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Integrative genome-wide analysis reveals HLP1, a novel
RNA-binding protein, regulates plant flowering by targeting
alternative polyadenylation
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Alternative polyadenylation (APA) is a widespread mechanism for gene regulation and has been implicated in
flowering, but the molecular basis governing the choice of a specific poly(A) site during the vegetative-to-reproduc-
tive growth transition remains unclear. Here we characterize HLP1, an hnRNP A/B protein as a novel regulator for
pre-mRNA 3’-end processing in Arabidopsis. Genetic analysis reveals that HLP1 suppresses Flowering Locus C (FLC),
a key repressor of flowering in Arabidopsis. Genome-wide mapping of HLP1-RNA interactions indicates that HLP1
binds preferentially to A-rich and U-rich elements around cleavage and polyadenylation sites, implicating its role in
3'-end formation. We show HLP1 is significantly enriched at transcripts involved in RNA metabolism and flowering.
Comprehensive profiling of the poly(A) site usage reveals that HLPI mutations cause thousands of poly(A) site shifts.
A distal-to-proximal poly(A) site shift in the flowering regulator FCA, a direct target of HLP1, leads to upregulation
of FLC and delayed flowering. Our results elucidate that HLP1 is a novel factor involved in 3’-end processing and
controls reproductive timing via targeting APA.
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Introduction

Alternative polyadenylation (APA) generates mRNAs
with distinct 3’ ends and is now emerging as a perva-
sive mechanism for gene regulation [1-3]. More than
70% of yeast, Arabidopsis and mammalian genes [4-
71, ~50% of Drosophila and zebrafish genes [8, 9] and
~30% of nematode protein-coding genes [10, 11] have
APA sites, thereby enormously magnifying the diversi-
ty and complexity of the transcriptome and proteome.
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The mammalian 3'-end processing machinery compris-
es several multi-subunit protein complexes, including
cleavage and polyadenylation specificity factor (CPSF),
cleavage stimulation factor (CstF), cleavage factor |
(CFIm), cleavage factor II, poly(A) polymerase, sym-
plekin and the RNA polymerase II (Pol II) [2]. CPSF30
and WDR33 bind to the poly(A) signal (5'-AAUAAA-3’
or the variant 5'-AUUAAA-3") located 10-30 nucleotide
(nt) upstream of the cleavage site and CstF binds to the
U/GU-rich region located 30 nt downstream of the cleav-
age site (downstream sequence element) [12, 13]. The
choice of poly(A) site is temporally and spatially regu-
lated by trans-acting factors such as constitutive or cell/
tissue-specific RNA-binding proteins (RBPs) in combi-
nation with cis elements including the poly(A) signals,
auxiliary sequences and even RNA secondary structure
[1, 14]. Misregulation of APA is associated with carcino-



genesis [15], pathophysiological diseases [16, 17] and
developmental defects [18].

Flowering is a critical developmental transition vital
for maximum reproductive success in the angiosperms.
It is tightly regulated by multiple transcriptional and
posttranscriptional mechanisms [19, 20]. RBPs represent
an important class of regulators of flowering. Regulation
of floral transition by APA at genes such as FCA, FPA
and the floral repressor Flowering Locus C (FLC) under-
scores the importance of APA in developmental control.
FCA and FPA are RBPs that suppress the expression of
FLC to promote flowering in Arabidopsis [21-23]. APA
of FCA results in two major isoforms: a full-length func-
tional FCA-y isoform polyadenylated at the distal site and
a truncated nonfunctional FCA-p isoform polyadenylated
at the proximal site within the third intron [24]. APA of
FPA is similar to that of FCA [25]. Both FCA and FPA
strengthen the usage of the proximal poly(A) sites of
their own transcripts and enhance the usage of proximal
poly(A) sites of FLC antisense transcripts [25, 26].

Most 3'-end processing factors are conserved in eu-
karyotes [27-29]; however, in some cases, the yeast and
plant 3’-end processing factors differ from their mam-
malian counterparts in sequence preference, positioning
and functionality, while a few do not have homologues
in mammals [28, 30]. For instance, the RNA recognition
motif (RRM)-containing protein Hrpl, the only member
of the yeast cleavage factor IB (CFIB) subunit, does not
have a mammalian or plant homolog [27, 28]. Therefore,
whether plants and mammals have evolved new factors
analogous to Hrpl is unclear. Here, we describe HLPI,
an evolutionarily conserved hnRNP A/B family protein,
as a novel regulator of 3’-end processing. High-through-
put sequencing of RNAs isolated by cross-linking immu-
noprecipitation (HITS-CLIP, also known as CLIP-seq)
revealed that HLP1 binds to A-rich and U-rich elements
around polyadenylation sites of thousands of transcripts,
including those from floral genes. We further show that
HLP1 controls global poly(A) site usage and to some
extent regulates FLC levels by enhancing the choice of
the distal over the proximal poly(A) site of the FCA tran-
script. Our results uncover a novel hnRNP family protein
HLPI as a 3'-end factor in the regulation of flowering by
targeting APA.

Results

HLPI, an hnRNP A/B family protein, regulates flowering
time in an FLC-dependent manner

The plant 3’-end processing factors were primarily
characterized by sequence conservation to their mamma-
lian or yeast counterparts [27]. To identify new players
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potentially involved in APA, we used BLAST searches
with the amino acid sequence of Hrpl, the only factor
identified in the yeast CFIB subunit as a query, and found
anovel RBP encoded by At5g40490. Phylogenetic analy-
sis revealed that this protein belongs to the evolutionarily
conserved hnRNP A/B family with certain similarity to
human hnRNP A1 and yeast Hrp1 (Supplementary infor-
mation, Figure S1A). Thus, we named this Arabidopsis
protein HLP1 for hnRNP Al-like protein 1 or Hrpl-like
protein 1. HLP1 shares significant similarity to the two
RRMs of hnRNP Al and Hrpl, whereas the other part
shows much less conservation (Supplementary informa-
tion, Figure S1B).

To investigate the biological roles of HLP1, we isolat-
ed a T-DNA insertion line of HLPI, hipl-1 (Figure 1A).
RT-PCR and immunoblot results demonstrated that there
was no expression of HLP] in the hlpI-1 mutant (Figure
1B). Lesions in HLP] result in late-flowering pheno-
type with increased FLC transcripts (Figure 1C and 1E).
Under both long- and short-day photoperiods, the hlpi-
1 mutant flowered late and showed normal responses
to vernalization and GA treatments (Figure 1D). The
late-flowering phenotype was suppressed when crossed
to flc-3, a null allele of FLC [21], and was reversed by
introducing GFP-fused HLPI full length CDS into hlpi-
1 (Figure 1E). Collectively, our data suggest that HLP]
promotes floral transition in an FLC-dependent manner.
As HLPI contains two RRMs, we also investigated the
impact of the RRMs on flowering time by overexpress-
ing GFP-HLP1 4, (HLP1 lacking the two RRMs) and
GFP-RRM in hlpl-1 mutants, respectively. None of
these transgenic plants repressed FLC transcription and
rescued the delayed-flowering phenotype of Alpi-1, in-
dicating that the RRMs are required but insufficient for
flowering (Supplementary information, Figure S2).

Identification of HLPI1-RNA interaction in vivo by HITS-
CLIP/CLIP-seq

To further delineate the underlying mechanism of
HLP1 in flowering regulation, we identified HLP1 in
vivo targets, using a modified unbiased high-throughput
sequencing of RNAs isolated by the cross-linking immu-
noprecipitation (HITS-CLIP)/CLIP-Seq method [31, 32],
which was first established in animal system to capture
and identify RNA target sites bound by a specific RBP.
To this end, Arabidopsis seedlings were UV cross-linked
to fix the protein-nucleic acid interaction. HLP1-RNA
complex was then immunoprecipitated from the GFP-
HLP] transgenic plants using the GFP antibody followed
by MNase digestion. A narrow smear above the HLP1
over-digestion control was separated in NuPAGE gel and
was used to generate the HITS-CLIP/CLIP-Seq library
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Figure 1 HLP1 regulates flowering. (A) Gene structure of HLP1. CDS regions are boxed in black, and the 5" and 3’ untrans-
lated regions are in green and grey, respectively. Introns are indicated as lines. The T-DNA insertion is indicated with a trian-
gle. Primer pairs (CX578/CX579) for amplifying the full-length CDS of HLP1 are indicated by arrows. Bar = 500 bp. (B) RT-
PCR using CX578 and CX579 primer pairs (top panel) and western blot using anti-HLP1 antibody (the third panel) show com-
plete absence of HLP1 full-length transcript and protein in the hip7-1 mutant. Actin and RLSU (RuBisCo Large SubUnit) were
used as loading controls. (C) The hip7-1 mutant shows late-flowering phenotype. (D) Flowering time of Col and hlp7-1 mutant
under different conditions or treatments. Flowering time was assessed by the total leaf number of the plants at bolting under
long-day photoperiods (LD), vernalization (LD+Ver), short-day photoperiods (SD) and gibberellin (GA) treatment (SD+GA).
SD+EtOH treatment was used as a control for GA treatment. ‘X’ indicates that counting was terminated after the plants had
produced over 100 rosette leaves before bolting. The error bars indicate standard deviation. (E) HLP1 regulates flowering in
an FLC-dependent manner. Total leaf number at flowering is shown for each indicated strain. * means statistical significance
by t-test. Error bars indicate SD. Expression levels of FLC sense transcripts were detected by northern blot. HLP1 protein
levels were assessed by immunoblotting using anti-HLP1 antibody. Actin and HSC70 served as loading controls for the north-
ern blot and immunoblot, respectively.
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for high-throughput sequencing. HITS-CLIP/CLIP-Seq
reads obtained from both HLP1 and HLP1 gy librar-
ies were analyzed in parallel (Figure 2A). Overall, ~29
million and ~24 million raw reads were collected from
the HLP1- and ARRM-CLIP library, respectively. After
subtraction of adaptors, barcodes, multiple mapped reads
and PCR duplicates, a total of 2 324 041 final tags from
HLP1-CLIP were uniquely mapped to the Arabidopsis
genome (TAIR10), whereas only 61 156 final tags from
ARRM-CLIP were unique (Supplementary informa-
tion, Table S1). The drastic reduction of final tags in the
ARRM-CLIP library indicated that the vast majority of
RNA binding capacity of HLP1 is contributed by the two
RRMs.

The uniquely mapped HLP1-CLIP tags showed a
broad range of binding sites to sense targets (1 934 562),
encompassing 5'-UTR (2.69%), coding sequences (CDS,
18.61%), introns (23.18%), 3'-UTR (26.11%), intergenic
regions (27.03%), pseudogene (0.80%) and noncoding
gene exons (1.58%; Figure 2B). We also observed addi-
tional 389 479 antisense tags bound by the HLP1. Mark-
edly, these tags are significantly enriched in 3'-UTR (P
<22 % 107" t-test) and introns (P < 2.2 x 107", t-test),
compared with 5-UTR (P = 8.3 x 107, t-test) and CDS
(P =1, t-test; Figure 2C). Final HLP1 tags were further
normalized and clustered as binding sites. Overall, we
identified 9 031 binding sites from the sense transcripts
of 5 569 genes (~16.6% of Arabidopsis genes) and 1 192
binding sites from the antisense transcripts of 866 genes
(~2.6% of Arabidopsis genes; Supplementary informa-
tion, Figure S3A). As mature mRNAs do not contain
introns, by systematically investigating the distribution
of HLP1 binding peaks along pre-mRNAs versus mature
mRNAs, we found that HLP1 was significantly enriched
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(from <400 binding peaks in mRNAs to >600 peaks in
pre-mRNAs) in the introns and 3’-UTR of its targeted
sense transcripts, suggesting that HLP1 may play various
roles in regulating pre-mRNA splicing and 3'-end for-
mation (Supplementary information, Figure S3B). Cases
of HLP1 binding to each gene region were either exper-
imentally validated (Figure 2D), or shown as snapshots
(Supplementary information, Figure S4). Transcripts of
some small RNA genes are also targeted by HLP1, in-
dicating that HLP1 may regulate microRNA processing
or tasi-RNA biogenesis (Figure 2E). Using all the HITS-
CLIP/CLIP-seq tags obtained from HLP1 binding sites,
unbiased search for motifs enriched in HLP1 binding
sites revealed over-represented A-rich (5'-AGAAAA-3")
and U-rich (5'-UUUUCU-3") sequences predominantly
near the poly(A) sites (Figure 2F). The top 10 motifs
were listed in Supplementary information, Figure S5.

To confirm that HLP1 preferentially binds to 3’-UTR
and intronic regions, we generated a second set of HLP1-
CLIP libraries using HLP1 antibody to immunopre-
cipitate the endogenous HLP1-RNA complex directly
from the wild-type plant (Col-0) and the Alp/-1 mutant,
respectively (Supplementary information, Figure S6A).
Similarly, HLP1 showed enriched binding tags at 3'-UTR
and introns (Supplementary information, Figure S6B).
Cases of HLP1 binding to each gene region were shown
as snapshots (Supplementary information, Figure S7A)
or experimentally validated by RIP-qPCR from two bi-
ological replicates (Supplementary information, Figure
S7B). Most importantly, the HLP1 binding targets from
the two sets of HLP1-CLIP libraries share significant
overlap (P = 0, Supplementary information, Figure S6C),
suggesting the reproducibility of the CLIP experiment.

Gene Ontology analysis of the HLP1 sense binding

Figure 2 HLP1 preferentially binds to the A- and U-rich elements in the 3'-UTR and introns of targeted transcripts. (A) Immu-
noprecipitation of the HLP1-RNA complex. Positions of the *P-labeled HLP1,:z-RNA complex (left panel) and the HLP1-
RNA complex (right panel) after MNase over-digestion (*) are indicated. The protein-RNA complex in dashed box was
purified and used to prepare the library for high-throughput sequencing. (B) Percentages of 5-UTR, 3-UTR, intron, CDS,
pseudogene, ncexon and intergenic region in Arabidopsis genome (dark grey) and HLP1 CLIP-seq tags (light grey). (C)
HLP1 CLIP tags are significantly enriched in 3-UTR and intron. (D) Distribution and percentage of HLP1 binding sites in
genes. Binding sites are shown as wiggle plots on the left (blue for the HLP1 library and dark grey for the ARRM library). CDS
regions are boxed in black. The 5-UTR and 3'-UTR are boxed in green and grey, respectively. Introns are indicated as lines.
Blue line above gene structure indicates RIP-RT-PCR amplified region. The x axis indicates genome location in chromosome.
The y axis indicates normalized HITS-CLIP/CLIP-seq abundance. HITS-CLIP/CLIP-seq tag counts were normalized to tag
per 10 million (TP10M) to adjust for differences of two HITS-CLIP/CLIP-seq libraries in sequencing depth. Right panels show
validation of binding by RIP-RT-PCR. (E) HLP1 binds to transcripts of small RNA genes. Binding sites are shown as wiggle
plots on the left (blue for the HLP1 library and grey for the ARRM library). CDS regions are boxed in black. Introns are indicat-
ed as lines. Blue line above gene structure indicates RIP-RT-PCR amplified region. The x axis indicates genome site in chro-
mosome. The y axis indicates normalized HITS-CLIP/CLIP-seq abundance. HITS-CLIP/CLIP-seq tag counts were normalized
to tag per 10 million (TP10M) to adjust for differences of two HITS-CLIP/CLIP-seq libraries in sequencing depth. Right panels
show validation of binding by RIP-RT-PCR. (F) Distribution of the two overrepresented binding motifs (insert) relative to the
poly(A) site (PAS, indicated as 0) are indicated by blue and red curves, respectively.
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targets revealed significantly enriched terms in RNA me-
tabolism, flower development, various stimuli and stress
responses, suggesting that HLP1 may have profound
regulatory roles in these physiological processes (Figure
3A). Consistent with its role in floral transition, HLP1
binds to many transcripts of flowering-related genes,
some of which encode RNA-processing factors or RBPs
involved in RNA processing (Figure 3B, 3C and Supple-
mentary information, Table S2). We showed that HLP1
binds to FLC antisense transcripts around the proximal
polyadenylation site, suggesting a role in FLC antisense
processing (Figure 3C, bottom panel).

HLP] is required for APA

Although HLP1 shares low similarity to the yeast
Hrpl, which has been shown to bind the AU-rich effi-
ciency element (EE) and has been implicated in correct
positioning of the cleavage site and regulating 3’-end
formation of pre-mRNAs [33, 34], it binds to the U-rich
far upstream element (FUE) and A-rich near upstream
element (NUE), the plant cis-element equivalent to the
yeast EE and A-rich positioning element (PE), respec-
tively. Therefore, HLP1 may function as the Hrpl or-
tholog determining the ploy(A) site in plants. To address
this, poly(A) site sequencing (PAS-Seq) was used to
quantitatively profile poly(A) site usage [35, 36] in hlpI-
1 mutant and the wild-type plant Col (Supplementary
information, Figure S8 and Table S3). As expected, the
poly(A) clusters (PACs) are predominantly located in the
3'-UTR (~70%), but also were found in CDS (~23%),
5'-UTR (~5%) and introns (~1%), suggesting APA in
CDS, and to a lesser extent in 5'-UTR, as potential reg-
ulatory mechanisms (Figure 4A). However, we cannot
exclude the possibility that the high percentage of PACs
in CDS could be artifacts caused by internal priming
[11, 37]. The overrepresented 5'-AAAGAAAA-3" and
5’-UGUUUC-3" motifs surrounding the poly(A) site are
very similar to the HLP1-binding motifs (Figure 4B).
Notably, out of 2 691 HLP1 binding sites at the 3'-UTR,
78% (2 088/2 691) overlap with 1 777 PACs at the 3'-
UTR (~13% of PACs at this region) in wild-type plant
(standard score Z = 82), further supporting the role of
HLPI in 3'-end formation (Supplementary information,
Figure S9A). By analyzing overlapping APA profiles
from two APA biological replicates, we found that HLP]
mutation caused proximal-to-distal poly(A) site shifts in
2 274 transcripts compared with Col (P < 0.02, Fisher’s
exact test), suggesting that HLP1 is a 3'-end factor pre-
dominantly suppressing the usage of distal poly(A) sites
(Figure 4C). The single-molecule direct RNA sequencing
(DRS) is a newly developed method and is believed to
have less or no artifacts for PAS-seq analysis [37]. Com-
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parison of transcripts with poly (A) site shifts in our data
with the DRS data show that 94% switched PACs were
also detected by DRS, suggesting that these switched
PACs are reliable (Supplementary information, Figure
S9B). Both proximal-to-distal and distal-to-proximal
polyadenylation shifts in genes were validated by q-PCR
or shown as wiggle plots (Figure 4D and Supplementary
information, Figure S10).

Among the genes whose APA is regulated by HLP1,
we found that HLP1 binds directly to the 3'-UTR and
the third intron of F'CA transcripts (Figure SA and 5B).
Lesion in HLPI caused upregulated retention of the third
intron, which contains the proximal poly(A) site (Figure
5A). PAS-Seq analysis showed decreased polyadenyla-
tion at the distal poly(A) site in F'CA transcripts in Alpl-
I mutant, resulting in reduced FCA-y functional isoform,
and this shift was rescued in a GFP-HLP1 complemen-
tary line (Figure 5A and 5C). This reduction releases the
suppression of the floral repressor FLC in hlpI-1 mutant,
which leads to delayed flowering (Figures 1E and 5D).

Discussion

Precise regulation of APA relies on the crosstalk be-
tween cis-elements that recruit specific subunits of the
processing complex and certain RBPs that recognize the
specific sequence elements. Recent studies have revealed
that this process is much more complex than previously
thought and involves multiple protein-RNA interactions
[12, 13]. Using integrated high-throughput technologies,
we identified HLP1, an hnRNP A/B family protein, as
a novel regulator of APA. Hrpl, the yeast CFIB and the
counterpart of HLP1, binds AU-rich EE and regulates
correct positioning of the cleavage site and 3'-end for-
mation of pre-mRNAs [33, 34, 38]. Interestingly, Hrpl
interacts directly with Rnal4 (the yeast counterpart of
CstF77) [38], suggesting a possible link between HLP1
and CstF77, or other components in the mRNA 3'-end
processing machinery. Although it is not clear if HLP1
itself is a direct cleavage factor, and the mechanism of
selecting a specific poly(A) site remains elusive, we pos-
tulate that HLP1 is the functional ortholog of Hrpl and
binds to A-rich or U-rich FUE, NUE or CE (cleavage
element), and helps the 3’-end machinery to select the
appropriate poly(A) site for subsequent cleavage events.

HLP1 binds to transcripts of thousands of genes, many
of which have general roles in plants. Among the 5 569
genes with HLP1 binding sites at their sense transcripts,
429 genes show poly(A) site shift in i/p/-I1 mutant,
suggesting HLP1 may be directly responsible for APA
of these transcripts. Remarkably, HLP1 also binds to
sequences other than the poly(A) sites, suggesting addi-
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tag per 10 million (TP10M) to adjust for differences of two HITS-CLIP/CLIP-seq libraries in sequencing depth. Blue for binding
peaks at FPA, FLK, GRP7 sense transcripts and orange for peaks at FLC antisense transcripts. Right panels show validation
of binding by RIP-RT-PCR.
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tional roles for HLP1. These non-poly(A) binding events
may affect the processing (splicing), stability or transport
of target transcripts. We found only 21.3% (217/1 018)
of differentially expressed genes in hlpl-1 mutant were
associated with HLP1 binding, suggesting that a large
portion of altered gene expression is indirectly caused
by HLPI mutation (Supplementary information, Figure
S11).

The cellular concentration of CstF64 has been report-
ed to affect the selection of poly(A) site in B cells [39].
Therefore, the expression levels of CstF64 and other
3’-end factors in Col and hlpl-1 mutant were analyzed
using RNA-Seq (Supplementary information, Figure
S12). Most of these factors show very slight changes in
abundance, except for CPSF73-II, which is reduced in
hilpl-1 mutant, suggesting that HLP1 may regulate APA
mainly through modulating protein-protein interactions
or composition of the 3’-end processing complex instead
of directly affecting abundance of these factors. Howev-
er, we can not exclude the possibility that many of these
altered APA can result primarily from the reduced level
of CPSF73-II in hlpl-1 mutants.

The specific binding of HLP1 to FCA transcripts
around the two poly(A) sites suggests HLP1 may be
involved in poly(A) site choice of FCA. Previously, the
RRM-type RBP FCA was shown to physically interact
with the polyadenylation factor FY to regulate its own
expression by alternative splicing and polyadenylation
mechanisms, and such interaction is required for the
regulation of flowering [40]. Later, FCA and another
RRM-type RBP FPA were shown to repress FLC expres-
sion [22, 24, 41]. Most recently, FCA (probably works
together with the mRNA 3'-end processing factor CstF64
and CstF77) and FPA have been shown to function inde-
pendently in promoting the 3’-end processing of the FLC
antisense transcripts at the proximal site, which could si-
lence FLC sense transcripts [25, 26]. We show that HLP1
promotes polyadenylation at the distal site of FCA, which

leads to decreased FLC transcripts. HLP1 also directly
binds to the proximal poly(A) site of FLC antisense,
indicating that HLP1 not only affects FCA poly(A) site
choice, but may also play a role in FLC antisense pro-
cessing together with other 3'-end processing factors. We
propose that the late-flowering phenotype could be a net
result of altered gene expression upon HLP/ mutation.

Unlike HLP1 and Hrpl, hnRNP A1, the human
counterpart of HLP1 has been implicated in regulating
pre-mRNA splicing [42] and microRNA maturation [43].
It would not be surprising if hnRNP Al is also involved
in 3'-end formation since increasing number of splicing
factors, including Nova [32], U1 snRNP [44] and hnRNP
H [45] have been shown to regulate cleavage and polya-
denylation.

Materials and Methods

Plant materials and growth conditions

All of the Arabidopsis thaliana lines were in the Col back-
ground. Plant growth, flowering time analysis, and plant trans-
formation were performed as previously reported [46]. The flc-
3 mutant was described previously [21]. The Alpl-1 mutant was
isolated from the SALK collection (SALK 021452). Seedlings
were grown on Murashige and Skoog (MS) plates containing 3%
sucrose at 23 °C under long day conditions for 12 days.

DNA constructs

For the 35S::GFP-HLPI1 construct, HLP1 full-length CDS
was PCR-amplified with primers CX578 and CX579 and digested
with Bg/Il and Xbal, then cloned into BamHI and Xbal sites of the
pCAMBIA1300-GFP vector. For the 35S::GFP-HLP1 g, con-
struct, the deletion form of HLPI g, was PCR-amplified using
primers CX7157/CX7158 from the 35S::GFP-HLPI construct.

Antibodies used in western blotting and HITS-CLIP/CLIP-
seq

The rabbit polyclonal HLP1 antibody used in this study was
generated against the full-length HLP1 and affinity purified.
CX578 and HX1443 primers were used to amplify the coding se-
quence of HLP1. HSC70 antibody (SPA-818, Enzo Life Sciences)

Figure 4 HLP1 regulates global APA. (A) Distribution of poly(A) clusters. (B) Distribution of A-rich and U-rich PAC motifs rel-
ative to the poly(A) site (PAS) are indicated by blue and red curves, respectively. (C) Scatter plots show poly(A) site shifts in
hlp1-1 mutant. The x axis and y axis show the ratio of PAC counts on a log, scale between hip7-1 and Col at proximal and
distal poly(A) sites, respectively. Genes with significant proximal-to-distal poly(A) site shifts (P-to-D) are indicated by blue
dots and red dots; genes with significant distal-to-proximal shifts (D-to-P) are colored in green and purple. Red and purple
dots represent APA shifts with HLP1 binding. Bar graphs indicate the number of these dots. Grey dots represent genes with-
out significant changes in APA. The poly(A) site shifts were evaluated using Fisher’s exact test (P < 0.02). (D) Case studies of
transcripts with APA shift. Wiggle plots on the left panels show P-to-D shift at At3g15450, At3g23030, At5g11070 and D-to-P
shift at At1g72645. CDS regions are boxed in black. The 5-UTR and 3-UTR are boxed in green and grey, respectively. In-
trons are indicated as lines. The x axis indicates genome site in chromosome. The y axis indicates normalized HITS-CLIP/
CLIP-seq or PAS-seq abundance. HITS-CLIP/CLIP-seq or PAS-seq tag counts were normalized to tag per 10 million (TP10M)
to adjust for differences of two libraries (wild-type and mutant) in sequencing depth. Right panels show RT-gPCR assess-

ments of the shift.
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Figure 5 HLP1 directs poly(A) site choice at the FCA transcripts. (A) The genomic structures of FCA transcripts are shown in
the top panel. CDS regions are boxed in black. The 5-UTR and 3'-UTR are boxed in green and grey, respectively. Introns are
indicated as lines. Blue line above gene structure indicates RIP-qPCR amplified region. Wiggle plots of two HITS-CLIP/CLIP-
seq (CLIP-1 and CLIP-2) and two PAS-seq (PAS-1 and PAS-2) replicates are shown below the gene structure. HLP1 binding
peaks in the third intron and 3-UTR of FCA transcripts are indicated by blue and purple wiggle plots. The x axis indicates
genome site in chromosome. The y axis indicates normalized HITS-CLIP/CLIP-seq or PAS-seq abundance. HITS-CLIP/CLIP-
seq or PAS-seq tag counts were normalized to tag per 10 million (TP10M) to adjust for differences of two libraries (wild-type
and mutant) in sequencing depth. PAS-Seq analyses show decreased PAC numbers at the distal 3-UTR poly(A) site in hip1-
1 mutant (red plots in PAS-1 and brown plots in PAS-2) compared with Col (light blue plots in PAS-1 and green plots in PAS-
2). (B) RIP-gPCR validation of HLP1 binding to the third intron and 3'-UTR of FCA transcripts. (C) Quantitative PCR results
show decreased APA at the distal poly(A) site of FCA in hip71-1 mutant. (D) Working model for HLP1-directed APA of FCA in
the regulation of flowering.
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was used as a loading control.

Quantitative PCR and northern blot

Total RNAs were extracted from 12-day-old seedlings using
TRNzol reagent (Tiangen). FLC northern blot was performed as
previously described [46]. First-strand cDNA was reverse-tran-
scribed using SuperScript Reverse Transcriptase (Invitrogen).
Quantitative PCR was performed using the CFX96 Real-Time
System (Biorad) and SYBR Green I (Invitrogen). Primers used for
PCR are listed in Supplementary information, Table S4.

HITS-CLIP/CLIP-seq and RIP-RT-PCR validation

The HITS-CLIP/CLIP-seq experiment was performed as de-
scribed before [31, 32] with modifications. Briefly, 12-day-old
seedlings (from MS plates containing 3% sucrose grown under
LD at 23 °C) expressing either GFP-HLP1 (designated as HLP1-
CLIP) or GFP-HLP1 sz (designated as ARRM-CLIP) were
soaked in ice-cold PBS buffer and irradiated twice at 400 mJ/
cm’ in a Hoefer UVC 500 Ultraviolet Crosslinker (GE). After UV
irradiation, Arabidopsis seedlings were lysed and the cross-linked
RNA-protein complexes (RNPs) were immunoprecipitated using
anti-GFP antibody (Clontech). The RNPs were digested by micro-
coccal nuclease (Fermentas) partially (107 dilution) or completely
(10° dilution). 3' RNA adapters were ligated to the immunopre-
cipitated RNAs, which were *’P-labeled and separated by PAGE
gel. Subsequently, protein was digested with proteinase K and
purified RNAs were ligated to 5" RNA adapter. In our CLIP assay,
four random nucleotides (barcode) were added to the 3'-terminus
of the 5" adapter to distinguish PCR duplications. After reverse
transcription and PCR amplification, high-throughput sequencing
was performed on an Illumina platform. For RIP-RT-PCR, RNAs
were extracted from GFP-HLP1-RNAs and GFP-HLP1 jzz\-RNAs
complexes using TRNzol (Tiangen), and digested with DNase |
(Ambion) before reverse transcription by SuperScript III using
random hexamers (Invitrogen). For HLP1-CLIP library replicates
and RIP-gPCR validation, HLP1 antibody was used to immuno-
precipitate the endogenous HLP1-RNA complex directly from
the wild-type plant (Col-0) and the AlpI-1 mutant. Adapters and
primers for HITS-CLIP/CLIP-seq and RIP-RT-PCR are listed in
Supplementary information, Table S4.

PAS-Seq

PAS-Seq was performed as described previously [35, 36] with
modifications at the HITS-3" adaptor and sequencing primer.
Briefly, poly(A) RNAs were purified using an mRNA purification
kit (Invitrogen), and fragmented by heating at 95 °C for 30 min.
Reverse transcription (Superscript, Invitrogen) was carried out
using our modified HITS-3" adaptor at 42 °C for 30 min, then the
HITS-5" adaptor (a SMART oligo) was added and incubated for an
additional 30 min. The cDNAs were purified using a Qiagen PCR
Cleanup kit and the second strand cDNAs were synthesized by
three cycles of PCR using Phusion DNA polymerase (NEB) and
the PE1.0 and PE2.0 primers. PCR products were separated on a
2% agarose gel and 200-300 bp bands were excised and purified.
Gel-extracted DNAs were amplified for additional 13 cycles. PCR
products were purified using a Qiagen PCR Cleanup kit. TA-clon-
ing was performed before Illumina sequencing. Oligos for PAS-
Seq are listed in Supplementary information, Table S4.

Bioinformatics analysis

Analysis of RNA-seq data RNA-seq libraries for Col and Alp1-
1 were constructed following the mRNA sequencing Sample
Preparation Guide (Illumina, Cat#RS-930-1001). All raw RNA-
seq reads were aligned to the Arabidopsis genome (TAIR10) using
TopHat (1.3.0) [47] with no more than six mismatches. Reads with
unique locations were kept for subsequent analyses. Expression
levels of each gene were calculated by counting the number of se-
quenced tags mapped to the gene and normalized by mapped reads
per kilo base of exon per million mapped reads (RPKM) based on
a previous method [48]. Genes with a RPKM fold change > 1.5
and P < 0.01 were regarded as differentially expressed genes.

Analysis of HITS-CLIP/CLIP-seq data HITS-CLIP/CLIP-seq
libraries were sequenced on an Illumina platform. 3'-end adaptors
and 5'-end 4 nt barcodes were removed using a FASTX toolkit
(http://hannonlab.cshl.edu/fastx_toolkit). Overall, ~29 million and
~24 million raw reads (36 nt) were collected from the HLP1 and
ARRM-CLIP libraries, respectively (Supplementary information,
Table S1). Tags > 14 nt in length (about 66% of the total recovered
tags) were kept for further analysis, while the shorter tags were
discarded, which were usually aligned to multiple loci in the ge-
nome. Tags ranging from 14-19 nt (no mismatch allowed) and tags
> 20 nt (two mismatches allowed) were aligned to the Arabidopsis
genome (TAIR10) using Bowtie (0.12.7) [49]. Only tags with a
unique genomic location were kept for further analysis. Identical
sequences with the same 4 nt random barcode were regarded as
one tag to exclude PCR duplication. Regions with at least two
overlapping tags were grouped and subjected to in silico random
CLIP simulations to discard transient and nonspecific HLP1-RNA
interactions [31]. In brief, observed tags were randomly aligned to
a given gene region and the maximum number of overlapping tags
was calculated. This simulation was repeated 500 times. P-value
was calculated by counting the frequency of maximum cluster
height from the 500 repeats. Peak heights with P <0.01 were used
as thresholds to identify significant HLP1 binding sites/peaks.

Analysis of PAS-seq data  Tags less than 20 nt after removal of
the 3’ linker and 4 nt random barcodes were discarded. All tags
were reverse-complemented because the tags were sequenced
from 3'-end of transcripts. Trimmed tags were then mapped to
the Arabidopsis genome (TAIR10) using Bowtie (0.12.7) [49],
allowing two mismatches. Only uniquely mapped tags were kept
for downstream analyses. Uniquely located tags with six or more
continuous adenines downstream of the poly(A) junction in a 10-
nt window were considered as internal priming tags and discarded
[36]. About 9-12 million comparable clean reads, namely poly(A)
tags (PATs), were obtained from each library (Supplementary in-
formation, Table S3). Due to intrinsic heterogeneity, poly(A) sites
located within a 24-nt window with TPM (tag per million) > 3 in
the same gene were pooled and defined as a poly(A) site cluster
as described [7]. Overall, > 21 000 PACs in the sense orientation
were identified from each library (Tag Per Million > 3; Supple-
mentary information, Table S3). To ensure data reliability, two
biological replicates were performed for wild-type Col and hlpI-
1 mutant. Both data sets were highly consistent (Supplementary
information, Figure S8B and S8C). For statistical analysis of APA
shifts, genes with at least two PACs (TPM > 3) were selected for
analysis of differential usage. We used Fisher’s exact test to com-
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pare the APA shift events between the two most predominant PACs
as described [7]. A shift with P < 0.02 was regarded as significant
different shifts. Overlapping APA shift events from two biological
replicates were used for downstream analysis.

Motif analysis HLP1 binding motifs were identified using
MEME as previously described [50]. Range of motif widths was
set to 4 and 20 as the minimum motif width and maximum motif
width, respectively. Poly(A) site cluster motifs were identified by
extracting PAC sequences with TPM > 3.

Phylogenetic tree and domain analysis HLP1 orthologs were
retrieved from the InParanoid database [51]. A phylogenetic tree of
HLP1 and related proteins was then constructed by MEGA4 using
the Neighbor-joining method with a bootstrap value of 1 000.

Accession numbers
Sequencing data sets described in this study have been deposit-
ed in GEO database under accession number GSE39051.
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