at 27�C (Sureshkumar

et al., 2009). Among the transgenic lines, we selected lines in

which the clf phenotype (leaf curling) was observed and asked

how many of these lines also displayed the suppression of the

iil phenotype. Among the 36 independent primary transgenic

lines that showed leaf curling, we detected 21 to be suppressed

for the iilphenotype (Figures 4A andS7C–S7E; Table 2), which in-

dicates that CLF is required for the transcriptional downregula-

tion of IIL1 caused by triplet repeat expansion in Bur-0.

Taken together, these results indicate that GAA/TTC triplet

repeat expansions can lead to an increase in siRNA accumula-

tion and that these siRNAs direct transcriptional downregulation

of the affected gene via epigenetic silencing. The siRNAs appear

to modulate epigenetic silencing of the loci harboring the repeat

expansion through the RdDM pathway, eventually resulting in

repressive epigenetic marks being deposited on chromatin by

the PRC.

DISCUSSION

Triplet Repeat Expansions in Transcribed Regions Can
Trigger Production of Small RNAs
Using Arabidopsis as a model, we have demonstrated that an

intronic GAA/TTC triplet repeat expansion can trigger the local
6 Cell 174, 1–11, August 23, 2018
production of small RNAs in its vicinity.

We have also shown that this triplet

expansion-associated increase in small

RNAs is dependent on the length of the

triplet expansion, and the abundance

of these small RNAs is enhanced at

elevated temperature. Furthermore, we

have demonstrated that these small

RNAs can then target and silence the

genes harboring the repeat expansion.
Triplet expansion derived small RNAs have been previously re-

ported in a Drosophila genetic model for Myotonic dystrophy

(Yu et al., 2011). In that study involving transgenic Drosophila

lines, a CAG/CTG repeat expansion was shown to produce

21-nt small RNAs (Yu et al., 2011). Although our study indicates

accumulation of 24-nt small RNAs, it appears that the produc-

tion of siRNAs derived from triplet repeats is not restricted to

plants.

We have shown that the number of triplet-derived siRNAs

is significantly higher in plants harboring the repeat expansion

(Table 1). It is unlikely that the production of the repeat-specific

siRNAs came from a GAA/TTC triplet repeat elsewhere in the

genome, as the accumulation of these siRNAs was dependent

on the length of the triplet repeats, since the repeat-specific

siRNA levels are much lower in NS15 plants than in Bur-0 plants.

In the Col-0 accession GAA/TTC triplet-derived siRNAs can be

barely detected. There are a few GAA/TTC repeat stretches

present in intergenic regions of the Col-0 genome, the longest

being a 489bp (163 repeats) stretch between At4g06597 and

At4g06635. While this is significantly lower than the number of

repeats present in Bur-0 (> 400), it is somewhat similar to the

number of repeats seen in the NS15 suppressor (in the Bur-0

background) that harbors around 100 repeats. However, in

contrast to Col-0, we could detect a significant number of

triplet-derived siRNAs in NS15 (p < 0.01, Student’s t test). While

genetic differences between Col-0 and Bur-0 could account for



Figure 4. Multiple Components of the RdDM

Pathway Are Required for Triplet Expan-

sion-Associated Transcriptional Downregu-

lation in Plants

(A) Phenotypes of Bur-0, 35S::amiR-RDR2, -

35S::amiR-NRPD1A (Pol IV), 35S::amiR-HEN1,

35S::amiR-AGO4, and 35S::amiR-NRPE1 (Pol V),

35S::amiR-DRM2, 35S::amiR-CMT3, 35S::amiR-

MET1, and XVE::amiR-CLF plants in the Bur-0 ge-

netic background.

(B) The expression levels of IIL1 in Col-0, NS15,

Bur-0, and across various primary transgenic lines

harboring artificial microRNAs against the individ-

ual components of the RdDM pathway in Arabi-

dopsis. For transgenic lines, average IIL1 expres-

sion levels (±SE) across multiple independent

transgenic lines are shown. Please see Figures S4,

S5, S6, and S7 for the data on individual primary

transformants. p values are based on Tukey’s post

hoc test, and the lines that are not harboring the

same letters are significantly different from each

other (p < 0.05). Error bars represent SEM.
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this difference, it is also conceivable that triplet repeats in the

transcribed regions are more likely to lead to siRNAs as opposed

to the repeats that are present in the intergenic regions of the

genome. This would suggest that a high level of transcription

and/or the engagement of transcriptional machinery may be

essential for the production of siRNAs from triplet repeat

expansions.

Triplet-Derived siRNAs Are Increased at Higher
Temperatures
We have previously shown that the iil phenotype in Bur-0 is tem-

perature-dependent and it is correlated with the temperature-

dependent decrease in IIL1 expression (Sureshkumar et al.,

2009; Tabib et al., 2016). Our results now demonstrate a correla-

tion with a temperature-dependent increase in the 24-nt siRNAs

that map to IIL1. It is currently unclear why the accumulation of
the triplet-derived siRNAs is higher at

elevated temperatures. Previous studies

have suggested that viral as well as trans-

gene-induced silencing are dependent on

temperature, with higher temperatures

resulting in increased levels of siRNAs

that lead to efficient silencing and lower

temperatures making the plants more

susceptible to viral attacks (Szittya et al.,

2003). Therefore, one possibility is that

the siRNA biogenesis itself is dependent

on the ambient growth temperature.

However, a comparison of the normalized

counts of siRNAs that are highly ex-

pressed and are common between the

two different temperatures failed to reveal

a general increase in siRNAs at 27�C
across the genome within the Bur-0

accession (Table S2). We also did not

observe a general increase in siRNAs
in Bur-0, compared to NS15, which lacks the repeat expansion

(Table S3). Therefore, the temperature-dependent increase

seems to be specific to the production of siRNAs that map to

the IIL1 locus.

While it is clear that siRNAs at the IIL1 locus mediate the

epigenetic gene silencing and transcriptional downregulation,

it is not clear how these siRNAs originate from the repeat

expansion. In the case of FRDA, an antisense RNA transcript

has been previously shown to be associated with epigenetic

silencing of the FXN locus (De Biase et al., 2009). However,

so far our efforts have failed to detect long non-coding anti-

sense RNA at the IIL1-Bur-0 locus. We cannot, however, rule

out the possibility of an unstable antisense transcript that is

quickly processed or degraded, thus escaping our detection.

It is also feasible that there might be secondary structures in

transcripts with the repeat expansion that act as substrates
Cell 174, 1–11, August 23, 2018 7



Table 2. Phenotypic Summary of Transgenic Lines that Express Artificial MicroRNAs against Components of the RdDM Pathway

Genotype Construct Total

Phenotype

% of Suppression p Value (Chi-Squared Test)iil1 Sup

Bur-0 Expt1 32 28 4 13

Expt2 30 26 4 13

Expt3 12 8 4 33

Bur-0 total 74 62 12 16

35S::amiR-RDR2 G54 8 3 5 8

35S::amiR-RDR2 pSS1 15 2 13 87

35S::amiR-RDR2 pSS2 26 3 23 88

35S::amiR-RDR2 total 49 8 41 84 ****

35S::amiR-HEN1 miR1 11 1 10 90

35S::amiR-HEN1 miR2 16 4 12 75

35S::amiR-HEN1 total 27 5 22 81 ****

35S::amiR-NRPD1 G65 6 5 1 17

35S::amiR-Pol IV (NRPD) pSS3 24 12 12 50

35S::amiR-Pol IV (NRPD) pSS4 36 10 26 72

35S::amiR-Pol IV total 66 27 39 59 ****

35S::amiR-AGO4 total G67 11 1 10 90 ****

35S::amiR-POL V total G74 12 0 12 100 ****

35S::amiR-DRM2 pSS7 15 3 12 80

35S::amiR-DRM2 pSS8 33 4 29 88

35S::amiR-DRM2 total 48 7 41 85 ****

35S::amiR-CMT3 pSS11 45 23 22 49

35S::amiR-CMT3 pSS12 13 8 5 38

35S::amiR-CMT3 total 58 31 27 47 ****

35S::amiR-MET1 pSS9 24 13 11 46

35S::amiR-MET1 pSS10 9 4 5 56

35S::amiR-MET1 total 33 17 16 48 ****

35S::amiR-LHP1 total pCB1 20 strong lhp phenotype

35S::amiR-CLF pSS5 14 strong clf phenotype

35S::amiR-CLF pSS6 24 strong clf phenotype

35S::amiR-CLF total 38

XVE:amiR-CLF pGREAT-SS5 27 11 16 59

XVE::amiR-CLF pGREAT-SS6 9 4 5 56

XVE::amiR-CLF total 36 15 21 58 ****

The last column represents whether the phenotypic suppression observed in the transgenic lines is statistically significant based on a chi-squared test.
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to trigger small RNA production. It should also be noted that

most of the siRNAs map to the 50 region of the locus, while

they are barely detected in the 30 region. This suggests that

these siRNAs may be associated with the regular Pol II-medi-

ated transcription of IIL1 and either R-loops or varied RNA

structures might trigger siRNA production from the IIL1 locus.

Once siRNA biogenesis is initiated, tandem repeats have

been hypothesized to sustain RNA-dependent RNA polymer-

ase activity, as the siRNAs that are generated can act both

upstream and downstream of the site of initiation, unlike

single-copy repeats where they can act only downstream

(Martienssen, 2003). As a result, tandem repeats have been

proposed to be better substrates for gene silencing than single

copy sequences (Martienssen, 2003).
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siRNA-Mediated Epigenetic Silencing Underlies the
Triplet Expansion-Associated Transcriptional
Downregulation of the Affected Gene
Although it has been known for some time that the intronic GAA/

TTC triplet repeat expansion seen in FRDA is associated with

epigenetic changes (Chutake et al., 2014; Herman et al., 2006;

Kim et al., 2011; Kumari et al., 2011; Punga and Bühler, 2010),

how the repeat expansion leads to epigenetic modifications re-

mains unknown.We have shown that the transcriptional downre-

gulation of the IIL1 locus caused by the intronic GAA/TTC repeat

expansion is associated with epigenetic changes that are

dependent on the 24-nt siRNAs. Our findings reveal that the

GAA/TTC repeat expansion in the IIL1 intron lead to an increase

in 24-nt siRNAs, which leads to epigenetic silencing of the IIL1



Figure 5. AModel for Intronic Triplet Repeat

Expansion-Induced Transcriptional Down-

regulation in Plants

The IIL1 locus across the 3rd intron harboring the

expansions with the flanking exons is color-coded

(orange, exon; black, intron) and shown around the

nucleosomes (green). The different genes that act

at varied levels are shown in the side. Triplet re-

peats lead to 24-nt siRNAs through DCL3, which

gets loaded on to the RISC complex that modu-

lates the epigenetic status of the locus through a

pathway involving RdDM components. Subse-

quent epigenetic changes result in the transcrip-

tional downregulation of IIL1.

Please cite this article in press as: Eimer et al., RNA-Dependent Epigenetic Silencing Directs Transcriptional Downregulation Caused by In-
tronic Repeat Expansions, Cell (2018), https://doi.org/10.1016/j.cell.2018.06.044
locus through the RdDM pathway and the polycomb repressive

complex. We have thus defined the pathway through which

intronic triplet expansions can lead to epigenetic silencing in

Arabidopsis (Figure 5).

It has been previously shown in the case of FRDA that the

GAA/TTC repeat expansion can lead to epigenetic changes,

which in turn results in blocking of transcriptional elongation

(Chutake et al., 2014; Herman et al., 2006; Kim et al., 2011;

Kumari et al., 2011; Punga and Bühler, 2010). However, the

involvement of siRNAs in this process is currently unclear.

A previous study that profiled small RNA in one of the FRDA

cell lines did not find an increase in small RNAs mapping to

the FXN locus in FRDA cell lines compared with control cell lines

derived from unaffected siblings (Punga and Bühler, 2010).

However, as described earlier, it has been suggested that the

epigenetic silencing in FRDA is associated with an antisense

transcript (De Biase et al., 2009). While a pathway identical

to RdDM has not been reported in mammalian system, several
components of the pathway (e.g.,

DICERs, ARGONAUTEs, and DNMTs)

and the PRC complexes exist in mam-

mals. Based on our results, it is not

inconceivable that sense and antisense

transcription at the FXN locus could

potentially lead to siRNAs, which could

eventually result in epigenetic changes

at the FXN locus. The potential role of

an antisense FXN transcript and the po-

tential role for siRNAs in downregulation

of the FXN gene in FRDA require further

investigation.

In conclusion, we have demonstrated

that triplet expansions in transcribed

regions of the genome have the potential

to generate siRNAs, which in turn can

target the locus harboring the repeat

expansion for epigenetic gene silencing.

Epigenetic changes have been impli-

cated in several triplet expansion disor-

ders (Nageshwaran and Festenstein,

2015). It has also been suggested that

the repeats that undergo expansion

have a distinct association with epige-
netic features (Essebier et al., 2016). Our findings reinforce the

importance of epigenetic changes in establishing the disease

state caused by triplet repeat expansions. It would be interesting

to assess whether siRNA-mediated epigenetic silencing is of

significance in triplet expansion diseases such as FRDA in

the human system. Future studies should explore additional

components of this pathway involving chromatin modifications

that result from trinucleotide repeat expansions.
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35S::amiR-NRPE1 N/A N/A

35S::amiR-HEN1 mir1 N/A N/A

35S::amiR-HEN1 mir2 N/A N/A

35S::amiR-NRPD1 N/A N/A

35S::amiR-RDR2 [pSS1] N/A N/A

35S::amiR-RDR2 [pSS2] N/A N/A

35S::amiR-NRPD1 [pSS3] N/A N/A

35S::amiR-NRPD1 [pSS4] N/A N/A

35S::amiR-CLF [pSS5] N/A N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

35S::amiR-CLF [pSS6] N/A N/A

35S::amiR-DRM2 [pSS7] N/A N/A

35S::amiR-DRM2 [pSS8] N/A N/A

35S::amiR-MET1 [pSS9] N/A N/A

35S::amiR-MET1 [pSS10] N/A N/A

35S::amiR-CMT3 [pSS11] N/A N/A

35S::amiR-CMT3 [pSS12] N/A N/A

35S::amiR-LHP1 N/A N/A

DEX::amiR-CLF [pSS5i] N/A N/A

DEX::amiR-CLF [pSS6i] N/A N/A

Software and Algorithms

Bowtie N/A N/A

SOAPAligner N/A N/A

Custom scripts in Python N/A N/A

SCRAM N/A N/A

Please cite this article in press as: Eimer et al., RNA-Dependent Epigenetic Silencing Directs Transcriptional Downregulation Caused by In-
tronic Repeat Expansions, Cell (2018), https://doi.org/10.1016/j.cell.2018.06.044
CONTACT FOR REAGENT AND RESOURCE SHARING

Further requests for reagents and resources should be directed to and will be fulfilled by the Lead Contact, Sureshkumar Balasubra-

manian (mb.suresh@monash.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plants
Two A. thaliana accessions Col-0 (Stock No.: CS1092) and Bur-0 (Stock No.: CS1028) along with a Natural Suppressor 15 (NS15),

which is in the Bur-0 background and lost the repeat expansion, were used for comparative analysis of the small RNAs. All the

genotypes have been previously described (Sureshkumar et al., 2009; Tabib et al., 2016). Plants were grown at 23�C and 27�C under

short day (SD, 8 hours light, 16 hours darkness) conditions for small RNA profiles.

METHOD DETAILS

Small RNA sequencing
For small RNA sequencing Col-0, Bur-0 and NS15 plants were grown for 45 days at 23�C or 27�C in short days and the total shoot

tissue was harvested 5 hours after the beginning of the day (light exposure). Total RNA was extracted using TRIzol reagent (Ambion).

Small RNA sequencing consisting of two biological replicates for each of the genotypes was performed by BGI-Shenzhen on the

Illumina HiSeq 2000 platform. Quality controlled reads devoid of adaptor, low quality tags, contaminants and shorter reads

(< 18 bp) were mapped to the TAIR10 Arabidopsis genome using SOAPAligner (Li et al., 2009), Bowtie (Langmead and Salzberg,

2012) or SCRAM (Fletcher et al., 2018) and reads that aligned perfectly to IIL1 were extracted. This analysis does not typically result

in the identification of the siRNAs that are perfectly matching the repeats, as they do not necessarily map to the IIL1 repeat. Parsing

through the collapsed FASTA (clean.txt) file of each of the siRNA libraries independently identified these siRNAs. Counts of these

small RNAs were normalized by library size. To assess whether small RNAs against IIL1 was indeed reduced in transgenic lines,

we sequenced small RNAs from pooled transgenic lines along with Bur-0 controls grown at 27�C for 45 days. Small RNA sequencing

for two biological replicates were carried out at the Monash Medical Genomics Facility and the sequences were analyzed in house

using SCRAM by aligning the reads against the IIL1-Bur-0 locus.

Constructs and transgenics
The online tool WMD3 (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) was used to design artificial miRNAs againstDCL3, RDR2,

NRPD1A, HEN1, AGO4, NRPE1, DRM2, MET1, CMT3, LHP1, CLF. The primers A and B (Schwab et al., 2006) were modified to

contain attB sites (Table S4). In a series of overlapping PCR reactions gene specific amiRNA precursors were amplified by site-

directedmutagenesis using the plasmid pRS300 as a backbone, as previously described (Schwab et al., 2006). The newly introduced

attB sites facilitated cloning of the isolated PCR fragments into pDONR207 (Invitrogen) by conducting BP reactions according to the

manufacturer’s protocol (Gateway� BPClonase� II Enzymemix, Invitrogen). ForRDR2, NRPD1A, DRM2, CLF, MET1 andCMT3 the
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amiRNA constructs were commercially synthesized in plasmids (IDT, USA) and then sub-cloned into an entry vector. All artificial

miRNA precursors were sub cloned into the plasmid pFK210 by conducting LR reactions according to the manufacturer’s protocol

(Gateway� LRClonase� II Enzymemix, Invitrogen). To facilitate inducible expression at a desired developmental stage, wemodified

the XVE-system (Zuo et al., 2000) for Gateway-compatibility and generated the vector pGREAT. We amplified the gateway cassette

from pFK210 and the PCR fragment was digested with KpnI and BamHI and ligated into the pINCHIE-CLAW vector. The 35S/XVE-

pea rcbS E9 terminator fragment was excised from pINCHIE grabs vector with SpeI and AscI and ligated downstream of the OlexA/

TATA-attR1-Cmr-ccdB-attr2-pea 3A terminator fragment in pINCHIE claw. TheOlexA and XVE fragments were excised together with

NotI and ligated into pMLBART. The resulting vector was named as pGREAT. Two artificial microRNAs (pSS5 & pSS6), were cloned in

pGREAT. All sequence verified constructs were transformed into A. tumefaciens GV3103 cells for plant transformation.

Arabidopsis Col-0, Bur-0, and NS15 plants were transformed using the floral dip method (Clough and Bent, 1998). Primary trans-

formants were grown at 27�C SD and continuously watered with nutrient water containing 120 mg/L BASTA (glufosinate ammonium,

BAYER) for selection. For the inducible system, plants were sprayed with 50mMEstradiol with 0.1% Silwet L-77, every two days after

the emergence of the 7th leaf. We obtained multiple independent primary transgenic lines and most of the transgenic lines displayed

phenotypic suppression. The number of primary independent transformants that displayed complete phenotypic suppression for

each of the transgenes is listed below (35S::amiR-DCL3 – 10; 35S::amiR-RDR2 – 41; 35S::amiR-NRPD1 - 39; 35S::amiR-

HEN1 �22; 35S::amiR-AGO4 – 10; 35S::amiR-NRPE1 – 12; 35S::amiR-DRM2 - 41; 35S::amiR-CMT3 - 27; 35S::amiR-MET1 - 16;

35S::XVE::amiR-CLF - 21). Subsequent analysis with second and third generation showed 65% of plants harboring the 35S:amiR-

DCL3 display phenotypic suppression (Table S2). The presence of each transgene was confirmed by PCR using primers listed in

Table S4 and expression levels of each artificial miRNA’s target gene were determined by qRT-PCR. Expanded GAA/TTC repeat

tracts at the IIL1 locus were confirmed by PCR (primer pair: oSKB_608 and oSKB_609, Table S4). After phenotypic analysis, primary

transformants were transferred to 23�C LD conditions for seed collection.

Expression analysis
For qRT-PCR, total RNA was extracted using TRIzol reagent (Ambion). cDNA was synthesized with Anchored-oligo (dT)18 primers

and the Transcriptor First Strand cDNA Synthesis Kit (Roche). After synthesis, cDNA was diluted five fold with water and 2 mL of

the diluted cDNA served as template for each qRT-PCR. Each amplification reaction was set up as a 20 mL reaction containing

each primer at 250 nM and 1x SYBR Green (Roche). Real-time PCR was performed with a thermal profile of 95�C for 10 min and

40 amplification cycles of 95�C, 10min; 60�C, 30sec and 72�C, 45sec. AT1G13320 (primer pair: oSKB_3019 and oSKB_3020) and

AT5G15710 (primer pair: oSKB_3023 and oSKB_3024) were used as endogenous standards to quantify the target gene expression

levels (Czechowski et al., 2005).

ChIP Assays
Arabidopsis Col-0, Bur-0, NS15, and two Bur-0 35S:amiR-DCL3 second generation transgenic lines were continuously grown for

48 days at 27�C SD. Chromatin crosslinking and chromatin preparation was conducted as previously described (Tasset et al.,

2018). Input DNA and purified DNA were used to determine enrichment by PCR. PCR was performed with a thermal profile of

94�C for 2 minutes and 35 amplification cycles of 94�C (20 s), 56�C (30 s), 72�C (45 s) followed by a final incubation step of 10minutes

at 72�C. To analyze enrichment, we systematically analyzed the IIL1 locus with a set of 4 different primer pairs (Table S4) to determine

a region appropriate for the analysis and subsequently this region was analyzed in all samples. To account for differences in the

immuno precipitation efficiency across biological replicates, the data is presented after normalizing against a positive control. For

H3K36 trimethylation, ACTIN 7 (AT5G09810) was used as the positive control and for H3K27 trimethylation, AGAMOUS was used

as a positive control and the enrichment was calculated relative to the positive controls. The data across the biological replicates

is averaged and presented.

QUANTIFICATION AND STATISTICAL ANALYSIS

Variation in gene expression was analyzed through quantitative real-time PCR analysis using the 2-DDcT method (Pfaffl, 2001). The

statistical significance of the difference in gene expression between specific samples is analyzed through Student’s t test or

ANOVA. For ChIP experiments, the data is expressed after normalizing with a positive control and the statistical significance was

analyzed through a Student’s t test. The error bars represent standard errors of mean.

DATA AND SOFTWARE AVAILABILITY

The accession number for the small RNA data reported in this paper is NCBI SRA: GSE113923.
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Supplemental Figures

Figure S1. IIL1 Locus in Bur-0 Is Epigenetically Silenced, Related to Figure 1

Accumulation of the H3K27me3marker in Bur-0 compared to Col-0 and NS15. Data are from the averages of four biological replicates. The first 6 exons of the IIL1

locus are shown above with the transcriptional start site and the four different regions that were assessed for H3K27me3 enrichment are shown above. Green

arrow points to the position of the repeat expansion. The letters above the bar represent statistical grouping defined through an ANOVA followed by Tukey’s Post

hoc tests. Samples that are significantly different are shown with different letters. Error bars represent SEM.



Figure S2. Triplet Expansion-Associated iil Phenotype Is Suppressed with an Increase in IIL1 Expression in DCL3 Knockdown Transgenic

Lines, Related to Figure 3

(A) Independent primary transgenic lines displaying the phenotypic suppression of the iil phenotypes are shown. Scale bar = 1cm

(B) IIL1 expression levels in independent 35S::amiR-DCL3 primary transgenic plants compared to Bur-0, NS15 and Col-0.

(C) Expression levels of DCL3 in the same 35S::amiR-DCL3 transgenic lines. The data for transgenic lines is from individual plants. p-value from one-way ANOVA

is shown above the comparisons. *** < 0.001, **** < 0.0001. Error bars represent SEM.



Figure S3. Plants that Harbor an Artificial MicroRNA to Knock Down DCL3 Still Retain the Repeat Expansion and Have Elevated IIL1

Expression with a Reduction in Small RNAs that Map to IIL1, Related to Figure 3

(A) Agarose gel electrophoresis of the GAA/TTC repeat expansion at the IIL1 locus in different genotypes analyzed through PCR. 35S::amiR-DCL3 third gen-

eration plants contain the expanded repeat at the IIL1 locus. The plants were grown for 2-months at 27 �C short days (top) or 23 �C short days (bottom).

(B) IIL1 expression in individual third generation plants derived from two second generation parental lines are shown along with the expression in Bur-0 controls.

Plants were grown for 4 weeks at 27�C in short days. The data is for individual plants. p-values from one-way ANOVA are shown above the comparisons. ** < 0.01

(C) siRNAs thatmap to IIL1 locus aremostly absent in transgenic lines inwhichDCL3, AGO4 or NRPE1 (Pol V) is downregulated.Mapping of small RNAs at the IIL1

locus using Small Complementary RNAMapper (SCRAM2). The genic region is shown at the bottomwith the black boxes representing exons and lines as introns.

SCRAM2 output showing the normalized read counts alongwith standard error (shown as shadows) across the IIL1 locus for the 21, 22, 23 and 24nt small RNAs is

shown. Only the small RNAs that are non-repeat associated are shown in the figure. Quantification of the sense and antisense small RNAs is shown in the positive

and negative dimensions, respectively, along the y axis.



Figure S4. Knocking Down RDR2 and NRPD1 Suppresses the iil Phenotype and Restores IIL1 Expression, Related to Figure 4

(A) Few independent primary transgenic lines that show the varying phenotypes are shown above.

(B) IIL1 expression levels in T1 transgenic lines for 35S::amiR-RDR2. The data is for individual plants and thus lack standard deviation.

(C) 35S::amiR-RDR2 results in knocking down RDR2 expression.

(D) Phenotypes seen in independent T1 lines for 35S::amiR-NRPD1 with two distinct artificial microRNAs. pSS4 shows a stronger suppression than pSS3.

(E) Increase in IIL1 expression in 35S::amiR-NRPD1 primary transgenic lines. The data is for individual plants. p-values from one-way ANOVA are shown above the

comparisons. .* < 0.05, *** < 0.001, **** < 0.0001 ns-not significant.



Figure S5. Knocking Down HEN1, AGO4, and NRPE1 Is Associated with an Increase in IIL1 Expression Coupled with a Suppression of the iil

Phenotype, Related to Figure 4
(A) Few independent primary transgenic lines that show the varying phenotypes are shown above.

(B) IIL1 expression levels in T1 transgenic lines for 35S::amiR-RDR2.

(C) Downregulation of HEN1 expression in 35S::amiR-HEN1 knockdown lines.

(D) Expression levels of IIL1 in independent primary transgenic lines for 35S::amiR-AGO4 or 35S::amiR-NRPE1 are shown.

(E) AGO4 expression in multiple independent 35S::amiR-AGO4 primary transgenic lines.

(F) NRPE1 expression in multiple independent 35S::amiR-NRPE1 primary transgenic lines. The data is for individual plants. p-values from one-way ANOVA are

shown above the comparisons. * < 0.05, *** < 0.001, **** < 0.0001, ns- not significant.



Figure S6. IIL1-Bur-0 Harbors a Distinct Methylation Profile and Knocking Down DNA Methyl Transferases Suppresses the iil Phenotype,

Related to Figure 4

(A) Comparison of the methylation profile of IIL1-Bur-0 and IIL1-Col-0 in CG, CHG and CHH sequence contexts. The data are from the 1001 epigenomes dataset

(Kawakatsu et al., 2016). For comparison small RNA profile from of Bur-0 from Figure 2 is included here as well.

(B) Comparison of the methylation of profiles at IIL1 locus across a random set of strains including Bur-0. The entire 1001 epigenome reads at IIL1 locus was

visually inspected and a random representative screenshot is shown above. The green arrow indicates the position of the intronic repeat expansion in IIL1-Bur-0.

Please note the epigenome data from Kawakatsu et al. is from plants grown at different temperatures in long days (10�C, 16�C and 23�C for various lines), while

the smallRNA profile shown is for Bur-0 plants grown at 27�C in short days.

(C) Phenotypes seen in independent primary transgenic lines for 35S::amiR-DRM2 with two distinct artificial microRNAs.

(D) Increase in IIL1 expression in 35S::amiR-DRM2 primary transgenic lines.

(legend continued on next page)



(E) DRM2 expression in multiple independent 35S::amiR-DRM2 primary transgenic lines.

(F) Phenotypes seen in independent primary transgenic lines for 35S::amiR-CMT3 with two distinct artificial microRNAs.

(G) Increase in IIL1 expression in 35S::amiR-CMT3 primary transgenic lines.

(H) CMT3 expression in multiple independent 35S::amiR-CMT3 primary transgenic lines.

(I) Phenotypes seen in independent primary transgenic lines for 35S::amiR-MET1 with two distinct artificial microRNAs.

(J) Increase in IIL1 expression in 35S::amiR-MET1 primary transgenic lines.

(K) MET1 expression in multiple independent 35S::amiR-MET1 primary transgenic lines. The data is for individual plants. p-values from one-way ANOVA are

shown above the comparisons. ** < 0.01, **** < 0.0001.



Figure S7. Knocking Down LHP1 and CLFResults in Severe Developmental Phenotypes and Inducible Knockdown ofCLF Suppresses the iil

Phenotype, Related to Figure 4

(A) Phenotypes seen in independent primary transgenic lines for 35S::amiR-LHP1 and 35S::amiR-CLF artificial microRNAs.

(B) Increase in IIL1 expression in 35S::amiR-CLF primary transgenic lines. The data is for individual plants.

(C) Phenotypes seen in independent primary transgenic lines for DEX::amiR-CLF.

(D) Increase in IIL1 expression in DEX::amiR-CLF primary transgenic lines.

(E) Comparison of CLF expression between non-transgenic plants (Bur-0 & NS15) and transgenic plants that displayed clf phenotype (XVE::amiR-CLF). The

variability in the data is due to both differences in developmental heterogeneity as well as variation in the estradiol-induction efficiency among transgenic lines.

p-values from one-way ANOVA are shown above the comparisons.* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.
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