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Abstract: 27 

The 3' untranslated regions (3' UTRs) of mRNAs play important roles in the regulation of 28 

mRNA localization, translation and stability. Alternative cleavage and polyadenylation 29 

(APA) generates mRNAs with different 3' UTRs, but the involvement of this process in 30 

stress response has not yet been clarified. Here, we report that a subset of stress-related 31 

genes exhibits 3' UTR extensions of their mRNAs during dehydration stress. These 32 

extended 3' UTRs have characteristics of long noncoding RNAs and likely do not interact 33 

with miRNAs. Functional studies using T-DNA insertion mutants reveal that they can act 34 

as antisense transcripts to repress expression levels of sense genes from the opposite 35 

strand, or can activate the transcription or lead to read-through transcription of their 36 

downstream genes. Further analysis suggests that transcripts with 3' UTR extensions 37 

have weaker poly(A) signals than those without 3' UTR extensions. Finally, we show that 38 

their biogenesis is partially dependent on a trans-acting factor FPA. Taken together, we 39 

report that dehydration stress could induce transcript 3' UTR extensions and elucidate a 40 

novel function for these stress-induced 3' UTR extensions as long noncoding RNAs in the 41 

regulation of their neighboring genes. 42 

 43 

  44 
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INTRODUCTION 45 

 46 

The 3' untranslated regions (3' UTRs) of mRNAs play important roles in regulating mRNA 47 

localization, translation and stability (Elkon et al. 2013; Tian and Manley 2013). 48 

Regulatory elements within 3' UTRs are essential for their interactions with trans-acting 49 

factors, such as microRNAs (miRNAs) and RNA-binding proteins (RBPs) (Kim et al. 2007; 50 

Fabian et al. 2010). Alternative cleavage and polyadenylation (APA) generates mRNAs 51 

with different 3' UTR sequences and it is widespread in plants and animals. About 70% of 52 

mRNAs contain more than one poly(A) sites in human (Derti et al. 2012), mouse (Hoque 53 

et al. 2013) and Arabidopsis (Wu et al. 2011). The 3' UTR length is dynamically regulated 54 

under different biological conditions, e.g., mRNAs tend to have shorter 3' UTRs in 55 

proliferating T cells (Sandberg et al. 2008; Gruber et al. 2014), induced pluripotent stem 56 

cells (Ji and Tian 2009) and cancer cells (Mayr and Bartel 2009). By contrast, in nervous 57 

system (Hilgers et al. 2011; Hilgers et al. 2012) and during embryonic development (Ji et 58 

al. 2009), mRNAs tend to have longer 3' UTRs. 59 

 60 

APA is regulated by cis-acting elements within mRNAs, which determine the position and 61 

cleavage efficiency of the poly(A) sites (Di Giammartino et al. 2011; Elkon et al. 2013). 62 

The major cis-acting element is the poly(A) signal located at 15-30 nt upstream of the 63 

cleavage sites. The canonical form is AAUAAA. APA is also regulated by several 64 

trans-acting factors that are shown to regulate poly(A) site selection (Licatalosi et al. 2008; 65 

Hilgers et al. 2012; Jenal et al. 2012; Thomas et al. 2012; Bava et al. 2013; Duc et al. 66 

2013). For example, the 3' UTR extensions in Drosophila nervous system are mediated 67 

by ELAV (Hilgers et al. 2012). In elav mutants the 3' UTR extensions are diminished 68 

whereas ectopic expression of ELAV in non-neural embryonic tissues induces 3' UTR 69 

extensions. Further study reveals that ELAV directly binds to the proximal poly(A) signals 70 

and inhibits their usage. 71 
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 72 

Previous studies have identified some Arabidopsis trans-acting factors involved in 73 

transcript maturation (Hornyik et al. 2010b; Thomas et al. 2012; Zhang et al. 2015). 74 

Among them, FPA is one of the best characterized polyadenylation regulatory factors 75 

which has been studied since more than 10 years ago. FPA was first found as a positive 76 

regulator of flowering and the protein carries an RNA recognition motif (RRM)  77 

(Schomburg et al. 2001; Simpson et al. 2004; Quesada et al. 2005). Further studies 78 

revealed that FPA could function as a trans-acting factor to promote the proximal poly(A) 79 

site selection of FLC antisense transcript. In the absence of FPA, FLC antisense 80 

transcript with distal poly(A) site is induced, which activates FLC expression to repress 81 

flowering (Hornyik et al. 2010a; Hornyik et al. 2010b; Liu et al. 2010). In addition to FLC 82 

antisense transcript, FPA also regulates poly(A) site choice of many other transcripts 83 

(Sonmez et al. 2011; Sonmez and Dean 2012; Duc et al. 2013; Lyons et al. 2013). 84 

Furthermore, FPA is also involved in RNA-mediated chromatin silencing of several 85 

endogenous transposons and retroelements by interacting with chromatin regulators 86 

(Baurle et al. 2007; Baurle and Dean 2008). And recently, the crystal structure of FPA 87 

SPOC (Spen paralogue and orthologue C-terminal) domain has been reported (Zhang et 88 

al. 2016). 89 

 90 

Although APA induced alteration of 3' UTR sequences plays important roles in the 91 

regulation of mRNA functions, the involvement of this process in stress response has not 92 

yet been clarified. To study the effects of stress on APA, here we performed 93 

strand-specific RNA-seq (ssRNA-seq) on Arabidopsis seedlings grown in normal, 94 

ABA-treated and dehydration-stressed conditions. We developed a computational 95 

pipeline to identify and compare 3' ends in stressed conditions with those in normal 96 

condition in order to identify stress-induced APA events. 97 

 98 
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 99 

RESULTS 100 

 101 

Dehydration stress induces 3' UTR extensions 102 

We collected samples at two time points (1 h and 3 h) with three biological replicates for 103 

each time point (Supplemental Fig S1A; Supplemental Table S1). Global correlation 104 

analysis revealed that these replicates were highly reproducible and replicates of each 105 

condition showed unique expression profiles (Supplemental Fig S1B). Generally, about 106 

71% of TAIR10 annotated genes (23,706 of 33,602) were detected, including 22,526 107 

protein coding genes, 61 microRNA (miRNA) genes and 1,119 other noncoding genes. In 108 

addition, we also detected 1,081 long intergenic noncoding RNA (lincRNA) genes 109 

(Supplemental Fig S1C; Supplemental Table S2). Among these genes we identified 468 110 

protein coding genes that were up-regulated in all stressed samples (fold change ≥ 2, P 111 

value < 0.05; Supplemental Fig S2A). Gene Ontology (GO) enrichment analysis revealed 112 

that they were significantly enriched in ABA response and dehydration stress associated 113 

biological processes (Supplemental Fig S2B) demonstrating that our transcriptome data 114 

sets exhibited unique features of plants in response to ABA and dehydration stress. 115 

 116 

In the IGV genome browser we observed some mRNAs had 3' UTR extensions in 117 

dehydration stress (Fig. 1A; Supplemental Fig S3A). To determine whether this 118 

phenomenon was widespread, we developed a computational pipeline to identify 119 

stress-induced 5'/3' UTR extensions followed by a series of quality controls 120 

(Supplemental Fig S3B). Consistent with our observations, a large number of mRNAs 121 

exhibited 3' UTR extensions specifically in dehydration stress (Fig. 1B). The number of 3' 122 

UTR extensions was 5 times greater than that of 5' UTR extensions (1,552 vs. 342, P 123 

value = 3.22 x 10-191, Fisher’s exact test). When the ambiguous extensions were 124 

excluded (Supplemental Fig S3C), it was 8 times greater (1,324 vs. 165, P value = 1.34 x 125 
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10-231, Fisher’s exact test; Supplemental Fig S3D). Moreover, the number of 3' UTR 126 

extensions induced by dehydration stress was significantly greater than that induced by 127 

ABA treatment (1,530 vs. 96, P value → 0, Fisher’s exact test). 128 

 129 

The 3' UTR extensions were further validated by RT-PCR (Fig. 1C). While transcripts with 130 

canonical 3' UTRs (P1 + P2) were detected in all conditions the extended 3' UTRs (P3 + 131 

P4) were only detected in dehydration stress. Moreover, using primer sets flanking the 132 

proximal cleavage sites (P5 + P6) as well as northern blot analysis we also confirmed that 133 

the extended 3' UTRs were only detected in dehydration stress and more important, they 134 

were indeed 3' UTR extensions rather than independent transcripts (Fig. 1D,E; 135 

Supplemental Fig S3E). 136 

 137 

Using the same criteria we identified only 55 and 77 of 5' and 3' UTR shortenings 138 

(Supplemental Fig S3F) indicating that transcripts tend to have longer 3' UTRs under 139 

dehydration stress. This is in agreement with previous studies in animals demonstrating 140 

that arrested cells tend to express mRNAs with longer 3' UTRs (Sandberg et al. 2008; Ji 141 

et al. 2009; Ji and Tian 2009; Elkon et al. 2012), because dehydration stress inhibits plant 142 

growth (Claeys and Inze 2013) including cell proliferation. Taken together, these results 143 

demonstrated that dehydration stress could induce 3' UTR extensions. 144 

 145 

Expression levels of extended 3' UTRs are time-dependent 146 

A total of 631 3' UTR extensions were induced in both 1 h and 3 h (Fig. 2A) and 80% of 147 

them had higher expression levels at 3 h (Fig. 2B). In addition, there were also 778 3' 148 

UTR extensions that were only induced at 3 h. As the majority of them had increased 149 

expression levels over time, we focused on 3' UTR extensions induced in 3 h (n = 1,409; 150 

Supplemental Table S3) in further analysis. We found the majority (75%) of the extended 151 

3' UTRs accounted for less than 10% of the total transcript abundance indicating that in 152 
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dehydration stress the transcripts with canonical 3' UTRs were still the dominant isoform 153 

(Supplemental Fig S4). GO enrichment analysis of these 1,409 genes revealed that their 154 

functions were significantly enriched in biological processes associated with stress 155 

responses, including response to water stress (Fig. 2C). 156 

 157 

Extended 3' UTRs have characteristics of long noncoding RNAs 158 

Recently, a large group of long noncoding RNAs, including lincRNAs and long noncoding 159 

natural antisense transcripts (lncNATs), have been characterized in Arabidopsis (Liu et al. 160 

2012; Zhu et al. 2013; Di et al. 2014; Wang et al. 2014). We found that the extended 3' 161 

UTRs also had characteristics of long noncoding RNAs. Length distribution revealed that 162 

the majority of 3' UTR extensions were 200 to 800 nt in length, which were similar to 163 

lincRNAs and shorter than protein coding mRNAs and primary miRNAs (pri-miRNAs) (Fig. 164 

3A). In addition, coding potential assessment revealed that they were distinct from protein 165 

coding mRNAs but similar to lincRNAs and pri-miRNAs (Fig. 3B,C). Moreover, their 166 

expression levels were 10 fold lower than protein coding mRNAs and a little higher than 167 

lincRNAs and pri-miRNAs (Fig. 3D), which was also a feature of noncoding RNAs (Cabili 168 

et al. 2011; Liu et al. 2012; Pauli et al. 2012; Sun et al. 2013; Di et al. 2014). Taken 169 

together, these results demonstrated that the extended 3' UTRs had characteristics of 170 

long noncoding RNAs, raising the possibility that they might function as noncoding RNAs. 171 

 172 

Extended 3' UTRs likely do not interact with miRNAs 173 

Previous studies in animals found that proliferating cells tend to express mRNAs with 174 

shortened 3' UTRs and fewer miRNA target sites leading to increased protein production 175 

by these mRNAs (Sandberg et al. 2008). Therefore, we asked whether the extended 3' 176 

UTRs have more miRNA target sites and accordingly we predicted miRNA target sites 177 

(Wu et al. 2012) in sequences of 1,409 extended 3' UTRs. However, we found that only 4% 178 

of them (63 of 1,409) had gained miRNA target sites (Supplemental Table S3; 179 
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Supplemental Data S1). In addition, only 6% of them (4 of 63) were downregulated in 180 

dehydration stress (Supplemental Fig S5A) suggesting that they were not targeted by 181 

miRNAs.  182 

 183 

Target mimicry refers to a negative regulatory mechanism of miRNA functions mediated 184 

by noncoding RNAs (Franco-Zorrilla et al. 2007). Recently a genome-wide study 185 

identified 36 putative endogenous miRNA target mimics (eTMs) in Arabidopsis (Wu et al. 186 

2013). As the identified 3' UTR extensions had features of noncoding RNAs, we asked 187 

whether they had gained target mimic sites. However, none of these eTMs were found in 188 

extended 3' UTR sequences suggesting that they did not function as miRNA target 189 

mimics. 190 

 191 

Repression of expression levels of sense genes by extended 3' UTRs 192 

Previous study using human and mouse cells uncovered an anti-correlation between 3' 193 

UTR lengths and gene expression levels (Ji et al. 2011). However, in our data only a 194 

small group (3%) of transcripts with 3' UTR extensions were downregulated in 195 

dehydration stress (Supplemental Fig S5B). By contrast, the majority (74%) of them were 196 

not differentially expressed suggesting that 3' UTR extensions had little effect on their 197 

own total expression levels (short isoforms + long isoforms). In addition, as the identified 198 

3' UTR extensions were extended from the 3' end of canonical 3' UTRs they should not 199 

change the coding sequences (CDS) of their own transcripts. These observations 200 

suggested that the identified 3' UTR extensions were more likely used to regulate other 201 

genes. 202 

 203 

Previous studies in Arabidopsis have demonstrated that the expression of natural 204 

antisense transcripts (NATs) could result in the repression of sense gene expression 205 

(Borsani et al. 2005; Katiyar-Agarwal et al. 2006; Katiyar-Agarwal et al. 2007; Faghihi and 206 
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Wahlestedt 2009; Ron et al. 2010). Such overlapping pairs were also observed when 207 

transcripts (referred as “sense transcripts” hereafter) overlapped by 3' UTR extensions 208 

transcribed from the opposite strand (referred as “antisense transcripts” hereafter). We 209 

found 43% of 3' UTR extensions (605 of 1,409) overlapped in sequences with sense 210 

transcripts (Supplemental Table S3), resulting in the formation or elongation of 211 

overlapping regions (Fig. 4A,B). About 47% of the canonical 3' UTRs did not overlap with 212 

sense transcripts, and for the overlapped pairs the majority of them overlapped at 3' UTR 213 

of sense transcripts. By contrast, for the extended 3' UTRs, the number of pairs with 214 

overlapping sequences at CDS (44%) and promoter (41%) was elevated, leading to the 215 

increased coverage (~10 fold in average coverage, P value = 9.93 x 10-167, t test) of 216 

sense transcripts. 217 

 218 

To investigate whether the expression levels of sense transcripts were repressed by 3' 219 

UTR extensions, we compared their expression levels in dehydration stress to those 220 

under ABA treatment. Among 41 ABA treatment-induced sense transcripts (ABA_3h/NC ≥ 221 

2), 46% (19 of 41) were repressed by dehydration stress (Dehy_3h/ABA_3h ≤ 0.5; 222 

Supplemental Fig S6A,B; Supplemental Table S4). Meanwhile, among 41 dehydration 223 

stress-repressed sense transcripts (Dehy_3h/NC ≤ 0.5), 59% (24 of 41) were not 224 

repressed by ABA treatment (ABA_3h/NC > 0.5; Supplemental Fig S6A,C; Supplemental 225 

Table S4). Moreover, as the 3' UTR extensions increased in their expression levels over 226 

time (Fig. 2), the sense transcripts were predicted to decrease in their expression levels 227 

(relative to ABA treatment) over time. As expected, we found that 74% of them (32 of 43) 228 

had increased expression levels of 3' UTR extensions and decreased expression levels 229 

of sense transcripts over time (Fig. 4C, left; Supplemental Table S4), suggesting that the 230 

repression of sense transcripts by 3' UTR extensions was dose-dependent. However, 231 

using convergently transcribed transcripts one of which (at least) was up-regulated by 232 

dehydration stress and neither of which were subject to 3' UTR extensions, we did not 233 
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find such correlation (Fig. 4C, right): only 33% of them had increased expression levels of 234 

antisense genes and decreased expression levels of sense genes over time, which was 235 

significantly different from that of 3' UTR extension-sense gene pairs (33% vs. 74%, P 236 

value = 4.07 x 10-6, Fisher’s exact test). 237 

 238 

One pair of such regulation was further functionally validated using T-DNA insertion 239 

mutants. SP1-LIKE 2 (SPL2) mRNA displayed 3' UTR extensions under dehydration 240 

stress and the extended 3' UTR elongated the overlapping regions with the sense NFYA5 241 

mRNA (Nuclear Factor Y, Subunit A5) transcribed from the opposite strand (Fig. 4D). 242 

NYFA5 was reported as a transcription factor to promote drought resistance in 243 

Arabidopsis (Li et al. 2008). The overlapping region elongated about 9 fold in length (from 244 

154 nt to 1,423 nt), which covered the entire 3' UTR and CDS of the NFYA5 mRNA under 245 

dehydration stress. A SPL2 T-DNA insertion knockout line (WiscDsLoxHs077_05E) was 246 

employed to investigate whether the extended SPL2 3' UTR could repress NFYA5 247 

transcription (Fig. 4D). As expected, in spl2 mutant, the induction of extended SPL2 3' 248 

UTR was eliminated in dehydration stress and, as a result, the NFYA5 gene was 249 

derepressed (Fig. 4E). Taken together, these results showed that 3' UTR extensions 250 

could function as long antisense noncoding RNAs repressing the expression levels of 251 

sense genes in dehydration stress. 252 

 253 

Activation or read-through transcription of downstream genes by 3' UTR 254 

extensions 255 

In addition to 605 3' UTR extensions that overlapped with sense mRNAs, we also 256 

identified 429 extensions that extended into the promoter regions (defined as sequences 257 

1 kb upstream of transcriptional start site) of their downstream genes from the same 258 

strand, or lead to read-through transcription (Fig. 5A; Supplemental Table S3). Compared 259 

with canonical 3' UTRs, the length of intergenic sequences was significantly shortened by 260 
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the extended 3' UTRs (~3 fold in average length, P value = 1.56 x 10-125, t test). 261 

 262 

We found for the downstream genes that were lowly expressed in untreated control 263 

plants (FPKM < 2; n = 119), about 75% of them (89 of 119) were up-regulated in 264 

dehydration stress (Dehy_3h/NC ≥ 2). Interestingly, the majority (91%) of them (81 of 89) 265 

were also up-regulated compared to ABA treatment (Dehy_3h/ABA_3h ≥ 2; 266 

Supplemental Fig S7A; Supplemental Table S5) suggesting that they would have higher 267 

expression levels if their promoter sequences were overlapped by upstream 3' UTR 268 

extensions. Similarly, as 3' UTR extensions had increased expression levels over time 269 

(Fig. 2), we found that 86% of the downstream genes (70 of 81) also showed elevated 270 

expression levels in dehydration stress for 3 h compared to 1 h (Fig. 5B; Supplemental 271 

Table S5), suggesting that the activation of downstream genes by upstream 3' UTR 272 

extensions was dose-dependent. 273 

 274 

Such proposed regulation was functionally validated using T-DNA insertion mutants. 275 

NITRATE EXCRETION TRANSPORTER1 (NAXT1) mRNA displayed read-through 276 

transcription with the downstream gene AT3G45660 under dehydration stress (Fig. 5C; 277 

Supplemental Fig S7B). Real-time PCR analysis also validated that the extended NAXT1 278 

3' UTR was induced by dehydration stress and AT3G45660 was up-regulated (Fig. 5D). A 279 

NAXT1 T-DNA insertion knockout line (SALK_091226) was used to see whether the 280 

up-regulation of AT3G45660 was due to read-through transcription (Fig. 5C). Consistent 281 

with our expectations, when the read-through transcription was depleted in naxt1-1 282 

mutant, the downstream AT3G45660 gene was deactivated under dehydration stress (Fig. 283 

5D).  284 

 285 

Another example is FARNESOIC ACID CARBOXYL-O-METHYLTRANSFERASE (FAMT) 286 

whose 3' UTR extended into the promoter region of the downstream gene AT3G44870 287 
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(Supplemental Fig S7C). Real-time PCR assay also verified the induction of FAMT 288 

extended 3' UTR and AT3G44870 transcription in dehydration stress (Supplemental Fig 289 

S7D). We identified a FAMT T-DNA insertion line (SALK_119380) to assess whether the 290 

activation of AT3G44870 expression is dependent on FAMT extended 3' UTR 291 

(Supplemental Fig S7C). We found that this T-DNA insertion led to activation of FAMT 292 

gene, yielding even higher expression level of the extended 3' UTR in dehydration stress 293 

(Supplemental Fig S7D). Consistent with this, increased expression level of the 294 

downstream AT3G44870 gene was observed under dehydration stress in the T-DNA 295 

insertion line compared with wild type (WT) (Supplemental Fig S7D). Taken together, 296 

these results provide evidence that the 3' UTR extensions could lead to read-through 297 

transcription or activation of downstream genes in dehydration stress. 298 

 299 

mRNAs with 3' UTR extensions tend to have weaker poly(A) signals 300 

The overall expression levels of transcripts with 3' UTR extensions were higher than 301 

those without 3' UTR extensions (~3.2 fold in median FPKM, P value = 1.85 x 10-123, t test; 302 

Supplemental Fig S8A), raising the possibility that the biogenesis of 3' UTR extensions 303 

were due to their high expression levels. However, when we analyzed their expression 304 

levels in ABA treatment, we found that 83% of them (1,178 of 1,409) had the same or 305 

higher expression levels in ABA treatment, but only 3% of them (40 of 1,178) extended 306 

their 3' UTRs (Supplemental Fig S8B). Similarly, for the 778 transcripts that only had 3' 307 

UTR extensions in dehydration stress for 3 h (Fig. 2A), 81% of them (632 of 778) had the 308 

same or higher expression levels in dehydration stress for 1 h (Supplemental Fig S8C). 309 

Taken together, these results showed that 3' UTR extensions were not induced by high 310 

expression levels. 311 

 312 

Previous study in Arabidopsis using direct RNA sequencing (DRS) revealed that the 313 

formation of mRNA 3' ends was heterogeneous and the sequences in the vicinity of the 314 
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most preferred cleavage sites were characterized by an AAUAAA-like motif and an A-rich 315 

peak at the -20 locus, as well as an U-rich peak at the -7 locus (Sherstnev et al. 2012). An 316 

absence of these sequence signatures was observed in the non-preferred cleavage sites. 317 

One explanation for the biogenesis of 3' UTR extensions is that the poly(A) signals of 318 

transcripts with 3' UTR extensions are weaker than those of transcripts without 3' UTR 319 

extensions. Our analysis showed that the proportion of upstream sequences with 320 

AAUAAA-like motifs was significantly lower in mRNAs with 3' UTR extensions (Fig. 6A; 321 

Supplemental Fig S9). In addition, the AAUAAA-like motifs were not enriched at the -20 322 

locus of transcripts with 3' UTR extensions (Fig. 6B), and consistent with this the absence 323 

of A-rich peak at the -20 locus and of U-rich peak at the -7 locus was observed (Fig. 324 

6C-E). However, we did not find any obvious difference between the proximal and the 325 

distal cleavage site of transcripts with 3' UTR extensions (Fig. 6A-D; Supplemental Fig 326 

S9). Taken together, these computational analyses suggest that transcripts with 3' UTR 327 

extensions have weaker poly(A) signals than those without 3' UTR extensions. 328 

 329 

FPA partially regulates biogenesis of dehydration stress-induced 3' UTR 330 

extensions 331 

In addition to cis-acting poly(A) signals on transcripts, previous studies also identified 332 

several trans-acting factors that are involved in the control of poly(A) site choice 333 

(Licatalosi et al. 2008; Hilgers et al. 2012; Jenal et al. 2012; Thomas et al. 2012; Bava et 334 

al. 2013; Duc et al. 2013). One of them is FPA, which was first identified as a positive 335 

regulator of flowering in Arabidopsis (Schomburg et al. 2001; Hornyik et al. 2010b). The 336 

FPA protein has three RRMs at the N terminus, and one SPOC domain (protein-protein 337 

interaction domain) at the C terminus (Fig. 7A). Recently, a genome-wide study using 338 

DRS revealed that FPA could regulate poly(A) site choice of many transcripts in 339 

Arabidopsis. In fpa knockout mutants (fpa-7), hundreds of intergenic read-through 340 

transcripts were induced, resulting from defective 3' end formation of their upstream 341 
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transcripts (Duc et al. 2013). By reanalysis of the DRS data sets we identified 420 342 

transcripts with enhanced distal polyadenylation in fpa-7 mutant compared to WT 343 

(Supplemental Fig S10A; Supplemental Table S6). We found that 76% of them (320 of 344 

420) were also induced in dehydration stress for 3 h whereas only 8% of them (32 of 420) 345 

were induced in ABA treatment for 3 h (Fig. 7B). These results raised the possibility that 346 

the dehydration stress-induced 3' UTR extensions were dependent on FPA. 347 

 348 

To test this hypothesis, we determined the induction of 3' UTR extensions by dehydration 349 

stress in WT plants and fpa-7 mutants. If their biogenesis were completely dependent on 350 

FPA, the induction of 3' UTR extensions by dehydration stress should be abolished in 351 

fpa-7 mutants; by contrast, if their biogenesis were through FPA-independent pathway, 352 

this induction should be the same for WT plants and fpa-7 mutants. To examine these 353 

possibilities, we selected five genes including PHYTOCHROME-INTERACTING 354 

FACTOR 5 (PIF5) and ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR 4 355 

(ERF4), whose transcript 3' UTR extensions were previously shown to be regulated by 356 

FPA (Duc et al. 2013; Lyons et al. 2013). Real-time PCR analysis confirmed that all of 357 

these genes exhibited 3' UTR extensions of their transcripts in WT plants under 358 

dehydration stress and in fpa-7 mutants grown in normal condition (Supplemental Fig 359 

S10B,C). There was no obvious difference in total transcript abundance of these genes 360 

between WT plants and fpa-7 mutants (Fig. 7C). However, the induction of dehydration 361 

stress-induced 3' UTR extensions was significantly impaired in fpa-7 mutants (Fig. 7D), 362 

showing that FPA regulates the biogenesis of dehydration stress-induced 3' UTR 363 

extensions. In addition, as this induction was not completely eliminated in fpa-7 mutants, 364 

we conclude that there should be also a FPA-independent pathway that participates in 365 

the regulation of their biogenesis. 366 

 367 

Next we asked whether FPA expression was decreased in dehydration stress. We found 368 

its total mRNA abundance was not decreased (Supplemental Fig S10D) raising the 369 
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possibility that its function was impaired at protein level. Previous study revealed that 370 

alternative polyadenylation of FPA mRNA was regulated by the FPA protein itself: FPA 371 

mRNA contains a proximal poly(A) site in its first intron, and the use of this poly(A) site 372 

resulted in a shorten transcript encoding a truncated FPA protein with only one RRM 373 

domain (Fig. 7A); the full-length FPA protein promotes the usage of proximal poly(A) site 374 

forming a negative autoregulation loop (Hornyik et al. 2010b). A similar phenomenon 375 

might be happing here: we found the FPA first intron was retained specifically in 376 

dehydration stress (Fig. 7E,F), which introduced a premature termination codon in its 377 

CDS leading to the translation of a similar truncated FPA protein containing only one of 378 

the four domains (Fig. 7A). Therefore, it is possible that the truncated FPA proteins 379 

competed with full-length FPA proteins to interfere with FPA functions in dehydration 380 

stress thus giving rise to 3' UTR extensions. Although due to technical issues such as the 381 

lack of FPA antibody we were not able to fully validate this competition, our results still 382 

provide preliminary evidence that the biogenesis of dehydration stress-induced 3' UTR 383 

extensions is partially dependent on the trans-acting factor, FPA. 384 

 385 

DISCUSSION 386 

 387 

APA generates transcripts with different 3' UTR sequences; however, the role of this 388 

process in stress response has not been investigated. Here, we report an unanticipated 389 

global induction of 3' UTR extensions in Arabidopsis under dehydration stress, linking 3' 390 

UTR extensions to plant stress response (Fig. 1). Their expression levels are 391 

time-dependent (Fig. 2) and they have characteristics of long noncoding RNAs (Fig. 3). 392 

Unlike transcripts 3' UTR extensions in animals (Sandberg et al. 2008; Ji and Tian 2009; 393 

Jenal et al. 2012), the dehydration stress-induced transcript 3' UTR extensions appear 394 

not to possess miRNA binding sites (Supplemental Fig S5). One reason for this difference 395 

might be the distinct regulatory mechanisms between animal miRNAs and plant miRNAs: 396 

animal miRNAs usually have multiple and imperfectly complementary target sites in 3' 397 
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UTRs of mRNAs; by contrast, plant miRNAs usually target CDS of mRNAs through single 398 

and highly complementary target site (Voinnet 2009). Here, we found that plant miRNAs 399 

did not target extended 3' UTRs, providing additional evidence to the point that plant 400 

miRNAs rarely target 3' UTRs. 401 

 402 

About 43% of 3' UTR extensions lead to the formation or elongation of overlapping 403 

sequences between sense and antisense transcripts (Fig. 4), a mechanism that has been 404 

demonstrated to repress sense gene transcription (Faghihi and Wahlestedt 2009). Using 405 

T-DNA insertion mutants we found that extended 3' UTRs can function as antisense 406 

transcripts to repress expression of sense genes. This result is not consistent with 407 

previous studies showing no general anti-correlation of convergently transcribed gene 408 

pairs in Arabidopsis (Wu et al. 2011; Sherstnev et al. 2012). One reason for this 409 

divergence might be that their analysis cannot distinguish whether the expression 410 

changes of sense genes is due to an increase in levels of antisense transcripts or other 411 

factors such as changes in the transcription activity of sense genes. By contrast, in our 412 

analysis we have approached the resolution of this issue on two levels: first, to reduce the 413 

effects caused by other factors, we assessed their expression variance between 414 

dehydration stress and ABA treatment, because expressions of dehydration 415 

stress-responsive genes are partially regulated by ABA-dependent pathway (Golldack et 416 

al. 2014; Yoshida et al. 2014) and in our study ABA stimulus did not induce 3' UTR 417 

extensions; second, as 3' UTR extensions increased in their expression levels over time 418 

(Fig. 2), the predicted inhibitory effect on sense gene expression should be stronger in 3 419 

h than in 1 h. Therefore, in our analysis we were able to identify 43 anti-correlated pairs 420 

and 74% of them were dose-dependent (Fig. 4C). 421 

 422 

In addition, 429 of the other transcript 3' UTR extensions elongated into promoter regions 423 

of their downstream genes, or lead to read-through transcription. Among this group a 424 
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positive regulation was observed for 81 downstream genes that were lowly expressed in 425 

untreated controls (Fig. 5). One putative mechanism to explain this activation is chromatin 426 

remodeling: the 3' UTR extensions may help to create open, relaxed chromatin structures 427 

for the downstream genes, which is required for transcriptional activation (Bell et al. 2011). 428 

Genome-wide mapping of DNase I hypersensitive (DH) sites has been used to identify 429 

open chromatin structures in human (Boyle et al. 2008), yeast (Hesselberth et al. 2009) 430 

and Arabidopsis (Zhang et al. 2012). Analysis of the presence of DH sites (Zhang et al. 431 

2012) within gene promoters showed that the proportion of promoters with DH sites was 432 

significantly decreased in these downstream genes compared to that in other genes, in 433 

both non-stressed leaf sample (43% vs. 82%, P value = 3.66 x 10-15, Fisher’s exact test) 434 

and flower sample (54% vs. 85%, P value = 1.45 x 10-10, Fisher’s exact test). This is 435 

consistent with our hypothesis that these downstream genes have closed chromatin 436 

structures in untreated controls, and 3' UTR extensions might help them to establish open 437 

chromatin structures in dehydration stress, like long noncoding RNAs in the regulation of 438 

their neighbor genes (Orom et al. 2010; Wang et al. 2011). 439 

 440 

APA is regulated by cis-acting poly(A) signals within transcripts and trans-acting factors 441 

that regulate poly(A) site selections. We propose that weak poly(A) signals, reduced FPA 442 

function, together with a FPA-independent pathway contribute to the biogenesis of 443 

dehydration stress-induced 3' UTR extensions (Fig. 8). Taken together, our results 444 

identify and uncover novel functions and biogenesis of stress-induced 3' UTR extensions, 445 

which expand our knowledge of transcriptome complexity in Arabidopsis under stress 446 

conditions. 447 

 448 

METHODS 449 

 450 

Accession numbers 451 
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The DRS data sets (Duc et al. 2013) had been deposited at the European Nucleotide 452 

Archive (ENA) under accession number ERP003245. Sequence data in this article can be 453 

found in TAIR databases under the following accession numbers: ACT2 (AT3G18780), 454 

COR15A (AT2G42540), COR15B (AT2G42530), DREB1A (AT4G25480), ERF4 455 

(AT3G15210), FAMT (AT3G44860), FPA (AT2G43410), NAXT1 (AT3G45650), NFYA5 456 

(AT1G54160), P5CS1 (AT2G39800), PIF5 (AT3G59060), RD29A (AT5G52310), RD29B 457 

(AT5G52300), RGP2 (AT5G15650), SCL13 (AT4G17230), SPL2 (AT1G54150), SRX 458 

(AT1G31170), UBL5 (AT5G42300). 459 

 460 

Plant materials, growth conditions and treatments 461 

The Arabidopsis thaliana ecotype Columbia (Col-0) was used as wild type in this study. 462 

All T-DNA insertion lines are in Col-0 background. Detailed methods are described in 463 

Supplemental Data S2. 464 

 465 

ssRNA-seq data analysis 466 

Strand-specific RNA-seq data were analyzed using TopHat/Cufflinks pipeline (Trapnell et 467 

al. 2013). Detailed parameters are described in Supplemental Data S2. 468 

 469 

Identification of 3' UTR extensions 470 

A computational pipeline was developed to identify stress-induced 5'/3' UTR extensions 471 

(Supplemental Fig S3B). Details are described in Supplemental Data S2. 472 

 473 

Coding potential assessment of 3' UTR extensions 474 

Coding Potential Calculator (CPC) (Kong et al. 2007) was used to estimate the coding 475 

capacities. The ORFs were predicted using GenScan with Arabidopsis specific 476 

parameters (Burge and Karlin 1997). 477 

 478 
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miRNA target site prediction 479 

Mature sequences of 337 Arabidopsis miRNAs were obtained from miRBase (release 20) 480 

(Kozomara and Griffiths-Jones 2014). miRNA target sites were predicted using psRobot 481 

(Wu et al. 2012) with parameters “-ts 2.5 -fp 2 -tp 17 -gl 17 -p 8 -gn 1”. 482 

 483 

Identification of sense mRNAs overlapped in sequences with extended 3' UTRs 484 

The sense-antisense pairs were identified using a previously reported method (Wang et 485 

al. 2014). Details are described in Supplemental Data S2. 486 

 487 

Poly(A) signal analysis 488 

The poly(A) signal was analyzed using a previously reported method (Sherstnev et al. 489 

2012). The AAUAAA-like motif refers to the canonical AAUAAA signal and 18 of 490 

single-nucleotide mutations. Details are described in Supplemental Data S2. 491 

 492 

GO enrichment analysis 493 

GO enrichment analysis was performed using agriGO (Du et al. 2010) with TAIR10 494 

annotation as the background. The smaller the P value is, the more the GO term is 495 

significantly enriched. The top enriched GO terms are those with the lowest P values. 496 

 497 

Reanalysis of DRS data sets 498 

DRS reads were analyzed using HeliSphere software (version 1.1.498.63) with previously 499 

described parameters (Duc et al. 2013). Details are described in Supplemental Data S2. 500 

 501 

RT-PCR and RNA gel blot analysis of gene expression 502 

Detailed methods of reverse transcription, semiquantitative PCR, real-time PCR and RNA 503 

gel blot analysis are described in Supplemental Data S2. Primers used in all RT-PCR 504 

experiments are listed in Supplemental Table S7. 505 
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 506 

DATA ACCESS 507 

 508 

A total of 15 ssRNA-seq data sets generated in this work have been submitted to the 509 

NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) under 510 

accession number GSE74864. 511 
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FIGURE LEGENDS 528 

 529 

Figure 1. Dehydration stress induces 3' UTR extensions. 530 

(A) Examples of dehydration stress-induced 3' UTR extensions. Blue and pink colors 531 

represent read abundance of forward strand and reverse strand, respectively. Extended 532 
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3' UTRs are depicted by red rectangles. (B) Number of transcripts with 5'/3' UTR 533 

extensions in ABA treatment and dehydration stress. (C) Schematic diagram of RT-PCR 534 

primers used to validate 3' UTR extensions. (D) Validation of dehydration stress-induced 535 

3' UTR extensions (A) using RT-PCR. Primer set P1+P2 indicates transcripts with 536 

canonical and extended 3' UTRs. Primer sets P3+P4 and P5+P6 indicate extended 3' 537 

UTRs. ACT2 mRNA served as a positive control. (E) Validation of ERF4 3' UTR extension 538 

using RNA gel blot analysis. 32P labeled riboprobe targeting ERF4 3' UTR region were 539 

used to detect both the canonical and extended ERF4 transcripts. Methylene 540 

blue-stained ribosomal RNA (rRNA) is shown as loading control. The percentage (%) of 541 

extended ERF4 in total ERF4 transcripts are presented as mean ± SD of two biological 542 

replicates. 543 

 544 

Figure 2. Increased expression levels of extended 3' UTRs over time. 545 

(A) Venn diagram of 3' UTR extensions induced in dehydration stress for 1 h and 3 h. (B) 546 

Scatter plot showing expression levels (FPKMs) of 631 3' UTR extensions induced by 547 

dehydration stress for both 1 h (x-axis) and 3 h (y-axis). (C) GO enrichment analysis of 548 

1,409 transcripts with 3' UTR extensions in dehydration stress. Top 15 (with the lowest P 549 

values) enriched GO terms of biological process category are shown. 550 

 551 

Figure 3. Extended 3' UTRs have characteristics of long noncoding RNAs. 552 

(A) Length distribution of 3' UTR extensions, lincRNAs, protein coding transcripts and 553 

pri-miRNAs. (B) Coding potential assessment of 3' UTR extensions, lincRNAs, protein 554 

coding transcripts and pri-miRNAs. Transcripts with higher coding potential have higher 555 

CPC scores. (C) Cumulative distribution of the longest ORF length across 3' UTR 556 

extensions, lincRNAs, protein coding transcripts and pri-miRNAs. (D) Cumulative 557 

distribution of expression levels (FPKMs) across 3' UTR extensions, lincRNAs, protein 558 

coding transcripts and pri-miRNAs. The fold changes of median expression levels for 559 
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protein coding transcripts relative to 3' UTR extensions (bottom), pri-miRNAs (middle) 560 

and lincRNAs (top) are shown. 561 

 562 

Figure 4. Repression of expression levels of sense genes by extended 3' UTRs. 563 

(A) Composition of overlapping regions between sense and antisense transcripts. A total 564 

of 605 pairs between sense transcripts and antisense transcripts (canonical 3' UTRs and 565 

extended 3' UTRs) were used for the plot. (B) Coverage of sense transcripts overlapped 566 

by canonical 3' UTRs and extended 3' UTRs. Red line indicates the average of coverage. 567 

The coverage is defined as the length of overlapping region divided by the length of 568 

sense gene, ranging from 0% to 100%. (C) Fold change of expression levels (FPKM) of 3' 569 

UTR extensions (left) or transcripts without 3' UTR extensions (right) versus fold change 570 

of expression levels (relative to ABA treatment) of sense transcripts in Dehy_3h 571 

compared with Dehy_1h. Log2-transformed fold changes were used for this plot. (D) The 572 

IGV genome browser view showing SPL2 and NFYA5. Blue and pink colors represent 573 

read abundance of forward strand and reverse strand, respectively. Extended 3' UTR is 574 

depicted by a red rectangle. T-DNA insertion site is indicated by a black inverted triangle. 575 

(E) Real-time PCR analysis of expression levels of SPL2 (top), SPL2 extended 3' UTR 576 

(middle) and NFYA5 (bottom) in WT and spl2 mutant. Transcript levels were normalized 577 

to ACT2 expression. The expression level of each gene in WT plants grown in normal 578 

condition (NC) was set to 1. Data are shown as mean ± s.d. (n = 3) of one representative 579 

result of three independent biological replicates. Asterisks indicate statistically significant 580 

differences (* P < 0.05, ** P < 0.01; *** P < 0.001; t test). N.S., not significant. 581 

 582 

Figure 5. Activation or read-through transcription of downstream genes by 3' UTR 583 

extensions. 584 

(A) Composition of upstream-downstream gene pairs of canonical 3' UTRs and extended 585 

3' UTRs. A total of 429 gene pairs were used for the plot. (B) Fold change of expression 586 

 Cold Spring Harbor Laboratory Press on July 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


23  

levels (FPKM) of 3' UTR extensions (x-axis) versus fold change of expression levels of 587 

sense genes (y-axis) in Dehy_3h compared with Dehy_1h. Log2-transformed fold 588 

changes were used for this plot. (C) The IGV genome browser view showing NAXT1 and 589 

AT3G45660. Blue color represents read abundance of forward strand. Extended 3' UTRs 590 

is depicted by a red rectangle. T-DNA insertion site is indicated by a black inverted 591 

triangle. (D) Real-time PCR analysis of expression levels of NAXT1 (top), NAXT1 592 

extended 3' UTR (middle) and AT3G45660 (bottom) in WT and naxt1-1 mutant. 593 

Transcript levels were normalized to ACT2 expression. The expression level of each 594 

gene in WT plants grown in normal condition (NC) was set to 1. Data are shown as mean 595 

± s.d. (n = 3) of one representative result of three independent biological replicates. 596 

Asterisks indicate statistically significant differences (* P < 0.05, ** P < 0.01; *** P < 0.001; 597 

t test). N.S., not significant. 598 

 599 

Figure 6. mRNAs with 3' UTR extensions tend to have weaker poly(A) signals. 600 

(A) Composition of proximal cleavage sites of 1,409 transcripts with 3' UTR extensions, 601 

distal cleavage sites of 1,409 transcripts with 3' UTR extensions and cleavage sites of 602 

expressed transcripts without 3' UTR extensions. (B) Frequency of occurrence and 603 

distribution of AAUAAA-like motifs across 50 nt upstream sequences of cleavage sites. 604 

The -20 locus is indicated by red line. (C-E) Nucleotide composition of 100 nt up- and 605 

downstream flanking sequences of: (C) proximal cleavage sites of 1,409 transcripts with 606 

3' UTR extensions; (D) distal cleavage sites of 1,409 transcripts with 3' UTR extensions; 607 

and (E) cleavage sites of expressed transcripts without 3' UTR extensions. The -20 locus, 608 

-7 locus and -1 locus are indicated by red lines. N.S., not significant. 609 

 610 

Figure 7. FPA partially regulates biogenesis of 3' UTR extensions. 611 

(A) Schematic diagram showing domains of the full-length FPA protein (top), intron 612 

retention-produced truncated FPA protein (middle) and proximal 613 
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polyadenylation-produced FPA protein (bottom). (B) Proportion of ABA treatment- and 614 

dehydration stress-induced 3' UTR extensions among 3' UTR extensions induced in fpa-7 615 

mutant. (C) Real-time PCR analysis of total expression levels of PIF5, ERF4, UBL5, SRX 616 

and AT2G31040 in WT and fpa-7 mutant. The expression level of each gene in WT plants 617 

grown in normal condition (NC) was set to 1. (D) Real-time PCR analysis showing 618 

induction of 3' UTR extensions by dehydration stress of PIF5, ERF4, UBL5, SRX and 619 

AT2G31040 in WT and fpa-7 mutant. The expression levels of each gene in WT plants 620 

and fpa-7 mutants grown in normal condition (NC) were set to 1. (E) The IGV genome 621 

browser view showing FPA. Pink color represents read abundance of reverse strand. 622 

Retained intron is depicted by a red rectangle. The position of introduced premature 623 

termination codon is indicated by a red inverted triangle. (F) Real-time PCR analysis of 624 

expression levels of intron-retained FPA. The expression level in normal condition (NC) 625 

was set to 1. Transcript levels were normalized to ACT2 expression. Data are shown as 626 

mean ± s.d. (n = 3) of one representative result of three independent biological replicates. 627 

Asterisks indicate statistically significant differences compared with WT (* P < 0.05, ** P < 628 

0.01; *** P < 0.001; t test). 629 

 630 

Figure 8. A proposed model for the biogenesis and function of dehydration 631 

stress-induced 3' UTR extensions. 632 

Biogenesis of 3' UTR extensions depends on cis-acting poly(A) signals, trans-acting 633 

regulator FPA and a FPA-independent pathway. In normal growth condition, transcripts 634 

are polyadenylated at the proximal poly(A) site regardless of the strengths of poly(A) 635 

signals, whereas in dehydration-stressed condition, reduced FPA function causes 3' UTR 636 

extensions of transcripts only if they have weaker poly(A) signals, which might be 637 

mediated by the competition of truncated FPA proteins. In addition, a FPA-independent 638 

pathway also contributes to the biogenesis of 3' UTR extensions. The extended 3' UTRs 639 

have characteristics of long noncoding RNAs and can function as repressors of their 640 
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sense genes or activators of their downstream genes. 641 
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