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Transposable elements (TEs) are extremely abundant in complex
plant genomes. siRNAs of 24 nucleotides in length control trans-
poson activity in a process that involves de novo methylation of
targeted loci. Usually, these epigenetic modifications trigger nucle-
osome condensation and a permanent silencing of the affected loci.
Here, we show that a TE-derived inverted repeat (IR) element,
inserted near the sunflower HaWRKY6 locus, dynamically regulates
the expression of the gene by altering chromatin topology. The
transcripts of this IR element are processed into 24-nt siRNAs, trig-
gering DNA methylation on its locus. These epigenetic marks sta-
bilize the formation of tissue-specific loops in the chromatin. In
leaves, an intragenic loop is formed, blocking HaWRKY6 transcrip-
tion. While in cotyledons (Cots), formation of an alternative loop,
encompassing the whole HaWRKY6 gene, enhances transcription
of the gene. The formation of this loop changes the promoter
directionality, reducing IR transcription, and ultimately releasing
the loop. Our results provide evidence that TEs can act as active
and dynamic regulatory elements within coding loci in a mecha-
nism that combines RNA silencing, epigenetic modification, and
chromatin remodeling machineries.
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Given their sessile nature, plants need to adjust their growth
patterns depending on external stimuli. Such adaptive re-

sponses are orchestrated by the expression and repression of
specific genes. In plants, small RNAs (sRNAs) can control gene
expression both at transcriptional and at posttranscriptional
levels (1). Transcriptional gene silencing is triggered and con-
trolled by 24-nt heterochromatic siRNAs (het-siRNAs) (1). In
plants, sRNAs are produced by the catalytic action of Dicer-like
(DCL) type III ribonucleases after the recognition of dsRNA
precursors. DCL3 produces het-siRNAs using RNA polymerase
IV (RNAPIV) transcripts, converted into dsRNAs by the RNA-
dependent RNA polymerase 2 (RDR2), as a template. Het-
siRNAs are preferentially loaded into ARGONAUTE 4
(AGO4) to trigger, either in cis and/or in trans, DNA methyl-
ation in a process known as RNA-directed DNA methylation
(RdDM) (2). This process, commonly observed in TEs, nor-
mally induces changes in the chromatin state, leading to nu-
cleosome condensation and stable silencing of the targeted loci
(1, 2). Besides this control over the density of nucleosomes, a
dynamic fluctuation in the 3D chromatin conformation, known
as genome topology, also modulates gene expression in tran-
scriptional hubs. Chromatin folding can lead to both local and
long-distance chromatin loop formation (3, 4). Local loops
joining 5′ and 3′ ends of a gene have been proposed to allow
efficient recycling of the RNA polymerase II (RNAPII) from the
termination site back to the promoter in a process known as gene
looping (5, 6). Repressive loops are also frequent as is the case
of the intragenic loop formed between the promoter region
and the first intron of FLOWERING LOCUS C (FLC), stably

repressing its expression (7). In animals, it has been found that
gene loops can also affect the directionality of transcription by
forcing RNAPII to move in one direction (8).
Plants contain large amounts of repetitive sequences and TEs

in their genomes, ranging from ∼20% of the Arabidopsis thaliana
genome (9) to extremes, such as sunflower with a ∼78% of its
genome represented by these elements (10). TEs are DNA seg-
ments that can insert into new chromosomal locations, often du-
plicating themselves in the process. Miniature IR TEs (MITEs),
first described in plants, are short (50–500 bp) nonautonomous
TEs with terminal IRs, predominantly inserted in gene-rich re-
gions and affecting the expression of neighboring genes (11).
Here, we show that a transcribed sunflower MITE, located 600

bp upstream from the transcription start site of the HaWRKY6
gene, influences the chromatin 3D conformation of this locus.
The expression of this IR leads to the production of het-siRNAs
that trigger RdDM of the MITE-containing region of the gene,
which in turn serves as an anchor point to stabilize the formation
of chromatin loops in the locus. We identified 2 short-range
chromatin interactions, modulated by expression of the MITE.
The first one, comprising the wholeHaWRKY6 gene, mediates gene
looping and enhances its transcription. A second loop, comprising

Significance

Transposable elements (TE) are abundant in plant genomes,
comprising almost 80% of the sunflower genome. In a process
known as RNA-dependent DNA methylation, plants use 24-nt
siRNAs to keep TEs silenced and prevent transposition. Here,
we report that a TE-derived IR element, located within the
HaWRKY6 locus in the sunflower genome, can regulate the
expression of the neighboring gene by changing the structure
of the chromatin. Our findings represent a remarkable, dy-
namic, and self-limited mechanism of gene regulation wherein
several regulatory pathways converge. Considering the poor
conservation and mobile nature of TEs, the identified mecha-
nism has substantial evolutionary implications.

Author contributions: D.G., D.A.C., and P.A.M. designed research; D.G., D.A.C., A.H.T.,
J.I.G., and F.D.A. performed research; A.L.A., F.D.A., and P.A.M. analyzed data; and
D.G., D.A.C., and P.A.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

Data deposition: Sequencing data are available at the European Nucleotide Archive (ENA)
PRJEB28614.
1D.G. and D.A.C. contributed equally to this work.
2To whom correspondence may be addressed. Email: pablomanavella@santafe-conicet.
gov.ar.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1903131116/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1903131116 PNAS Latest Articles | 1 of 6

PL
A
N
T
BI
O
LO

G
Y

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1903131116&domain=pdf&date_stamp=2019-08-13
https://www.pnas.org/site/aboutpnas/licenses.xhtml
http://www.ebi.ac.uk/ena/data/view/PRJEB28614
mailto:pablomanavella@santafe-conicet.gov.ar
mailto:pablomanavella@santafe-conicet.gov.ar
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903131116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903131116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903131116


the HaWRKY6 regulatory region up to its fourth intron, represses
expression of the gene, probably by blocking the movement of
RNAPII through the junction. The formation of each loop ap-
pears to be tissue specific and dependent on additional DNA
methylation signatures in the locus. Additionally, the formation of
these loops changes RNAPII directionality, potentially reducing
the transcription of the IR region, het-siRNA production, and,
ultimately, releasing the loops. Our findings represent a remark-
ably dynamic mechanism of gene regulation where several regu-
latory pathways, including sRNA silencing, epigenetic regulation,
and chromatin remodeling, converge.

Results
An IR-Derived Noncoding RNA (ncRNA) Is Transcribed from the
HaWRKY6 Proximal Regulatory Region. We identified the sun-
flower gene HaWRKY6 as a recently evolved target of the con-
served miRNA396 regulatory network controlling the plant
response to temperature damage (12). Aiming to identify the
HaWRKY6 transcriptional start site (TSS) and its promoter re-
gion, we aligned sunflower expressed sequence tags (ESTs) to
the complete gene locus. Introns and exons were quickly rec-
ognized as well as expressed regions (Fig. 1A). Interestingly, we
detected a discrete expressed region within the regulatory region
of the gene located between 600 and 800 bp upstream from the
TSS (Fig. 1A). Sunflower RNA sequencing analysis confirmed
the expression of this region and revealed the existence of an
alternative splicing event involving exon 2 (SI Appendix, Fig. S1).
Sequence analysis of the expressed region on the HaWRKY6
promoter revealed the absence of any protein ORF either in
the sense or in the antisense orientation, thus, defining it as
a noncoding (nc) transcript which we designated ncRNA-W6
(ncW6) (SI Appendix, Fig. S1). A sequence alignment against the
sunflower genome (13) revealed multiple copies of ncW6 across
the genome, while no alignments were detected against the A.
thaliana genome (Fig. 1B). These features suggested that this
sequence might be a sunflower-specific transposon. Similar to
MITEs, the ncW6 is a short 260-bp sequence, does not encode a
transposase (nonautonomous element), and possesses terminal
IRs (SI Appendix, Fig. S1), suggesting that it is a member of the
MITE family of transposons. An in silico analysis revealed that
the ncW6 folds into a highly stable structure with a long dsRNA
stem typical of regulatory ncRNAs, MITEs, and miRNAs pre-
cursors (Fig. 1C).

Abundant sRNAs Are Produced from the ncW6 Transcript. The
transposonic nature of the ncW6 and the dsRNA structure of its
transcript suggested that it could act as a precursor for sRNAs
that could potentially modulate the epigenetic landscape of the
region. sRNAs sequencing of different sunflower tissues showed
a clear peak of 21-nt sRNAs mapping to the recently evolved
miR396 target site in the third exon (second exon of the alter-
natively spliced HaWRKY6 transcript) (12) (Fig. 2A). We also
found abundant 24-nt sRNAs mapping to the ncW6 region,
hereafter referred to as region 1. Interestingly, the normalized
abundance of these 24-nt sRNAs was higher in Cots and roots
than in leaves (Fig. 2A). Despite multiple similar copies of this
MITE found in the sunflower genome (Fig. 1B), 24-nt sRNAs
mapping to the ncW6 sequence were mostly unique suggesting
that they are produced from this nc transcript (SI Appendix, Fig.
S2A). The similar levels of the ncW6 transcript in Cots compared
to leaves (Fig. 2B), even when considerably more sRNAs are
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Fig. 1. An IR-derived ncRNA is transcribed from the HaWRKY6 proximal
promoter. (A) Alignment of the HaWRKY6 locus against a sunflower ESTs
database. (B) Alignment of a ncW6 sequence against the 17 sunflower
chromosomes. The red line shows the position of the ncW6, and the blue
lines are similar copies. (C) Secondary structure of the ncW6. Base pair
probabilities are noted from 0 (purple) to 1 (red).
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Fig. 2. ncW6 generates epigenetically active sRNAs. (A) Alignment of sRNA
sequencing reads to the HaWRKY6 locus in samples of different sunflower
tissues; 24 nt (red) mapped to regions 1–3 and 21 nt (blue) corresponding to
ha-miR396 reads mapped to the miRNA-target site in the gene. (B) ncW6 and
HaWRKY6 transcript levels measured by RT-qPCR in sunflower Cots relative
to leaves. (C) Alignment of sRNAs to a 35S::ncW6 construct transformed into
Col-0, ago 4–2, dcl2,3,4, and rdr6-12 A. thaliana mutant plants. (D) RNA blots
detecting ncW6-derived sRNAs in A. thaliana wild-type (Col-0) and rdr2-1
mutant plants control or transformed with 35S::ncW6 or sunflower Cots
(Ha-Cot) as the positive control. U6 was used as a loading control and signal
intensity calculated using ImageJ. Not detected signal (n.d.). (E) HpaII
HaWRKY6 Chop-qPCR analysis of mock sunflower samples, plants over-
expressing the silencing suppressor P19 (P19) as a sRNA decoy, or the ncW6.
Digestion efficiency was quantified by qPCR with primers spanning re-
striction sites in the sRNAs mapping regions and normalized to an un-
digested region. Error bars show 2 × SEM, P values of less than 0.05 (**) or
0,01 (*) in a 2-tailed unpaired t test were considered significant.
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produced in this tissue, suggested that either the transcript is
rapidly processed into 24-nt siRNAs or that the generated siRNAs
are able to repress its locus in a negative feedback loop. We also
detected even amount of 24-nt sRNAs mapping to other 2 regions
in the HaWRKY6 locus: one within the fourth HaWRKY6 intron
and the other downstream from its 3′ UTR, hereinafter named
regions 2 and 3, respectively (Fig. 2A). Aiming to determine
whether the biogenesis mechanism of the ncW6 sRNAs follows
the canonical het-siRNA pathway, we transformed A. thaliana
dcl2/3/4 and ago4-2 mutants with a copy of ncW6 and quantified
sRNAs by sRNA-seq. The lack of sunflower mutants in these
genes forced us to use the model plant species. The analysis
revealed almost undetectable levels of ncW6-derived sRNAs in
dcl2/3/4, confirming their canonical origin (Fig. 2C). As expec-
ted, the mutation of AGO4, the effector in the RdDM pathway
guiding the DNA methylation, did not affect the production of
sRNA in the region (Fig. 2C). The generation of these sRNAs
was still observed in rdr6-12 mutants, eliminating the possibility
that they are produced by the transgene-silencing pathway (Fig.
2C). Moreover, the ncW6 was able to produce 24-nt sRNAs in
rdr2-1 mutants (Fig. 2D). This indicates that the extensive se-
quence complementarity and stable folding of the ncW6 could be
processed into sRNA production in an RDR2 and probably a
RNAPIV/V independent pathway. The RDR2-independent or-
igin of these 24-nt siRNAs made us wonder whether they can still
trigger DNA methylation on the parental locus. To this end, we
first performed bisulfite sequencing to identify and map DNA
methylation of the endogenous HaWRKY6 locus in Cots and
leaves, organs showing differential sRNA accumulation. The
assay showed that sunflower Cots accumulate more 5-methyl
cytosine in the asymmetrical context CHH, in the ncW6, and in
region 3 than leaves, while such a difference is less pronounced
in region 2 (SI Appendix, Fig. S2 B and C). To confirm this result
and quantify such differences, we checked the DNA methylation
status in the same samples by Chop-qPCR. We confirmed that
the HaWRKY6 locus is methylated in the 3 analyzed regions (Fig.
2E). Once again, we found differential methylation in the ncW6
region and in region 3 but not in region 2 between tested tissues
(Fig. 2E). The large difference in region 3 methylation detected
by HpaII Chop-qPCR even when the CG context was nearly
fully methylated in both tissues (HpaII restriction site, CCGG)
possibly reflected a stronger enzyme inhibition caused by the
additional methylation of the first cytosine of the site, fully
methylated in Cots but not in leaves. Aiming to confirm that the
siRNAs derived from the ncW6 trigger the DNA methylation on
its locus, we transiently transformed sunflower Cots and leaves
with constructs constitutively expressing an additional copy of
the ncW6 or the viral suppressor protein P19. Even though P19
has a special affinity for DCL4-derived 21-nt siRNAs, it has been
shown that it can also bind endogenous 24-nt siRNAs (14, 15)
and that this sRNA population is strongly reduced in plants
expressing this protein (16). As expected, the 35S::ncW6 con-
struct increased the levels of 24-nt siRNAs while 35S::P19
reduced them (SI Appendix, Fig. S2D). Accordingly, the meth-
ylation of the endogenous ncW6 regions is increased or reduced,
respectively (Fig. 2E). The 35S::P19 construct also produced a
demethylation of the whole HaWRKY6 locus as expected from a
general suppressor of the siRNA pathway (Fig. 2E). These re-
sults confirmed that the methylation of the locus depends on the
RdDM pathway and that the ncW6-derived siRNAs locally
trigger it.

The ncW6 Modulates Alternative Loop Formation at the HaWRKY6
Locus. MITEs are often found close to genes where they can
affect their expression (17, 18). To test whether ncW6 affects the
expression of this locus in sunflower, we transiently overex-
pressed the ncRNA in sunflower leaves and measured the ex-
pression of both ncW6 and HaWRKY6. The results showed that
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Fig. 3. The ncW6 modulates chromatin topology through alternative loop
formation at the HaWRKY6 locus. (A) HaWRKY6 and ncW6 transcript levels
in transiently transformed sunflowers expressing the ncW6 cloned in each
orientation. A nonrelated hairpin structure (RNAiH4) was used as a negative
control. (B) Schematic of the HaWRKY6 genomic region. HindIII (black pins)
and MspI (blue pins) restriction sites. R1–R3 note sRNA mapping regions.
Blue and green arrowheads indicated primers used to detect L1 and L2,
respectively. Solid lines on the top and bottom of the scheme show the
obtained sequence after 3C ligation while the dashed line indicates the
missing sequence. The obtained and undigested sequence length is given in
brackets. (C) Quantification of loop formation by 3C-qPCR in leaves and Cots
of mock controls and plants treated with 5-AZA or expressing P19. (D) Chop-
qPCR of genomic DNA from mock or treated leaves and Cots to quantified
DNA methylation in region 1 (white), regions 2 (gray), and region 3 (black).
(E) Loop formation (L1 and L2) in leaves and Cots transformed with a full-
length copy of the HaWRKY6 genomic locus (gW6), a version excluding the
ncW6 (ΔIR) or an empty vector (EV). (F) HaWRKY6 promoter activity as
measured by RT-qPCR quantification of transiently transformed sunflower
expressing the reporter gene GUS under the HaWRKY6 promoter. (G)
HaWRKY6 transcript levels as measured by RT-qPCR in samples extracted
from 5-AZA-treated or transiently transformed sunflower tissues. In all
panels, error bars represent 2 × SEM, P values of less than 0.05 (**) or 0,01 (*)
in a 2-tailed unpaired t test were considered significant.
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the ectopic accumulation of the ncW6 was sufficient to reduce
the abundance of the endogenous HaWRKY6 (Fig. 3A). Interest-
ingly, when the transient expression was performed in Cots, we
observed the opposite behavior, i.e., an increment of HaWRKY6
along with the high ncW6 levels (Fig. 3A). Such opposite regula-
tory behaviors would not be expected if methylation directly reg-
ulates transcription of the locus. It is worth noting that stronger
DNA methylation correlates with high HaWRKY6 expression,
which is noncanonical for the RdDM pathway. However, besides
directly influencing transcription, DNA methylation could also
influence chromatin conformation to affect gene expression in a
different way (4). Given the methylation patterns along the
HaWRKY6 locus, we wondered whether the methylation of the
ncW6 region could serve as an anchor point to stabilize interac-
tions between this region and the methylated sites in regions 2 and
3. To test this hypothesis, we performed chromosome conforma-
tion capture (3C) assays in samples extracted from sunflower
leaves and Cots with primers designed to explore all possible
combinations of interactions between the methylated regions.
Using this approach, we detected a chromatin loop linking the
ncW6 region and the methylated region 3 in Cots (Fig. 3B and SI
Appendix, Fig. S3). The abundance of this loop, hereinafter called
“Loop 1” (L1) was significantly higher in Cots than in leaves,
which showed nearly undetectable levels (Fig. 3C). This observa-
tion is in agreement with the higher degree of DNA methylation
and ncW6-derived sRNAs mapping to regions 1 and 3 in Cots
compared to leaves (Fig. 2 A and E and SI Appendix, Fig. S2 A–
C). We also found a second chromatin loop between the ncW6
region and the methylated region 2 (hereinafter called “Loop 2”
[L2]) (Fig. 3B and SI Appendix, Fig. S3). Unlike L1, this second
loop appeared to be more abundant in leaves than in Cots (Fig.
3C). Such alternative loop formation in leaves goes along with a
drastic reduction of CHH methylation in region 3, which could
cause the use of region 2, that is more uniformly methylated

between tissues as an alternative anchor point (Fig. 2E and SI
Appendix, Fig. S2B). To confirm that the methylation of these
regions allows the formation of tissue-specific loops in the chro-
matin, we treated sunflower plants with 5-aza-2′-deoxycytidine (5-
AZA), which inhibits DNA methyltransferase activity, resulting in
DNA demethylation. Chop-qPCR analysis of leaves and Cots of
treated plants showed a drastic reduction in DNA methylation in
all 3 regions of the HAWRKY6 locus when compared to control
plants (Fig. 3D). We also made use of the 35S::P19 transgenic
tissues that showed reduced DNA methylation in the HaWRKY6
locus (Fig. 2E). Both treatments induced the opening of L1 and
L2 in the tested tissues (Fig. 3C). These results confirm that the
stability of both loops depends on the methylation of these regions
of the locus. In addition we cloned 2 HaWRKY6 genomic con-
structs, one comprising the whole locus (from regions 1–3) and a
second one that excludes the ncW6 encoding region. We used
these constructs to transform sunflower leaves and Cots tran-
siently, and we tested their capacity to form chromatin loops using
primers designed to bind vector-specific sequences, thus, avoiding
measuring the endogenous HaWRKY6 locus. Supporting the im-
portance of the IR in the loop formation, we mainly detected L1
and L2 formation when the plants were transformed with the ar-
tificial construct comprising the whole locus (Fig. 3E).
It has been reported that chromatin loops that contain both a

gene regulatory region and the whole transcriptional unit as does
L1 in Cots promote a more efficient usage of RNAPII enhancing
the locus transcription in a process known as gene looping (5, 6).
Interestingly, when we expressed a GUS reporter gene under the
HaWRKY6 promoter in sunflower Cots and leaves, we detected
similar expression levels in both tissues (Fig. 3F) even when the
HaWRKY6 transcripts were considerably more abundant in Cots
than in leaves (Fig. 2B). This result suggested that L1 could pro-
duce a gene-looping phenomenon in Cots, hinting at a L1-mediated
positive regulatory role over HaWRKY6 expression. The formation
of ‘‘intragenic loops,” such as L2 in leaves, could affect RNAPII
processivity resulting in a decrease in the transcription rate (7). The
fact that L2 is more abundant in leaves, tissue where the promoter
construct is active but theHaWRKY6 transcript is hardly detectable,
suggests that L2 functions to limit expression by such a mechanism.
Supporting this interpretation, we found that disrupting the loop
formation with P19 or 5-AZA treatments enhanced HaWRKY6
transcription in leaves where L2 is more abundant and repressed it
in Cots where L1 predominates (Fig. 3G).

The HaWRKY6 Promoter Controls the Expression of Both HaWRKY6
and ncW6. The position of the ncW6 upstream of the HaWRKY6
locus suggests that the same regulatory region could act as a
bidirectional promoter of the divergent genes as has been reported
(19). A bioinformatic prediction revealed TATA boxes at both
ends of the cloned region, compatible with bidirectional tran-
scription (SI Appendix, Fig. S4A). To test such a possibility, we
cloned a long and a short version of the HaWRKY6 promoter
(890 bp and 623 bp upstream from the TSS, respectively) in-
cluding or not the ncW6, respectively (SI Appendix, Fig. S4A).
Both promoter versions were cloned in the sense and antisense
directions upstream from the GUS coding sequence and trans-
formed into A. thaliana (Col-0) plants. GUS staining was then
used to score the activity of the promoter. We observed that
both versions of the HaWRKY6 promoter, independent of the
orientation, direct the expression of the reporter gene in hypo-
cotyls, Cots, leave veins, petioles, cauline leaves, as well as in
flowers (SI Appendix, Fig. S4B). It is worth mentioning that both
versions and orientations of the promoter share the same ex-
pression pattern and similar levels, supporting the hypothesis of
a similar bidirectional activity (SI Appendix, Fig. S4B). A tran-
sient transformation of sunflower Cots with the same promoter
constructs supported the observations in A. thaliana, showing
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Fig. 4. Chromatin looping in the HaWRKY6 locus changes the transcription
directionality of the HaWRKY6 promoter. (A and B) ChIP of RNAPII follow by
qPCR quantification. RNAPII profile across the HaWRKY6 locus in sunflower
Cots and leaves (A) or in plants treated with 5-AZA or expressing P19 (B). A
diagram of the locus and primers used (P1–P6) is shown at the bottom of A.
(C) ncW6 transcript levels as measured by RT-qPCR in plants treated with
5-AZA expressing P19. Error bars represent 2 × SEM, P values of less than 0.05
(**) or 0,01 (*) in a 2-tailed unpaired t test were considered significant.
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similar expression levels of all tested constructs (SI Appendix,
Fig. S4C).

Chromatin L1 Changes the Transcription Directionality of the
HaWRKY6 Locus in Cots. The phenomenon of divergent transcrip-
tion as the case of the HaWRKY6 locus and its neighbor ncW6 is
common to most active promoters in diverse organisms (20, 21).
Recently, it was reported that gene looping plays an important
role in regulating the bidirectional activity of promoter regions,
reducing the production of divergently transcribed ncRNAs (8).
The fact that transcriptional activity of the HaWRKY6 promoter
appeared similar in both orientations (SI Appendix, Fig. S2 B and
C), but only the HaWRKY6 is actively transcribed in Cots (Fig.
2B), suggests that formation of the alternative chromatin loop
could modulate promoter directionality. In this context, the
formation of L1 in Cots could restrict transcription of ncW6 and
push RNAPII within the gene loop encompassing the HaWRKY6
locus. To test this theory, we assessed RNAPII deposition across
the HaWRKY6 locus by chromatin immunoprecipitation (ChIP)-
qPCR to determine transcription directionality in Cots and
leaves. Results showed that, in Cots, RNAPII deposition in the
promoter region (P2), an increased density over the HaWRKY6
transcription start site (P3), and even levels across the gene body
(P4-P6) as expected for active transcription (Fig. 4A). However,
we observed that the RNAPII is depleted in the ncW6 region
(P1) indicating reduced transcription in the opposite direction
and suggesting impairment of the bidirectional promoter by L1
(Fig. 4 A and B). In leaves, we found low but homogeneous levels
of RNAPII in regions P1–P4 and a marked decrease in RNAPII
density in regions P5 and P6, suggesting blockage of transcription
at intron 4 by the intragenic L2 (Fig. 4A). To confirm the in-
fluence of both chromatin loops in promoter directionality on
transcription, we repeated the RNAPII occupancy assay in plants
treated with 5-AZA or expressing P19. In leaves, the opening of
the loops by these treatments produced an increment in RNAPII
occupancy evenly across the locus with a reversion in the poly-
merase density toward the end of the locus after methylation

region 2 (Fig. 4B). In Cots, the same treatments produced an even
reduction of polymerase across the HaWRKY6 coding region and
increased polymerase occupancy in the ncW6 region, suggesting
reactivation of the promoter bidirectionality in this tissue (Fig.
4B). Further support for this interpretation is provided by the
increase in ncW6 transcript levels following 5-AZA treatment and
P19 plants (Fig. 4C). These results imply that gene looping sup-
presses promoter bidirectionality in Cots, supporting the idea that
this type of chromatin interaction enhances the directionality of
transcription as shown for Saccharomyces cerevisiae (8).

Discussion
Exploring the HaWRKY6 regulatory region, we identified a
transcribed MITE-like TE (ncW6) capable of forming a hairpin
structure. Sunflower sRNA-seq analysis revealed 24-nt sRNAs
that map to the ncW6 sequence and are substantially more
abundant in Cots than in leaves. Usually, sRNA-dependent
DNA methylation of TEs triggers histone modifications to sta-
bly repress their expression (22, 23). However, the HaWRKY6
locus does not appear to be regulated by this canonical mecha-
nism since the largest sRNA accumulation and DNA methyl-
ation are observed in those tissues with the highest locus
expression. There are numerous examples in which heterochro-
matic silencing of TEs influence expression of nearby genes
without a permanent silencing, including agouti and Axin loci in
mouse (24), FLC (25), and FWA (26) in A. thaliana, but the
underlying mechanisms are not well understood. A recent re-
port describes a methyl-DNA–binding complex that promotes
expression of proximal genes upon recruitment to methylated
regions (27). DNA methylation can also influence chromatin
architecture by promoting interaction between methylated se-
quences (28, 29). Our analyses revealed that enrichment of DNA
methylation in flanking regions of HaWRKY6 is associated with
gene loop formation and elevated gene transcription. In contrast,
low methylation at these regions, especially in region 3, together
with a stable methylation signature in intron 4, correlates with

miR396

Leaves

Cotyledons
a

b
c

d

e
f

Fig. 5. A proposed model for the IR-mediated dynamic regulation of the HaWRKY6 locus. In Cots, transcription of the bidirectional HaWRKY6 promoter
yields a hairpin ncW6 transcript, which is processed into siRNAs that trigger RdDM on its own locus (a). An additional DNA methylated region downstream
from the HaWRKY6 3′UTR stabilizes the formation of a loop encompassing the whole locus (b), potentially promoting an efficient RNAPII usage and tran-
scription of the HaWRKY6 gene (c). Methylation of the ncW6 sequence and loop formation are associated with a change in the direction of transcription,
which, in turn, reduces sRNA abundance and methylation, resulting in loop dissolution (d). In leaves, the methylation of a region within the fourth intron,
together with reduced methylation of region 3, (e) triggers the formation of an intragenic chromatin loop that blocks RNAPII transcription (f). The red pins
show methylated regions.
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the formation of an intragenic loop in leaves and repression of
the gene. RNAPII occupancy assays revealed that the stabiliza-
tion of the chromatin loops not only affects HaWRKY6 tran-
scription, but also modifies the directionality of its promoter,
ultimately reducing ncW6 transcription, sRNA production, and
locus methylation, in turn, resulting in loop release (Fig. 5). This
implies that the methylation of regions 2 and 3 could dictate
which loop is formed, but the dynamic methylation of region 1
modulates them. It could also be expected that additional factors,
such as changes in transcription rates, also influence which loop
forms. On top of this, ha-miR396 also controls, in a temperature-
and salicylic acid-dependent manner, the abundance of HaWRKY6
(12), giving the system an additional layer of complexity.
Usually RdDM is initiated from RNAPIV/V TE transcripts in

a RDR-dependent process (30). However, it is possible that
RNAPII could transcribe TEs inserted near genes in divergent
orientation (19, 31). IRs transcribed by RNAPII can produce
24-nt sRNAs and trigger spreading of DNA methylation over the
target locus and silence it (32). Accordingly, we showed that the
transcription of ncW6 is controlled by the HaWRKY6 bidirec-
tional promoter in a RNAPII-dependent manner to produce
sRNA in DCL2,3,4-dependent and RDR-independent pathways.
Taken together, these features define ncW6 as an autonomous
regulatory element. A prediction of IRs within different distance
windows from every annotated sunflower TSS revealed that
these elements are rather common in the vicinity of genes (SI

Appendix, Fig. S5). Furthermore, we found that siRNAs mapped
to over half of these predicted IRs and that sRNA abundance
changes upon drought stress (SI Appendix, Fig. S5), suggesting a
regulatory role for these IRs similar to what we have described
for the ncW6 locus.
Our results define a dynamic and complex mechanism of tran-

scriptional regulation for the HaWRKY6 locus. In view of the
abundance of intergenic TEs in large genomes, we envision that
these elements have a more pervasive regulatory role than pre-
viously thought. Although most of the TEs in plants are inactive
due to both epigenetic regulation and their propensity to decay
into defective forms, current knowledge positions these elements
as regulatory elements fine-tuning gene expression and having
substantial effects on the surrounding genomic neighborhood.

Materials and Methods
The materials and methods used in this study are described in detail in SI
Appendix, SI Materials and Methods, including plant materials, RNA and
sRNA analyses, DNA methylation profiling, chromatin loop detection and
quantification, immunoblot analysis, and computational analysis.
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