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Tandem CCCH zinc finger (TZF) proteins are the essential components of processing
bodies (PBs) and stress granules (SGs), which play critical roles in growth development
and stress response in both animals and plants through posttranscriptional regulation of
target mRNA. In this study, we characterized the biological and molecular functions of a
novel tandem zinc finger protein, OsTZF7. The expression of OsTZF7 was upregulated
by abiotic stresses, including polyethylene glycol (PEG) 4000, NaCl, and abscisic acid
(ABA) in rice. Accordingly, the overexpression of OsTZF7 increased drought tolerance
and enhanced sensitivity to exogenous ABA in rice, whereas the knockdown of OsTZF7
resulted in the opposite phenotype. RNA-seq analysis revealed that genes related
to “response to stress,” “abscisic acid signaling,” “methylated histone binding,” and
“cytoplasmic mRNA processing body” are regulated by OsTZF7. We demonstrated that
OsTZF7 can traffic between the nucleus and PBs/SGs, and the leucine-rich nuclear
export signal (NES) mediates the nuclear export of OsTZF7. Additionally, we revealed
that OsTZF7 can bind adenine- and uridine-rich (AU-rich) element (ARE) or ARE-
like motifs within the 3’ untranslated region of downregulated mRNAs, and interact
with PWWP family proteins in vitro. Together, these results indicate that OsTZF7
positively regulates drought response in rice via ABA signaling and may be involved
in MRNA turnover.

Keywords: OsTZF7, drought, stress granules (SGs), processing bodies (PBs), nucleo-cytoplasmic trafficking,
RNA-binding

INTRODUCTION

The CCCH zinc finger proteins contain one or more CCCH-type zinc finger motifs (three cysteines
followed by one histidine). Notably, 68 and 67 CCCH zinc finger genes have been identified in
Arabidopsis and rice, respectively (Wang et al., 2008). Among them, tandem CCCH zinc finger
(TZF) proteins (two identical CCCH zinc fingers separated by 18 amino acids) constitute a large
subfamily and have been found widely in eukaryotes (Bogamuwa and Jang, 2013).
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The TZF proteins usually function as RNA binding proteins
and directly bind to adenine- and uridine-rich (AU-rich)
elements (AREs) within the 3’ untranslated region (3'UTR) of
target mRNAs. TZFs can also recruit the CCR4-NOT complex
to target mRNAs and induce mRNA decay (Otsuka et al., 2019).
Another feature of TZF proteins is that they shuttle between
different cellular compartments, such as from the nucleus to the
cytoplasm, and between different cytoplasmic RNA granules,
like polysomes, stress granules (SGs), and processing bodies (P-
bodies, PBs), where they are considered to play various roles in
RNA metabolism (Bogamuwa and Jang, 2014; Maldonado-
Bonilla, 2014; Fu and Blackshear, 2017). In mammals,
Tristetraprolin (TTP, the prototype of mammalian TZF proteins)
can bind the AREs at the 3'UTR of tumor necrosis factor-a (TNF-
o) and trigger TNF-oe mRNA decay by recruiting deadenylation
and decapping complexes. Meanwhile, the expression of TTP is
induced by TNF-a signaling. Thus, TTP acts as a key component
of a negative feedback loop that controls TNF-a production
through a posttranscriptional mechanism (Carballo et al,
1998; Lai and Blackshear, 2001). The destabilization of mRNA
mediated by TTP has been reported in other cytokines, such
as interleukin (IL)-16, IL-8, IL-22, IL-23, interferon (IFN)-vy,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
and some chemokines (Brooks and Blackshear, 2013).

Although TZFs have been well documented in humans and
mice (Fu and Blackshear, 2017), the function of most plant
TZF proteins is relatively less known. Recently, some studies
suggest that TZF proteins are involved in various aspects of
plant growth and development, cellular functions, and stress
responses. For example, AtTZFI, 2, 3 and OsTZFl, 5 are
involved in abiotic stresses (Huang et al., 2011, 2012; Lin et al,,
2011; Lee et al., 2012; Zhang et al, 2012; Jan et al, 2013;
Han et al.,, 2014; Selvaraj et al., 2020). PAC3H17 depends on
its. CCCH domain to control drought tolerance in Populus
(Zhuang et al., 2020). OsTZF1 and OsTZF2 (OsDOS) delay leaf
senescence in rice (Kong et al., 2006; Jan et al., 2013). AtTZF9
is involved in Pathogen-Associated Molecular Pattern (PAMP)-
triggered immune response (Maldonado-Bonilla et al., 2014).
In addition to stress, TZF proteins are also involved in the
light signaling pathway. AtTZF4, 5, 6 negatively regulate light-,
abscisic acid (ABA)-, and gibberellic acid (GA)-mediated seed
germination (Kim et al., 2008; Bogamuwa and Jang, 2013), and
OsTZF]1 exhibits similar characteristics regard to light response
(Zhang et al., 2012).

Mammalian TZF proteins traffic between the nucleus and
cytoplasmic messenger ribonucleoprotein (mRNP) complexes
(PBs and SGs). PBs and SGs are the membrane-less organelles
where mRNA turnover and translational repression take place
(Balagopal and Parker, 2009). The nuclear export receptor
CRM1/Xpol mediates the nuclear export of TTP and TIS11
(mammalian TZF) by binding directly to their leucine-rich
nuclear export signal (NES) (Murata et al., 2002; Phillips et al.,
2002). In plants, all of the AtTZFs can localize to cytoplasmic
foci (Pomeranz M. et al,, 2010). AtTZF1, 9 and OsTZF1, 5
have been reported to colocalize with PBs and SGs markers
and shuttle between the nucleus and cytoplasm (Pomeranz M.C.
et al., 2010; Jan et al.,, 2013; Maldonado-Bonilla et al., 2014;

Selvaraj et al., 2020). Plant TZFs are predicted to contain putative
NES sequences (Bogamuwa and Jang, 2013); however, it is still
unclear whether these NES sequences are functional.

In this study, we characterized the biological and molecular
functions of a novel tandem zinc finger protein, OsTZF7, and
demonstrated that OsTZF7 acts as a positive regulator for
drought tolerance in rice. OsTZF7 can traffic between the nucleus
and PBs/SGs and rely on the C-terminal NES for its nuclear
export. Additionally, RNA electrophoretic mobility shift assay
(REMSA) revealed that OsTZF7 can bind to ARE or ARE-like
motifs in vitro and interact with PWWP proteins, suggesting the
possible role of OsTZF7 in mRNA metabolism.

MATERIALS AND METHODS

Plant Materials and Stress Treatments

The japonica rice (Oryza sativa) cultivar (Nipponbare, Nip) was
used in this study. To detect the transcript level of OsTZF7
under various abiotic stresses and phytohormone treatment, Nip
seedlings were grown in a growth chamber with a 14-h light/10-
h dark cycle at 26°C. Four-leaf stage seedlings were subjected
to different treatments including 20% polyethylene glycol (PEG)
4,000 (w/v), 200 mM NacCl, low temperature (4°C), and 100 uM
ABA. The shoot and root tissues were sampled at 0, 1, 3, 6, 12,
and 24 h after treatment.

The T3 generation of transgenic plants was used in all
the experiments.

For dehydration treatment, the four-leaf stage seedlings of
transgenic and Nip plants were grown hydroponically in 96-
well culture boxes using Yoshida solution containing 20% (w/v)
PEG4000 for 10 days. Then, the stressed plants were recovered
in normal Yoshida solution for 7 days. The survival rates of
transgenic lines and Nip were recorded.

To evaluate the drought tolerance of transgenic rice at the
vegetative stage, the transgenic and Nip seeds were germinated
on half-strength Murashige and Skoog (1/2 MS) medium with
or without 50 mg/L hygromycin, respectively. Then, the positive
transgenic and Nip seedlings (both with shoot height of 1 cm)
were transferred to barrels. When the plants grew to the
vegetative stage, the water supply was withheld for 10 days. After
recovery by rewatering for a week, survival performance was
photographed and recorded.

The water loss rate of detached leaves was measured using the
method reported previously (Xiang et al., 2008; Mao et al., 2010).
Leaves of transgenic and wild-type rice at the five-leaf stage were
cut and weighed immediately and then exposed to air at room
temperature and weighed every hour.

For the ABA sensitivity test, the germinated seeds were
transferred in 1/2 MS medium supplemented with or without
2 uM ABA. The relative shoot length was measured after
growing for 7 days.

Plasmid Construction and Rice

Transformation
To generate the OsTZF7 overexpressing construct, the full-length
coding region of OsTZF7 (0s05g0525900) was amplified from
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rice cultivar Nip by reverse transcription PCR (RT-PCR). The
PCR product was cloned into pCXUN under the control of the
maize (Zea mays) ubiquitin promoter. The artificial microRNA
(amiRNA) of OsTZF7 was designed by WMD3." The amiRNA
construct was generated by single-step PCR and then was cloned
into pCXUN-o0saMIR528 under the control of the ubiquitin
promoter. For expression pattern analysis, the OsTZF7 promoter
region (2.2-kb fragment upstream of the ATG start codon) was
inserted into the pCXGUS-P vector to drive the B-glucuronidase
(GUS) reporter gene. All the constructs were introduced into Nip
rice by Agrobacterium tumefaciens-mediated transformation (Lin
and Zhang, 2005). All the primers used in this study are listed in
Supplementary Table 1.

RNA Isolation and Quantitative
Real-Time PCR

Total RNA was isolated from rice using the Eastep Universal
RNA Extraction Kit (Promega, United States). First-strand cDNA
was synthesized from DNase I-treated total RNA using the
HiScript II First-Strand ¢cDNA Synthesis Kit (Vazyme, China).
Quantitative Real-time PCR (qRT-PCR) was performed on ABI
7500 RT-PCR system (Applied Biosystems, United States) using
SYBR Green Premix Pro Taq HS qRT-PCR Kit II (Accurate,
China) according to the protocol of the manufacturer. Rice UBQ5
(Os01g0328400) was used as an endogenous control. Relative
expression levels were determined as described previously
(Livak and Schmittgen, 2001).

Glucuronidase Histochemical Assay

The GUS histochemical activity of pCXGUS-P/OsTZF7
transgenic rice was detected according to the protocol described
previously (Jefferson et al., 1987). Different tissues from
transgenic plants were incubated in staining buffer (50 mM
sodium phosphate at pH 7.0, 10 mM EDTA, 0.1% Triton
X-100, 1 mg/ml X-Gluc, 100 mg/ml chloramphenicol, 1 mM
potassium ferricyanide, and 1 mM potassium ferrocyanide) at
37°C overnight and then washed with 75% ethanol to remove
chlorophyll. GUS images were taken with a stereomicroscope.

Subcellular Localization and Bimolecular

Fluorescence Complementation Analysis

For subcellular localization analysis, the coding sequence
(CDS) of OsTZF7 was cloned into pCXDG and fused to
the green fluorescent protein (GFP) reporter gene, under the
control of the CaMV35s promoter. Stable transgenic rice was
generated as described above. For the colocalization studies,
the CDS of OsTZF7 was fused with GFP under the control
of CaMV35s promoter in the pXDG vector. The constructs
that AtDCP2 and AtPABPS, OsDCP2 and OsPABPI, 2, 3 fused
with the red fluorescent protein (RFP) were generated in our
previous study (Guo et al., 2016). For bimolecular fluorescence
complementation (BiFC) studies, the CDS without a termination
codon of OsTZF7 or OsPWWPI, 2, 3 was fused to the N-terminal
or C-terminal fragments (YN or YC) of yellow fluorescent

Uhttp://wmd3.weigelworld.org/

protein (YFP) (Shen et al., 2011), respectively. The plasmid for
colocalization and BiFC were introduced into the A. tumefaciens
strain GV3101. Tobacco transient expression assay was described
previously according to the protocol (Walter et al., 2004), and
the fluorescence signal was observed and photographed with a
confocal microscope (LSM780; Carl Zeiss, Germany).

RNA-Seq and Bioinformatics Analysis
Four-leaf stage seedlings were subjected to PEG4000 treatment
for 12 h. Three independent biological replicates were used.
Total RNA was isolated as described above. The cDNA libraries
were sequenced on the Illumina sequencing platform by Gene
Denovo Biotechnology Co., Ltd. (Guangzhou, China). The clean
reads were mapped to the Rice Annotation Project Database
(RAP-DB). Both log2(foldchange) > 1 and false discovery rate
(FDR) < 0.05 were set as the threshold of significantly differential
expression. Gene Ontology (GO), pathway enrichment, dynamic
gene set enrichment analysis (GSEA), and heatmap analysis were
performed using the OmicShare tools, which is a free online
platform for data analysis.?

The FIMO and MEME analysis was performed by the MEME
suite (Bailey et al., 2009).

RNA Electrophoretic Mobility Shift Assay
Recombinant protein 6 x His-SUMO-fused OsTZF7 was
expressed in Escherichia coli strain BL21 CodonPlus (DE3)
and induced with 0.5 mM isopropyl-b-D-thiogalactoside at
20°C overnight. Bacterial cells were collected and disrupted by
sonication. The 6 x His-SUMO-OsTZF7 proteins were purified
using Ni-NTA resin (Thermo Fisher Scientific, United States),
and then, the 6 x His-SUMO tag was removed by on-column
cleavage with Ulpl (SUMO Protease).

pET-28a(+) plasmid containing 3’UTR of the target genes
and an ARE sequence were linearized with BamHI and then
used for in vitro RNA synthesis by the RiboMAX Large Scale
RNA Production System, T7 (Promega, United States). RNA
probe (~60 ng) was incubated with different concentrations of
purified OsTZF7 protein in 20 pl binding buffer (10 mM Tris-
HCI, pH 8.0, 40 mM KCI, 2 mM DDT, 3 mM MgCl,, 5 uM
ZnCl,, 20% glycerol) at room temperature for 30 min. The RNA
electrophoretic mobility shift assay (REMSA) reaction mixture
was separated by 6% non-denaturing polyacrylamide gel at 4°C.
The gel was then stained with SYBR Green EMSA staining
solution (Thermo Fisher Scientific, United States) as described.

Yeast Two-Hybrid Assay

The full-length OsTZF7 and OsTZF7AC (C-terminal NES
removed) were cloned to the plasmid pGBKT7 and transformed
into yeast strain Y2HGold, respectively. The transformants of
the OsTZF7 and OsTZF7AC did not show autoactivation and
toxicity. OSTZF7 or OsTZF7 AC was used as bait to screen a rice-
seedling cDNA library constructed in the pGADT7-Rec vector,
respectively. Yeast two-hybrid (Y2H) assay was performed with
Matchmaker Gold Yeast Two-Hybrid System according to the
protocol of the manufacturer (Clontech, United States). Positive

2www.omicshare.com/tools
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colonies were selected on SD/-Trp-Leu-His-Ade medium. After
confirmation using the X-a-Gal test and retransformation, the
inserts were sequenced.

RESULTS

Spatial and Stress-Induced Expression
Profiles of OsTZF7

We performed qRT-PCR analysis to determine the expression
profile of OsTZF7 in various tissues. As shown in Figure 1A,
OsTZF7 was highly expressed in root, stem, callus, and
inflorescence. To further investigate the expression profile of
OsTZF7, the OsTZF7 promoter fragment was fused to the GUS
reporter gene and transformed into Nip rice. Consistent with the
qRT-PCR result, strong GUS activity was detected in the young
leaf, young root, mature root, stem, sheath, coleoptile, pistil, and
anthers, whereas lower activity was detected in the mature leaf,
lemmas, and paleae (Figure 1B).

PEG4000 (simulated drought stress) and salt stresses
upregulated the mRNA level of OsTZF7, and it reached the
maximum level at 12 h in shoot and 3 h in root, respectively
(Figure 1C). OsTZF7 mRNA was also upregulated by ABA
treatment but downregulated by cold stress.

The Overexpression of OsTZF7

Enhances Drought Tolerance in Rice

To identify whether OsTZF7 contributes to drought tolerance
in rice, transgenic rice plants with OsTZF7 overexpression or
knockdown (RNAi) were generated. Two overexpression lines
(OE1 and OE4, > 50-fold) with an elevated expression and three
RNAI lines (Ri5, Ri8, and Ri2l, < 0.5-fold) with a decreased
expression were used for further study.

Since OsTZF7 mRNA was upregulated by PEG treatment,
transgenic and wild-type plants were evaluated for drought
tolerance. Rice seedlings at the four-leaf stage were grown in
20% PEG4000 (simulating drought stress) for 10 days and
then were grown in Yoshida solution for 7 days to recover.
After recovery, the survival rates of the OE lines OEl and
OE4 were 74.3 and 69.3%, respectively, whereas the survival
rate of wild-type Nip plants was 48.7% (Figures 2A,B). In
contrast, only 23-30% of RNAi plants recovered, which was
significantly lower than wild-type Nip (49.3%) (Figures 2A,C).
This result suggests that OsTZF7 may play a positive role in
drought resistance.

To further confirm the positive role of OsTZF7 in drought
resistance, we evaluated the drought tolerance of transgenic
and wild-type plants at the vegetative stage. The vegetative-
stage seedlings in barrels were subjected to drought stress by
withdrawing water supply for 10 days, followed by rewatering
for 7 days. As shown in Figures 2D,E, more than 94% of
overexpression plants and 80.5% of Nip plants survived, while
the survival rates of RNAi lines were less than 60%. In
addition, we compared the water loss rate, which correlates
with drought resistance, of detached leaves of transgenic and
wild-type plants. Consistent with the analysis of drought

tolerance, the OE lines lost water slower than the wild
type did, whereas the water loss rates of RNAIi lines were
higher than that of wild type (Figures 2EG). These results
further supported that OsTZF7 acts as a positive regulator in
drought resistance.

The Overexpression of OsTZF7

Increases Abscisic Acid Sensitivity

Since the expression of OsTZF7 was upregulated by ABA
treatment, we sought to determine the relationship between
OsTZF7 and ABA signaling. The OE lines showed a repressed
growth (Figure 3A), while the RNAi lines showed improved
growth under normal culture conditions at the seedling stage,
which was similar to OsTZFI (Jan et al., 2013). Therefore,
we used the relative shoot length of seedlings to evaluate the
ABA sensitivity of transgenic plants. When grown on 1/2 MS
supplemented with 2 WM ABA, the growth of OsTZF7-OE
seedlings was severely suppressed (Figure 3A). The relative shoot
length of OsTZF7-OE seedlings was significantly shorter than
that of Nip plants (Figure 3B). In contrast, RNAi seedlings
showed less sensitivity to ABA treatment (Figure 3A), and the
relative shoot length of RNAi plants was longer than that of
control (Figure 3B). These results indicated that OsTZF7 may
positively regulate ABA signaling.

Transcriptome Profiling of OsTZF7-OE
and RNAi Plants

To better understand the mechanism of OsTZF7-mediated
drought tolerance, the transcriptomes of OsTZF7-OE4, OsTZF7-
Ri8, and wild-type Nip plants under normal and PEG-
simulated drought stress conditions were analyzed using RNA-
seq. Compared to wild-type Nip, 160 and 849 genes were
upregulated, and 240 and 356 genes were downregulated in
OE4 and Ri8 lines under normal conditions, respectively, with
a threshold of log2(foldchange) > 1 (FDR < 0.05). When treated
with PEG, 595 and 2011 genes were upregulated, and 322 and
554 genes were downregulated in OE4 and Ri8 lines, respectively
(Figures 4A,B and Supplementary Table 2).

We selected 9 genes that were significantly changed in OE4
from the differentially expressed genes (DEGs) and performed
qRT-PCR for verification. As shown in Supplementary Figure 1,
when subjected to PEG treatment, the expression of stress-
related genes 0Os01g0868000 (OsEREBP2), 0s03g0230300
(OsSROIc), Os10g0492600 (OsTIP3), 0s03g0820300 (ZFP182),
0s05g0542500 (OsLEA3), 0s01g0702500 (dehydrin), and
0s02g0513100 (OsSWEET15), MYB transcription factor
050280685200 were upregulated in OE lines, whereas no
significant difference was observed between Nip and RNAi
lines. A calmodulin gene, Os01g0949500 (OsCMLI10), was
downregulated in OE lines under normal culture conditions,
while no significant difference was observed between the
transgenic and Nip plants under PEG stress conditions. Thus,
OsTZF7 regulated stress-responsive genes during drought
response in rice.

Then, we performed the GO enrichment analysis on all these
DEGs. As shown in Figure 4C, several biological processes such

Frontiers in Plant Science | www.frontiersin.org

February 2022 | Volume 13 | Article 802337


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Guo et al. OsTZF7 Positively Regulates Drought Stress

—_

_

o N A O © O N

Relative Expression Level

\ \ X © e 0 S &
e e? o© e O A W f
\V ?\ag\ & ¢ 3 \,0‘(\0 e‘(\@z O’b\ esoe“

B \“‘\0‘

iX i

O

Shoot Root

Oh [l 1h 3h Oh [l 1h 3h
12+ 6h @ 12h[ |24h gl 6h [l 12h [ |24h

Relative Expression Level

PEG NaCl Cold ABA PEG NaCl Cold ABA

FIGURE 1 | Expression profile of OsTZF7. (A) Tissue-specific expression analysis of OsTZF7. The relative expression level of OsTZF7 was measured by quantitative
real-time PCR (qRT-PCR). Error bars indicate SD from three replicates. (B) B-glucuronidase (GUS) staining in different tissues of Pos7zr7:GUS transgenic rice. GUS
expression was detected in (i) young leaf, (i) young root, (i) mature leaf, (iv) mature root, (v) sheath, (vi) stem and internode, (vii) coleoptile, (viii) lemma and palea, and
(ix) anther. (C) The relative expression level of OsTZF7 in shoot and root under different treatments. Four-leaf stage seedlings were subjected to PEG4000 (20%), salt
(200 mM NaCl), cold (4°C), and ABA (100 pM).
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PEG treatment at the seedling stage. (B,C) The survival rates of Nip and OsTZF7-OE/RNAI seedlings after polyethylene glycol (PEG) treatment. (D) Performance of
Nip, OsTZF7-OE, and RNAi seedlings before and after drought stress. (E) The survival rates of Nip, OsTZF7-OE, and RNAi seedlings after drought stress. (F) The
water loss rate of detached leaves of Nip and OsTZF7-OE lines. (G) The water loss rate of detached leaves of Nip and OsTZF7-RNAi lines. Error bars indicate SE.
Statistical significance is indicated by *P < 0.05; **P < 0.01, t-test.
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as “response to abscisic acid (GO: 0009737),” “response to stress
(GO: 0006950),” “response to water deprivation (GO: 0006833),”
and “response to oxidative stress (GO: 0006979)” and molecular
function such as “peroxidase activity (GO: 0004601)” were
enriched. As shown in Figures 4D,E, the transcription level of
ABA signaling-related bZIP transcription factor Os01g0859300
(OsABI5), dehydrin genes Os01g0702500, Os11g0451700,
and Os11g0454000, late embryogenesis abundant (LEA)
genes Os01g0159600 (OsLEAla), Os01g0225600 (OsLEA3-2),
0s03g0322900 (RAB21), and Os11g0454300 in OsTZF7-OE4
line were higher than wild-type Nip when treated with PEG,
while no significant difference was observed between Ri8 line
and wild-type Nip. In contrast, Os02g0115700 (OsCATA),
aquaporin genes 0s02g0823100 (OsPIPI;3), 0Os09g0541000
(OsPIP2;7), Os04g0521100, Os07g0448100, and Os07g0448200
were downregulated in the Ri8 plant. Furthermore, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis revealed that the DEGs were enriched in
“Plant hormone signal transduction,” “MAPK signaling,” and
“phenylpropanoid biosynthesis” pathways that may contribute
to drought tolerance (Figure 4F).

The dynamic GSEA analysis was also performed to identify
gene sets that may be associated with the phenotypes of
OsTZF7 transgenic plants. As shown in Figure 4G, the GO
categories including “response to abscisic acid,” “response to
water deprivation,” and “formation of cytoplasmic translation
initiation complex” were positively regulated in the OE4
plant under PEG treatment. In addition, gene sets involved in
“CCR4-NOT complex,” “methylated histone binding,” “histone
methyltransferase complex,;” “RNA  polyadenylation,” and
“cytoplasmic mRNA processing body” were negatively regulated
and enriched in Ri8 seedling after PEG stress, while these gene
sets were positively regulated or not enriched in OE4 plant.

OsTZF7 Localizes in Both the Nucleus
and Processing Bodies/Stress Granules,
and the Leucine-Rich Nuclear Export
Signal Mediates Its Nuclear Export

In mammalian cells, TZF proteins can localize in both the
cytoplasmic foci and the nucleus and can rely on CRM1 for their
export from the nucleus (Phillips et al., 2002; Bloch et al., 2011).
To explore the subcellular localization of OsTZF7, transgenic rice
expressing OsTZF7-GFP fusion driven by ubiquitin promoter
was generated. As shown in Supplementary Figure 2A, the
green fluorescence was predominantly observed in cytoplasm
and PB- and SG-like cytoplasmic foci (arrows) in root cells at
the young seedling stage. However, in root cells of the mature
plant, GFP was exclusively found in the nuclei (Supplementary
Figure 2B, arrows) but not in the cytoplasm or cytoplasmic foci,
indicating that OsTZF7 might play different roles at different
development stages.

To confirm the association of OsTZF7 with PBs and SGs,
a colocalization analysis was performed by the co-expression
of OsTZF7 with PB or SG makers from Arabidopsis or rice
(Jan et al., 2013; Guo et al., 2016) in tobacco leaves. When
co-expressed with AtPABP8 or OsPABPI, 2, 3, which is the
maker for SGs, OsTZF7 was found to colocalize with the
PABPs in SG-like foci under normal conditions (Figure 5A and
Supplementary Figure 3A). PB-like cytoplasmic foci were not
obvious under normal conditions, and OsTZF7 and PB marker
proteins AtDCP2 and OsDCP2 showed diffused expression
pattern in the cytoplasm (Figure 5B, top panel. Supplementary
Figure 3B, top panel). Given that PBs can be induced by stress, we
cultured tobacco plants transfected with OsTZF7 and AtDCP2, or
OsDCP2 with 150 mM NaCl (salt stress) or 20% PEG (stimulating
drought stress) for 3 days. OsTZF7 colocalized with DCP2s in
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FIGURE 4 | Transcriptome profiling of OsTZF7 transgenic plants. (A,B) Venn diagram showing the number of genes regulated by OsTZF7-OE4 and Ri8 plants under
normal or PEG conditions based on the RNA-seq analysis. (C) Significantly enriched Gene Ontology (GO) of all of the differentially expressed genes (DEGs). (D,E)
Heatmaps showing the expression pattern of the genes related to “response to abscisic acid” (D), “response to water deprivation” (E) in the Nip, OsTZF7-OE4, and
Ri8 plants in response to PEG. (F) The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of all of the DEGs. (G) Dynamic GSEA
analysis of Nip, OsTZF7-OE4, and Ri8 plants in response to PEG. All DEGs were determined by the threshold of log2(foldchange) > 1 and false discovery rate
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FIGURE 5 | OsTZF7 colocalizes with processing bodies (PBs) and stress granules (SGs). (A) Colocalization of OsTZF7 with the SG marker AtPABPS.
(B) Colocalization of OsTZF7 with the PB marker AtDCP2 under normal (top panel) or stress (middle and bottom panels) conditions. GFP, green fluorescent protein;

RFP, red fluorescent protein. Scale bars = 50 pm.

PB-like cytoplasmic foci in plants treated with NaCl or PEG
(Figure 5B and Supplementary Figure 3B). Together, these
results indicate that OsTZF7 can localize in both the nucleus and
the cytoplasm, and the OsTZF7-associated cytoplasmic foci are
induced by abiotic stress.

To identify the nuclear export mechanism of OsTZF7, we
analyzed the OsTZF7 protein sequence by NetNES prediction
tool.? The prediction result indicated that there were two putative
leucine-rich NES in either N- or C-terminal region of OsTZF7.
To determine which NES signal is responsible for the nuclear
export of OsTZF7, we generated two OsTZF7-GFP mutants,
OsTZF7 AN-GFP (amino acids 1-60 removed) and OsTZF7AC-
GFP (amino acids 213-255 removed), both driven by CaMV35s
promoter (Figure 6A). An NLS-RFP construct was used to
fluorescently label the nucleus. When wild-type OsTZF-GFP
and NLS-RFP were co-expressed in tobacco leaves, GFP showed
diffused expression pattern, and RFP was found exclusively in
the nuclei (Figure 6C, top panel). In leaves transfected with
OsTZF7 AC-GFP and NLS-RFP, GFP and RFP were both found
in the nuclei (Figure 6B, bottom panel), indicating that the

3https://services.healthtech.dtu.dk/service.php?NetNES-1.1

C-terminal NES (amino acids 213-255) is necessary for the
nuclear export of OsTZF7. In contrast, after removal of the
N-terminal NES sequence, GFP were found in cytoplasmic
foci (Figure 6B, top panel), indicating that N-terminal NES
(amino acids 1-60) is not involved in nuclear export. In
mammals, leucine-rich NES mediates the nuclear export of TTP
or TIS11 by interacting with the nuclear export receptor CRM1
(Murata et al., 2002; Phillips et al., 2002). We next explored if
CRM1 also mediates the nuclear export of OsTZF7. We treated
tobacco leaves transfected with OsTZF7-GFP and NLS-RFP using
Leptomycin B (LMB), a selective inhibitor of the CRM1 (Kudo
et al., 1999), for 3-4 h. LMB treatment resulted in the nuclear
accumulation of OsTZF7-GFP (Figure 6C, bottom panel). These
results suggest that CRM1 might bind to the C-terminal NES and
mediate the nuclear export of OsTZF?7.

OsTZF7 Binds AU-Rich and

AU-Rich-Like Elements in vitro

Since OsTZF7 was mainly localized in PBs and SGs (Figure 5
and Supplementary Figure 3), and most of the TZF proteins
participate in posttranscriptional regulation by binding to AREs
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within the 3'UTR of target mRNAs in PBs and SGs (Otsuka
et al., 2019), we hypothesized that OsTZF7 can also bind to
AREs. To test this hypothesis, the REMSA was performed using
recombinant OsTZF7 and in vitro transcribed ARE probe. We
first purified 6 x His-SUMO-fused OsTZF7 using Ni-NTA
Resin. Then, the on-column cleavage with Ulpl was performed
to remove the 6 x His-SUMO tag. The tag-free recombinant
OsTZT7 was incubated with ARE probe at room temperature. As
shown in Figure 7A, the recombinant OsTZT7 formed a complex
with ARE probe and caused a shifted band on the gel. In contrast,
no band shift was observed when ARE probe was incubated with
maltose-binding protein (MBP) (Figure 7A).

Furthermore, we scanned all the downregulated genes
in the OsTZF7 overexpression plant for ARE motif
(WWWWAUUUAUUUW) with the FIMO tool. Notably,
73 genes that contained ARE or ARE-like motifs within
their 3'UTR were identified (Supplementary Table 3). The
ARE-like motifs of three downregulated genes were selected and
transcribed in vitro, and the REMSA was performed to determine
the interaction between OsTZF7 and these ARE-like motifs. As

B
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FIGURE 7 | OsTZF7 binds to ARE and ARE-like motifs. (A) OsTZF7 bound to
the ARE probe in the RNA electrophoretic mobility shift assay (REMSA).
Maltose-binding protein (MBP) was used as a negative control. Arrow
indicates shifted RNA-protein complex. Asterisk indicates free probes.

(B) OsTZF7 bound to U-rich ARE-like sequences in the 3'UTR of
0s02g0829850, Os01g0826400, and Os01g0864500 RNAs. (C) Discovered
U-rich motif (E-value = 1.8e-025) within downregulated genes.

shown in Figure 7B, band shifts were observed when the ARE-
like motifs of 0s02g0829850, Os01g0826400, and Os01g0864500
were incubated with recombinant OsTZF7. Moreover, the
intensity of shifted probe increased with an increase in the
amount of OsTZF7 used. We then used the MEME online tool
to identify consensus motif within 3'UTR of all downregulated
genes in the OsTZF7 overexpression plant. A U-rich motif
(E-value = 1.8e-025) was found to be enriched in these sequences
(Figure 7C). Together, these results demonstrated that OsTZF7
can bind to ARE and ARE-like motifs in vitro.

OsTZF7 Interacts With PWWP Proteins

We used Y2H screening to identify the interacting proteins of
OsTZF7, hoping to further elucidate the function of OsTZF7.
We did not identify any interacting proteins using intact
OsTZF7 as bait. We speculated that the NES signal at the
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C-terminal of OSTZF7 affects its nucleus localization. We
then used OsTZF7AC (C-terminal NES removed) as bait
for Y2H screening, and three putative interacting proteins
(0s02g0700000, Os04g0599100, and Os01g0558500) were
identified (Figure 8A). Interestingly, all three proteins belonged
to the PWWP (Pro-Trp-Trp-Pro) family, and we here named
them OsPWWPL, 2, 3.

To confirm the interaction between OsTZF7 and three PWWP
proteins in vivo, we performed the BiFC assay in transiently
transformed tobacco epidermal cells. As shown in Figures 8B,C
and Supplementary Figure 4, OsTZF7AC interacted with
OsPWWPI, 2, 3 in the nucleus, whereas the interaction between
OsTZF7 and PWWP proteins was likely in both the nucleus and
the cytoplasmic foci.

DISCUSSION

OsTZF7 Positively Regulates Drought

Stress in Rice

Plant TZF proteins are known to participate in plant growth,
development, and stress responses. In Arabidopsis, most
of the AtTZFs have been well functionally characterized.
AtTZF1 enhances plant stress tolerance in an ABA- and GA-
dependent manner (Lin et al, 2011). The overexpression
of AtC3H49/AtTZF3 or AtC3H20/AtTZF2 confers ABA

hypersensitivity and enhances drought tolerance (Lee
et al, 2012). AtTZF10 (AtSZF2/AtC3H29) and AtTZFII
(AtSZF1/AtC3H47) positively regulate salt stress response (Sun
et al, 2007). In rice, OsTZF1, 5, 8 are involved in drought
tolerance (Jan et al., 2013; Selvaraj et al., 2020; Seong et al., 2020).
In this study, we identified OsTZF7 as a drought-responsive
TZF protein. OsTZF7 expression was upregulated by drought,
salt stresses, and ABA (Figure 1C), suggesting that it may
participate in drought stress regulation. When subject to PEG-
simulated drought or drought stresses, OsTZF7-OE plants
showed enhanced stress tolerance, and their detached leaves lost
water slower than wild-type plants (Figure 2). In contrast, RNAi
plants were more sensitive to drought stress and showed faster
water loss (Figure 2), indicating that OsTZF7 plays a positive
role in rice drought tolerance.

The ABA as a stress hormone regulates plant abiotic stress
response and triggers stomatal closure to reduce water loss.
OsTZF7 expression was upregulated by exogenous ABA, and
the OsTZF7-OE seedlings showed hypersensitivity to exogenous
ABA, whereas RNAI plants were insensitive to ABA (Figure 3).
These results suggest that OsTZF7 may be involved in ABA
signaling. Furthermore, the RNA-seq analysis revealed that
many stress-related genes are differentially expressed between
wild-type and transgenic plants. Many of them were enriched
in several abiotic stress-related biological processes including
“response to water deprivation,” “response to abscisic acid,
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FIGURE 9 | Working model of OsTZF7 in PBs/SGs during drought stress.

“response to stress, and “response to oxidative stress,” which
could contribute to the enhanced drought tolerance. For example,
ABA signaling-related OsABI5, dehydrin, and LEA genes were
upregulated in the OE4 plant during PEG stress (Figure 4D).
The KEGG enrichment analysis also showed that DEGs are
enriched in “Plant hormone signal transduction” pathways
(Figure 4F). These results implied that OsTZF7 may regulate
stress-related genes and enhance drought tolerance through the
ABA-dependent pathway.

OsTZF7 Binds to AU-Rich-Like Elements

and May Be Involved in mRNA Turnover

The TZF proteins are shown dynamic subcellular localization
patterns. They are found in the nucleus or PBs/SGs formed
mRNP complexes, implying that TZF proteins may play different
roles in different organelles. The mammalian TTP participates
in PB- and SG-mediated posttranscriptional regulation including
mRNA degradation and translation repression (Lykke-Andersen
and Wagner, 2005; Anderson and Kedersha, 2009; Qi et al,
2012). In plants, AtTZF1 localizes in PBs and SGs, triggering the
decay of ARE-containing mRNAs in vivo (Pomeranz M.C. et al,,
2010; Qu et al., 2014). Furthermore, AtTZF]1 as a direct target is
repressed by pseudo-response regulators (PRRs) and negatively
regulates target of rapamycin (TOR) signaling by directly binding
to the 3'UTR and triggering TOR mRNA degradation (Li et al.,
2019). AtTZF9 is phosphorylated by PAMP-responsive MPK3
and MPK6 and may sequester and inhibit the translation of
target mRNAs (Maldonado-Bonilla et al., 2014; Tabassum et al.,
2020). OsTZF1 binds to the RNA of some downregulated genes
containing U-rich and ARE-like motifs within their 3’UTR
implying that OsTZF1 is involved in the RNA turnover process
(Jan et al, 2013). We identified OsTZF7 as an RNA binding
protein, which is predominately localized in PBs and SGs. In
REMSAs, recombinant tag-free OsTZF7 bound to ARE motif
and caused a band shift in vitro (Figure 7A). To address
whether OsTZF7 is involved in the mRNA turnover of target
genes, we searched for ARE motif in the downregulated genes

of OsTZF7 overexpression plants by the FIMO tool. Notably,
73 genes were found containing ARE or ARE-like motifs in
their 3’UTR. OsTZF7 also bound ARE-like motifs within the
mRNA of three downregulated genes (Figure 7B). We used the
MEME tool to search the 3’UTR of downregulated genes in
the OsTZF7 overexpression plant for enriched consensus motif
and found that a “U-rich” motif was enriched (Figure 7C).
Therefore, these results suggest that OsTZF7 similar to most
plant TZFs can bind ARE and U-rich motifs and may be
involved in RNA turnover. Additional experiments such as cross-
linking immunoprecipitation (CLIP)-seq and degradome-seq to
identify target mRNA of OsTZF7 will gain insights into the RNA
regulation mechanism of OsTZF7.

In addition, many TZFs have been found to localize in
the nucleus and function as transcriptional regulators. Nuclear
TTP acts as a corepressor of steroid nuclear receptors (i.e.,
ERa, PR, GR, and AR) in breast cancer cells (Barrios-
Garcia et al,, 2014, 2016). AtTZF7 (OXS2) activates floral
integrator genes by binding to the BOXS2 elements in the
promoters of target genes (Blanvillain et al., 2011). OsTZF9
(OsGZF1) regulates the accumulation of glutelins via the
transcriptional inhibition of GluB-I by binding to the GIuB-
1 promoter during grain development (Chen et al, 2014).
Although OsTZF7 was localized in the nucleus of the mature
root cells, both OsTZF7 and OsTZF7AC did not show the
transcriptional activation activity in the autoactivation test of
Y2H (data not shown). Interestingly, three PWWP domain-
containing proteins, namely, Os02g0700000, Os04g0599100, and
0s01g0558500, that interact with OsTZF7 AC were identified by
Y2H screening and then confirmed by BiFC (Figure 8). PWWP
domain belongs to the Tudor domain “Royal family,” which
consists of Tudor, plant Agenet, Chromo, PWWP, and MBT
domains (Maurer-Stroh et al., 2003). The PWWP domain mainly
functions as a chromatin methylation reader by recognizing
both DNA and histone-methylated lysines (Rona et al., 2016).
The function of OsPWWP1, 2, 3 has not been reported. Three
Arabidopsis homologs of OsPWWPs, PWWPI1, 2, and 3 are
part of PEAT complexes that mediate histone deacetylation
and heterochromatin condensation to facilitate heterochromatin
silencing (Tan et al., 2018). PWO1 (PWWP1) recruits Polycomb
Repressive Complex 2 (PRC2) to the chromatin by interacting
with H3 through its PWWP domain and regulates Arabidopsis
flowering and development (Hohenstatt et al., 2018). Besides,
dynamic GSEA analysis indicated that OsTZF7 regulates the gene
sets such as “histone methyltransferase complex” and “histone
modification” (Figure 4G). Together, OsTZF7 may be involved
in histone modification. But the exact function of OsTZF7 with
PWWPs is still to be investigated in the future.

C-Terminal Nuclear Export Signal
Mediates the OsTZF7 Export From the
Nucleus

Diverse or conflict results for the subcellular localization of
plant TZF proteins were reported. For instance, AtTZF1 is
found in the nucleus when ectopically expressed in onion
epidermal cells (Han et al., 2014) but traffics between the nucleus
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and the cytoplasmic foci in maize protoplasts (Pomeranz M.C.
et al.,, 2010). AtTZF7 (OXS2) is detected in both the nucleus
and the cytoplasm in Arabidopsis cells (Blanvillain et al., 2011),
and it is also found in cytoplasmic foci in etiolated maize
mesophyll protoplasts (Pomeranz M. et al., 2010). AtTZF9 is
mainly localized in cytoplasmic foci in Arabidopsis protoplasts,
and AtTZF9-MAPK complexes are found in both the cytosol
and the nucleus (Maldonado-Bonilla et al., 2014). These variable
cellular distributions suggest that the dynamic localization of
plant TZF proteins may be dependent on the experimental
condition. In our research, OsTZF7-GFP was predominately
detected in the cytoplasm and cytoplasmic foci in young root cells
and observed in the nucleus of mature root cells (Supplementary
Figure 1). Moreover, the colocalization experiment confirmed
that OsTZF7 was associated with PBs and SGs (Figure 5),
but the nuclear localization of OsTZF7 was not observed in
tobacco leaves. This might be due to the different experimental
conditions. In addition, PB/SG assembly is triggered by specific
growth conditions and particular signal transduction pathways
(Anderson and Kedersha, 2009).

Many TZF proteins are localized in the nucleus or the
cytoplasmic foci. TTP, AtTZF1, 9, and OsTZF1 traffic between
the nucleus and PBs/SGs (Phillips et al., 2002; Pomeranz M.C.
etal., 2010; Jan et al., 2013; Maldonado-Bonilla et al., 2014). It has
been reported that the majority of plant TZFs including OsTZF7
contain both NES and NLS sequences (Bogamuwa and Jang,
2014), but the nucleocytoplasmic trafficking mechanism of plant
TZFs is still unknown. In mammals, CRM1 interacts with NES of
TZF proteins TTP and TIS11 and mediates their export from the
nucleus. We reasoned that OsTZF7 may export from the nucleus
by the same mechanism. To address this hypothesis, we used
a deletion study to identify the NES of OsTZF7, and the result
showed that the C-terminal leucine-rich region is the functional
NES (Figure 6B). We further demonstrated that OsTZF7
could shuttle between the nucleus and the cytoplasm since the
inhibition of nuclear export receptor CRM1 using LMB resulted
in the nucleus accumulation of OsTZF7 (Figure 6C). These
results indicate that OsTZF7 is a nucleocytoplasmic trafficking
protein and relies on the C-terminal NES for its nuclear export.

OsTZF7 Working Model in Processing

Bodies/Stress Granules

We revealed that OsTZF7 localizes in SG-like foci under normal
culture conditions, while the salt and PEG treatment promote the
accumulation of OsTZF7 in PB-like foci (Figure 5). These results
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the nucleus, OsTZF7 interacts with OsPWWPs. CRM1 interacts
with NES within the C-terminal of OsTZF7 and mediates the
nuclear export of OsSTZF7. The abrogation of CRM1 activity with
LMB results in the nuclear accumulation of OsTZF7. Drought,
salt stresses, and ABA upregulate the expression of OsTZF7 and
promote the aggregation of OsTZF7 in PBs/SGs. In PBs/SGs,
OsTZF7 may regulate mRNA turnover by binding to the “U-rich”
ARE-like motifs within the 3'UTR of target mRNAs and may
enhance drought tolerance in rice.
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