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Light regulates growth and developmental processes in plants via global transcriptome adjustment, translational control, and
multilayered posttranslational modification of proteins. The transcriptional activation and repression of light-responsive genes
has been well documented; however, the impact of posttranscriptional regulation on conveying light signals has been less
addressed. Here, we examined whether optimal photomorphogenesis in Arabidopsis thaliana requires the proper biogenesis of
small regulatory RNAs that play pivotal roles in the posttranscriptional regulation of gene expression. Arabidopsis carrying
a mutation in HUA ENHANCER1 (HEN1), required for stabilization of small regulatory RNAs, showed defects in multiple aspects of
photomorphogenic and skotomorphogenic development. HEN1 negatively regulated Arabidopsis photomorphogenesis. Light-
activated HEN1 expression depended on the photoreceptors phytochrome A (phyA), phyB, cryptochrome 1 (cry1), and cry2 and
key transcriptional regulators ELONGATED HYPOCOTYL5 (HY5) and HY5-HOMOLOG. We also demonstrate the involvement of
the small regulatory RNAsmiR157d andmiR319 in modulating the expression of a positive regulator, HY5, and negative regulators
TEOSINTE BRANCHED1, CYCLOIDEA AND PCF family proteins, respectively, for optimal photomorphogenic development in
Arabidopsis.

INTRODUCTION

Light is an important and dynamic environmental cue for many
programmed growth and developmental processes in plants.
The process of photomorphogenesis has been widely used for
studies of light sensing and signaling pathways regulated at
multiple levels. First, with light treatment, the photoreceptors
or key light signaling molecules redistribute within different
subcellular localizations to execute their functions (reviewed in
Lorrain et al., 2006; Van Buskirk et al., 2012). Second, selective
protein degradation modulates the protein abundance of both
positive and negative regulators of light signaling pathways
(reviewed in Yi and Deng, 2005; Henriques et al., 2009). Third,
light-regulated protein phosphorylation involves the activation
of both photoreceptors and downstream signaling molecules
(Yeh et al., 1997; Ahmad et al., 1998; Yeh and Lagarias, 1998;
Fankhauser and Chory, 1999; Colón-Carmona et al., 2000;
Medzihradszky et al., 2013; Nito et al., 2013). Fourth, widespread
translational regulation occurs in response to light or dark treat-
ments (Juntawong and Bailey-Serres, 2012; Liu et al., 2012, 2013).
Also, by interacting with PENTA1, phytochrome negatively regulates

the translation of protochlorophyllide reductase mRNAs (Paik
et al., 2012). Fifth, and likely the most well studied, is tran-
scriptome adjustments in plants with light treatment (reviewed in
Jiao et al., 2007). Recently, the splicing factor REDUCED RED-
LIGHT RESPONSES IN CRY1CRY2 BACKGROUND1 was
found to be a phyB-dependent signaling component (Shikata
et al., 2012), suggesting alternative splicing could further
increase the transcriptomic diversity.
Although light-modulated alteration in transcriptomes has

been documented, most efforts have focused on the tran-
scriptional activation or repression of light-regulated genes.
Posttranscriptional regulation of gene expression in response
to light signals has been less studied. A recent report showed
that a key positive regulator in Arabidopsis thaliana photomor-
phogenesis, ELONGATED HYPOCOTYL5 (HY5), could activate
the expression of MIR genes encoding microRNAs (miRNAs)
by binding directly to their promoters (Zhang et al., 2011).
Thus, small regulatory RNAs may participate in modulating the
transcriptome shift during photomorphogenesis. Interestingly,
phenotypic examination of Arabidopsis mutants carrying weak
alleles of ago1 revealed a light-hypersensitive phenotype (Sorin
et al., 2005), so small regulatory RNAs may act as negative
regulators of the light signaling pathways. However, additional
studies are needed to clarify whether light regulates the bio-
genesis and/or actions of small regulatory RNAs in photomor-
phogenic Arabidopsis.
In many eukaryotic organisms, small regulatory RNAs

play a pivotal role in the transcriptional, posttranscriptional,
or translational regulation of gene expression (reviewed in
Chen, 2010). After being processed from single-stranded
RNA hairpin or double-stranded RNAs, miRNAs and small
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interfering RNAs are stabilized by the action of HUA ENHANCER1
(HEN1), a small RNA methyltransferase that adds a methyl group
to the 39-most nucleotide of small RNAs, thus protecting against
39 uridylation and truncation (Ji and Chen, 2012).

Here, we report on a light-hypersensitive phenotype in an Arab-
idopsis mutant defective in HEN1. Our data reveal that light
upregulated the expression of HEN1, a process requiring red (R),
far-red (FR), or blue (B) light photoreceptors and key transcriptional
regulators, HY5 and HY5-HOMOLOG (HYH). Among the miRNAs
stabilized by HEN1, miR157d and miR319 could target transcripts
of HY5 and those of TEOSINTE BRANCHED1, CYCLOIDEA AND
PCF24 (TCP24), respectively, for cleavage during Arabidopsis pho-
tomorphogenesis. Light may upregulate HEN1 expression for the
proper biogenesis of small regulatory RNAs, and selected miRNAs
could fine-tune the temporal expression patterns of key transcrip-
tional regulators in Arabidopsis photomorphogenesis.

RESULTS

HYL1, HEN1, and HST Are Negative Regulators of
Arabidopsis Photomorphogenesis

We evaluated whether small RNAs are involved in the light-
regulated deetiolation process in Arabidopsis by examining
the photomorphogenic phenotype of mutants defective in
miRNA biogenesis genes, including HYPONASTIC LEAVES1
(HYL1) (Lu and Fedoroff, 2000), HEN1 (Park et al., 2002), and
HASTY (HST ) (Bollman et al., 2003). These genes are re-
sponsible for processing primary miRNA transcripts, stabili-
zation, and export of mature miRNA duplexes (reviewed in
Rogers and Chen, 2013; a simplified biogenesis scheme is
shown in Supplemental Figure 1). The hyl1-2, hst-3, and hst-6
mutants have shorter hypocotyls than the wild-type Columbia-0
(Col-0) under both dark and light conditions (Supplemental
Figure 2), as described previously (Lu and Fedoroff, 2000;
Bollman et al., 2003). Treatment with various fluences of con-
tinuous blue (Bc) light clearly exaggerated the light-induced
inhibition of hypocotyl elongation in hyl1 and hst mutants
(Figure 1A). We also observed a similar light-dependent phe-
notype for hen1-1 mutant as compared with its corresponding
wild-type Landsberg erecta (Ler) (Figure 1B; Supplemental
Figure 2). The light hypersensitivity in these mutants implied
that HYL1, HST, and HEN1 function as negative regulators in
the deetiolation process in Arabidopsis.

Negative Regulatory Roles of HEN1 in Multiple Aspects of
Skotomorphogenic and Photomorphogenic Development

We surveyed light-regulated expression patterns of genes in miRNA
biogenesis pathways, including DICER LIKE1, SERRATE, HYL1,
HEN1, HST, and ARGONAUTE1 in the public transcriptome data
repository Genevestigator (Zimmermann et al., 2004). Only HEN1
showed clear light responsiveness (Supplemental Figure 3). There-
fore, we focused on HEN1 and its roles in deetiolating Arabidopsis.

We next examined the photomorphogenic phenotype of two in-
dependent hen1 alleles, hen1-5 (Vazquez et al., 2004) and hen1-6 (Li
et al., 2005), in a Col-0 background (Supplemental Figure 4A). Neither
mutant expressed the full-length HEN1 transcript (Supplemental

Figure 4B). Similar to hen1-1, both hen1-5 and hen1-6mutants were
hypersensitive to Bc (Figure 1C; Supplemental Figure 5A). Under
continuous far-red (FRc) and red (Rc) light, hen1-5 and hen1-6 both
had a short hypocotyl as compared with the wild type (Figures 1D
and 1E; Supplemental Figures 5B and 5C). The appropriate hypo-
cotyl elongation of hen1-6 could be restored by introducing a geno-
mic fragment of HEN1 into hen1-6 plants (Supplemental Figure 6),
so loss of functional HEN1 is indeed responsible for the light hy-
persensitivity in hen1. Consistent with a shorter hypocotyl in hen1-1

Figure 1. HEN1 Plays Multiple Roles in Skotomorphogenesis and
Photomorphogenesis.

(A) and (B) Hypocotyl fluence rate responses of wild type and hyl1-2,
hst3, and hst6mutants in the Col-0 (A) and hen1-1 in the Ler background
(B) under Bc light at the indicated fluence rates. Hypocotyl lengths under
each indicated fluence rate were normalized to that under the dark. Data
are mean 6 SD. *Significantly different from the corresponding wild type
(P < 0.01, Student’s t test; n = 16 to 32).
(C) to (F) Hypocotyl lengths of 4-d-old seedlings of wild types and mu-
tants hen1-5 and hen1-6 in the Col-0, phyA, phyB, and cry1 in the Ler
background grown under Bc (5 mmol m22 s21) (C), FRc (0.125 Wm22)
(D), Rc (5 mmol m22 s21) (E), and dark (F). Data are mean 6 SD. ** and *,
significantly different from the corresponding wild type (Col-0) (P < 10214

and P < 0.05, Student’s t test; n = 14 to 20).
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compared with its corresponding wild-type Ler in the dark, the hy-
pocotyl lengths of hen1-5 and hen1-6 were also slightly shorter
than that of their corresponding wild-type Col-0 (Figure 1F;
Supplemental Figure 5D).

We also observed additional light-hypersensitive responses in
hen1-1. Time-lapse imaging revealed that the cotyledons of the
hen1-1 mutant opened faster than the Ler wild type (Figure 2A).
Light also triggers the accumulation of anthocyanin in wild-type
seedlings (Ahmad et al., 1995; Maier et al., 2013; Shin et al., 2013).
Light-grown hen1-1 showed high anthocyanin levels (Figure 2B),
which is consistent with hen1-1 being light hypersensitive.

Mutations in negative regulators of photomorphogenesis,
such as CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) and
PHYTOCHROME INTERACTING FACTORs (PIFs), also resulted in
aberrant skotomorphogenic development, including short hypocotyl
(Leivar and Quail, 2011), opened hook (Mazzella et al., 2014) and

reduced antigravity responses (Kim et al., 2011). In the dark, hy-
pocotyl lengths were shorter for the hen1-1 mutant than Ler
(Figure 1B). Also, in the dark, the apical hooks of hen1-1 seedlings
were partially opened and reached a plateau at an angle of 136°,
much smaller than the 181° for wild-type seedlings (Figure 2C).
Additionally, hen1-1 showed reduced response to a change in
gravity orientation (Figure 2D).
Therefore, consistent with it playing negative roles in light

responses as do COP1 and PIFs, HEN1 has broad effects on
both skotomorphogenesis and photomorphogenesis.

phyA, phyB, cry1, HY5, and HYH Regulate the
Light-Responsive Expression of HEN1

We investigated whether a broad spectrum or specific wave-
lengths of light could induce the expression of HEN1. R, FR, and

Figure 2. The hen1-1 Mutant Shows Broad Skotomorphogenic and Photomorphogenic Defects.

(A) Cotyledon opening of 4-d-old etiolated seedlings under continuous white light (Wc; 100 mmol m22 s21) analyzed by measuring cotyledon tip-to-tip
distances for the wild type and hen1-1 mutant. Data are mean 6 SE from six biological replicates.
(B) Anthocyanin level in 4-d-old Ler and hen1-1 seedlings grown under 16-h W light (100 mmol m22 s21)/8-h dark cycles in the presence of sucrose with
indicated concentrations. Data are mean 6 SD from two biological replicates (each with two technical replicates). *Significantly different from the wild
type (P < 0.05, Student’s t test; n = 4).
(C) Kinetics of hook formation in hen1-1 and wild-type seedlings under the dark. The images show apical hook angles (an) at 1-h intervals after 24-h
germination at 22°C. Data are mean 6 SE from three biological replicates.
(D) The hypocotyl turning angles at 0.5-h intervals after 90° change in seedling direction for the wild type and hen1-1 were measured. Images show
a representative Ler seedling at time 0 and 15 h. The arrow indicates the gravity direction. The hypocotyl was traced in red to determine the angle of
hypocotyl curvature. Data are mean 6 SE from four biological replicates.
[See online article for color version of this figure.]
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B could all induce HEN1 expression (Figures 3A to 3C). We
also examined whether the induction of HEN1 by R, FR, and B
light depended on functional photoreceptors in the Arabi-
dopsis photoreceptor mutant phyA under FR light, phyB under
R light, and cry1 under B light. The light responsiveness of
HEN1 was largely compromised in phyA and phyB mutants
under FRc and Rc light, respectively (Figures 3A and 3B), so

the FR and R light responsiveness of HEN1 depended on
functional phyA and phyB, respectively. However, under B
light, the expression of HEN1 could still be induced but to
a lesser extent in the cry1 mutant as compared with the wild
type (Figure 3C). This result suggested that cry1 was not the
sole photoreceptor contributing to the B-light-inducible ex-
pression of HEN1. We therefore examined whether additional

Figure 3. The Expression of HEN1 Is Upregulated by Light and Requires Photoreceptors and HY5.

Real-time qRT-PCR analysis of the mRNA level of HEN1 in etiolated wild type (Ler, Wassilewskija, and Col-0), hy5, and the light signaling mutants phyA
(A), phyB (B), cry1 (C), phyA cry1 cry2 (D), cop1-4, cop1-6 (E), and hy5 hyh (F) on exposure to FR (1.13 Wm22), R (18 mmol m22 s21), B (15 mmol m22 s21),
and W (100 mmol m22 s21), respectively, at the indicated times. The expression of UBQ10 was an internal control. Except for the relative HEN1 level in (E)
being 1000-multiplied mean values of 22DCT (DCT = CT, HEN1 – CT, UBQ10) for clarity, the level of HEN1 at each time is normalized to that of etiolated seedlings
(0 h). Data are mean 6 SD from three biological replicates (each with three technical replicates).
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B-light photoreceptors, including phyA (Poppe et al., 1998) and
cry2, could function in parallel to cry1 in inducing HEN1 ex-
pression under B light. The B light induction of HEN1 was
abolished in the phyA cry1 cry2 triple mutant (Figure 3D), which
indicates that phyA and cry2 could be accessory B light pho-
toreceptors for HEN1 induction.

HY5 encodes a key transcription factor and is upregulated by
various qualities of light signals, including R, FR, and B light
(Chang et al., 2008). Therefore, we examined whether the light
induction of HEN1 was regulated by HY5. The phyB- and phyA-
induced expression of HEN1 primarily depended on HY5
(Figures 3A and 3B). The induction of HEN1 by B light also de-
pended on the expression of HY5 (Figure 3C). Thus, HY5 acts
downstream of multiple photoreceptors for the B light induction
of HEN1. We examined the HY5-dependent induction of HEN1
in cop1 mutants that can accumulate a high level of HY5 protein
in the dark (Osterlund et al., 2000). As expected, we detected
increased HEN1 transcripts in cop1-4 and cop1-6 mutants
(McNellis et al., 1994) in the dark and subsequent deetiolation
(Figure 3E).

We noted the residual upregulation of HEN1 in the hy5 mutant
under various light conditions (Figures 3A to 3C), which in-
dicates that additional factors may function in addition to or in
parallel with HY5 to induce HEN1. Because the function of HYH
is partially redundant to that of HY5 in promoting photomor-
phogenesis (Holm et al., 2002), HYH may also contribute to the
light-upregulated expression of HEN1. Indeed, the light-induced
expression of HEN1 was further compromised in the hy5 hyh
double mutant under white light (W) (Figure 3F). Therefore, HY5
and HYH are the primary activators of HEN1 expression under
light.

Small Regulatory RNAs and Arabidopsis
Photomorphogenesis

Light upregulates HEN1 to attenuate photomorphogenesis
possibly by stabilizing small regulatory RNAs to silence the
expression of key regulators in this important physiological
process. HEN1 methylates small regulatory RNAs generated
from various biogenesis pathways. To narrow down the classes
of small regulatory RNAs that may be involved, we first ex-
amined the photomorphogenic development of Arabidopsis
mutants defective in key genes for the biogenesis of trans-
acting small interfering RNAs (ta-siRNAs). Arabidopsis mu-
tants defective in RNA-DEPENDENT RNA POLYMERASE6
(RDR6) and SUPPRESSOR OF GENE SILENCING3 (SGS3)
(Peragine et al., 2004; Vazquez et al., 2004; Xie et al., 2005;
Yoshikawa et al., 2005) showed a normal photomorphogenic
phenotype under the light qualities examined (Figure 4). De-
spite a slightly shorter hypocotyl in sgs3 under FR light (Figure
4), fluence response analysis revealed a comparable hypo-
cotyl length for sgs3 and the wild type across a broad range of
FR intensities (Supplemental Figure 7). Thus, reduced ex-
pression of ta-siRNAs alone is insufficient to confer the light
hypersensitivity seen in hen1. Accordingly, we focused on
characterizing miRNAs for their roles downstream of HEN1 in
modulating the posttranscriptional expression of light-responsive
genes.

Increased HEN1 Levels Lead to Increased
miRNA Abundance

HEN1 is a methyltransferase functioning to stabilize small
RNAs (Li et al., 2005). Our results showed that light could
upregulate the expression of HEN1. We next examined whether
the increase in HEN1 mRNAs leads to increased accumu-
lation of HEN1 protein and consequently more small regu-
latory RNAs. We generated transgenic Arabidopsis carrying
a HA-tagged HEN1 (HA-HEN1) under the control of a b-
estradiol inducible promoter (XVE:HA-HEN1) (Zuo et al., 2006).
HA-HEN1 was previously shown to be a biologically active
protein (Yang et al., 2007). We first induced HA-HEN1 ex-
pression in etiolated seedlings of transgenic plants under dark
conditions to eliminate the effect of light-upregulated HEN1.
HEN1 transcript expression was increased with b-estradiol
treatment (Figure 5A). Although too little endogenous HEN1
protein was present to be detected with anti-HEN1 antibody in
etiolated seedlings, a specific protein with the expected size
of HA-HEN1 (109 kD) recognized both by anti-HEN1 and anti-
HA antibodies was induced to accumulate with b-estradiol
treatment (Figure 5B). Etiolated seedlings treated with 0.1 and
1 mM b-estradiol showed proportionally increased HA-HEN1
transcript and protein levels (Figures 5A and 5B). The in-
creased HA-HEN1 protein level was accompanied by increased
expressions of the miR157 and miR159/319 in dark-grown

Figure 4. Arabidopsis Mutants Defective in ta-siRNA Biogenesis Show
Normal Photomorphogenic Development.

Hypocotyl lengths of seedlings of the wild type and mutants defective
in RDR6 and SGS3 measured after growth in the dark, FRc (0.125 Wm22),
Rc (5 mmol m22 s21), and Wc (15 mmol m22 s21) for 4 d. Data are
mean 6 SD.
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seedlings (Figure 5C; Supplemental Figure 8). This suggested
that, in etiolated seedlings, the level of endogenous miRNA
precursors exceeded the functional capacity of endogenous
HEN1 protein.

The results in Figures 3 and 5 imply that when wild-type
etiolated seedlings were exposed to light, the increased HEN1
transcripts likely resulted in increased protein level of HEN1
to promote miRNA biogenesis/accumulation. Thus, the light-
induced increase of HEN1 plays a regulatory role in increasing
miRNAs in the deetiolation process.

HY5 Transcript Is a Target of miR157d

The results in Figures 1 and 2 indicate that HEN1 is a negative
regulator of photomorphogenesis. Light upregulates the ex-
pression of HEN1 (Figure 3), and increased levels of HEN1 will
result in increased levels of miRNAs (Figure 5). Therefore, in the
deetiolating process, the increased miRNAs may target tran-
scripts of positive regulators of photomorphogenesis for cleav-
age. Such cleavage may result in the accumulation of site-specific
sequence signatures seen in the degradome database of 59-end
sequences of transcripts after miRNA-mediated cleavage (PARE,
https://mpss.udel.edu/dbs/index.php?SITE=at_pare ) (German

et al., 2008). A search of such signatures revealed an enriched
signature within the 59-untranslated region (UTR) of the HY5
transcript. This putative cleavage site was located at a position
opposite to nucleotides 11-12 of miR157d, rather than the
canonical cleavage position 10-11, possibly because of the
presence of a single nucleotide bulge on miR157d when pairing
with the HY5 transcript (Figure 6A).
We confirmed the presence of this cleaved product of HY5

mRNA in photomorphogenic Arabidopsis by 59 rapid amplifi-
cation of cDNA ends (RACE) (Figure 6A). Because HY5 was
not previously predicted as a target of miR157d, we investigated
the authenticity of the targeted regulation of HY5 by miR157d
by examining the sequences of both MIR157d and HY5 from
513 sequenced Arabidopsis tracks from the Arabidopsis 1001
Genomes database (http://signal.salk.edu/atg1001/3.0/gebrowser.
php). The sequence encoding mature miR157d was fully
conserved among the 513 Arabidopsis tracks. In addition,
analysis of single nucleotide polymorphisms (SNPs) revealed
100% conservation at the miR157d target region on the HY5
transcript among the 513 genome tracks (see Methods),
whereas frequent SNPs were observed across the 59-UTR
and the rest of the HY5 cDNA (Figure 6A). Therefore, se-
quences for complementary regions between miR157d and

Figure 5. HEN1 Plays a Rate-Limiting Role for miRNA Accumulation in Etiolated Seedlings.

The 3-d-old etiolated T2 seedlings of XVE:HA-HEN1 were treated with 0 to 10 mM b-estradiol for 24 h in the dark.
(A) qRT-PCR analysis of the mRNA level of HEN1 relative to that of UBQ10. Data are mean6 SD from two biological replicates (each with three technical
replicates).
(B) Immunoblot analysis of protein level of HA-HEN1 with the antibodies pig anti-HEN1 (a-HEN1), mouse anti-HA (a-HA), and mouse anti-tubulin
(a-TUB). Numbers below the a-TUB blot indicate the HA-HEN1 protein levels in the a-HA blot relative to TUB signals. n.d., nondetectable.
(C) Small RNA analyses of miR156/157 and miR159/319. DNA oligos used for each blot are indicated to the left of each blot. The bar graph shows 5S
rRNA- and tRNA-normalized miRNA fold increase in HA-HEN1-induced seedlings. Data are mean 6 SD quantitated using ImageJ on three biological
replicates, shown in Supplemental Figure 8. *Significantly different from the noninduced sample (0 mM) (P < 0.05, Student’s t test; n = 3).
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HY5 were preferentially retained, possibly because of func-
tional constraint.
We next demonstrated that HY5 is an authentic target of

miR157d using Agrobacterium tumefaciens-mediated tran-
sient expression assays. Tobacco (Nicotiana tabacum) leaves
were coinfiltrated with agrobacteria harboring binary vectors
constitutively expressing constructs of MIR157d and HY5 59-
UTR (91 to 192 bp) fused with GFP cDNA (HY5-GFP) (Figures
6B and 6C). The miR156a, which shares high sequence
identity with miR157d, with only two additional mismatches
within the targeting region on the HY5 59-UTR, and mHY5-
GFP carrying mutations in miR157d target site were used as
controls (Figures 6B and 6C). The HY5-GFP transcript level
was specifically suppressed by miR157d but not miR156a
(Figure 6D). Moreover, mHY5-GFP was resistant to miR157d
(Figure 6D), which suggests that there is specific targeting of
HY5 59-UTR by miR157d.

HEN1 and HY5 Form a Negative Feedback Regulatory Loop
in Photomorphogenic Arabidopsis

To examine whether HEN1 executes its negative roles in pho-
tomorphogenesis at least in part by regulating the level of
miR157d, we first examined the accumulation of miR157d in the
hen1-1 mutant. Consistent with previously investigated miRNAs
in hen1 mutants (Li et al., 2005), miR157d showed only a trace
uridylated signal, which confirms that the accumulation of
miR157d depended on functional HEN1 (Supplemental Figure
9). Furthermore, miRNA-specific profiling of the small RNAs
in deetiolating seedlings indicated that light enhanced the
accumulation of miR157d in photomorphogenic Arabidopsis
(Figure 7A).
With HY5 as a direct target of miR157d (Figure 6), its tran-

script level is expected to be increased in the hen1 mutant,
which has a reduced level of miR157d. Indeed, the light-
induced expression of HY5 was further elevated in the hen1-1
mutant as compared with the wild type (Ler) under photo-
morphogenesis (Figure 7B). The increased HY5 mRNA level
also resulted in higher HY5 protein level in hen1-1 than Ler
seedlings throughout the photomorphogenic process (Figure 7C;

Figure 6. HY5 Transcript Is Targeted by miR157d.

(A) The sequence in red represents the pairing region between miR157d
and the 59-UTR of HY5mRNA. Numbers and vertical arrows indicate HY5
cleaved ends validated by 59 RACE. Straight lines and “o” symbols
represent perfect matches and G-U matches, respectively. The enriched
signature for HY5 in the PARE database is underlined. SNP frequency for

HY5 in 513 Arabidopsis tracks summed using a 10-bp sliding window
across the HY5 cDNA.
(B) The HY5 59-UTR (91 to 192 nucleotides; gray box) containing the
miR157d pairing region (102 to 120 nucleotides) was fused with GFP
cDNA to generate the 35S:HY5-GFP construct for N. benthamiana co-
infiltration assays with 35S:MIR156a or 35S:MIR157d. The pairing region
(sequences in red) of HY5-GFP was mutated (nucleotides underlined)
to generate 35S:mHY5-GFP. Horizontal arrows indicate primer binding
sites for GFP qRT-PCR analysis.
(C) RNA gel blot analyses of miR156a and miR157d transcripts in co-
infiltration assays. DNA oligos used for each blot are indicated to the left
of each blot. 5S rRNA and tRNA levels are loading controls. Each sample
contained 2 mg total RNA.
(D) qRT-PCR analysis of HY5-GFP and mHY5-GFP transcripts. **HY5-
GFP level reduced only when coinfiltrated with 35S:MIR157d as com-
pared with 35S:MIR156a (P < 0.01, Student’s t test; n = 6). Data are
mean 6 SE from two biological replicates (each with three technical
replicates).
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Supplemental Figure 10). The increased level of the positive
regulator HY5 could enhance the light sensitivity of the hen1
mutant, which is consistent with the light-hypersensitive phe-
notype of hen1 (Figures 1 and 2).

By contrast, in the MIR157d-overexpression line (MIR157dox;
Supplemental Figure 11), HY5 transcript and protein levels were
reduced (Figures 8A and 8B; Supplemental Figure 12). As ex-
pected, MIR157dox plants showed light hyposensitivity as
compared with the wild type (Col-0) (Figure 8C). To further
examine whether the light hyposensitivity of MIR157dox was
due to reduced accumulation of HY5, we introduced a miR157d-
resistant HY5 overexpression construct (mHY5 as in Figure 6B)
into MIR157dox (denoted mHY5/MIR157dox). As expected, HY5

was overaccumulated in deetiolating mHY5/MIR157dox seed-
lings (Figure 8D). In contrast to the parental line (MIR157dox),
mHY5/MIR157dox lines were light hypersensitive, and the degree
of light hypersensitivity was proportional to HY5 protein levels in
three independent mHY5/MIR157dox lines (Figure 8D). We can-
not entirely rule out that miR157d may target additional positive
regulators of photomorphogenesis. However, our results clearly
indicated that the light hyposensitivity of MIR157dox seedlings
could be rescued if HY5 protein levels were manipulated to
increase (Figure 8D).
Taken together, HEN1 has a negative regulatory role on HY5

expression via the action of miR157d. Together with our find-
ings of HY5-dependent upregulation of HEN1 (Figure 3), this
demonstrates that HY5 and HEN1 form a negative feedback
regulatory loop in photomorphogenesis.

miR319 Regulates the Expression of Negative Regulators of
Arabidopsis Photomorphogenesis

Because HEN1 is required for general miRNA biogenesis, the
light hypersensitivity observed in the hen1 mutants could be
a combined result of the actions of multiple miRNA-target
pairs affecting photomorphogenesis. We wondered whether
additional miRNAs or miRNA target genes played roles in
photomorphogenesis regulation. Five TCPII subfamily transcrip-
tion factor genes, TCP2, 3, 4, 10, and 24, are known targets of
miR319 (Jones-Rhoades et al., 2006). Ectopic expression of
TCP2/3/4 with mutated miR319 target sites results in light-
hyposensitive phenotypes, so TCP2/3/4 are hypothesized to
be negative regulators of hypocotyl elongation (Palatnik et al.,
2003; Koyama et al., 2007; Zhao et al., 2013). We confirmed the
presence of a miR319-mediated cleaved signature for tran-
scripts of a selected TCPII gene, TCP24, in photomorphogenic
Arabidopsis (Figure 9A). The expression of both MIR319 and
TCPII family members (TCP2/3/4/10/24) was transiently upre-
gulated by light (Figures 9B and 9C).
The induction of MIR319 by light has the potential to re-

duce the expression of TCPs. To assess the role of miR319
on photomorphogenesis, we analyzed MIR319a overexpression
lines, jaw-D mutants (Palatnik et al., 2003), known to show re-
duced expression of TCPII members (Nag et al., 2009). Because
TCPs are negative regulators in hypocotyl elongation, their
reduced levels may confer Arabidopsis seedlings with light hy-
persensitivity. Indeed, multiple alleles of jaw-D mutants showed
a light hypersensitive phenotype (Figure 9D).

Temporal Expression Adjustment of HEN1, HY5, and TCP24

To elucidate the regulatory relationship between HEN1, HY5, and
TCP24 in deetiolating Arabidopsis seedlings, we examined their
expression by time-course analysis. The positive regulator HY5
quickly responded to light signals, followed by the two negative
regulators, HEN1 and TCP24 (Figure 10A). This finding suggested
that in deetiolating seedlings, positive regulators such as HY5
could efficiently transmit the light signals in a timely manner. With
time, negative regulators such as HEN1 and TCP24 are expressed
to attenuate the actions of the positive regulator(s), so the light
responses could be properly fine-tuned and/or optimized.

Figure 7. Light Responsiveness and Regulatory Roles of miR157d on
HY5 during Photomorphogenesis.

(A) The light responsiveness of miR157d. TPM, transcripts per million.
(B) qRT-PCR analysis of the mRNA level of HY5 in wild-type (Ler) and
hen1-1 mutant seedlings with UBQ10 as an internal control. The ex-
pression was normalized to that of the corresponding genotype at 0 h.
Data are mean 6 SD from three biological replicates (each with three
technical replicates).
(C) Representative immunoblot analysis of HY5 protein level in the wild
type (Ler) and hen1-1 during photomorphogenesis with tubulin (TUB) as
a loading control.
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We also examined the expression behaviors of HEN1, HY5,
and TCP24 in response to various light fluence rates. Light at
lower fluence rate could trigger the expression of all three genes
(Figure 10B). High light fluence rate further boosted the ex-
pression of HY5 but not TCP24 (Figure 10B). The higher ex-
pression ratio of positive to negative regulators may contribute
to the exaggerated light responses under high light intensity.

DISCUSSION

HEN1 Is a Negative Regulator That Functions to Attenuate
Light Signals during Photomorphogenesis in Arabidopsis

As a key enzyme in miRNA/small interfering RNA biogenesis,
HEN1 likely functions to stabilize small RNA species that target
the mRNAs of key regulators for degradation in light signaling
pathways. From our observations, we postulate a light signaling
pathway involving HEN1 in regulating Arabidopsis photomor-
phogenesis (Figure 11). Briefly, in wild-type Arabidopsis, envi-
ronmental B, R, and FR light signals could be perceived by the
photoreceptors cry1/cry2/phyA, phyB, and phyA, respectively.
The light signals primarily converge at HY5 and HYH to induce
the expression of HEN1, which is needed to stabilize and
increase the levels of miRNAs, including but not limited to
miR157d and miR319. With the progression of deetiolation,
miR157d and miR319 could trigger miRNA-mediated cleavage
of HY5 and TCP mRNAs. This process helps to reduce or shape
the temporal expression kinetics of these genes to properly at-
tenuate the actions of both the positive (HY5) and the negative
(TCPs) regulators of photomorphogenesis (Figure 11).
Our observations also reveal the complex nature of photo-

morphogenic development driven by a regulatory cascade or
network of intertwined positive and negative regulators. HEN1
may stabilize miRNAs to prevent the overproduction of these
regulators, for an antagonistic balance between positive and
negative regulators. Nevertheless, the light-hypersensitive

Figure 8. The Effect of MIR157d Overexpression on Photomorphogenesis.

(A) RNA gel blot analysis of HY5 with 5 mg total RNA from 4-d-old eti-
olated Col-0 and MIR157dox seedlings exposed to W (50 mmol m22 s21)
for the times indicated. The level of rRNA was a loading control. Numbers
below the blot indicate HY5 level relative to the rRNA in each sample.
One representative blot from three independent biological replicates is
shown.
(B) Representative immunoblot analysis of HY5 in wild type (Col-0) and
MIR157d overexpression line (MIR157dox) during photomorphogenesis
with TUB as a loading control.
(C) Hypocotyl lengths of MIR157dox seedlings under Wc of indicated
fluence rates. Data are mean 6 SE. *Significantly different from wild-type
Arabidopsis (Col-0) (P < 0.01, Student’s t test; n = 13 to 15).
(D) Box plots (n = 65 to 98) show hypocotyl lengths of the wild type
(Col-0), MIR157dox, and three independent mHY5/MIR157dox lines
grown for 4 d under Wc (5 mmol m22 s21). The top, middle, and bottom
of the box represent the 25, 50, and 75 percentiles, respectively, and
the top and bottom black lines are the 10th and 90th percentiles, re-
spectively. HY5 levels in etiolated seedlings exposed to Wc (50 mmol
m22 s21) for 6 h were determined by immunoblot analysis with TUB as
a loading control.
[See online article for color version of this figure.]
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phenotype of hen1 suggests that the more predominant role of
HEN1 is to desensitize positive regulators in the light signaling
pathway.

Accumulation of HEN1 Transcripts in
Early Photomorphogenesis

Our data indicate that the full light responsiveness of HEN1
depends on the photoreceptors phyA, phyB, cry1, and cry2
(Figures 3A to 3D). HY5 and HYH are the primary positive
regulators that convey the light signal to induce HEN1 ex-
pression during early photomorphogenesis (Figure 3F). How-
ever, the promoter region of HEN1 contains no putative HY5
binding cis-element such as a G-box (CACGTG) or ACE box
(ACGT-containing element) (Chattopadhyay et al., 1998; Shin
et al., 2007). A recent HY5 ChIP-chip experiment also did not
reveal HEN1 (Lee et al., 2007). Thus, HEN1 is likely not the
immediate target of HY5. The normal light-induced expression
of HEN1 in the b-box-containing protein 22/light-regulated
zinc finger protein1 (bbx22/lzf1) mutant excluded BBX22/
LZF1, a HY5-dependent positive regulator of photomorpho-
genesis (Chang et al., 2008), as responsible for HEN1 activa-
tion. Revealing the immediate transcription factor(s) governing
the light responsiveness of HEN1 awaits the identification of
more positive regulators in the HY5 lineage of the light-signaling
pathway.

miRNA-Mediated Posttranscriptional Regulation in
Photomorphogenic Arabidopsis

Etiolated hen1-1, hyl1, and hst seedlings have short hypocotyls
(this study; Lu and Fedoroff, 2000; Bollman et al., 2003). How-
ever, these mutants still exhibit light-hypersensitive pheno-
types by showing exaggerated light-mediated inhibition of
hypocotyl elongation (Figure 1; Supplemental Figure 2). Be-
cause photomorphogenesis is normal for mutants defective in
a ta-siRNA biogenesis pathway (Figure 4), miRNAs may play
a more prominent role in the posttranscriptional regulation of
photomorphogenesis.
We observed that the expression of miR157d and miR319

was increased by light in deetiolating seedlings (Figures 7 and
9). Such upregulation could be accomplished by increasing the
transcription of primary transcripts of the MIR genes, by en-
hancing the capability of the processing complex to generate

Figure 9. Light Responsiveness and Regulatory Role of miR319 in TCP
Levels in Photomorphogenic Arabidopsis.

(A) 59-RACE analysis of the cleavage site of TCP24 mRNA within the
TCP24-miR319c duplex.
(B) The light responsiveness of miR319 members.
(C) qRT-PCR analysis of the mRNA level of TCP genes. The expression
of each gene under W light at times indicated was normalized to that
of UBQ10 and was relative to that of etiolated seedlings (0 h). Data
are mean 6 SE from two biological replicates (each with two technical
replicates).
(D) The hypocotyl lengths of different allelic jaw-D mutant seedlings
under Wc of the indicated fluence rates normalized to the length under
the dark. Data are mean 6 SE. * and **, significantly different from wild-
type Arabidopsis (Col-0) (P < 0.05 and P < 0.01, Student’s t test; n = 24 to
27).
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more precursors of miRNAs, stabilization, and/or transport of
miRNAs. Among genes essential for the miRNA biogenesis
pathway, only the HEN1 transcript is upregulated by light
(Supplemental Figure 3). By artificially increasing the level of
HA-HEN1 protein in dark-grown seedlings, miR157d/319 lev-
els were increased (Figure 5C). This finding is indicative of
a rate-limiting role for HEN1 in the biogenesis of these two
miRNAs in young seedlings. Thus, the light responsiveness of
HEN1 expression may serve as a signal to boost the bio-
genesis of miRNAs during early deetiolation. The increased
miR157d and miR319 expression then imposes posttrans-
criptional regulation of gene expression in photomorphogenic
Arabidopsis.

A future goal is to reveal additional miRNA-mRNA pairs that
together achieve an optimized equilibrium of positive and neg-
ative regulators in deetiolating Arabidopsis. This investigation
will require a comprehensive profiling of both mRNA and small
regulatory RNAs and pairwise functional characterizations dur-
ing photomorphogenic development.

METHODS

Plant Materials and Growth Conditions

Seeds of hyl1-2 (Song et al., 2007), hst-3 (Bollman et al., 2003), hst-6
(Bollman et al., 2003), rdr6-11 (Peragine et al., 2004), sgs3-11 (Peragine
et al., 2004), hen1-5 (SALK_049197) (Vazquez et al., 2004), hen1-6
(SALK_090960) (Li et al., 2005), hy5-1 (Koornneef et al., 1980), cry1
(Koornneef et al., 1980), phyA-201 (Nagatani et al., 1993), phyB-5 (Reed
et al., 1993), jaw-1D (CS6948), jaw-2D (CS6949), jaw-3D (CS6950), and
jaw-4D (CS6951) mutants were obtained from the ABRC. The mutants
hen1-1 (Park et al., 2002), phyA cry1 cry2 (Duek and Fankhauser, 2003),
cop1-4/cop1-6 (McNellis et al., 1994), and hy5 hyh (Holm et al., 2002) were
kindly provided by Xuemei Chen, Christian Fankhauser, Hsu-Liang Hsieh,
and Christian Hardtke, respectively.

Seeds of Arabidopsis thaliana Col-0, Ler, and mutant plants were
germinated on half-strength Murashige and Skoog medium with 0.8%
agar and stratified at 4°C in the dark for 3 d, exposed to white light for 4 h
to induce germination, and placed in the dark at 22°C for 20 h. For

measuring hypocotyl length after light treatments, seedlings were moved
to 22°C growth chambers for 4 d under various light conditions. Control
seedlings were kept in the dark for 4 d. For HEN1 expression analysis,
cold-stratified seeds were allowed to grow in the dark for 4 d at 22°C, then
treated with light for the times indicated. LED light sources (Daina
Electronics) were used for B (4706 30 nm), R (6606 25 nm), and FR light
(730 6 25 nm). Fluence rates used for measuring hypocotyl length under
W, B, R, or FR light are in Figures 1, 4, 8, and 9 and Supplemental Figures
2, 5, 6, and 7. Hypocotyl length was analyzed using ImageJ (Schneider
et al., 2012). The fluence rate was measured with use of an LI-250
radiometer (LI-COR).

Apical Hook and Antigravitropism Measurement

Seeds were germinated on a vertical plate in the dark for 24 h before
seedlings were photographed every hour. The angle of curvature of the
hook was measured as described (Vandenbussche et al., 2010). For the
antigravitropism analysis, seedlings were grown on a vertical plate in the dark
for 4 d before the plate was rotated for 90° and photographed every
30 min. The hypocotyl curvature from antigravitropism was measured
using HypoPhen (Kami et al., 2012).

Anthocyanin Quantification

Ler and hen1-1 seedlings were grown for 4 d on half-strength Murashige
and Skoog media containing 0.8% agar and sucrose at the indicated
concentrations (Figure 2B) under 16 h light/8 h dark to enhance antho-
cyanin accumulation. Whole seedlings were collected and weighed for
anthocyanin extraction and quantification as described (Lange et al.,
1971).

RNA Isolation and Detection

Total RNAwas isolated from seedlings by the pine-treemethod as described
(Chang et al., 1993) or with the mirVana miRNA isolation kit (Ambion). First-
strand cDNA was synthesized and used for quantitative RT-PCR (qRT-PCR)
as described (Wu et al., 2008) with the gene-specificprimers in Supplemental
Table 1. Small RNA gel blot analysis was performed as described (Chiou
et al., 2006) with the miRNA-specific oligos in Supplemental Table 1. Signal
intensities in Figures 5B and 5C and Supplemental Figure 12 were analyzed
using ImageJ (Schneider et al., 2012).

Figure 10. Responsiveness of HY5, TCP24, and HEN1 to Light over Time and Fluence Rates during Deetiolation.

(A) qRT-PCR analysis of the mRNA levels of HY5, TCP24, and HEN1 in deetiolating seedlings of the wild type (Col-0) at the indicated times of exposure
to W (100 mmol m22 s21). Relative expression of each gene was normalized to that of UBQ10 and was relative to that of etiolated seedlings.
(B) qRT-PCR analysis of HY5, TCP24, and HEN1 expression in deetiolating Col-0 seedlings exposed to the indicated fluence rates for 6 h.
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For RNA gel blot analyses ofHEN1 and HY5 transcripts, total RNA was
isolated from seedlings by the PureLink Plant RNA Reagent method
(Invitrogen). Five micrograms of total RNA was separated on 1% form-
aldehyde agarose gel and transferred to positively charged nylon
membrane (GE Healthcare). HEN1 and HY5 cDNAs were amplified with
specific primers (Supplemental Table 1) and used as templates for probe
labeling.

Validation of miRNA-Directed Cleavage on Targets

Modified 59RACEwith the GeneRacer Kit (Invitrogen) was used to validate
cleavage sites on transcripts of HY5 and TCP24. The primers for 59 RACE
are in Supplemental Table 1.

Analysis of Frequency of SNPs

We used theArabidopsis 1001 Genomes database (http://signal.salk.edu/
atg1001/3.0/gebrowser.php) for analysis of HY5 SNPs from multiple
sequence alignments of 513 Arabidopsis tracks (available on April 29,
2013). The SNP frequency was calculated for each position in HY5 exon
regions by comparingHY5 sequences from different tracks to that of Col-0.

Construction of MIR Genes, HY5-GFP/mHY5-GFP Reporters, mHY5
cDNA, and XVE:HA-HEN1 System

MIR156a and MIR157d were amplified from Arabidopsis genomic DNA
with corresponding forward and reverse primers (Supplemental Table 1)
and inserted into the pBIN61 vector digested by XbaI and SmaI and under
the control of the 35S promoter. The fragment of MIR157d driven by the
35S promoter was subcloned into the HindIII site of the pCAMBIA 1390
binary vector to generate MIR157dox line in Arabidopsis (Col-0). For the
HY5-GFP reporter, HY5 59-UTR (91 to 192 bp) containing the miR157d
pairing region was amplified withHY5-59UTR forward and reverse primers
(Supplemental Table 1) and fused to the N terminus of GFP, andHY5-GFP
fragment was excised by XbaI and SmaI and inserted in the pBIN61 vector
to generate the HY5-GFP reporter. The miR157d-pairing region on the
HY5-GFP reporter was further mutated by site-directed mutagenesis with
HY5-59UTRm forward and reverse primers (Supplemental Table 1) to
generate the mHY5-GFP reporter. This mutated 59-UTR was introduced
by RT-PCR with primers HY5-59UTRm-XbaI-F and HY5stop-EcoRI-R
(Supplemental Table 1) to generate mHY5 cDNA. The XbaI-EcoRI mHY5
cDNA fragment was inserted into a Basta resistance (bar)-modified
pCAMBIA 1390 under the control of the 35S promoter. The HEN1 ge-
nomic DNA fragment containing the entire coding region was amplified
with primers in Supplemental Table 1. The HEN1 genomic DNA was
inserted into a modified pER10-bar digested byKpnI and SpeI to generate
a 33HA epitope translationally fused HEN1 fragment in the XVE:HA-
HEN1 construct for XVE-induction inArabidopsis (Col-0) (Zuo et al., 2006).

Nicotiana benthamiana Transient Expression

Transient expression assay was performed as described (Voinnet et al.,
2003). Leaves of 4-week-old N. benthamiana were coinfiltrated with
cultures of Agrobacterium tumefaciens (C58C1) carrying MIR157d (or
MIR156a) and HY5-GFP (or mHY5-GFP) reporter. Agrobacteria were
brought to OD600 = 1.0 for input by mixing MIR and reporter cultures in
a 9:1 ratio. Infiltrated tissues were collected after 3 d, and total RNA was
isolated for small RNA gel blot and qRT-PCR analyses.

XVE:HA-HEN1 Induction

The T2 seed populations from independent transgenic lines of XVE:HA-
HEN1 (Col-0) were germinated on the growth medium described above
containing phosphinothricin (10 mg/µL) for the selection. The seeds were
allowed to grow in the dark at 22°C for 3 d and transferred into 20 mL
3 mM MES buffer (pH 5.7) containing 0, 0.1, 1, or 10 mM b-estradiol
dilutions carried by 20 mL DMSO for 24-h dark induction before collection
for HA-HEN1 and miRNA analyses.

Sequencing of Small RNAs

Four-day-old etiolated Arabidopsis seedlings were treated with white light
(100mmol m22 s21) for 0, 1, 3, 6, 12, and 24 h. Total RNAwas isolated with
the mirVana miRNA isolation kit. The size-fractionated small RNAs were
used to generate libraries for sequencing by the Illumina platform. Se-
quencing readsmapped tomiR157d andmiR319a/b/c were normalized to
the total reads and extracted for profiling the light responsiveness in the
deetiolation process.

Figure 11. Diagram Depicting the Regulation and Function of HEN1 in
Light Signal Transduction in Early Photomorphogenesis in Arabidopsis

The light-induced expression of HEN1 depends on the photoreceptors
and positive regulators HY5/HYH. The increased HEN1 in photomor-
phogenic seedlings leads to the accumulation of miR157d and miR319
to fine-tune the expression patterns of both positive and negative reg-
ulators of photomorphogenesis. During early photomorphogenic de-
velopment, miR157d targets HY5 transcript for degradation, resulting in
a negative feedback regulatory loop between HEN1 and HY5. miR319
negatively regulates the expression of TCP24, a negative regulator of
photomorphogenesis.
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Immunoblot Analyses

Total protein was extracted from 4-d-old etiolated seedlings as described
(Chang et al., 2011) at different times of W light treatment. HY5 protein
was detected by polyclonal anti-HY5 antibody (Liu et al., 2012). HA-
tagged HEN1 protein was detected by incubation with the antibodies
mouse monoclonal anti-HA (H3663; Sigma-Aldrich) or pig polyclonal anti-
HEN1 (Yang et al., 2007). Endogenous a-tubulin was detected by in-
cubation with a mouse monoclonal anti-a-tubulin antibody (T5168;
Sigma-Aldrich).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative data library with the following locus identifiers: HYL1 (At1g09700),
HEN1 (At4g20910), HST (At3g05040), PHYA (At1g09570), PHYB
(At2g18790),CRY1 (At4g08920),CRY2 (At1g04400),HY5 (At5g11260),HYH
(At3g17609), COP1 (At2g32950), RDR6 (At3g49500), SGS3 (At5g23570),
TCP2 (At4g18390), TCP3 (At1g53230), TCP4 (At3g15030), TCP10
(At2g31070), TCP24 (At1g30210), MIR156A (At2g25095), MIR157D
(At1g48742), MIR319A (At4g23713), MIR319B (At5g41663), and MIR319C
(At2g40805).
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Supplemental Figure 2. Skotomorphogenesis and Photomorphogen-
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Supplemental Figure 3. The Transcript Level of HEN1 Is Light
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Supplemental Figure 4. Molecular Characterization of hen1-5 and
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