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Posttranscriptional/translational regulation of gene expression is
mediated by diverse RNA binding proteins and plays an important
role in development and defense processes. Among the RNA-
binding proteins, the mammalian Pumilio RNA-binding family (Puf)
acts as posttranscriptional and translational repressors. An Arabi-
dopsis Puf mutant, apum5-D, was isolated during a T-DNA inser-
tional mutant screen for mutants with reduced susceptibility to
Cucumber mosaic virus (CMV) infection. Interestingly, CMV RNA
contained putative Pumilio-homology domain binding motifs in
its 3’ untranslated region (UTR) and internal places in its genome.
APUMS5 directly bound to the 3’ UTR motifs and some internal
binding motifs in CMV RNAs in vitro and in vivo. We showed that
APUMS5 acts as a translational repressor that regulates the 3" UTR
of CMV and affects CMV replication. This study uncovered a unique
defense system that Arabidopsis APUMS5 specifically regulates
CMV infection by the direct binding of CMV RNAs.
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lant viruses are the obligate pathogens, and host proteins

facilitate the multiplication of viruses by affecting processes
such as viral replication, cell-to-cell movement, and systemic
movement of the virus (1). These processes occur upon the in-
teraction between the virus and host proteins or after the sup-
pression of the host basal defense mechanism and often lead to
abnormal phenotypes of virus-infected host plants, such as small,
highly branched bushes with deformed leaves, stunting, and re-
duced apical dominance (2-4). Thus, the reduced growth and
developmental changes in the virus-infected plants are typical
symptoms of virus infection and signify that the virus has un-
dergone a successful life cycle. To understand the molecular
mechanisms underlying viral multiplication and symptoms in
plants, it is necessary to identify and characterize the host factors
involved in these processes.

To identify novel host factors involved in the multiplication
of plant RNA viruses in susceptible plants, T-DNA insertion
mutants of Arabidopsis thaliana Col-0 ecotype, in which CMV-
Kor multiplication is abrogated (5), were screened. An Arabi-
dopsis Puf mutant, apum5-D, in which Cucumber mosaic virus
(CMV) multiplication was affected during viral spreading, was
isolated. APUMS contains the Pumilio-homology domain
(PHD) and encodes a putative Puf, which was originally iden-
tified in Drosophila melanogaster and Caenorhabditis elegans (6).
Pufs are highly conserved in various organisms and work as
posttranscriptional and translational repressors (7, 8). PHD has
RNA binding activity; there are eight repeats with three alpha
helices in each repeat. The inner surface of the PHD binds the
RNA. The outer surface of the domain permits protein—protein
interactions with diverse proteins, such as deadenylase and
general translation factors (9, 10). Arabidopsis Pufs also exhibit
RNA-binding activity and have conserved binding motifs (11,
12). However, plant Puf functions have not yet been fully
identified or characterized.
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Results

apum5-D Mutant Showed Altered Susceptibility to CMV. To identify
novel host factors associated with the multiplication of plant RNA
viruses, we screened for Arabidopsis mutants with altered sus-
ceptibility to CMV infection, exploiting the fact that CMV-infec-
ted plants exhibit visible symptoms that are readily discernible (5,
13) (Fig. S14). Twenty candidates showed decreased CMV coat
protein (CP) levels in inflorescence tissue at 18 d postinoculation
(dpi), as measured by ELISA (Fig. S1B). The lines that contained
a single T-DNA insertion were further selected by DNA blot
analysis, and the T-DNA insertion sites were identified by thermal
asymmetric interlaced PCR (TAIL-PCR). At 18 dpi, CMV-in-
oculated mutant plant #75010 was clearly distinguishable from
CMV-inoculated Col-0 plants (Fig. 14) and was chosen for further
analysis (Fig. S1 C-E). Mutant #75010 had a T-DNA insertion in
APUMS5 encoding a member of the Arabidopsis Puf (APUM)
family. APUMS was found to possess a structurally conserved
Pumilio RNA-binding domain and a putative transmembrane se-
quence in the N-terminal region (Fig. S1 E and F). The T-DNA
insertion was located about 650 bp upstream of the translational
start codon (Fig. S1D). We determined APUMS transcript levels in
the #75010 mutant. APUM5 expression was about three times
greater in the #75010 mutant than in the wild type, as determined
by quantitative RT-PCR (Fig. 1B). The mutant was redesignated
as apum5-D. CMV CP and CMV RNA levels in the apum5-D
mutant were also lower than those in Col-0 plants after infection
(Fig. 1 C and D). The reduced level of CP was consistent with
reduced susceptibility. The apum5-D mutant showed about a 20%
increase over Col-0 plants, both in stem length and fresh weight, at
18 dpi with CMYV infection (Fig. 1 E and F). These results in-
dicated that elevated APUMS5 expression might confer resistance
to CMV infection in the apum5-D mutant.

PHD of APUMS5 Binds to the CMV 3’ Untranslated Region Motif and
Some Other Internal Motifs in the CMV RNA Genome. The PHD of
Pufs is a conserved region that binds to the sequence-specific
motifs in the 3’ untranslated region (UTR) of target genes and the
defined nucleotide core motif, UGUA (A/C/U) AUA, is bound by
diverse Puf family proteins (14, 15). We hypothesized that direct
interactions with sequence-specific motifs of CMV RNAs would
contribute to the gain-of-function phenotype of the apum5-D
mutant. As expected, the putative binding motif was found in
CMV tripartite RNA 3’ UTR regions (Fig. S24; motif 1C, 2C, and
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Fig. 1. Screening of T-DNA insertion mutant lines for the detection of changes
in CMV susceptibility. (A) The mutant #75010 infected with CMV showed
a much healthier growth phenotype than the CMV-infected Col-0 plant at 18
dpi. (B) The apum5-D mutant showed an up-regulated gene expression com-
pared with Col-0 in 3-wk-old plants, as shown by qRT-PCR analysis. Significant
difference (Student t test; *P < 0.05) is indicated with an asterisk. (C) ELISA for
CMV coat protein accumulation detection in Col-0 and apum5-D mutant. Sig-
nificant difference (Student t test; *P < 0.05) is indicated with an asterisk. (D)
RNA blot analysis for CMV detection in Col-0 and apum5-D mutant plants. CMV-
inoculated plant RNA was extracted and RNA blot analysis was performed using
3’ UTR probes specific to CMV. rRNA was used as a loading control. The relative
band intensity was quantified by using the ImageJ software. (E and F) Analysis
of fresh weight and stem length in CMV-inoculated Col-0 and apum5-D mutant
plants at 18 dpi. Significant differences (Student t test; *P < 0.05, **P < 0.01) are
indicated with asterisks. Error bars show mean + SD (n = 12).

30). In addition to the 3" UTRs, additional putative core binding
motifs in the CMV RNA genomes were found (Fig. S2 A and B).
Furthermore, CMV group-I, but not group-1I, strains contain pu-
tative binding motifs in the 3’ UTR (Fig. S2C). Purified GST-
APUMS5-PHD protein bound effectively to CMV 3’ UTR motifs
in the EMSA (Fig. 24). Furthermore, GST-APUM5-PHD also
exhibited a strong binding affinity for /bNRE2 (Fig. 24). This
binding was also confirmed by competition assay (Fig. 2 B and C).
The binding specificity of GST-APUMS5-PHD was further tested
using mutant CMV RNAs. GST-APUMS5-PHD did not bind to
these mutant CMV RNAs at a concentration of 10 nM (Fig. 2D).
Next, we examined whether the other internal putative binding
motifs in the CMV RNA genome other than the 3" UTR motifs
could bind to APUMS. Interestingly, APUM5-PHD bound to
CMYV RNA internal motifs 1B, 3A, and 3B, but not to 1A, 2A, or
2B (Fig. 2F). This result suggested that nearby sequences, in ad-
dition to the core motif in the CMV genome, can affect binding
in vitro. To further confirm the binding activity and specificity
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in vivo, an RNA coimmunoprecipitation (co-IP) experiment was
performed. In the APUMS-GFP fraction, CMV-positive-strand
RNAs were highly enriched compared with the GFP control
fraction, but CMV-negative-strand RNAs were not enriched (Fig.
2F). These results indicated that APUMS binds to CMV-positive-
strand RNAs preferentially in vivo. Thus, the putative CMV RNA
motif functions as a platform for the binding of APUMS.

APUMS5 Is Involved in CMV Resistance but Does Not Play a Role in
Basal Defense. APUMS5, but not a close homolog, APUMG6, ex-
pression was significantly increased by salicylic acid (SA) treat-
ment and CMV inoculation (Fig. S3 4 and B). APUM5pro-GUS
activities increased in leaves that were inoculated with CMV and
strong APUMS5pro-GUS activity was observed in systemic leaves
(Fig. S3 C and D). To examine further the function of APUMS in
the plant responses to CMV infection, transgenic plants in which
APUMS5 expression was decreased by RNA interference (RNAi)
were generated, as well as plants that overexpressed APUM5
(Fig. S4). APUMS transgenic plants were inoculated with CMV.
At 18 dpi, 355-APUM5 transgenic plants showed reduced sus-
ceptibility, whereas APUM5-RNAI plants showed increased sus-
ceptibility to infection compared with CMV-inoculated Col-0 plants
(Fig. 3 A-C). At 42 dpi, a much later stage, APUM5-RNAI plants
still exhibited dwarfism and were shorter than Col-0 plants (Fig.
34 Lower). CMV CP accumulations and CMV RNA levels were
reduced in 35S-APUMS5 transgenic plants compared with Col-0
plants, whereas APUM5-RNAI plants exhibited increased accu-
mulation of CMV RNAs and CP at the early stage (Fig. 3 D and
E). At 18 dpi, 35S-APUM5 and APUMS5-RNAI plants still showed
changes in CMV RNA levels and CP accumulations (Fig. S5 4
and B). However, APUMS did not affect the SA-inducible ex-
pression of PR genes and reactive oxygen species accumulation
(Fig. S6 A and B).

CMV genomes contain tRNA-like structure (TLS) but do not
have poly(A) tail in their 3' UTRs. On the other hand, Turnip
mosaic virus (TuMV) is a single-stranded Arabidopsis-infecting
RNA virus that does have a poly(A) tail in its 3’ UTR. TuMV also
contains putative Pumilio-binding core motifs in its genome and
3" UTR (16). In TuMV-UKI1 3’ UTR, putative “UGUA” core
sequences were found (Fig. SSE). When the level of TuMV viral
RNA accumulation was examined, 355-4APUM5 transgenic plants
exhibited reduced TuMV RNA levels, whereas APUMS5-RNAI
plants showed increased RNA levels compared with wild-type
plants (Fig. S5C). As for long-term symptoms, 355-4APUMS5 trans-
genic plants showed an attenuated infection phenotype compared
with wild-type plants (Fig. S5D). These results suggest that APUMS
also acts to repress TuMYV viral RNA accumulation in the initial
stages of infection and affects symptom developments.

APUM5 Regulates the CMV 3’ UTR at the Translational Level and
Inhibits the CMV Replication in Protoplast. To better understand
the function of APUMS, a modified reporter system consisting of
a GFP vector containing the full CMV 3’ UTR sequence or
endochitinase 3’ UTR (17) as a negative control was used (Fig. 44)
(18). Confocal microscopy analysis showed that the GFP reporter
containing the endochitinase 3' UTR resulted in a normal GFP
expression pattern in Col-0 and 355-4PUMS5 transgenic proto-
plasts (Fig. 4B). However, CMV 3’ UTR reporter signals were
reduced to ~55% in the 35S-APUM5 transgenic protoplasts
compared with the Col-0 protoplasts (Fig. 4 B and D). The protein
levels of the GFP CMV 3’ UTR reporter were reduced in the
358-APUMS protoplasts compared with Col-0 (Fig. 4 C and D).
However, APUMS overexpression did not affect GFP reporter
mRNA levels (Fig. 4C). Thus, mRNA stability was not changed.
To confirm the specific role of the CMV 3’ UTR motif further,
a mutant CMV 3’ UTR reporter was generated by site-directed
mutagenesis (Fig. 44). As a result, the GFP signal intensity of the
CMYV mutant 3" UTR reporter was not changed in 355-4APUM5
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transgenic protoplasts compared with Col-0 protoplasts (Fig. 4 E
and G). Immunoblot analysis also showed that GFP protein levels
of the CMV mutant 3’ UTR reporter expressed in Col-0 and
358-APUMS protoplasts were quite similar (Fig. 4 F and G). In
APUMS5-RNAI transgenic protoplasts, we did not find any change
of reporter GFP protein or mRNA level compared with Col-0
protoplasts (Fig. S7 A-C). These results were consistent with the
suggestion that APUMS might act as a translational repressor in
CMV infection. We also checked whether APUMS affects CMV
replication via CMV 3’ UTR binding. The “UGUACUUCUA”
motif of CMV 3’ UTRs of CMV RNA 1, RNA 2, and RNA 3 was
changed to “AAAACUUCUA” and in vitro transcripts were
transformed into Col-0 and 35S-APUMS5 protoplasts. Mutant
CMYV in vitro transcripts were normally replicated in both Col-0
and 355-APUMS protoplasts. However, wild-type CMV in vitro
transcripts exhibited significantly reduced replication in 35S-
APUMS protoplasts compared with Col-0 protoplasts (Fig. 4H). In
APUMS5-RNAI transgenic protoplasts, we also tested whether
down-regulation of APUMS5 affects CMV replication. However,
wild-type CMV in vitro transcripts were normally replicated in
both Col-0 and APUM5-RNAI protoplasts (Fig. S7D). Thus,
APUMS may function as a translational repressor via direct
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0.01) are indicated by asterisks.

binding to the CMV 3’ UTR motifs, although we did not show the
effect of APUMS on the other internal putative binding sites.
Recently, another repression mechanism involving Puf binding
to a target mRNA was identified. Xenopus Pum2 directly inter-
acts with the 5’ m’G cap structure, thereby blocking the assembly
of the initiation complex, whereas Pum2 does not interact with
the eIF4E protein (24). This suggests that Puf can affect the
posttranscriptional regulation step both at the level of the 3’
UTR and the 5’ cap of mRNA. According to this model, Pum2
recognizes the m’G cap structure through its tryptophan 344
residue, which is conserved in the Pum2 of several organisms,
such as human Pum2, mouse Pum2, and Xenopus Pum2. Then,
Pum?2 represses the translation of target mRNA by competing
with eIF4E to bind to the m’G cap structure. At first we checked
whether the tryptophan amino acid was conserved in APUMS, as
in vertebrates. However, the tryptophan residue did not exist in
APUMS (Fig. S8 A and B). Furthermore, the APUMS N-ter-
minal region is not well conserved compared with mammalian or
other plant Pufs (Fig. S8B). Nonetheless, we examined whether
the N-terminal region of APUMS interacted with the m’G cap
structure. As expected, N-t APUMS did not interact with the cap
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Fig. 3. Analysis of APUMS5 transgenic plants for susceptibility change upon CMV infection. (A) The phenotypes associated with CMV infection in Col-0 and
APUMS5 transgenic plants at 18 and 42 dpi. Approximately 3.5-wk-old plants were inoculated with CMV. (B) Stem length analysis of CMV-infected Col-0 and
APUMS5 transgenic plants at 18 dpi. Significant differences (Student t test; *P < 0.05, **P < 0.01) are indicated by asterisks. (C) Fresh weight analysis of CMV-
infected Col-0 and APUMS5 transgenic plants at 18 dpi. Significant differences (Student t test; *P < 0.05, **P < 0.01) are indicated by asterisks. Error bars show
the mean + SD (n = 36). (D) ELISA for CMV coat protein accumulation in Col-0 and APUMS5 transgenic plants. Protein samples were collected on the indicated
days and used for ELISA. Significant differences (Student t test; *P < 0.05, **P < 0.01, ***P < 0.001) are indicated by asterisks. () CMV RNA accumulation
analysis in Col-0 and APUMS5 transgenic plants. RNA was extracted from plants on the indicated days, and RNA gel blot analysis was performed with CMV-
specific 3" UTR probes. The relative band intensity was quantified using the ImageJ software.

structure in vitro (Fig. S8C). These results imply that several Pufs
can repress the posttranscriptional step in different ways.

Discussion

We identified an Arabidopsis Puf, APUMS5, as a mutant with
reduced susceptibility to CMV infection. The apum5-D mutant
showed approximately threefold up-regulated expression of
APUMS5 and behaved as a gain-of-function mutant (Fig. 1). The
358-APUMS transgenic plants exhibited phenotypes similar to
those of the apum5-D mutant (Fig. 3). The 35S-APUMS5 proto-
plasts affected CMV replication via CMV 3’ UTR binding in vitro
replication assays (Fig. 4H). Thus, APUMS affects the trans-
lational step of CMV infection by binding to Pumilio-binding
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motifs in the CMV 3’ UTR. Interestingly, CMV group-I strains
contain Pumilio-binding motifs at the 3’ UTR and these motifs are
highly conserved. However, CMV group II strains do not have the
motifs at the 3" UTR (Fig. S2C). Thus, APUMS could function in
CMV group-I strains but not group-II strains. We also showed
decreased infection phenotype change in the 355-4APUMS trans-
genic plants upon TuMV inoculation, which contains putative
Pumilio-binding core motifs in its genome and 3" UTR (Fig. S5
C-E) (16). These results suggest that Pumilio binding motif of
plant RNA viruses could be a rather broad target for this re-
sistance mechanism, although we did not carry out a binding assay
with the TuMV motif. A specific interaction between viral RNAs
and host RNA-binding proteins affects viral RNA multiplication
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Fig.4. APUMS repressed the CMV 3’ UTR reporter at the translational level and inhibited CMV replication in protoplast. (A) Schematic diagrams of GFP-fused
reporter constructs. Endochitinase 3’ UTR was used as a negative control reporter. CMV mutant 3’ UTR reporter was generated by mutating the Pumilio
binding core motif of the wild-type CMV 3’ UTR. (B) GFP-fused reporter constructs with endochitinase 3" UTR or CMV 3’ UTR were transformed into pro-
toplasts of Col-0 and 355-APUMS5 transgenic plants by the polyethylene glycol-mediated transformation method. Next, the GFP reporter signal was detected
by LSM 700 confocal microscope (Carl Zeiss). (C) Western blot analysis was performed with 5 pg of total protoplast protein. Luciferase (LUC) was used as an
internal control. Rubisco protein was used as an equal loading control. Total cellular mRNA was extracted and GFP mRNA levels were determined by RT-PCR.
Actin7 mRNA level was monitored for equal loading control. (D) GFP signal intensities were quantified by LSM 700 ZEN software (Carl Zeiss) and the Image)
program. Significant difference (Student t test; *P < 0.05, ***P < 0.001) is indicated by asterisks. Quantification of Western blot analysis was performed by
Multi Gauge V3.0 (Fujifilm). Significant difference (Student t test; *P < 0.05) is indicated by an asterisk. (E) A GFP-fused CMV mutant 3’ UTR reporter construct
was transformed into protoplasts of Col-0 and 355-APUMS5 transgenic plants. Next, the GFP reporter signal was detected by confocal microscopy. (F) Protein
blot analysis of the GFP-fused CMV mutant 3’ UTR reporter was performed with 5 pg of total protoplast protein. LUC was used as an internal control. Rubisco
protein was used as an equal loading control. Total cellular mMRNA was extracted, and GFP mRNA levels were determined by RT-PCR. (G) GFP signal intensities
were quantified by LSM 700 ZEN software and the ImageJ program. Quantification of protein blots was performed by Multi Gauge V3.0 software. (H) Wild-
type and mutant-type CMV RNA 1, 2, and 3 in vitro transcripts were cotransformed into Col-0 and 355-APUMS5 transgenic protoplasts. After 24 h, total RNAs
were extracted and RNA blot analysis was performed. For quantification of CMV replication in Col-0 and 355-APUMS5 transgenic protoplasts, signal intensities
of RNA blots were quantified using the ImageJ program. Significant difference (Student t test; *P < 0.05) is indicated by an asterisk.

(19, 20, 21). BTR1, which encodes three K-homology RNA-binding  development via deadenlyase-dependent and -independent

domains, negatively regulates Tomato mosaic virus (ToMV) mul-
tiplication in Arabidopsis by interacting with the 5’ terminal region
of ToMV genomic RNA (20).

APUMS binds to the putative Pumilio-binding motifs in the
CMV RNAs and to h/bNRE?2 (Fig. 24). Drosophila Pum binds to
hDNRE2 mRNA and represses its ability to regulate embryo

Huh et al.

pathways (22, 23). This indicates that APUMS5 might be associ-
ated with deadenylase-dependent and -independent pathways to
suppress CMV RNAs, even though CMV has a TLS instead of
a poly(A) tail at its 3’ end. Furthermore, the host plant might
have evolved a mechanism by which APUMS recognizes putative
Pumilio-binding motifs of CMV RNAs to repress CMV RNAs.
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Indeed, host protein Y-box binding protein-1 directly interacts
with Dengue virus 3' UTR and represses the translation of
Dengue virus, and the virus lacks a 3’ poly(A) tail but has tRNA-
like structure (21).

Xenopus Pum?2 directly binds to the 5’ m’G cap structure for
blocking the assembly of the initiation complex (24). However,
N-t APUMS did not bind to the cap structure in vitro (Fig. S8).
These results imply that APUMS affects CMV replication and
symptoms via direct binding to CMV RNA, but not through
competition with the eIF4E. The function of APUMS is still not
clear with respect to the nature of its endogenous mRNA targets
and de novo interacting partners.

Materials and Methods

Plant Material, Growth Conditions, and Transgenic Plants. Arabidopsis wild-
type and transgenic plants had the ecotype Columbia-0 background and
were grown in a 16 h light/8 h dark photoperiod at 23 °C in soil. For the
constitutive expression of APUM5 (At3920250), a modified pCAMBIA2300
vector was used (25), and the APUM5 ORF was amplified using Pfu DNA
polymerase (Promega) and cloned. For the repression of APUM5 expression,
the RNAI technique was exploited using the pHANNIVAL vector system,
which can transcribe self-complementary hairpin RNA molecules (26). Spe-
cific fragments of ~300 nucleotide sequences were chosen from the 3’ UTR
of APUM5 and APUM6 (At4g25880) mRNA and amplified using Ex-Taq
(TaKaRa). The pHANNIBAL cassettes containing APUM5 and APUM6 RNAI
constructs were cloned into the pART27 binary vector. To prepare for the
APUMS5 promoter-GUS construct, the 1.3-kb promoter region was amplified
using Ex-Taq and then cloned into the pBI101 vector system (Clontech).
Arabidopsis plants were transformed according to the floral dip method (27)
using Agrobacterium tumefaciens strain GV3101, and T3 homozygotes were
obtained by antibiotic selection.

CMV and TuMV Inoculation and Analysis of Infected Plants. Col-0, 355-APUM5,
and APUM5-RNAI transgenic plants were dusted with carborundum (Hayashi
Chemical) at ~3.5 wk of age and gently rubbed with phosphate buffer (20 mM,
pH 7.0) containing CMV-Kor using brushes as described (28). At 18 or 42 dpi,
stem length and fresh weight were measured, and the experiments were per-
formed at least three times. TUMV-GFP inoculation assay was as described (29).
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RNA co-IP Experiment. To perform the in vitro and in vivo protein—-RNA in-
teraction, co-IP and gqRT-PCR were performed using a slightly modified method
(30). Briefly, 355-APUM5-GFP and 355-GFP constructs were agro-infiltrated into
the CMV-inoculated Nicotiana benthamiana leaves. After 5 d, protein samples
were extracted and immunopreciptated with monoclonal GFP antibody (Invi-
trogen). The protein-RNA complexes were washed with washing buffer [10 mM
Tris-HCl (pH 8.0), 300 mM Nadl, 1 mM MgCl,, and 0.5% Nonidet P-40]. The
collected pellet was treated with 2x PK buffer [0.2 M Tris-HCl (pH 7.5), 25 mM
EDTA, 0.3 M Nadl, and 2% (vol/vol) SDS] containing 80 ug of proteinase K and
incubated at 50 °C for 30 min. Bound RNAs were recovered by a phenol ex-
traction method and then gRT-PCR was performed. NtAcitn was used as in-
ternal control for normalization. The primers used for the qRT-PCR are listed in
Table S1.

Reporter Assay. Protoplasts of Col-0 and APUMS5 transgenic plants were iso-
lated according to a previously described protocol, with several modifications
(18). To generate reporter constructs, the full wild-type CMV 3’ UTR and mu-
tated CMV 3’ UTR fragments were ligated into the N terminus of the modified
326-GFP3G vector, from which the nos-terminator region was removed by
digestion with Xhol and EcoRI. The modified 326-GFP3G reporter containing
endochitinase 3" UTR was used as a negative reporter control and 355-LUC in
pUC vector was used as an internal control. Reporter constructs were in-
troduced into protoplasts by polyethylene glycol-mediated transformation
(18). GFP signal intensities were quantified by LSM 700 ZEN software (Carl
Zeiss) and the ImageJ program (http://rsbweb.nih.gov/ij/).

Details of RNA, DNA, protein works and reporter assays, full methods, and
associated references are described in S/ Materials and Methods.
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