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ABSTRACT

Under warm temperatures, plants adjust their morphologies for environmental adaption via precise gene
expression regulation. However, the function and regulation of alternative polyadenylation (APA), an
important fine-tuning of gene expression, remains unknown in plant thermomorphogenesis. In this study,
we found that SUMOylation, a critical post-translational modification, is induced by a long-term treat-
ment at warm temperatures via a SUMO ligase SIZ1 in Arabidopsis. Disruption of SIZ1 altered the global
usage of polyadenylation signals and affected the APA dynamic of thermomorphogenesis-related genes.
CPSF100, a key subunit of the CPSF complex for polyadenylation regulation, is SUMOylated by SIZ1.
Importantly, we demonstrated that SUMOylation is essential for the function of CPSF100 in genome-
wide polyadenylation site choice during thermomorphogenesis. Further analyses revealed that the
SUMO conjugation on CPSF100 attenuates its interaction with two isoforms of its partner CPSF30,
increasing the nuclear accumulation of CPSF100 for polyadenylation regulation. In summary, our
study uncovers a regulatory mechanism of APA via SIZ1-mediated SUMOylation in plant thermomorpho-
genesis.
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INTRODUCTION

Global warming, which causes elevated ambient temperatures, has
a profound influence on plant development (Hedhly et al., 2009).
Warm ambient temperatures induce thermomorphogenesis in
plants, such as leaf hyponasty, early fiowering, and elongation of
hypocotyls, petioles, and roots, to overcome the effects of high
temperatures (Casal and Balasubramanian, 2019). Downstream
of the thermosensors, a transcription factor PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) acts as a central regulator in
thermoresponses (Koini et al., 2009; Kumar et al., 2012). Multiple

transcription, alternative splicing, RNA metabolism, and protein
stability (Quint et al., 2016; Hou et al., 2022).

mRNA polyadenylation is an essential co-transcriptional mecha-
nism in the regulation of MRNA nuclear export, stability, and trans-
lation efficiency in eukaryotes (Tian and Manley, 2017). When the
transcription of polymerase Il reaches the end, nascent RNA is
cleaved at its 3’ end, followed by poly(A) tail synthesis via poly(A)
polymerase. Importantly, more than 50% of eukaryotic genes

molecular mechanisms are involved in the control of plant
thermoresponsive growth, including regulation processes in

Published by the Molecular Plant Shanghai Editorial Office in association with
Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.

1392 Molecular Plant 17, 1392-1406, September 2 2024 © 2024 The Author.


mailto:20141062@m.scnu.edu.cn
mailto:liqq@xmu.edu.cn
mailto:yangchw@scnu.edu.cn
https://doi.org/10.1016/j.molp.2024.07.011

SUMOylation controls APA in thermomorphogenesis

use alternative poly(A) sites, called alternative polyadenylation
(APA) (Wu et al., 2011; Shi, 2012; Fu et al., 2016, 2019). The
choice of poly(A) sites is mediated by multiple protein complexes
assembled at cis-elements around the 3 end region of
pre-mRNAs (Shi and Manley, 2015). The cleavage and
polyadenylation specificity factor (CPSF) complex, consisting of
CPSF160, CPSF100, CPSF73, CPSF30, and FY, acts as a key
complex in regulating APA via recognizing poly(A) signals in the
near upstream elements (NUEs) or far upstream elements (FUEs)
in Arabidopsis (Thomas et al., 2012; Lin et al., 2017; Yu et al,,
2019; Song et al., 2021). Previous studies revealed that poly(A)
factors are essential in the modulation of APA in plant
development and stress tolerance (Deng and Cao, 2017; Téllez-
Robledo et al., 2019; Ye et al., 2019; Conesa et al., 2020; Hunt,
2020; Wu et al., 2020; Yan et al., 2021; Kim et al., 2023; Lin and
Li, 2023), but the regulatory mechanism and the molecular
function of APA in plant thermomorphogenesis are unknown.

Post-translational modification (PTM) is a critical mechanism to
rapidly change the functions of proteins during environmental
stress response in plants (Niu et al., 2019; Han et al., 2022).
SUMOylation is an important PTM that covalently attaches small
ubiquitin-like modifiers (SUMOs) to lysine residues of substrates
via an E1-E2-E3 enzyme cascade (Miura et al., 2007; Park et al.,
2011). The levels of SUMO1/2 conjugates on diverse protein
substrates are significantly increased in response to extreme
heat stress (HS) in Arabidopsis, and this process is dependent
on the SUMO ES3 ligase SIZ1 (Kurepa et al., 2003). Previous
works focused mostly on the molecular functions of
SUMOylation in plant transcription regulation in extreme HS (Li
et al., 2017; Wang et al., 2020; Zheng et al., 2022; Huang et al.,
2023), but this modification is also involved in plant
thermomorphogenesis under warm ambient temperatures. The
sumo1/2 knockdown mutant or the siz7-2 knockout mutant ex-
hibits thermoinsensitivity at 28°C, but a short-term treatment at
28°C does not increase SUMO conjugates (Hammoudi et al.,
2018). Although it has been determined that the SUMOylation
of SEUSS positively regulates thermoresponsive hypocotyl elon-
gation (Zhang et al.,2020), the underlying mechanism of
SUMOylation in plant thermomorphogenesis remains unclear.
Here, we uncovered a mechanism that shows that the SIZ1-
mediated SUMOylation of CPSF100 is essential for APA regula-
tion in plant thermomorphogenesis.

RESULTS

Genome-wide alternative polyadenylation in response
to warm temperatures is regulated by SIZ1

To reveal the mechanism by which SUMOylation regulates
thermomorphogenesis in Arabidopsis, we confirmed the hypo-
cotyl elongation phenotype of the siz7-2 mutant at 28°C.
Consistent with the previous report, the hypocotyl lengths of
the siz1-2 seedlings were significantly shorter than those in
the wild type (WT; Figure 1A). A previous study showed that
28°C does not induce the accumulation of SUMO1/2
conjugates in a short time (Kurepa et al., 2003); thus, we
treated the 5-day-old seedlings at 28°C for 1 or 4 days. Inter-
estingly, compared to the 22°C control, the level of SUMO1/2
conjugates was significantly increased only after 1 day at 28°C
in WT but not in siz1-2 (Figure 1B and 1C), suggesting that the
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SUMOylation is induced under this warm condition in a SIZ1-
dependent manner.

Warm temperatures alter global gene expression (Hammoudi et al.,
2018), but whether APA is involved in thermomorphogeneis
mediated by SIZ1 remains unknown. Poly(A) tag sequencing
(PAT-seq) was used to uncover the genome-wide profiling of
poly(A) site usage, mature transcripts abundance, and functional
gene expression in the Col-0 and siz7-2 mutant seedlings at 22°C
and 28°C (Supplemental Figure 1 and 2A; Supplemental Table 1).
In total, 65 971 poly(A) site clusters (PACs) were identified
(Supplemental Data Set 1). These PACs were mapped to 22 112
genes, and 17 329 genes (78%) contained more than one
PAC (defined as APA genes) (Supplemental Figure 2B). Over 70%
of PACs were located at 3’ UTRs, similar to previous results (Yu
et al., 2019). Although the number of PAC distributions had no
obvious differences between the 22°C and 28°C samples in
either Col-0 or siz1-2 (Supplemental Figure 2C), poly(A) tags of
PACs (the expression of transcripts) were increased in 3
UTRs but reduced in exons under 28°C; more interestingly,
the deficiency of SIZ1 significantly enhanced this change
(Figure 1D).

The QuantifyPoly(A) method, which employs usage ratios of
each PAC per gene to evaluate APA dynamics (the genes
with different usage ratios of each PAC in different tempera-
tures were defined as switch genes), was then used to exclude
the variations of PACs derived from transcription activation or
repression (Ye et al., 2021). The results showed that 1171 and
1641 switch genes with different poly(A) site usages were
differentially expressed in Col-0 and siz7-2, respectively, in
response to 28°C (Supplemental Figure 2D). The depletion of
SIZ1 specifically resulted in the alternation of poly(A) site us-
ages of 950 switch genes. The heatmap analysis also showed
that 28°C significantly changed the expression of these switch
genes, and the expression patterns were varied in the Col-
0 and siz1-2 plants (Supplemental Figure 2E). The further
Gene Ontology (GO) analysis showed that these switch
genes were associated with the response to stresses, such
as temperature stimulus (Supplemental Figure 2F). gRT-PCR
was used to verify the expression switch of APA transcripts
of key regulators in thermomorphogenesis, including ELF3
(Thines and Harmon, 2010), YUC8 (Sun et al., 2012), PIF4
(Koini et al.,, 2009), and ELF4 (Tian et al., 2022), in the
response to warm temperatures. Consistent with the PAT-
seq data, compared to the WT, the depletion of S/IZ7 promoted
the expression of the proximal transcript in ELF3, YUCS,
and PIF4, as well as the distal transcript in ELF4 under
warm temperatures (Figure 1E). Overexpression of both
proximal and distal PIF4 in WT significantly enhanced hypocot-
yl length at 22°C and 28°C. Notably, overexpression of distal
PIF4 led to a more pronounced increase in hypocotyl growth
at 28°C compared to proximal PIF4 (Figure 1F, 1G,
and Supplemental Figure 3). Additionally, the luciferase (LUC)
activity data showed that the expression of YUCS8, an auxin
biosynthesis gene for hypocotyl elongation, was suppressed
more by the proximal transcript of ELF3 than the distal tran-
script of ELF3 (Figure 1H). Combined with the result that the
usage ratio of the proximal transcript of ELF3 and PIF4 was
increased in siz1-2 (Figure 1E), it provided an explanation of
the hypocotyl elongation defect of siz7-2 under warm
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Figure 1. The genome-wide alternative poly-
adenylation in response to warm tempera-
tures is regulated by SIZ1.

(A) Seedling phenotypes of Col-0 and siz7-2 grown
at 22°C and 28°C. Seedlings were grown for 4 days
at 22°C and then either kept at 22°C or transferred
to 28°C for an additional 4 days before being pho-
tographed. The representative image is shown in
the top graph. Scale bars, 1 cm. The quantitative
data in the bottom graph are mean + SD (n = 10)
from one experiment. Three independent experi-
ments showed similar patterns. Significant differ-
ence was analyzed via one-way ANOVA followed by
Tukey’s multiple comparisons test (p < 0.05).

(B) Five-day-old Col-0 and siz7-2 seedlings were
exposed to 28°C or 22°C for 1 or 4 days. Total
proteins were extracted for immunoblotting with an
anti-SUMO1 antibody. The loading controls from
Coomassie blue staining are shown at the bottom.
(C) Quantification of the SUMOylation levels in (B).
The SUMOylation signals in the immunoblots were
quantified by ImagedJ and modification levels were
calculated from relative signals (SUMOylation/
Rubisco). The relative SUMOQylation level of Col-
0 at 22°C was set to 1. Data are mean + SD from
three biologically independent experiments. Sig-
nificant difference was analyzed via one-way
ANOVA followed by Tukey’s multiple comparison
tests (p < 0.05).

(D) The distributions of PATs in 3" UTR and exon
regions. Significant difference was analyzed using
Student’s t test (**p < 0.01; ns., p > 0.05).

(E) gRT-PCR analysis for the relative expression
ratio of APA transcripts of ELF3, YUCS8, PIF4, and
ELF4 in Col-0 and siz7-2. The relative expression of
different transcripts was defined as the ratio of
proximal transcript expression/distal transcript
expression (28°C/22°C); the detailed calculation is
included in Materials and methods. ACTIN2 was
used as an internal control. Data are mean + SD
from three technological replicates in a single
experiment. Three biologically independent exper-
iments showed similar patterns. Significant differ-
ence between different samples at the same time
point was analyzed using Student’s t test (*p < 0.05;
**p < 0.01; **p < 0.001).

(F and G) The impact of overexpressing either the
proximal or distal version of PIF4 on hypocotyl
elongation in response to warm temperatures.
Seedlings were initially grown at 22°C for 4 days
and then subjected to 22°C or 28°C for an

additional 4 days before being photographed. Representative images are shown in (F). Scale bars, 1 cm. The quantification data of hypocotyl lengths of
seedlings in (G) are mean + SD (n = 10) from a single experiment. Three biologically independent experiments showed similar patterns. Significant
difference was analyzed via one-way ANOVA followed by Tukey’s multiple comparisons test (o < 0.05).

(H) The effect of the proximal and distal transcript of ELF3 on the YUC8 promoter activity. The GFP vector was used as a control sample. Data are mean +
SD from three biologically independent experiments and significant difference were analyzed via one-way ANOVA followed by Tukey’s multiple com-

parison tests (p < 0.05).

temperatures. Collectively, these data suggested that SIZ1

mediates APA in plant thermomorphogenesis.

The deficiency of SIZ1 alters the usage of poly(A) signals

under warm temperatures

The usage of MRNA poly(A) sites is determined by the interaction
between cis-elements on pre-mRNAs and a set of polyadenyla-

tion factors (Loke et al.,

2005; Shi and Manley, 2015). To study

these cis-elements, characterization of the single-nucleotide
base compositions surrounding poly(A) sites was conducted in
the NUEs and FUEs. The poly(A) sites were grouped into three
sets: common PACs in Col-0 and siz7-2 (SIZ1 independent),
Col-0 specific PACs (SIZ1 activation), and siz71-2 specific PACs
(SIZ1 suppression). The frequency of U nucleotide usage in
FUEs in SlZ1-regulated (activated and suppressed) PACs
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was higher than that in common-regulated PACs (Figure 2A).
There was also a similar trend in NUEs (Figure 2B). To identify
poly(A) signals, we focused on A-rich NUE and U-rich FUE signals
10-35 and 36-150 nt upstream of PACs. More U-rich motifs
in SlZ1-regulated PACs were used than in common PACs

siz1-2 specific PACs (SIZ1 suppression)
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Figure 2. The deficiency of SIZ1 alters the us-
age of poly(A) signals under warm tempera-
tures.

(A) Position-by-position analysis of average base
composition in FUEs located —150 to —36 bp up-
stream of poly(A) sites in the Col-0 and siz7-2 plants.
The n represents the number of PACs used for the
plot. The y axis indicates the fraction of nucleotide
composition at x axis locations. The blue and red
dotted lines represent the average frequency of U
nucleotide usage and A nucleotide usage, respec-
tively.

(B) Position-by-position analysis of average base
composition in NUEs located —35 to —10 bp up-
stream of poly(A) sites in the Col-0 and siz7-2 plants.
(C) Poly(A) signal motifs in FUEs identified by MEME.
The motifs with the top 2 ratios (transcripts of en-
riched motifs/total transcripts) are shown. Enriched
E-value and percentage are shown above each motif.
(D) The AAUAAA signal usage and 1-nt variants of
AAUAAA signal usage in NUEs. SIZ1 activation: Col-
0 specific PACs; SIZ1 independent: common PACs in
Col-0 and siz1-2; SIZ1 suppression: siz1-2 specific
PACs.

SUMOylation of CPSF100 is required
for its function in plant
thermomorphogenesis

Because SIZ1 contributes to APA in warm
temperature responses, we screened the
SUMOylation substrates involved in polyade-
nylation in a reconstituted system in bacteria
cells (Supplemental Figure 4A). As a result,
CPSF100, a key subunit of the CPSF complex,
was identified as a SUMOylation substrate.
Bioinformatics prediction (Zhao et al., 2014)
indicated that the lysine residues K401,
K412, and K491 of CPSF100 were potential
SUMOylation sites (Figure 3A). Further
biochemical data confirmed that all these
lysine residues contributed to CPSF100 SU-
MOylation (Supplemental Figure 4B), and the
SUMO1 conjugations on CPSF100 were
almost completely lost in the triple-site mutant
(BKR: all three lysine residues were mutated to
arginine residues) (Figure 3B).

SUMOylation of CPSF100 was then confirmed
in plant cells via an immunoprecipitation (IP)
assay. The WT CPSF100-GFP was covalently
attached with SUMO1 at 22°C, and its

SUMOylation level was increased at 28°C; consistently, the
SUMOylation level of the 3KR version of CPSF100-GFP was low
in both conditions (Figure 3C and Supplemental Figure 5A).
Furthermore, in vivo data showed that SUMOQylation of CPSF100
was decreased in siz1-2 at 22°C and 28°C (Figure 3D).

(Figure 2C). Furthermore, the frequency of the canonical poly(A)
signal (AAUAAA) and its 1-nucleotide (1-nt) variants in NUEs
was increased in SlZ1-regulated PACs (Figure 2D). These data
supported that SIZ1 is associated with the usage of poly(A)
signals in response to warm temperatures.

Molecular Plant 17, 1392-1406, September 2 2024 © 2024 The Author.

Consistently, the overexpression of SIZ1 resulted in increased
SUMOylation of CPSF100 in plants (Supplemental Figure 5B).

Importantly, we found that the hypocotyls of cpsf100 mutant
seedlings were significantly shorter than those of WT at 28°C,

1395



Molecular Plant SUMOylation controls APA in thermomorphogenesis

A B CPSF100 Figure 3. SUMOylation of CPSF100 is
WT 3KR required for its function in plant thermomor-
MEL  RCASP RMMBL CTD 2 T - T - phogenesis.
CRSF100 789aa  (kDa) 130-| . (A) The predicted SUMOylation sites on CPSF100
K401 K412 Kdo1 100-| d__. --'CPSF‘“ using the GPS-SUMO Program. Three potential
SUMOylation sites are indicated. The blue, red, and
(o} __22rC _ 28C D L 2T | 260 green regions represent the MBL, B-CASP, and
Q/o@‘&« 03@&(,\%« oslg» &o@@/\ é\w"'{b \\Qg}";« éd;\f” RMMBL domains, respectively.
(kDa) = _ (kDa) (B) Detection of CPSF100 SUMOylation in a re-
IB: M _ Myc-SUMO1- IB: M | Myc-SUMO1- ) ; i
v e Fepsriooare VR g E}CPSFWU'GFP constituted system in E. coli. In the presence of
oL I ] oo 130‘ ! !!‘ GPSFI00GFP SUMO1GG and E1, the SUMOylation levels of the
. B: GFP WT and 3KR (K401/412/491R) versions of
CPSF100-FLAG with or without E2 (SCE1) were
3
35 |- - - Grp
3

_GFP detected with an anti-FLAG antibody.

E] (C and D) Determination of CPSF100 SUMOylation
130- ™% #% =% *~|- CPSF100-GFP 130-[  wup W
1B: GFP IB: GFP
35| - - GFP 36

in plant cells. The WT or 3KR version of CPSF100-
GFP was co-expressed with 5x Myc-SUMO1 in
the WT protoplasts overnight at 22°C or 28°C (C).
The WT CPSF100-GFP was co-expressed with 5x
57 WT (22°C)
3KR (22°C)
B WT (28°C)
37 = 3KR (28°C)

- SUMO1-CPSF 100

IP: GFP
IP: GFP

IB: GFP

5
5.~ - Myc-SUMO1

— CPSF100-GFP

Input
Input

F :@Ri

- GFP Myc-SUMO1 in the WT or siz1-2 protoplasts over-

night at 22°C or 28°C (D). CPSF100-GFP was
T _ 28°C precipitated using anti-GFP beads. The input and
’ sEte e pull-down samples were analyzed by immunoblots
using anti-GFP and anti-Myc antibodies. The
representative immunoblot images are shown in the
top graphs; quantitative analysis of relative
CPSF100 SUMOylation is shown in the bottom
graphs. Data are mean + SD from three indepen-
dent experiments. Significant difference in (C) was
analyzed via one-way ANOVA followed by Tukey’s
multiple comparison tests (p < 0.05); significant
E CPSF100(WT) in cpsf100 CPSF100(3KR) in cpsf100 difference in (D) was analyzed via Student’s t test

W cpsf100 #1 #2 (**p < 0.01; **p < 0.001).

#1 #2
(E and F) The seedling phenotypes of the WT,
{ cpsf100, and the WT and 3KR versions of CPSF100
complementary lines grown at 22°C and 28°C.
( Seedlings were grown for 4 days at 22°C and then
22°C 22°C  28°C 22°C  28°C 22°C 28°C 22:clN 256 22°C  28°C either kept at 22°C or transferred to 28°C for an
1.0 2

-
28°C

F _ . additional 4 days before being photographed. The

representative images are shown in (E). Scale bars,

a 1 cm. The quantification of hypocotyl lengths of

O seedlings in (F). Data are mean + SD (n = 10) from

gao one independent experiment. Three biologically

9 independent experiments showed similar patterns.

Significant difference was analyzed via one-way

" %Is ANOVA followed by Tukey’s multiple comparison
Che tests (p < 0.05).

4
22°C

o
=
ele

b
1 =

0.5+

Cc
Py

Relative CPSF100 SUMOylation
Relative CPSF100 SUMOylation

o

8°C

o

=
1
o

o
o
1

o
IS
1
b
8o

Hypocotyl length (cm)

WT  cpsf100  #1 #2 #1 #2 WT  cpsf100 #1 #2 #1 #2
wrt 3KR wrt 3KR
CPSF100in cpsf100 CPSF100in cpsf100

but similar to those of WT at 22°C (Figure 3E and 3F), supporting with similar CPSF100 transcript levels (Supplemental Figure 8A)
the role of CPSF100 in thermoresponsive hypocotyl elongation. were selected for phenotype analysis. As a result, the cpsf100
However, the hypocotyls of cpsf100 were similar to those of hypocotyl phenotype at 28°C was complemented by WT but
the WT in the dark, suggesting that it is specific to warm not the 3KR variant of CPSF100 (Figure 3E and 3F), suggesting
temperatures (Supplemental Figure 6A). Furthermore, the that SUMOylation is essential for the function of CPSF100 in plant
overexpression of CPSF100 partially complemented the defect thermomorphogenesis. Consistent with the previous report, the
of hypocotyl growth in the siz7-2 mutant in response to warm density and length of root hairs of the cpsf100 mutant were found
temperatures  (Supplemental Figure 7), suggesting that to be increased compared to those of the WT (Lin et al., 2017).
SUMOylation of CPSF100 mediated by SIZ1 may be involved in Interestingly, this root hair phenotype of the cpsf100
the regulation of this process. To further determine the function mutant was restored by either the WT or the 3KR variant
of CPSF100 SUMOylation in thermomorphogenesis, the WT or of CPSF100 (Supplemental Figure 9). This result suggests
3KR version of CPSF100 under its native promoter was intro- that the 3KR variant of CPSF100 is functional in this process.
duced into the cpsf7100 mutant. Independent transgenic lines These findings supported the notion that SUMOylation of
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SUMOylation of CPSF100 mediates genome-wide
poly(A) site choice under warm temperatures

To detect the effect of CPSF100 SUMOQylation on genome-
wide poly(A) site choice in plant thermomorphogenesis, PAT-
seq was used to uncover the poly(A) site usage and transcrip-
tomic profiling of the WT, cpsf100 mutant, and the WT and
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Figure 4. SUMOylation of CPSF100 mediates
genome-wide poly(A) site choice under warm
temperatures.

(A) The Venn diagrams for switch genes in the
response to warm temperatures in the pairs of
indicated plants. p < 0.05 was considered statisti-
cally significant for poly(A) sites’ usage of switch
genes. Com(WT), the WT version of CPSF100
complementary plants; Com(3KR), the 3KR
version of CPSF100 complementary plants.

(B and C) gRT-PCR analysis for the APA expression
of ELF3, YUCS8, PIF4, and ELF4 in the WT and
cpsf100 (B), and the WT and 3KR versions of
CPSF100 complementary lines (C) at 22°C and
28°C. The relative expression of different tran-
scripts was defined as the ratio of proximal tran-
script  expression/distal transcript expression
(28°C/22°C); the detailed calculation is included in
Materials and methods. Data are mean + SD from
three technological replicates in a single experi-
ment. Three biologically independent experiments
showed similar patterns. Significant difference be-
tween different samples at the same time point was
analyzed using Student’s t test (p < 0.01;
***p < 0.001; ns., p > 0.05).

(D) Position-by-position analysis of average base
composition at 150 nt upstream of poly(A) sites,
including FUEs and NUEs, in the WT, cpsf100, and
complementary plants. n represents the number of
PACs used for the plots. The y axis indicates the
fraction of nucleotide composition at x axis loca-
tions.

(E and F) The FUE and NUE analysis in WT,
cpsf100, and complementary plants. Poly(A) signal
motifs in FUEs identified by MEME are shown in (E).
The motifs with top two ratios (transcripts of en-
riched motifs/total transcripts) are shown. Enriched
E-value and percentage are shown above each
motif. The AAUAAA signal usage and 1-nt variants
of AAUAAA signal usage in NUEs are shown in (F).

3KR versions of CPSF100 complementary
lines at 22°C and 28°C (Supplemental
Table 1). Quantification of APA dynamics
revealed that 756 and 1838 switch genes
with different poly(A) site usages were
differentially expressed in the WT and
cpsf100 mutant in response to 28°C,
respectively (Figure 4A). Compared with
those of the WT CPSF100 complementary
plants, over 40% of switch genes were spe-
cific in the 3KR version of CPSF100 comple-

mentary plants. Interestingly, over 35% of switch genes in the

cpsf100 mutant overlapped those in the 3KR version of
CPSF100 complementary plants (Figure 4A). In addition, over
40% switch genes in siz1-2 were found to be overlapped with
those in CPSF100(3KR) complementary plants (Figure 4A), This
suggests that the role of SIZ1 in regulating APA in plant

thermomorphogenesis is mediated by the SUMOylation of
CPSF100. GO analysis showed that these switch genes were
also involved in response to stresses, including temperature
stimulus (Supplemental Figure 10). We also found that some
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switch genes are associated with auxin signaling and gibberellin
signaling (Supplemental Data Set 2), which may be involved
in thermomorphogenesis. Consistently, the APA dynamic
patterns of ELF3, YUCS8, PIF4, and ELF4 in the comparison be-
tween WT and 3KR versions of CPSF100 complementary plants
were similar to those in the WT and cpsf100 comparison
(Figure 4B and 4C). Overall, these data supported that
SUMOylation of CPSF100 mediates APA in response to warm
temperatures.

Characterization of single-nucleotide base compositions sur-
rounding poly(A) sites was also performed in these plants.
The increase in A/U nucleotide usage in NUEs and U nucleo-
tide usage in FUEs was found in CPSF100-regulated PACs
and CPSF100 SUMOylation-regulated PACs, compared with
the common PACs, respectively (Figure 4D). More U-rich mo-
tifs in FUEs were used in the CPSF100-regulated PACs.
However, more U-rich motifs in FUEs were found only in
CPSF100 SUMOylation-suppressed PACs, but not in
CPSF100 SUMOylation-activated PACs (Figure 4E). We
speculated that more common PACs overlapped in the WT
and 3KR versions of CPSF100 complementary plants, leading
to the increase in U-rich signals in common PACs. Interest-
ingly, the usage frequency of canonical poly(A) signal
AAUAAA and 1-nt variants in NUEs was also increased in
CPSF100-regulated PACs and CPSF100 SUMOylation-
regulated PACs (Figure 4F). These data provided evidence
for the notion that SUMOylation of CPSF100 regulates APA
by modulating the usage of the poly(A) signals under warm
conditions.

SUMOylation of CPSF100 suppresses its interaction
with CPSF30 isoforms

Because SUMOylation may alter substrate distribution in
different subcellular compartments, the effect of SUMO on
CPSF100 localization was analyzed. Interestingly, the cyto-
plasmic accumulation of CPSF100 was increased in siz1-2
and the 3KR version of CPSF100 complementary plants,
compared to WT at 22°C and 28°C (Figure 5A and
Supplemental Figure 11). Previous studies demonstrated that
CPSF30, another subunit of the CPSF complex, enhances the
translocation of CPSF100 from the nucleus to the cytoplasm
(Rao et al, 2009). Therefore, we examined whether
SUMOylation of CPSF100 has a dynamic effect on its interac-
tion with CPSF30. Three isoforms of CPSF30 proteins were ex-
pressed in Arabidopsis, including CPSF30-S (28 kDa), CPSF30-
M (45 kDa), and CPSF30-L (70 kDa) (Supplemental Figure 12).
The previous study showed that CPSF30-S is associated with
CPSF100 (Zhao et al., 2009). The co-IP data confirmed that
all three isoforms of CPSF30 proteins were the interacting part-
ners of CPSF100 in plant cells; however, mutation of
SUMOylation sites of CPSF100 increased its association with
CPSF30-M and CPSF30-L, but did not affect its interaction
with CPSF30-S at both 22°C and 28°C. Consistently,
CPSF100 increased its association with CPSF30-M and
CPSF30-L in siz1-2 mutant (Figure 5B-5F and Supplemental
Figure 13). The effect of SUMOylation of CPSF100 on its inter-
action with CPSF30-M and CPSF30-L was confirmed in a
LUC complementation imaging (LCl) assay (Supplemental
Figures 14 and 15). Consistently, the association between

SUMOylation controls APA in thermomorphogenesis

CPSF100 and CPSF30-M was weakened by S/Z71 overexpres-
sion in Nicotiana benthamiana leaves (Supplemental
Figure 16). Given that CPSF30-S and CPSF30-M were predom-
inantly localized in the cytoplasm while CPSF30-L was mainly
localized in the nucleus (Supplemental Figure 17), CPSF30-M
may predominantly contribute to the translocation of
SUMOylation-defective CPSF100 from the nucleus to the cyto-
plasm. Thus, we further compared the subcellular localization
of the WT and 3KR versions of CPSF100-GFP with the overex-
pression of CPSF30-M in a nuclear fractionation assay. In this
situation, the percentage of SUMOylation-defective CPSF100-
GFP in the cytoplasm was significantly higher than its WT
form, possibly resulting from its stronger interaction with
CPSF30-M for maintenance in the cytoplasm (Figure 5G).
Interestingly, although CPSF30-L was predominantly localized
in the nucleus, its effect on the SUMOylation-regulated translo-
cation of CPSF100 was similar to CPSF30-M (Supplemental
Figure 15C), which may be contributed by the small
population of CPSF30-L in the cytoplasm. Collectively, these
data supported that SUMOylation of CPSF100 is important
for its interaction with CPSF30 isoforms and its subcellular
localization.

CPSF30 modulates global poly(A) site usage in
thermomorphogenesis

Because CPSF30-M and CPSF30-L modulate the subcellular
localization of CPSF100 in a SUMOQylation-dependent manner
under warm temperatures, the role of CPSF30 in thermorpho-
genesis was also investigated. It was found that the cpsf30
mutant showed shorter hypocotyl elongation compared to
Col-0 under 28°C (Figure 6A and 6B). The defect of hypocotyl
elongation in cpsf30 is also specific to warm temperatures
(Supplemental Figure 6). Then, three isoforms of CPSF30 driven
by the native promoter were introduced into cpsf30 plants and
the transgenic lines with similar expression levels were used
for phenotype analysis (Supplemental Figure 8B). Consistently,
the hypocotyl elongation defect of cpsf30 at 28°C was
complemented by CPSF30-L or CPSF30-M, but not by
CPSF30-S (Figure 6A and 6B), supporting the idea that
CPSF30-L and CPSF30-M are required for thermoresponsive
hypocotyl elongation.

PAT-seq was then used to uncover the poly(A) site usage and
transcriptomic profiling of the cpsf30 mutant seedlings at 22°C
and 28°C (Supplemental Figure 2A; Supplemental Table 1).
Similarly, in the PAT-seq analysis, over 1000 switch genes
were found in the cpsf30 mutant (Figure 6C), and over 50%
of these switch genes were overlapped with those in the
cpsf100 mutant (Supplemental Figure 18), suggesting that
CPSF30 and CPSF100 may cooperatively regulate APA during
thermomorphogenesis. In addition, 49.8% of switch genes in
cpsf30 and 46% of switch genes in cpsf100 overlapped with
switch genes in siz7-2 mutant, respectively (Supplemental
Figure 18). Consistently, the depletion of CPSF30 promoted
the relative expression of proximal transcripts in ELF3,
YUCS8, PIF4, and distal transcripts in ELF4 in response to
warm temperatures (Figure 6D). CPSF30-M or CPSF30-L but
not CPSF30-S compensated for the APA usage of the above
genes in the cpsf30 mutant (Supplemental Figure 19). We
further found that the overexpression of CPSF30-M/L, not
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Figure 5. SUMOylation of CPSF100 sup-
presses its interaction with CPSF30 isoforms.
(A) The effect of SUMOylation on the subcellular
localization of CPSF100-GFP in Arabidopsis. The
representative GFP signals of CPSF100(WT)-GFP
and CPSF100(8KR)-GFP in complementary lines,
as well as CPSF100(WT)-GFP in siz1-2 at 22°C or
28°C are shown in the left graph. Scale bars, 5
um. Three biologically independent experi-
ments showed similar patterns. The quantifica-
tion data presented in the right graph for the
cytosol/nucleus ratio of CPSF100 localization are
mean + SD from five roots of each type of
seedlings.

(B-F) Effect of CPSF100 SUMOylation on its
interaction with CPSF30-S, CPSF30-M, or
CPSF30-L in a Co-IP assay. The WT or 3KR
version of CPSF100-GFP was co-expressed with
FLAG-tagged CPSF30 isoforms in WT protoplasts
overnight at 22°C or 28°C; CPSF100-GFP was co-
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CPSF30-S, was able to complement the relative expression of
proximal/distal ELF3 and PIF4 transcripts in cpsf100 mutant
(Supplemental  Figure 20), supporting the functional
association between CPSF100 and CPSF30 for APA regulation
in this process. The frequency of U nucleotide usage in
FUEs and U/A nucleotide usage in NUEs in CPSF30-
regulated PACs was higher than that in common PACs
(Figure 6E). Accordingly, more U-rich motifs in FUEs and
more AAUAAA and its 1-nt variants in NUEs were used in
CPSF30-regulated PACs than in common PACs (Figure 6F
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T
CPSF30-L and nuclear fractions, respectively. The quanti-

tative data of relative localization of CPSF100
(cytosol/nucleus) are mean + SD from three bio-
logically independent experiments, and signifi-
cant difference was analyzed via one-way
ANOVA followed by Tukey’s multiple compari-
son tests (p < 0.05).

22°C 28°C

WT 3KR WT 3KR

and 6G). These results suggested that CPSF30 alters APA
by modulating the wusage of poly(A) signals in
thermomorphogenesis.

DISCUSSION

APA is an important pathway in the precise modulation of plas-
ticity in gene expression (Guo and Lin, 2023; Wu et al., 2023),
but its function and regulation mechanism in plants’ responses
to warm ambient temperatures are unclear. Here, we
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Figure 6. CPSF30 modulates global poly(A) site usage in thermomorphogenesis.
(A and B) Four-day-old seedlings of the indicated genotypes grown at 22°C were transferred to 22°C or 28°C for an additional 4 days before being
photographed. The representative images are shown in (A); scale bars, 1 cm. The statistical analysis of hypocotyl lengths is shown in (B). Data are
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uncovered a mechanism that the SIZ1-mediated SUMOylation of
CPSF100 restrains its interaction with CPSF30 to control
the poly(A) site choice of downstream genes in plant
thermomorphogenesis.

Our PAT-seq data uncovered the genome-wide profiling of
poly(A) site usage in the WT, siz1-2, cpsf100, and cpsf30
mutant at 22°C and 28°C, and high overlapping percentages
of these switch genes were found among these mutants.
Compared to common PACs, the proteins of the above
mutant-mediated PACs use more AAUAAA signals in NUEs
and more U-rich signals in FUEs in response to warm temper-
atures, but other APA factors involved in this process need to
be identified further (Forbes et al., 2006; Martin et al., 2012).
Combined with the above evidence, the similar phenotypes
of ¢cpsfl00 and cpsf30 mutants in thermoresponsive
hypocotyl elongation supported their cooperation in the
polyadenylation regulation of genes associated with warm
temperature response, such as ELF3, YUCS8, PIF4, and ELF4,
in this situation.

Proteomic data showed that extreme HS increases
SUMOylation of proteins involved in RNA processing (Miller
et al, 2013), but targeting of SUMO on polyadenylation
factors has not been reported in plants. Here, we identified
CPSF100 as a SUMOylation substrate, and its SUMOylation
was enhanced under warm temperatures in a SlZ1-
dependent manner. Consistently, previous research has
demonstrated that SIZ1, but not another SUMO ligase
MMS21, is responsible for mediating SUMOylation in response
to high temperatures (Rytz et al., 2018). The small population
of SUMOylated CPSF100 retained in the siz7-2 null mutant
may be attributed to the conjugation mediated by E2. A previ-
ous study indicated that overexpression of CSPF30 results in
the translocation of CPSF100 from the nucleus into the cyto-
plasm (Rao et al., 2009). Our data showed that SUMOylation
of CPSF100 attenuates its association with CPSF30-L and
CPSF30-M, resulting in increased accumulation of CPSF100
in the nucleus, where the CPSF complex recognizes nascent
RNAs for polyadenylation. This notion was supported by our
poly(A) signal usage data of the 3KR version of CPSF100 com-
plementary plants. Given that 28°C induces SUMOylation of
CPSF100, the nuclear CPSF complex may be dynamically
regulated in this manner during warm temperature responses
in plants. Interestingly, CPSF30-S also interacts with
CPSF100 for its translocation (Rao et al., 2009; Zhao et al.,
2009), suggesting that the N-terminal of CPSF30 contributes
to its interaction with CPSF100, but the effect of CPSF100 SU-
MOylation on this association requires the C-terminal. The ef-
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fect of CPSF100 SUMOylation on its interaction with CPSF30-
M or CPSF30-L may change the accumulation levels of
CPSF100 and CPSF30 in the nucleus and alter the choice of
poly(A) site. This is consistent with the finding in mammals
that different levels of poly(A) factor affect the choice of APA
(Shi, 2012; Tang and Zhou, 2022). However, the mechanism
of domain specificity of this regulation in APA needs further
investigation.

As a model, under warm temperatures, the SlIZ1-mediated
SUMOylation of CPSF100 is upregulated to suppress its asso-
ciation with CPSF30-M/L, resulting in an increase in CPSF100
accumulation in the nucleus, thereby altering the poly(A) site
usage of downstream genes required for hypocotyl growth in
warm temperature responses (Figure 7). Our current work will
provide clues for further studies in other species and the
improvement of stress tolerance in crops.

MATERIALS AND METHODS

Plant materials and growth conditions

The plant materials used in this study were Arabidopsis thaliana (L.)
Heynhold. The seeds of siz1-2 (SALK_065397 in the ecotype Col-
0 background) and cpsf30 (SALK_049389 in the ecotype Col-0 back-
ground) were obtained from the Arabidopsis Biological Resource Cen-
ter (ABRC). The seeds of esp5-1 (designated as cpsf100 in this study,
an amino acid substitution [G to E] at the 12th position of CPSF100 in
the ecotype C24 background) and its control plants (with construct
amp311 in the ecotype C24 background, designated as WT in the
experiment sets with cpsf100 study) were described previously (Herr
et al., 2006). Seeds were surface sterilized for 5 min in 2.5% (v/v)
NaClO solution, rinsed 5 times with sterile water, and plated on
Murashige and Skoog medium with 1.5% (w/v) sucrose, 0.8% (w/v)
agar, 0.05% MES, and pH 5.7-5.8, and then synchronized at 4°C for
3 days in the dark. Plants were grown under long-day conditions (16
h light/8 h dark) at 22°C. For hypocotyl growth analysis, plants were
grown for 4 days at 22°C before the transfer to 28°C for an additional
4 days.

Generation of transgenic plants

To generate the CPSF100 complementation plants, the genomic
DNA of CPSF100 with the upstream 2000 bp from ATG as its promoter
was cloned in pCambia1300-221 and then transformed into the
cpsf100 mutant background. The mutant version of the CPSF100
construct was created by site-directed mutagenesis. To generate the
CPSF30 complementation plants, the coding sequences (CDS) of
CPSF30-S, CPSF30-L, or CPSF30-M with the upstream 2000 bp
from ATG as its promoter was cloned in pCambia1300-221 and then
transformed into the cpsf30 mutant background. To generate trans-
genic plants overexpressing CPSF100 in siz1-2 mutant background,
the CDS of CPSF100 was cloned into pCambia-35S::GFP. To generate

mean + SD (n = 10) from one independent experiment. Three biologically independent experiments showed similar patterns. Significant difference was
analyzed via one-way ANOVA followed by Tukey’s multiple comparison tests (p < 0.05). C30-S, CPSF30-S; C30-M, CPSF30-M; C30-L, CPSF30-L.
(C) The Venn diagram showing the overlap of switch genes in response to warm temperatures between Col-0 and cpsf30 plants. p < 0.05 was considered

statistically significant for poly(A) sites’ usage of switch genes.

(D) gRT-PCR analysis for the relative expression ratio of APA transcripts of ELF3, YUCS8, PIF4, and ELF4 in Col-0 and cpsf30. The relative expression of
different transcripts was defined as the ratio of proximal transcript expression/distal transcript expression (28°C/22°C); the detailed calculation is
included in Materials and methods. Data are mean + SD from three technological replicates in a single experiment. Three biologically independent
experiments showed similar patterns. Significant difference between different samples at the same time point was analyzed using Student’s t test

(**p < 0.001).

(E-G) Position-by-position analysis of average base composition at 150 nt upstream of poly(A) sites, including FUEs and NUEs, are shown in (E). The
poly(A) signal motifs in FUEs are shown in (F). The AAUAAA signal usage and 1-nt variants of AAUAAA signal usage in NUEs are shown in (G).
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Figure 7. A proposed model for SIZ1-mediated SUMOylation of CPSF100 in the regulation of thermomorphogenesis in plants.

Under warm temperatures, there is an upregulation of SIZ1-mediated SUMOQylation of CPSF100, leading to the suppression of its association with
CPSF30-M/L. This results in an increase in the accumulation of CPSF100 in the nucleus, thereby causing alterations in the poly(A) site usage of
downstream genes associated with hypocotyl growth in warm temperature responses. S1, SUMO1; C100, CPSF100; C30-M/L, CPSF30-M/L; PAS,

Poly(A) site.

plants overexpressing proximal or distal PIF4 in Col-0, the proximal or
distal version of PIF4 was cloned to the pCambia vector with a UBQ10
promoter. Transgenic plants were generated by Agrobacterium-
mediated transformation by the floral-dip method (Clough and Bent,
1998).

SUMOylation assays

The in vitro SUMOylation assay in Escherichia coli was carried out
as previously described (Okada et al., 2009). The CDS of CPSF
subunits with a FLAG tag were respectively cloned into the
pCDFDuet-1 vector and then transformed for expression in the bacte-
ria carrying pET28-SAE1a-Hiss-AtSAE2 (E1) with pACYCDuet-1-SU-
MO1GG or pACYCDuet-1-SCE71-SUMO1GG. After 0.5 mM isopropyl
B-d-1-thiogalactopyranoside induction at 28°C for 14 h, the cells
were harvested for immunoblotting using an anti-FLAG antibody
(CW0287; Cwbio).

The in vivo SUMOylation assay was accomplished as previously
described with modifications (Niu et al., 2019). Myc-SUMO1GG was co-
expressed with CPSF100-GFP (WT), or CPSF100-GFP (3KR) in the WT
or siz1-2 protoplasts. After 14 h culture at 22°C or 28°C, cells were har-
vested and extracted in an extraction buffer containing 50 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1 mM MgCl,, 20% (v/v) glycerol, 0.2% (v/v) Non-
idet P-40, 20 mM N-ethylmaleimide, and 1X protease inhibitor cocktail
(Roche). The protein extracts were incubated with anti-GFP affinity beads
at 4°C for 2 h. The protein samples were subjected to immunoblotting us-
ing anti-GFP and anti-Myc antibodies.

For detecting the SUMOylation of total proteins, the WT and siz7-2 seed-
lings were initially grown at 22°C for 5 days and then transferred to 28°C
(28°C treatment) or kept at 22°C (22°C treatment) for an additional 1 or
4 days. The protein samples were subjected to immunoblotting using an
anti-SUMO1 antibody (Abcam, ab5316).

Co-IP assay

To analyze the effect of CPSF100 SUMOylation on its interaction with
CPSF30-S, CPSF30-M, or CPSF30-L, Co-IP assays were performed as
described previously (Wang et al., 2020). Total proteins were extracted

in the Co-IP lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
MgCl,, 20% [v/v] glycerol, 0.2% [v/v] Nonidet P-40, and 1x protease in-
hibitor cocktail [Roche]). The protein supernatant was collected after
centrifugation at 13 000 x g for 15 min, and incubated with anti-GFP affin-
ity beads at 4°C for 2 h. Then, the GFP affinity beads were rinsed 3 times
with a washing buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM
MgCl,, 20% [v/V] glycerol, and 0.02% [v/v] Nonidet P-40). The input and
IP samples were analyzed by immunoblots using anti-GFP and anti-
FLAG antibodies.

Nuclear extraction and fractionation

To isolate nuclei, leaves of N. benthamiana plants were ground in liquid ni-
trogen and homogenized in nuclei isolation buffer (50 mM Tris-HCI, pH
7.4, 150 mM KCI, 250 mM sucrose, 25% [v/v ] glycerol, 1 mM EDTA,
2.5 mM MgCl,, 30 mM B-mercaptoethanol) containing 50 uM MG132
(Sigma) and 1x protease inhibitor cocktail (Roche). The homogenate
was centrifuged at 3000 X g for 5 min at 4°C. The supernatant was saved
as the cytosolic fraction; the pellet was rinsed with nuclei wash buffer
(50 mM Tris-HCI, pH 7.4, 25% [v/v] glycerol, 2.5 mM MgCl,), resuspended
with plant protein extraction buffer with 1% (v/v) Triton X-100, and saved
as the nuclear fraction.

LCI assay

The CDS of the WT or 3KR version of CPSF100 was cloned into pPCAMBIA-
1300-cLUC, and the CDS of CPSF30-M/L was cloned into pCAMBIA-
1300-nLUC. Then, the indicated protein pairs were expressed in
N. benthamiana leaves via Agrobacterium-mediated infiltration. After
growing at 25°C for 36 h, the plants were transferred to 22°C or 28°C
for 12 h. The leaves were infiltrated with d-luciferin (Macklin), and lumines-
cence was detected using a low-light cooled charge-coupled device im-
aging system (Tanon).

Dual-luciferase reporter assay

A dual-LUC assay was employed to assess the impact of the candidate
protein on the expression of a target gene. The dual-LUC reporter con-
tains a renilla LUC (REN) and a LUC (Hellens et al., 2005). To study the
effect of the proximal and distal transcripts of ELF3 on the YUCS8 pro-
moter activity, the YUC8 promoter (a 2000-bp fragment upstream from
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the start codon) was cloned to pGreenII0800-LUC to generate the re-
porter construct. The pGREEN0800-LUC vector also contains the
REN gene driven by a 35S promoter. The reporter construct was co-
transformed with proximal ELF3-GFP or distal ELF3-GFP into proto-
plasts for the dual-LUC assay. The GFP vector was used in a control
sample. The activity of YUC8 promoter was analyzed using the ratio
of LUC/REN.

PAT-seq library preparation and sequencing

For the construction of PAT-seq libraries, three independent biological
replicates were included. Seedlings were initially grown at 22°C for
5 days and then transferred to 28°C (28°C treatment) or kept at 22°C
(22°C treatment) for 1 day. Total RNA was isolated using the TRIzol re-
agent (Invitrogen), and DNase | (Takara) was used to remove DNA, fol-
lowed by a column-based RNA purification. The quality and concentra-
tion of total RNA were tested by DNA agarose gel electrophoresis and
NanoDrop 2000. Then, 2 pg high-quality total RNA was used to
construct PAT-seq libraries as described previously (Lin et al., 2021).
Briefly, RNA was fragmented in 5x first-strand buffer (Invitrogen) at
94°C for 4 min. RNA fragments with poly(A) tails were enriched via
oligo(dT),s magnetic beads (New England Biolabs). RT-PCR was per-
formed using oligo(dT)+g primers with the SMARTScribe enzyme (Clon-
tech) for 2 h at 42°C, and a 5’ adapter with a last nucleic acid locked
modification for template switching was added for an additional 2 h
at 42°C to obtain cDNA. Then, cDNA was purified by AMPURE XP
beads (Vazyme). Ten PCR cycles with KAPA HiFi were performed
with cDNA as a template to produce the first PCR products, followed
by purification using AMPURE XP beads. Eight PCR cycles with
KAPA HiFi were performed with the purified first PCR products as tem-
plates to produce the PAT-seq library. The library was run on a 2%
agarose gel, and 300- to 500-bp library fragments were purified. Li-
braries were qualified and quantified by Agilent Bioanalyzer 2100, Qu-
bit 2.0, and gRT-PCR. Finally, libraries were sequenced on the HiSeq X
Ten platform.

Raw data processing

The raw data were processed according to previously described
methods (Wu et al.,, 2011; Ye et al., 2021). Briefly, raw data were
processed with FASTX Toolkit to remove low-quality reads (version
0.0.14, parameters, fastq_quality_filter with -q 10 -p 50 -v -Q 33).
Then, valid reads with poly(T) with length >25 nt were obtained with a
customized Perl script findTailAT.pl from the PlantAPAdb website
(http://www.bmibig.cn/plantAPAdb). Valid reads with poly(T) were map-
ped to the Arabidopsis reference genome (The Arabidopsis Information
Resource 10th annotation; www.Arabidopsis.org) using Bowtie2 soft-
ware (version 2.1.0, parameters “-L 25, -N 0, -i S,1,1.15-no-unal”).
Finally, the precise locations of poly(A) sites were parsed from these
valid mapping records using a customized Perl script parseSAM2PAT.pl
from the PlantAPAdb website, and identical sites were aggregated in
each sample using bedtools (bedtools with groupby, -g 1,6,2, -¢ 1,
and -o count).

APA dynamics identification

As poly(A) site microheterogeneity is pervasive in plants, a weighted den-
sity peak clustering model was used to analyze APA dynamics according
to previously described methods (Ye et al., 2021). p Values were averaged
to estimate the significance of difference (p <0.05 for the significance
cutoff).

The DESeq2 package (version 1.26.0) was used to normalize reads and
compare differential expression poly(A) sites and genes between WT
and mutant. An adjusted p value < 0.05 was considered as statistical sig-
nificance for poly(A) sites and genes.

Molecular Plant

GO enrichment

Switch genes were submitted to Agrigo2 (http://systemsbiology.cau.edu.
cn/agriGOv2/) for GO enrichment. Singular enrichment analyses were
chosen and The Arabidopsis Information Resource 10th annotation acted
as the background. The false discovery rate corrected p < 0.05 was used
as a cutoff for statistical significance.

Poly(A) signal analyses

The sequences surrounding poly(A) sites ranging from —300 to +100 nt
were extracted for single-nucleotide profile analysis, as reported previ-
ously by Loke et al. (2005). Transcripts used for poly(A) signals analysis
were extracted from switch genes containing PACs. We focused on
NUE regions between —10 and —35 nt upstream of poly(A) sites. The
canonical AAUAAA signal and its 1-nt variants were analyzed as described
previously (Loke et al., 2005). 1-nt variants of AAUAAA contained 18 hex-
amers (UAUAAA, CAUAAA, GAUAAA, AUUAAA, ACUAAA, AGUAAA,
AAAAAA, AACAAA, AAGAAA, AAUUAA, AAUCAA, AAUGAA, AAUAUA,
AAUACA, AAUAGA, AAUAAU, AAUAAC, and AAUAAG). Multiple Em for
Motif Elicitation (MEME) was used to enrich poly(A) signals in FUE regions
(—150 to —35 nt from the poly(A) site) (Bailey et al., 2009; Martin et al.,
2012).

qRT-PCR analysis

For verification of the expression of poly(A) sites, approximately 1 ug high-
quality total RNA was reverse transcribed with oligo(dT)g primers by the
reverse transcriptase. RNA from 7-day-old seedlings was isolated. gRT-
PCR assays were performed using the CFX96TM real-time PCR detection
system (Bio-Rad) with SYBR Premix Ex Tagll fluorescent dye. ACTIN2
was used as an internal control. All primer sequences used in this study
are listed in Supplemental Table 2.

For measuring the proximal/distal expression, the relative expression
of indicated transcripts at each time point (8, 12, and 24 h) was
calculated as the ratio of 28°C/22°C. After being normalized with the
expression of the indicated transcript in the WT sample (0 h), the rela-
tive ratio shown in the figures was calculated as the ratio of the relative
expression of proximal transcript (28°C/22°C) to distal transcript (28°C/
22°C).
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The accession numbers of the genes in this study are as follows: SIZ1
(AT5G60410), CPSF100 (AT5G23880), CPSF30 (AT1G30460), ELF3
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