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HDAG6-dependent histone deacetylation regulates
MRNA polyadenylation in Arabidopsis
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Eukaryotic histone deacetylation, critical for maintaining nucleosome structure and regulating gene expression, is mediated
by histone deacetylases (HDAGCs). Although nucleosomes have been reported to regulate mRNA polyadenylation in hu-
mans, the role of HDAGs in regulating polyadenylation has not been uncovered. Taking advantage of phenotypic studies
on Arabidopsis, HDAé (one of HDACs) was found to be a critical part of many biological processes. Here, we report that
HDAA4 affects nRNA polyadenylation in Arabidopsis. Poly(A) sites of up-regulated transcripts are closer to the histone acet-
ylation peaks in hdaé compared to the wild-type Col-0. HDAG is required for the deacetylation of histones around DNA on
nucleosomes, which solely coincides with up-regulated or uniquely presented poly(A) sites in hdaé. Furthermore, defective
HDAA results in an overrepresentation of the canonical poly(A) signal (AAUAAA) usage. Chromatin loci for generating
AAUAAA-type transcripts have a comparatively low H3K9Kl14ac around poly(A) sites when compared to other nonca-
nonical poly(A) signal-containing transcripts. These results indicate that HDAé regulates polyadenylation in a histone

deacetylation—dependent manner in Arabidopsis.
[Supplemental material is available for this article.]

As one of the post-transcriptional modifications of mRNA, the pol-
yadenylation process can critically regulate the gene expression in
eukaryotes (Tian and Manley 2017). This universally required
3’ end processing for RNA polymerase II (Pol II)-dependent tran-
scripts is mainly mediated by a protein complex which recognizes
a poly(A) signal, cleavages the pre-mRNA, and synthesizes the
poly(A) tail (Clerici et al. 2018). Recent studies revealed that alter-
native polyadenylation (APA) sites can be positioned at either the
3’ untranslated region (UTR) or outside of the 3" UTR (Deng and
Cao 2017; Tian and Manley 2017). APA results in increased diver-
sity of transcripts and may affect mRNA stability, localization, and
exportation. Consequently, the expression of these genes may be
regulated by APA. By using high throughput sequencing ap-
proaches, it was found that over 50% of genes contain more
than two poly(A) sites in eukaryotes (Xing and Li 2011; Tian and
Manley 2017).

Poly(A) signal is mainly recognized by cleavage and poly-
adenylation specificity factors (CPSFs) (Clerici et al. 2018).
Although CPSFs are highly conserved between mammals and
plants (Zhang et al. 2008a; Hunt et al. 2012), the poly(A) signal
compositions are quite different. More than 50% of transcripts
from mammals use the canonical poly(A) signal AAUAAA for poly-
adenylation (Tian and Manley 2017), whereas the transcripts using
AAUAAA only account for about 10% of plant transcripts (Wu et al.
2011b; Xing and Li 2011). The other 40% and 50% of plant tran-
scripts contain 1-nt variations of AAUAAA and other poly(A) signals
(Loke et al. 2005), respectively. This distinguished characteristic of
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poly(A) signal reflects a more complex polyadenylation mechanism
in plants that is not yet understood.

Nucleosomes are formed when histone proteins are wrapped
with DNA. These nucleosomes are then packed into highly con-
densed chromatins in the eukaryotic nucleus. It was reported
that the nucleosome position affects the usage of proximal or dis-
tal poly(A) sites, suggesting the regulatory role of chromatin status
in orchestrating mRNA polyadenylation (Huang et al. 2013; Lee
and Chen 2013). Overall, the compactness of chromatin is deter-
mined by histone modifications such as methylation and acetyla-
tion. Within these modifications, histone acetylation is known to
be associated with the accessibility of chromatin and the recruit-
ment of DNA-binding proteins to activate gene expression.
However, acetylation of the histones can be erased by histone
deacetylases (HDAC:s), resulting in structural changes to the chro-
matin. Thus, the dynamic acetylation of a histone is an epigenetic
hallmark to gate transcription activation. HDA6 (encoded by
AT5G63110), one of the HDAC:, is associated with heterochroma-
tin formation and gene repression (Tan et al. 2018). In addition,
HDAG is also involved in other biological processes, such as stress
tolerance, flowering time, and circadian rhythm in Arabidopsis (Yu
et al. 2011; Kim et al. 2017; Wang et al. 2017; Hung et al. 2018). A
recent study has revealed that nuclear retention of HDAG6 results in
gene silencing (Zhu et al. 2019). Essentially, HDA6 deficiency
could also result in a significant increase of histone H3K9ac,
H3K14ac, (To et al. 2011), and gene activation (Earley et al.
2006; Tanaka et al. 2008; Yu et al. 2017). It was reported that
H3K9ac is required for the maximal Pol II pausing release to initiate
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and elongate transcription (Gates et al. A B (o] L
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nusamy and Zhu 2009). The other type D Col-03
of histone acetylation, H3K14ac, co-oc- Col-02
curs with H3K9ac at gene regulatory Col-01
elements, suggesting their coordinated | ‘ hda6-2
regulatory role in gene expression (Kar- | | | hda6-1
modiya et al. 2012). Furthermore, | ” | Il hda6-3
H3K14ac can be rewritten by acetyltrans-
ferases during stress responses which af- 1-0'8 S i -9

fect the transcriptional elongation of
target genes (Johnsson et al. 2009). More-
over, H3K14ac can crosstalk with H3K4
dimethylation during stress responses
in soybeans (Wu et al. 2011a). Together,
these results indicate that H3K9ac and
H3K14ac are important histone epige-
netic hallmarks for regulating gene
expression. However, their roles in essen-
tial RNA maturation processes, polyadenylation, and APA are
unknown.

Thus, we carried out poly(A) tag sequencing (PAT-seq) and
ChlIP-seq of histone acetylation on wild type and HDA6 mutants
of Arabidopsis to uncover the crosstalk between histone deacetyla-
tion and mRNA 3’ end processing.

Results

HDAG affects mMRNA 3’ end processing

PAT-seq, which uniquely sequences the 3’ end of mRNA, was ap-
plied for Col-0 and HDA6 mutants to uncover the effect of
HDAG6 on polyadenylation of Arabidopsis. An overview of the ex-
perimental and computational analysis scheme is summarized in
Supplemental Figure S1. It has been shown that mRNA polyadeny-
lation sites are not exclusively positioned in the 3" UTR (Wu et al.
2011b). They can be located anywhere with a suitable poly(A) sig-
nal, resulting in truncated or prolonged mRNA isoforms (Supple-
mental Fig. S2A). About 50% of genes and intergenic loci were
identified with more than two poly(A) sites (Fig. 1A). Principle
component analysis of PAT-seq data shows a good repeatability
of this PAT-seq experiment (Supplemental Fig. S2B). Furthermore,
the percentage of reads clustered into each poly(A) site in a gene is
calculated to represent the poly(A) site usage (PSU). By excluding
intergenic poly(A) sites, we identified 10,681 genes with >2
poly(A) sites. DESeq2 was used to calculate the p and adjusted
P value (padj) of each poly(A) site. To explore the effect of HDA6
on APA, different thresholds were used. According to the pub-
lished threshold of absolute value of PSU changes (|APSU|>0.05,
P<0.05) (Zheng et al. 2018), 1310 (978+279+53) genes were
identified with significant APA events (Fig. 1B, red circle). Within
these, about 25.34% (279 + 53) of genes have a larger (|/APSU|>0.2)
shift of poly(A) site usage (Fig. 1B, blue circle). However, if the
threshold was set to | APSU|>0.2 and padj<0.05, only 53 genes

Figure 1. Mutation of HDAG6 affects mRNA polyadenylation. (A) Fraction of genes with different num-
ber of poly(A) sites. (B) Venn diagram of identified APA genes by different threshold values. A total of
10,681 genes with at least two poly(A) sites were used for selections. PSU indicates the frequency of
poly(A) site usage. (C) Folded cumulative distribution frequency (CDF) of PSUs of Col-0 and hdaé6.
Only poly(A) sites with padj<0.05 were selected for plotting. Three replicates were plotted separately.
The y-axis indicates the fraction of poly(A) sites. (D) Heat map of PSUs of Col-0 and hdaé. Only poly(A)
sites with padj<0.05 were selected for plotting. The scale bar is on the bottom.

were identified with significant APA events (Fig. 1B, green circle;
Supplemental Table S1). These results indicate that HDAG6 affects
mRNA polyadenylation and APA of genes by different measures.

The cumulative distribution curves present genome-wide pol-
yadenylation profiles of hda6 and Col-0 and are folded at 50% cu-
mulative frequency to show the median PSU (Supplemental Fig.
$2C). Although there is no large difference between the cumula-
tive distribution curves of hda6 and Col-0, a Kolmogorov—
Smirnov test (K-S test) shows a significant difference in the PSU
profiles of hda6 and Col-0, reflecting that HDA6 has an impact
on polyadenylation in Arabidopsis. These results were further con-
firmed by the PAT-seq of another HDA6 mutant allele, sil1 (Liu
et al. 2012) with a K-S test P value<2.2x 107! (Supplemental
Fig. S2D). Furthermore, by CDF plot again, we found that the
PSU profile of DE poly(A) sites (n=1387; threshold: padj<0.05)
has a significant difference between hda6 and Col-0 (Fig. 1C). A
heat map of these PSU profiles also illustrates that the PSUs of
most DE poly(A) sites were varied between hda6 and Col-0, and
this was consistent among replicates (Fig. 1D). These trends are
also observed between sil1 and Col-0 (Supplemental Fig. S2E,F).

To evaluate the potential that DE poly(A) sites resulted from
the total gene expression variation, RT-qPCR was carried out
with a pair of primers which quantified the DE poly(A) sites and
a pair of primers located on the 5’ end of genes which quantified
the total gene expression levels (Supplemental Fig. S3; Supplemen-
tal Table S2). Results showed that DE poly(A) sites identified by
DESeq2 were validated by RT-qPCR, and variation of their corre-
sponding total gene expression levels was neither significant (Sup-
plemental Fig. S3A-D) nor in an opposite direction (Supplemental
Fig. S3E-H).

As a control, we selected AT1G35680 and AT2G38310 genes
with non-DE poly(A) sites in the PAT-seq experiment. As shown
in Supplemental Figure S3I, RT-qPCR confirmed that
AT1G35680 was indeed not a DE poly(A) site gene. For the second
control gene AT2G38310, while its 3’ UTR was significantly down-
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Histone deacetylation and polyadenylation

regulated in hda6 by the RT-qPCR experiment, the total gene ex-
pression level also had the same trend (Supplemental Fig. S3]). It
indicates that the variation of the 3’ UTR of AT2G38310 may be in-
duced by the repression of gene expression in hda6, and it was not
identified as a DE poly(A) site in the PAT-seq analysis.

Taken together, DE poly(A) sites identified by PAT-seq were
mainly contributed by the change in polyadenylation activity in
hda6, and these results suggest that HDA6 affects mRNA
polyadenylation.

Histone acetyltransferase inhibitor minimizes the molecular
effect of HDA4 mutation

It was demonstrated that defective HDAG6 results in an increased
gene expression (Earley et al. 2006; Tanaka et al. 2008; Yu et al.
2017). Thus, we asked whether defective HDAG6 causes differential
expression of transcript isoforms. We found that more differen-
tially expressed transcripts are up-regulated in hda6 (Fig. 2A).
Within the 1387 transcripts with DE poly(A) sites, 882 are up-reg-
ulated and 505 are down-regulated. Since HDA6 functions in

deacetylation of chromatins, we asked whether the effects of
HDAG6 on polyadenylation can be minimized under a low histone
acetylation level. A histone acetyltransferase inhibitor, MB-3, was
used to reduce the histone acetylation levels of hdaé, sil1, and Col-
0. PAT-seq of MB-3-treated seedlings shows that the variances of
those 1387 HDA6-dependent poly(A) sites are minimized (Fig.
2B). Within those 1387 poly(A) sites, 929 show no significant dif-
ference after MB-3 treatment. The numbers of both up- and down-
regulated poly(A) sites are reduced a lot.

Under normal conditions, the majority of DE poly(A) sites re-
sided in protein coding genes (Fig. 2C, red boxes) and are mainly
located in the 3’ UTR (Fig. 2D, red boxes). The interquartile ranges
of boxplots and median values are minimized under MB-3 treat-
ment, indicating that MB-3 treatment significantly reduces the
variance of transcription expression levels among these three dif-
ferent gene types (Fig. 2C). The median expression level (dashed
lines in red boxes) of DE poly(A) sites is slightly down in the
3" UTR (canonical poly(A) site), whereas it is up-regulated in
most other noncanonical poly(A) sites, such as the intergenic re-
gions and introns (Fig. 2D, red boxes). The up-regulating pattern

is also observed in sill, although the
expression pattern of CDS poly(A) tran-

(9]
o

30 B 30
padj<0.05 & Log,FC<0

padj<0.05 & Log,FC<0 padj>0.05

20 20

n=505

° n=33

n=929
.

-Log+o(pad))
-Logio(pad))

o

10 -
e &

ol i :

0 0

MB-3 hda6/Col-0 Log,FC

77 1031 279
/g
°

.

scripts is different from hda6 (Supple-
&) mental Fig. S2G).
MB-3 treatment also reduces the
s APSU values of 1387 DE poly(A) sites
(Fig. 2E), which reflects the assertion
that MB-3 partially patches the effect of
mutated HDA6. This trend was also
found in MB-3 treatment on sil1 (Supple-
mental Fig. S2H). Together, these results
® show that the effect of HDA6 on poly-
adenylation is associated with histone
acetylation dynamics.

Gene Ontology enrichment analy-

100 uM MB-3

10 5 0 5 10 15
hda6/Col-0 Log,FC
L

-10 -5 0 5 10 15
MB-3 hda6/Col-0 Log,FC
J

w)

151 726 1 52 50 79 269 155 46 9 E

|

[N
(5] o

o

o o0o —{I—
-
I e
Folded Empirical CDF
o o o
N w S

MB-3 hda6/Col-0 Log,FC

o0
o
N

(I

[=°
[
[

R ses show that genes with significant up-
& and down- regulated poly(A) sites are

Sy both enriched in terms related to stress

response (Supplemental Fig. S4A,B, green
dashed box). Genes with up-regulated
poly(A) sites are also significantly en-
riched in translation-associated terms
(Supplemental Fig. S4A, red dashed
box), whereas genes with down-regulat-
ed poly(A) sites are also enriched in light
[0-8 response-associated terms (Supplemen-
tal Fig. S4B, orange dashed box). By
checking the PAT-seq profiles, we found
distinct APA on AT2G29500 encoding a
1 HSP20-like protein, AT5G67300 encod-

0.5

0.6

Figure 2. The histone acetyltransferase inhibitor partially restored the effect of hda6 on polyadenyla-
tion. DE poly(A) sites (padj < 0.05) between hda6 and Col-0 are used for plotting. (***) Wilcoxon signed-
rank test P<0.001; (*) P<0.05, when compared to nontreated groups. (A) More poly(A) transcripts are
up-regulated in hda6. Log,FC indicates log, of fold change of gene expression level. (B) MB-3 treatment
minimizes the DE counts between hda6 and Col-0. (C,D) Distribution of DE poly(A) sites. Counts of
poly(A) sites in each category are shown on the top of boxes. (TE) Transposon elements, (AMB) ambig-
uous regions which have overlapped features. Lines and dots in the boxes indicate the medians and
means, respectively. () MB-3 treatment reduces the difference of PSUs between hdaé and Col-0.
APSU represents the difference of PSU of a poly(A) site in hdaé and Col-0.
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loop protein in the nucleoside triphos-
phate hydrolases superfamily, and
AT4G26090 encoding a leucine-rich re-
peat protein RPS2 (Supplemental Fig.
S4C). Under MB-3 treatment, poly(A)
sites of these genes in hda6 and sill are
similar to Col-O but rather different in
the nontreated samples, reflecting that
the mutation effect of HDA6 is abolished
under low chromatin acetylation level.
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These distinct APA genes between hda6 and Col-O may contribute
to the phenotypic outcomes of hda6, such as affecting abiotic
stress tolerance by AT5G52882 and MYB44 (Ali et al. 2013; Kim
et al. 2017), altering heat shock tolerance by HSP20-like gene
(Popova et al. 2013), and changing sensitivity to pathogen infec-
tion by RPS2 (Bhandari et al. 2019).

HDAG is associated with mRNA 3’-UTR length

One of the important effects of APA is changing the tandem 3'-
UTR length of mRNA (Tian and Manley 2017; Chen et al. 2018;
Srivastava et al. 2018). This molecular effect connects to various
post-transcriptional regulations, including alteration of mRNA
stability, the gain or loss of miRNA, and/or RNA-binding protein
targets (Mayr 2017). By genome-wide calculation of the weighted
3'-UTR length of genes, we found that 3’ UTR lengthening events
(1157) are more abundant than 3’ UTR shortening events (373) in
hda6 compared to Col-O (Fig. 3A). These results suggest that HDA6
may play a role in ensuring proper 3’-UTR length for gene expres-
sion, indicating a connection between histone acetylation and
3’-UTR length control. The length of the 3" UTR was reported to
be correlated with total gene expression (not at the individual tran-
script level) under certain conditions or in specific tissues (Zheng
et al. 2018; Fu et al. 2019). RNA-seq data of the seedlings of hda6
and Col-0 from the NCBI Sequence Read Archive (SRA; https://
www.ncbi.nlm.nih.gov/sra) database were downloaded to obtain
complete gene expression profiles. We did not observe a clear rela-
tionship between 3’-UTR length and gene expression. However,
3’ UTR lengthening and shortening events coincide with those
of stable genes that are not significantly affected by the mutation
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Figure 3. 3'-UTR length variation is independent of gene expression
activity in hdaé6. (A) Scatter-plot of weighted 3’-UTR lengths of hda6é and
Col-0. (L) 3’-UTR lengthening event, (S) 3’ UTR shortening event.
(B) Effect of HDA6 on 3/-UTR length and gene expression are independent.
Blue dots indicate DE genes (padj < 0.05) identified from RNA-seq profiles;
red vertical dashed lines indicate 0.2 intervals of 3'-UTR length index (>0,
lengthening; <0, shortening). (C) Examples of a 3" UTR lengthening event
(left panel) and a 3’ UTR shortening event (right panel), respectively. Scale
of each sample is indicated by data range.

of HDAG6 (Fig. 3B). Figure 3C shows that decreased poly(A) site
usage is coupled with an increase of another poly(A) site usage
on the 3’ UTR of AT2G30720 and AT3G15518, which may explain
the minor variance in total gene expression. Again, MB-3 treat-
ment abolished the difference of poly(A) profile alteration of
AT2G30720 and AT3G15518 between mutants and Col-0, reflect-
ing that the 3’ UTR APA may depend on deacetylation by HDA6. In
general, these evidences indicate that defective HDA6 results in
both gene expression activation and 3’-UTR length variance.
However, 3’ UTR APA in hda6 is independent of the transcription
activity but associated with histone acetylation status.

Furthermore, tandem 3’ UTR sequences of genes with a
switching of 3'-UTR length were submitted to the psRNATarget
webserver (Dai et al. 2018) for identifying potential small RNA tar-
gets. For lengthening events, psRNATarget reported 832 pairs of
small RNAs interacting with said 3" UTRs that may support cleav-
age inhibition, and 203 pairs of interactions that may be subject
to translation inhibition (Supplemental Table S3). For shortening
events, psRNATarget predicted 233 cleavage inhibition and 43
translation inhibition pairs (Supplemental Table S4). These data
suggest that the lengthening of the 3’ UTR in hda6 may increase
possibilities of small RNA targeting for cleavage or translation inhi-
bition, whereas the shortening of the 3' UTR in hda6 may result in
transcripts escaping from small RNA targeting. Thus, mRNA stabil-
ity may be affected by the switch of 3’-UTR length.

Defective HDAG alters poly(A) signal usage

Poly(A) signal recognition is a crucial step for polyadenylation
(Clerici et al. 2018; Sun et al. 2018). Disruption of the poly(A) sig-
nal binding factor, CPSF30 (encoded by AT1G30460), results in ge-
nome-wide APA (Thomas et al. 2012; Chan et al. 2014). We
performed a single nucleotide usage analysis around the DE
poly(A) sites (Supplemental Fig. S5). The single nucleotide usage
plots do not show any obvious differences between DE and non-
DE poly(A) sites. The most common and important poly(A) signal
is AAUAAA, which resides between —35 ~—10 nt upstream of the
poly(A) site and is designated as the near upstream element
(NUE) in plants (Loke et al. 2005; Xing and Li 2011). Thus, we cal-
culated the preference of poly(A) signal usage within the NUE of
DE poly(A) sites. Our results show that up-regulated poly(A) sites
have a much higher AAUAAA cis-element frequency, whereas
down-regulated poly(A) sites have almost the same AAUAAA cis-el-
ement frequency as non-DE poly(A) sites (Fig. 4A). The frequency
of 1-nt variation of the AAUAAA poly(A) signal is depleted in both
up- and down-regulated poly(A) sites. Moreover, down-regulated
poly(A) site clusters were found with a high frequency of nonobvi-
ous poly(A) signal (designated as others). A x? test shows that the
usage of NUE signals among three transcript groups has a signifi-
cant difference (P=3.64x107%). These differences reflect that
changes of polyadenylation induced by defective HDA6 may be as-
sociated with NUE poly(A) signal choices.

Unique poly(A) sites can also be an indication of different
poly(A) signal usage between the mutant and wild type (Thomas
et al. 2012). Using a strict threshold (total reads> 15, of which
each replicate > 0 in one Arabidopsis strain, each replicate=0 in
the other strain), we found 870 and 259 unique poly(A) sites in
hda6 and Col-0, respectively (Supplemental Fig. S6A,B). For in-
stance, FLOWERING LOCUS C (FLC, AT5G10140) contains both
hda6-unique (also unique in sil1) and Col-O—unique poly(A) sites
on its antisense strand (Supplemental Fig. S6C). MB-3 treatment al-
most eliminated the unique poly(A) sites of hda6 and Col-0 on
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Figure 4. Defective HDAG6 alters poly(A) signal usage. (A) NUE poly(A)
signal usage of up-regulated, down-regulated, and non-DE poly(A) sites.
(B) NUE poly(A) signal usage of common, Col-0-unique, and hda6-unique
poly(A) sites.

antisense of FLC but came out with new proximal antisense
poly(A) sites. These suggests that unique poly(A) sites of hda6 are
associated with the acetylation dynamic. We further found that
hda6-unique poly(A) sites have almost the same single nucleotide
usage profile as common poly(A) sites (Supplemental Fig. S6D).
However, unique poly(A) sites in Col-0 show alower A and U usage
within —35 to 0 and —150 to —35 nt upstream of poly(A) sites
(Supplemental Fig. S6D, red arrow). This result indicates that the
poly(A) signal usage of unique transcripts within Col-0 may be dif-
ferent from that unique in hda6 and common poly(A) sites.
Scanning of NUE poly(A) signals also confirmed this assumption
(Fig. 4B). In Col-0, AAUAAA only accounts for 7% of unique
poly(A) sites, and the frequency of other poly(A) signals (65%) is
higher than hda6-unique and common poly(A) sites. However,
AAUAAA accounts for 10% in hda6-unique poly(A) sites and com-
mon poly(A) sites. The differences of NUE signal usage among
three transcript groups are also significant (y* test, P=5.66x
107%). This result indicates that an in-
crease of histone acetylation may elimi-
nate the expression of those transcripts

poly(A) sites and re-analyzed the distance distribution. Wilcoxon
signed-rank tests show that the distances between acetylation
peaks and DE poly(A) sites, either up- or down-regulated groups,
are significantly shorter in hda6 than that in Col-0. It appears
that there is no large difference between the distances in down-
regulated poly(A) sites and acetylation peaks between hda6 and
Col-0 (Fig. 5B). However, there is a difference in the distances be-
tween up-regulated poly(A) sites and acetylation peaks between
hda6 and Col-0, as well as all mixed DE poly(A) sites (Fig. 5C).
This evidence reflects that up-regulated poly(A) sites are more eli-
gible to be affected by the histone H3K9K14ac level. To confirm
this finding, ChIP-seq of H3K9ac was performed with an antibody
only targeting to H3K9ac. The result also shows that up-regulated
poly(A) sites are significantly closer to H3K9ac peaks in hda6 than
those in Col-O (Supplemental Fig. S7). Taken together, the alter-
ation of H3K9K14ac induced by defective HDA6 may contribute
to mRNA polyadenylation disturbance in hda6.

H3K%ac and H3Kl14ac around poly(A) sites are associated
with differential expression of poly(A) sites

To further study the effects of acetylation on polyadenylation, the
levels of H3K9K14ac around poly(A) sites were investigated (Fig. 6).
Generally, H3K9K14ac levels at or near the poly(A) sites are lower
than other locations within the —1 kb ~ 1 kb region around poly(A)
sites (Fig. 6AB,D,E), indicating that H3K9K14ac may be involved in
the positioning of poly(A) sites. Moreover, the H3K9K14ac level
upstream of poly(A) sites is higher than that downstream from
poly(A) sites, including both hda6 preferred poly(A) sites (up-regu-
lated and hda6-unique poly(A) sites) and Col-O preferred poly(A)
sites (down-regulated and Col-O—unique poly(A) sites) (Fig. 6A,B,
D,E). These results indicate that the H3K9K14ac decrease is associ-
ated with polyadenylation.

In Col-0, H3K9K14ac profiles around DE, up-regulated, and
hda6-unique poly(A) sites are much lower (ranging from —1.5 to
—0.5) than that around non-DE, down-regulated, and Col-0-
unique poly(A) sites (ranging from —1.0 to O or higher) (Fig. 6A,
B,D,E). These differences are also shown as boxplots of the

To elucidate the relationship between
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acetylation and polyadenylation, ChIP-
seq of H3K9ac and H3K14ac (designated
as H3K9K14ac) was also performed with
an antibody targeting both histone acet-
ylation markers. Peaks were called by
MACS2 (Zhang et al. 2008b) to find the
enriched acetylation regions, and the dis-
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tances between DE poly(A) sites and their
nearest upstream acetylation peaks were
calculated. We found that the distance
between DE poly(A) sites and acetylation
peaks in hda6 is much shorter than that
in Col-0 (Fig. 5A). Furthermore, we
separated the up- and down-regulated
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Figure 5.
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Expression of mature transcripts is associated with the distance between acetylation peaks to
poly(A) sites. (A) DE poly(A) sites. (B) Down-regulated poly(A) sites. (C) Up-regulated poly(A) sites. The
Wilcoxon signed-rank test was applied to evaluate the statistical significance of difference between
two samples, and P values are indicated below.
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Figure 6. H3K9K14ac profiles across the poly(A) sites. (A-C) H3K9K14ac profiles around DE, up-regu-
lated, and hdaé6-unique poly(A) sites, respectively. (D-F) H3K9K14ac profiles around non-DE, down-reg-
ulated, and Col-0-unique poly(A) sites, respectively. (G) H3K9K14ac and APA of AT5G10130,
AT1G58620 (RPP7), and non-DE poly(A) sites gene AT4G17330. Red arrows indicate H3K9K14ac is high-
er in hda6 than Col-0. Red rectangles indicate the potential DE poly(A) sites affected by deacetylation

abortion.

H3K9K14ac levels around corresponding poly(A) sites (Fig. 6C,F;
Supplemental Table S5). Since a higher H3K9K14ac level presents
in down-regulated poly(A) sites of Col-0 (green dotted lines in Fig.
6D,E), the H3K9K14ac profiles of DE poly(A) sites (red dotted lines
in Fig. 6A,B) are diverged from that of up-regulated and hda6-
unique poly(A) sites (blue and green dotted lines in Fig. 6A,B) in
Col-0. Meanwhile, mutation of HDAG6 results in an up-regulation
of H3K9K14ac around up-regulated and hda6-unique poly(A)
sites, whereas H3K9K14ac around down-regulated and Col-0-
unique poly(A) sites do not change too much (Fig. 6A-F), al-
though their statistical differences are significant (Supplemental
Table S5). Thus, the poly(A) site usage of up-regulated and hda6-
unique poly(A) sites is much more susceptible to be regulated
through histone H3K9K14ac modification by HDA6.
Additionally, H3K9K14ac is enhanced within 1 kb upstream
of up-regulated and hda6-unique poly(A) sites, whereas 1 kb down-
stream from those two poly(A) sites groups has a comparatively

not seen in AT4G17330. Again, after
MB-3 treatment, the poly(A) profiles of
AT5G10130 and AT1G58620 in hda6
and sill appeared similar to that of Col-
0. It indicates that the deacetylation
role of HDAG is associated with polyade-
nylation in Arabidopsis.

In hda6, H3K9ac profiles upstream of
poly(A) sites across DE, up-regulated, and
hda6-unique poly(A) sites are also en-
hanced when compared to Col-0 (Supple-
mental Fig. S8A,B; Supplemental Table
S6), whereas in non-DE, down-regulated,
and Col-0-unique poly(A) sites, they are
not (Supplemental Fig. S8C,D).

Taken together, these results
strongly suggest that up-regulated and
hda6-unique poly(A) sites are targets of
HDAG®6, and deacetylation of H3K9K14ac
or H3K9ac level upstream of poly(A) sites
is associated with polyadenylation.

0-069
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0-0.69 1
0-112
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-7-59

AT4G17330

HDAA differentially regulates H3K9Kl4ac upstream of poly(A)
sites among different poly(A) signal types

Defective HDAG6 varies in the usage of poly(A) signals (Fig. 4), and
the H3K9K14ac profiles are different around poly(A) sites between
up- and down-regulated poly(A) sites (Fig. 6). Thus, we speculated
that the H3K9K14ac profiles around poly(A) sites are different
among three types of NUE poly(A) signals including AAUAAA, 1-
nt variations of AAUAAA, and other unclassified poly(A) signals.
We mainly focused on the up-regulated and hda6-unique poly(A)
sites. Results show that the H3K9K14ac profiles of up-regulated
and hda6-unique poly(A) sites across all three types of poly(A) sig-
nals are increased in hda6 compared to Col-0 (Fig. 7A-F). This result
further supports the conclusion that H3K9K14ac may mainly con-
tribute to up-regulated and newly activated poly(A) sites.

By comparing the H3K9K14 profiles of up-regulated poly(A)
sites classified by the three types of poly(A) signals, no wide
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Figure 7. Different poly(A) signals are associated with different H3K9K14ac profiles. The Wilcoxon
signed-rank test was used to evaluate the statistical significance of the acetylation level differences,
and P values are listed in Supplemental Table S7. (A-C) Up-regulated poly(A) sites. (D-F) hda6-unique

poly(A) sites.

deviants are found in Col-0 (Fig. 7A-C), although they are statisti-
cally different (Supplemental Table S7). However, in hda6,
AAUAAA containing up-regulated poly(A) sites appears to have a
lower level of H3K9K14ac compared to the categories of 1-nt vari-
ation of AAUAAA and other unclassified poly(A) signals, especially
within the upstream area of poly(A) sites (Fig. 7A-C). In hda6-
unique poly(A) sites group, the AAUAAA category also presents a
lower H3K9K14ac level in hda6, especially around —500 bp (Fig.
7D-F). Although H3K9ac profiles between hda6 and Col-0 are dif-
ferent among DE, up-regulated, and hda6-unique poly(A) sites, we
did not find large differences among the three types of poly(A) sig-
nals (Supplemental Fig. S9; Supplemental Table S8). This result in-
dicates that the poly(A) signal choices may not solely be affected
by H3K9ac.

In conclusion, H3K9K14ac mediation by HDA6 may play an
important role in poly(A) signal choices in guiding polyadenyla-
tion during mRNA 3’ end processing. Canonical AAUAAA NUE sig-
nals containing transcripts require a low amount of H3K9K14ac
upstream of poly(A) sites for polyadenylation, compared to 1-nt
variation AAUAAA and other unclassified poly(A) signals contain-
ing transcripts.

Discussion

Epigenetic modifications play an important role in regulating gene
expression (Kurdistani et al. 2004; Chinnusamy and Zhu 2009;
Lawrence et al. 2016; Yan et al. 2018). In addition to transcription
initiation and elongation, epigenetic modifications also function
in alternative splicing (Luco et al. 2011; Jimeno-Gonzalez and
Reyes 2016; Zhu et al. 2018). Recently, epigenetic markers on ge-
nomic DNA contexts were reported to affect polyadenylation
through the EDM2-AIPP1-ASI1 complex (Lei et al. 2014; Duan
et al. 2017). The flowering time regulator, FPA, is also involved
in this process (Deremetz et al. 2019). These findings indicate
that chromatin status is sufficient in coordinating 3’ end process-
ing during transcription. However, the effect of histone epigenetic
modifications on transcription polyadenylation is rarely studied. It

the intergenic regions. A histone acetyl-
transferase inhibitor assay confirmed
that the effect of HDA6 mutation on pol-
yadenylation is in an acetylation-depen-
dent manner. HDAG6 is associated with
the regulation of 3’-UTR lengths of tran-
scripts. Since transcription stability and small RNA abundance
are sensitive to environmental conditions (Sidaway-Lee et al.
2014; Ma et al. 2018), the lengthening of the 3’ UTR induced
by defective HDA6 may result in the alteration of mRNA stability
or small RNA targeting, especially under certain stress conditions.
Thus, the transcriptome homeostasis is shifted by APA and re-
sults in phenotypic outcomes. Moreover, the larger the variance
in 3'-UTR lengths, the less total gene expression difference was
observed. It suggests that HDA6 functions in coordinating 3'-
UTR length and gene expression separately. However, this may
also implicate that a 3" UTR APA mechanism occurs to maintain
a temporary homeostasis of gene expression in hda6. This strat-
egy may be effective for the survival and normal phenotypic out-
comes of hda6 under normal growth conditions, but further large
scale studies on different growth conditions and different tissues
are required.

To directly elucidate the relationship between histone acety-
lation and polyadenylation, H3K9K14ac profiles of hda6 and Col-0
were analyzed by ChIP-seq. An increase of H3K9K14ac specifically
supports the overrepresented transcription of both up-regulated
and unique poly(A) site usage in hda6 (Fig. 6). Since the acetylation
peaks are much closer to up-regulated poly(A) sites in hda6 than in
Col-0 (Fig. 5), we conclude that H3K9K14ac promotes polyadeny-
lation in certain poly(A) site usage affected by HDA6. H3K9ac pro-
files of poly(A) site upstream contexts are also significantly
different between DE, up-regulated, and hda6-unique poly(A) sites,
although H3K9ac variations between hda6 and Col-0 are smaller
than H3K9K14ac (Fig. 6; Supplemental Fig. S8). These results indi-
cate that both H3K9ac and H3K14ac may function in the polyade-
nylation of those activated genes. Besides, H3K9ac profiles of
poly(A) site downstream contexts are insensitive to HDA6 modu-
lating, which reflects that the roles of H3K9ac and H3K14ac in
transcriptional polyadenylation may be partially different. The dif-
ference between H3K9K14ac and H3K9ac is mainly found down-
stream from poly(A) sites in DE, up-regulated, and hda6-unique
poly(A) sites. It appears that H3K9ac is suppressed in the down-
stream from poly(A) sites in hda6. These data suggest that
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H3K9ac may exclusively affect histone acetylation in gene bodies.
However, the footprint of H3K14ac may be more general or even
genome-wide than H3K9ac. Collectively, these results indicate
that up-regulated and unique poly(A) sites in hda6 are potential
deacetylation targets of HDA6, and the usage of these poly(A) sites
is associated with H3K9K14ac marker. Further studies should be
carried out to elucidate the roles of different histone acetylation
markers in RNA processing.

AAUAAA is a common canonical poly(A) signal in eukaryotes
(Clerici et al. 2018). It presents in ~50% of mRNA in mammals
(Clerici et al. 2017, 2018; Tian and Manley 2017), whereas the fre-
quency in plants is only ~10% (Wu et al. 2011b; Xing and Li 2011;
Thomas et al. 2012). One-nt variation and other unclassified
poly(A) signals account for the rest of poly(A) signals. However,
how plants distinguish these three types of poly(A) signals is still
unclear. Here, we found that the H3K9K14ac of activated tran-
scripts (up-regulated and hda6-unique poly(A) sites) is enhanced
by HDAG6 defects (Fig. 6). Moreover, transcripts containing
AAUAAA are associated with a lower amount of H3K9K14ac up-
stream of the poly(A) sites (Fig. 7). We speculate that the strong
cis-element AAUAAA is sufficient to recruit the polyadenylation
machinery for transcription termination, whereas weak poly(A)
signals require other mechanisms such as histone modifications
to ensure transcription polyadenylation.

In addition, we observed MB-3 has significant impact on
polyadenylation in Col-0. It was reported that MB-3 does not
solely reduce H3K9K14ac but also affects the genome-wide
H3K27ac level (Chen et al. 2017). Hence, the impact of MB-3
on polyadenylation should be carefully considered and required
for mass further studies to reach a conclusion. Moreover, we ob-
served the 3'-UTR length of AT2G01930 is not lengthened in sil1
as in hda6 (Supplemental Fig. S10). It was reported that hda6 and
sill have different strengths on deacetylating H3K9K14 and reg-
ulation on gene expression (Liu et al. 2012). Thus, the genetic dif-
ference may mediate the different APA of AT2G01930 between
hda6 and sill. This also requires further studies to elucidate the
underlying mechanism.

To conclude, our studies provide direct evidence that histone
deacetylation orchestrates polyadenylation in Arabidopsis to regu-
late gene expression. Moreover, the histone epigenetic marker
H3K9K14ac is involved in distinguishing different poly(A) signals
during cotranscriptional RNA processing.

Methods

Plant materials and growth conditions

Col-0, hda6 (axel-5), and sill were surface-deterged and synchro-
nized in 4°C with soaking in ddH,O for 3 d. The synchronized
seeds were grown vertically for 14 d on 1/2MS with 1% sucrose
and 0.8% phytagel. For the histone acetyltransferase inhibitor as-
say, synchronized seeds were geminated on normal 1/2MS with
1% sucrose and 0.8% phytagel plates for 3 d, transferred to 1/
2MS plates containing 100 uM MB-3 (Sigma-Aldrich M2449),
and kept in vertical growth for 14 d (Chen et al. 2017). The light
period was set at 16 h light and 8 h dark in a growth chamber.

PAT-seq

The 14-d nontreated or MB-3-treated seedlings were collected and
ground in liquid nitrogen. Fine powders of samples were collected
in a 1.5-mL RNase-free tube for total RNA extraction by TRIzol
(Thermo Fisher Scientific 15596018), followed by removal of puta-

tive DNA contamination. Two micrograms of each replicate of
clean total RNA were used for PAT-seq library preparation. PAT-
seq was performed following the protocol of a previous publica-
tion, with minor modifications (Ma et al. 2014). Briefly, clean
RNA was sheared by 5x first strand buffer (supplied with tran-
scriptase) at 94°C for 4 min. The poly(A) tags were immediately en-
riched by oligo d(T),s magnetic beads. Enriched poly(A) tags were
reverse-transcribed with barcoded and anchored oligo d(T);g
[llumina adaptors by SMARTScribe Reverse Transcriptase
(Clontech 639538) for 2 h at 42°C. Locked Nucleic Acid (LNA)
modified 5 adaptor was added with 1 uL more of SMARTScribe
for 2 h template switching at 42°C. cDNA was purified by
HighPrep PCR beads (Magbio MGAC60050) and amplified by a
pair of primers with Illumina adaptors. The products were separat-
ed on a 2% agarose gel and bands between 300-500 bp were gel-
purified for sequencing. The purified products were qualified by
Qubit and Aglient Bioanalyzer, then quantified by qPCR. Single-
end 74-nt mode without index sequencing was chosen for se-
quencing on HiSeq 2500.

Chromatin immunoprecipitation sequencing assay

Chromatin extracts were prepared from seedlings treated with 1%
formaldehyde. The chromatin was sheared to the mean length of
500 bp by sonication; proteins and DNA fragments were then im-
munoprecipitated using antibodies against acetylated histone
H3K9K14 (Millipore-Sigma 06-599) or acetylated histone H3K9
(Millipore-Sigma 07-352). The DNA cross-linked to immunopre-
cipitated proteins was reversed and then participated by 70%
EtOH. A total of 5 ng of DNA from at least five ChIPs was pooled
to ensure that there was enough starting DNA for library construc-
tion. Two biological replicates of H3K9K14ac were prepared and se-
quenced for each ChIP-seq experiment. The ChIP DNA was first
tested by RT-qPCR and then used to prepare ChlP-seq libraries.
End repair, adaptor ligation, and amplification were carried out us-
ing the Illumina Genomic DNA Sample Prep kit according to the
manufacturer’s protocol. An Illumina HiSeq 2500 instrument
was used for the high-throughput sequencing of the ChIP-seq
libraries.

PAT-seq data processing

Raw reads quality filtering was performed using FASTX-Toolkit
with a threshold q=20. Barcodes and poly(T) stretches of high-
quality reads were trimmed. Clean reads were then mapped to ref-
erence genome TAIR10 by Bowtie 2 for end-to-end alignment
(Langmead and Salzberg 2012). Poly(A) sites, which are the cleav-
age sites for adding poly(A) tails, were extracted from uniquely
mapped reads, and internal priming events were filtered out using
published customized scripts (Wu et al. 2015b). Because of the
microheterogeneity of polyadenylation, the location of qualified
poly(A) tags were clustered by a sliding 24-nt interval according
to our previous publications, and the locations supported by the
most reads were adopted as reference coordinates of poly(A) sites
(Wu et al. 2011b, 2015b). The BAM files of mapping results were
converted into bedGraph format and normalized by “counts per
million” for visualization in Integrative Genomics Viewer (IGV)
(Robinson et al. 2011). Tracks from replicates were summed up
into one track.

For removing low-confident sites, poly(A) sites with a total tag
number of all nontreatment samples < 15 were filtered out. Poly(A)
reads of poly(A)site i
Y%, reads of poly(A)site i
in which i indicates the ith poly(A) site of a gene and » indicates
the total number of poly(A) sites of the gene. Folded empirical

site usage was calculated as PSUi =
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cumulative distribution plots were generated by Moutainplot (Xue
and Titterington 2011) in R (R Core Team 2019). The preserved
poly(A) sites were subjected to DE analysis using DESeq2 (Love
et al. 2014). A threshold of padj<0.05 was chosen to control the
false discovery rate of identification of DE poly(A) sites. Gene
Ontology enrichment analysis was performed using the agriGO
v2.0 webserver (Tian et al. 2017). For 3’ UTR variation analysis, a
mean length of the 3" UTR of a target gene was calculated as

n
lenmean = Y_ PSU; x len; (len; represents the 3'-UTR length of the
i=1
ith poly(A) site), and a 3/-UTR length index r was calculated by a
Pearson product moment correlation coefficient that indicates
the strength of 3" UTR shortening (r<0) or 3" UTR lengthening
(r >0) between two conditions. The tandem 3’ UTR sequencing
of the shortening or lengthening transcripts was submitted to
the psRNATarget webserver (Dai et al. 2018) for small RNA targets
alignment.

For profiling the single nucleotide composition around the
poly(A) sites, nucleotide sequences 300 nt upstream of and 100
nt downstream from poly(A) sites were extracted and the corre-
sponding frequency of each position was calculated. The poly(A)
site was designated as the “0” point in figures. Poly(A) signal usage
was calculated by customized Perl scripts published previously
(Wu et al. 2015a), and the y? test was applied for testing the NUE
signal usage among different transcript groups.

For RNA-seq data processing, raw sequencing data were
downloaded from the NCBI SRA database under BioProject acces-
sion PRJNA314484. Reads were mapped to reference genome
TAIR10 by Bowtie 2. Unique mapped reads were extracted for
featureCounts (Liao et al. 2014) to quantify the gene expression
levels. DE gene analysis was done by the DESeq2 package in R.

ChlIP-seq data processing

Raw reads were quality-controlled by FASTX-Toolkit (http
://hannonlab.cshl.edu/fastx_toolkit/) with ¢g>20. Clean reads
were mapped to the TAIR10 genome by Bowtie 2 (Langmead and
Salzberg 2012). Uniquely mapped reads were reserved, sorted,
and indexed by SAMtools (Li et al. 2009). The output BAM files
of samples were used for peak calling by MACS2 (Zhang et al.
2008b). The distance from DE poly(A) sites to identified peaks
were calculated and statistically tested by a paired t-test in R. The
output BAM files of samples were normalized to input sequencing
BAM files and scaled with the “counts per million” method by
deepTools (Ramirez et al. 2016). A metaplot of acetylation profiles
around poly(A) sites of interest were performed at a resolution with
bin size of 10 nt in R. The Wilcoxon signed-rank test was used to
evaluate the statistical significance of the acetylation profile differ-
ences between each two compared groups.

Data access

The sequencing data sets generated in this study have been sub-
mitted to the NCBI BioProject database (https:/www.ncbi.nlm
.nih.gov/bioproject/) under accession number PRINA552176.
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