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What determines the rate at which a multicellular organism
matures is a fundamental question in biology. In plants, the
decline of miR156 with age serves as an intrinsic, evolutionarily
conserved timer for the juvenile-to-adult phase transition. How-
ever, the way in which age regulates miR156 abundance is poorly
understood. Here, we show that the rate of decline in miR156 is
correlated with developmental age rather than chronological age.
Mechanistically, we found that cell division in the apical meristem
is a trigger for miR156 decline. The transcriptional activity of
MIR156 genes is gradually attenuated by the deposition of the
repressive histone mark H3K27me3 along with cell division. Our
findings thus provide a plausible explanation of why the matura-
tion program of a multicellular organism is unidirectional and irre-
versible under normal growth conditions and suggest that cell
quiescence is the fountain of youth in plants.

miR156 j age j developmental timing j cell division

Multicellular organisms undergo several developmental
transitions during their life cycles (1). Why these transi-

tions are unidirectional and how the rate of these transitions is
determined are biological mysteries. Previous studies have
shown that both animals and plants utilize a microRNA
(miRNA) timer in regulating their developmental transitions.
In Caenorhabditis elegans, gradual increases in let-7 and lin-4
promote the exit from the juvenile phase (2–4). Analogously,
the progressive decline in miR156 triggers the appearance of
adult traits in plants (5–8). Although the downstream events of
these miRNAs have been extensively studied, how age regulates
let-7 and miR156 abundance is poorly understood.

In the aerial parts of flowering plants, all organs including
leaves, stems, and flowers originate from a small population of
stem cells embedded in the shoot apical meristem (SAM). New
leaf primordia are continuously produced in a regular spatial
and temporal order on the flanks of the SAM. The gradual
changes in morphological and anatomical traits in the succes-
sive leaves serve as visible markers of juvenile-to-adult phase
transitions (8). It has been shown that overexpression of
miR156 prolongs the juvenile phase, whereas blocking the func-
tion of miR156 leads to a precociously maturing phenotype
(5, 9). Notably, the function of miR156 in the maintenance of
juvenility is evolutionally conserved. For example, elevation of
miR156 drastically prolonged juvenile phase in maize, rice, and
poplar trees (10–13).

miR156 is transcribed from eight genes in Arabidopsis thaliana
(14). Earlier reports have shown that the MIR156A and
MIR156C genes play dominant and redundant roles within the
gene family in Arabidopsis (15). The transcriptional regulation of
these two MIR156 genes has been extensively studied. It has
been proposed that sugar promotes vegetative phase change by
repressing the expression of MIR156A/C (16–18). In addition,

diverse exogenous cues such as temperature (19), phosphate
availability (20), and CO2 concentration (21) can modulate
miR156 levels. Furthermore, the transcription factors including
FUSCA3, VIVIPAROUS/ABI3-LIKE1 (VAL1)/VAL2, AGL15/
18, and MYB33 regulate the abundance of miR156 by directly
binding to the promoter regions of MIR156A/C (22–25).

Emerging data also suggest that the decrease of miR156
expression is temporally correlated with an increase in the
amount of H3K27me3 at the MIR156A/C loci in Arabidopsis
(26). The increase in H3K27me3 is associated with an increase
in the amount of POLYCOMB REPRESSIVE COMPLEX2
components, CURLY LEAF and SWINGER (SWN), bound to
these genes. Consistently, it has been shown that loss of func-
tion of the PRC1 component leads to the up-regulation of
MIR156A/C expression at the time the levels of miR156 should
decline, resulting in an extended juvenile phase and delayed
flowering (27). Furthermore, the SWI2/SNF2 chromatin
remodeling ATPase BRAHMA and SWN act antagonistically
at the nucleosome level to fine-tune the temporal expression of
miR156 to regulate vegetative phase change (28).

Based on these previous findings, there are two primary possi-
bilities to explain how miR156 declines with age. One possibility
is that silencing of MIR156 genes occurs in a time-dependent
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manner, such that chromatin state in a single cell differs over
time. Similar scenario has been reported for the repression of
FLC during vernalization (29). Alternatively, inactivation of
MIR156 genes operates in a cell division–dependent manner,
such that chromatin state progresses in a single direction, within
cell lineages with each division. Here, we used live imaging and
developmental genetics to distinguish between these two possi-
bilities. Our results demonstrate that cell division in the apical
meristem is a trigger for miR156 decline. The transcriptional
activity of MIR156C is gradually attenuated by the deposition of
the repressive histone mark H3K27me3 along with cell division.
These findings offer fresh mechanistic insights into how miR156
level is regulated in an age-dependent manner and provide a
plausible explanation of why the maturation program of a multi-
cellular organism is unidirectional and irreversible under normal
growth conditions.

Results
The miR156 Rate of Decline Is Correlated with Developmental Age.
We generated a MIR156C reporter using nuclear-localized
green fluorescence protein (GFP-N7) as readout. The
MIR156C genomic fragment used in the reporter construct was
able to rescue the precocious phenotype of the mir156a
mir156c double mutant (SI Appendix, Fig. S1), suggesting that
this fragment harbors all of the regulatory elements. Time-
course analyses of the MIR156C reporter showed that green
fluorescence was strongest in cotyledons, markedly reduced in
the first two true leaves (first and second leaves), and

subsequently decreased in the third and fourth leaf primordia
(Fig. 1 A and B). This expression pattern was consistent with
published data (15) and with our qRT-PCR results (Fig. 1 C
and D). Thus, the MIR156C reporter mimics the endogenous
expression pattern of MIR156C and enables us to investigate
MIR156C expression at cellular resolution.

Plants grow more slowly in short days than in long days. As
such, the emergence of the first and second leaf primordium
was delayed under short-day conditions (Fig. 1 A and B and SI
Appendix, Fig. S2A). If the miR156 level is regulated by chro-
nological age, we would expect that the magnitude of the
miR156 decline in the first and second leaf primordium in
plants grown in short days would be higher than in plants
grown in long days. In contrast to this speculation, the magni-
tude of the decrease in miR156 and the MIR156C reporter in
the first and second leaf was comparable between plants grown
in long days and short days (Fig. 1 C and D and SI Appendix,
Table S1). To confirm this finding, we crossed the MIR156C
reporter plant with the kluh/cyp78a5 and hookless (hls)
mutants, in which the time that elapses between the formation
of primordia is shortened (SI Appendix, Fig. S2A) (30). The
analyses of both mutants gave similar results (SI Appendix, Fig.
S2B). For example, although the hls mutant initiated the third
leaf ∼2 d earlier than the wild-type, the GFP-N7 fluorescence
in the third leaf declined with the same magnitude despite the
genetic background (SI Appendix, Fig. S2 B and C). Taken
together, these results indicate that the miR156 rate of decline
is correlated with developmental age rather than chronological
age.

Fig. 1. The rate of MIR156C decline is correlated with developmental age rather than chronological age. (A and B) Expression of the pMIR156C:GFP-N7
reporter in plants grown in long days (A) and short days (B). Dashed lines mark the successive rosette leaves (L1 to L4). GFP-N7 fluorescence of the same
plant was examined. The day when the cotyledon was examined is defined as Day 0. (Scale bars, 1.0 mm.) (C and D) Quantification of GFP-N7 messenger
RNAs (mRNAs) (C) and miR156 levels (D) in pMIR156C:GFP-N7 transgenic plants by qRT-PCR. Plants were grown in long days or short days as in A and B.
The days when cotyledon and leaf were harvested are listed in SI Appendix, Table S1. C, cotyledon; L1&L2, L3, and L5, the first and second, third, and fifth
leaves. Two biological replicates were performed. Error bars indicate the sem. (E) Expression of pCYCB1;2:dBox-dsRED in the shoot apex. Plants were
grown in short days. Dashed lines mark the outline of the SAM. (Scale bars, 50 mm.) (F and G) Expression of the pMIR156C:GFP-N7 pAT2G18020:H2B-
mCherry dual reporter in the shoot apex. Plants were grown in short days. Homozygous pMIR156C:GFP-N7 and pAT2G18020:H2B-mCherry reporter plants
were crossed, and the resulting F1 plants were examined at different time points as indicated. The zoom-in of the SAM region is shown in G. C, cotyledon;
L, rosette leaf. Dashed lines mark the outline of the SAM. (Scale bars, 50 mm.)
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The Decline in MIR156C and miR156 Is Coupled to Cell Division in
the SAM. Because the developmental age of a plant is deter-
mined by the rate of lateral organ formation, we postulate that
the decline in miR156 is directly coupled with cell division in
the SAM. To test this hypothesis, we performed a time-course
analysis of the MIR156C reporter at cellular resolution in the
SAM. The Arabidopsis vegetative SAM consists of three distinct
functional domains. The central zone (CZ) is located at the
summit of the SAM and contains the stem cell population.
Stem cell division replenishes the CZ and displaces the daugh-
ter cells outward into the peripheral zone (PZ), where new
organs are initiated. Beneath the CZ and PZ is the rib zone
(RZ), the cells of which are largely mitotically inactive in the
juvenile phase but actively divide and contribute to the
formation of the stem and vasculature tissues after the floral
transition (SI Appendix, Fig. S3C) (31–33). Analysis of a cell
division reporter (pCYCB1;2:dBox-dsRED) revealed active cell
division in both the CZ and PZ as well as developing leaf pri-
mordia after seed germination, whereas the cells in the RZ
were mostly quiescent during the vegetative phase (Fig. 1E).

During embryogenesis, apical meristem cells are quiescent
(i.e., a reversible state of a cell in which it does not divide but
retains cell proliferation potential) until germination. The tran-
scription of MIR156C did not decline during embryogenesis (SI
Appendix, Fig. S3 A and B). To eliminate the possibility that
two copies of the pMIR156C:GFP-N7 transgene were differen-
tially expressed in single cells (34), we crossed pMIR156C:GFP-
N7 with the pAT2G18020:H2B-mCherry plant in which the
Histone 2B (H2B)–mCherry fusion protein is expressed from
the ubiquitous AT2G18020 promoter. The resulting F1 plants
were used for confocal imaging.

Two days after sowing (DAS), uniform expression of GFP-N7
was observed in the shoot apex (SI Appendix, Fig. S3D). Nota-
bly, the GFP-N7 fluorescent signals in the first and second leaf
primordia were comparable to those in the meristematic cells
in the PZ (SI Appendix, Fig. S3D). Along with cell division in
the SAM, we observed an evident decrease in MIR156C tran-
scription in the CZ and PZ (Fig. 1 F and G), although it
remained largely unchanged in the cells at the RZ (Fig. 1 F and
G). Since the cells in the CZ divide slower than those in the PZ
(35), the decline in GFP-N7 was moderately attenuated in the
CZ (SI Appendix, Fig. S3 E and F).

To further confirm this result, we generated two miR156 sen-
sor plants in which GFP-N7 fused with the 30 untranslated region
(30 UTR) of SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE3 (SPL3) was expressed under control of the UBQ10
promoter (pUBQ10:GFP-N7-SPL3 30UTR) or AT2G18020
(pAT2G18020:GFP-N7-SPL3 30UTR). The miR156-targeted site
in the SPL3 30UTR enables GFP-N7 to be regulated by endoge-
nous miR156. Consistent with the above results, the analyses of
the miR156 sensors at 10 DAS revealed that miR156 was
expressed at low levels in the SAM and developing leaves where
cell division is active but accumulated to a high level in the RZ
cells which are largely quiescent in the vegetative phase (SI
Appendix, Fig. S4 A and B). Thus, these data collectively support
our hypothesis that the decline in MIR156C and miR156 is cou-
pled to cell division in the SAM.

Cell Division Acts as a Proxy for Chronological Age in Regulating
MIR156C Transcription. To further determine how the miR156
level decreases precisely along with cell division at the postem-
bryonic stage, we examined the MIR156C reporter in roots in
which the cell division pattern can be easily traced at temporal
and spatial resolution. Arabidopsis root growth is indeterminate
continual, resulting in stem cell populations at the distal end
and differentiating cells at the proximal end (Fig. 2A). The
stem cells at the root tip undergo several divisions before reach-
ing the elongation zone, whereupon cell division no longer

takes place, and the cells begin to differentiate (36, 37). As
such, the pCYCB1;2:dBox-dsRED reporter was not detectable
at the proximal end but continuously expressed at the distal
end (Fig. 2 B and C). At 2 DAS, the GFP signals of
pMIR156C:GFP-N7 were uniformly distributed throughout the
root (Fig. 2D). Along with cell division, the meristematic cells
at the distal end gradually lost their fluorescence, whereas the
fluorescence in the cells at the proximal end (i.e., root/shoot
junction or collet) slightly decreased before 4 DAS and
remained largely unchanged thereafter (Fig. 2 E and F and SI
Appendix, Fig. S5 A and B). These results were confirmed by
qRT-PCR analyses on GFP-N7 as well as mature miR156 in
pMIR156C:GFP-N7 plants (Fig. 2G) and by quantifying GFP
fluorescence in the miR156 sensor (SI Appendix, Fig. S4 C and
D). Lateral root primordia arise from pericycle cells of the pri-
mary root according to an acropetal sequence. Intriguingly, the
lateral root primordia that develop at the proximal end showed
higher fluorescence than those at the distal end (Fig. 2H and SI
Appendix, Fig. S6), regardless of their different timing of initia-
tion. The GFP signal intensity in the lateral root primordia at
very early developmental stages was similar to that in the sur-
rounding pericycle cells (Fig. 2I). Live imaging further revealed
that the reporter activity was subsequently decreased along
with the development of lateral root primordia (Fig. 2I and
Movies S1 and S2). Hence, these results are consistent with the
aforementioned observations in the SAM and suggest that the
original transcriptional activity of MIR156C is preserved once
the cells become quiescent.

To validate the above conclusion, we grew MIR156C reporter
lines at low temperature (4 ˚C) in which the cell division rate is
slowed (Fig. 3A). In accordance with a decrease in cell division
rate at the root meristem zone, the magnitude of the MIR156C
decline was greatly reduced (Fig. 3 B and C and SI Appendix,
Fig. S8). Moreover, the application of flavopiridol (FVP), a
cyclin-dependent kinase inhibitor that blocks the cell cycle pro-
gression at the G1-S and G2-M phases (38), significantly inhib-
ited cell division and interfered with the decline in MIR156C
transcription at the root tip (Fig. 3 D–F). Another cell cycle
inhibitor, roscovitine (ROS), had a similar but weaker effect on
miR156 expression (SI Appendix, Fig. S7 A–C), possibly due to
insufficient inhibition of cell division (SI Appendix, Fig. S8).
Recent studies have revealed that TARGET of RAPAMYCIN
(TOR) kinase acts as a key regulator of SAM and RAM activa-
tion by integrating light and metabolic signals (39, 40). Upon
treatment with Torin, a TOR inhibitor (41), cell division in the
root meristem ceased, accompanied by a defect in the miR156
decline with age (SI Appendix, Fig. S8 and Fig. 3 G–I). Taken
together, our results indicate that 1) the onset of cell division in
meristematic cells is a trigger for the decline in miR156, 2) the
cell division in the meristematic cells acts as a proxy for chrono-
logical age in regulating MIR156 transcription, and 3) the tran-
scriptional activity of MIR156C is preserved in the quiescent cells.

Deposition of H3K27me3 Contributes to Cell Division–Dependent
Decline of MIR156C. To understand the molecular mechanism
by which age regulates miR156 transcription, we employed a
forward genetics approach by mutagenizing the miR156 sensor
plant, pUBQ10:GFP-N7-SPL3 30UTR. In the wild-type back-
ground, the GFP-N7 signals were weak in the first and second
leaves but strongly elevated in the third and fourth leaves (SI
Appendix, Fig. S9A), in agreement with the expression pattern
revealed by the MIR156C reporter. We identified a mutant
(named 16W2), which showed weak GFP-N7 expression in the
third and fourth leaves (SI Appendix, Fig. S9 B–D). Compared
to wild-type, the transition from the juvenile-to-adult phase was
delayed in 16W2 (SI Appendix, Fig. S9E). Fine mapping by
sequencing revealed that the mutant phenotype was caused by
mutations in two genes (42). The gene on chromosome 2
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encodes ENHANCED MIRNA ACTIVITY1 (EMA1), an
importin beta-like protein that negatively regulates miRNA
activity (43), whereas the gene on chromosome 3 encodes HIS-
TONE DEACETYLASE9 (HDA9), an RPD3-type deacetylase
that is critical for deacetylation of H3K9 (H3K9ac) and H3K27
(H3K27ac) (SI Appendix, Fig. S9F) (44, 45). Analyses of ema1

and hda9 single mutants indicated that both genes contribute
to the mutant phenotype (SI Appendix, Fig. S9 G and H).
Because EMA1 acts as a general factor in regulating miRNA
activity, we focused on the role of HDA9 on miR156 expres-
sion in the subsequent experiments. Plants with mutations
in POWERDRESS (PWR) and HIGH EXPRESSION OF

Fig. 2. Cell division is a trigger for MIR156C decline. (A) Schematic drawing of a wild-type seedling. The proximal and distal regions of the root are indi-
cated. LR, lateral root. (B and C) Expression of pCYCB1;2:dBox-dsRED in the proximal (B) and distal (C) regions of the root. Plants were grown on 0.5× MS
medium, and fluorescence was examined at five time points from 2 to 6 DAS as indicated. (Scale bars, 20 mm.) (D) Expression of the pMIR156C:GFP-N7
reporter at 2 DAS. Plants were grown in long days. (Scale bar, 0.5 mm.) (E and F) Expression of the pMIR156C:GFP-N7 pAT2G18020:H2B-mCherry dual
reporter in the proximal (E) and distal (F) regions of the root. Plants were grown on 0.5× MS medium, and fluorescence was examined at five time points
from 2 to 6 DAS as indicated in B and C. (Scale bars, 20 mm.) (G) Quantification of GFP-N7 mRNAs and miR156 in pMIR156C:GFP-N7 plants by qRT-PCR.
The root proximal and distal regions (∼1.5 mm in length) were harvested. Two biological replicates were performed. Error bars show the SEM. (H) Expres-
sion of the pMIR156C:GFP-N7 pAT2G18020:H2B-mCherry dual reporter during the initiation of lateral root primordia. Three lateral root primordia (LR1 to
LR3) from the proximal to distal regions along the primary root (A) were examined at the same time. Dashed lines mark the outline of lateral root pri-
mordia. (Scale bars, 50 mm.) (I) Snapshots of the live imaging of the pMIR156C:GFP-N7 pAT2G18020:H2B-mCherry dual reporter during the initiation of
lateral root primordia. (Scale bars, 20 mm.)
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OSMOTICALLY RESPONSIVE GENE15 (HOS15), which
encode components in the same histone deacetylase complex
with HDA9 (46), exhibited a similar juvenilized phenotype
(Fig. 4 A and B). The weak phenotype of hda9 was likely
due to the functional redundancy of the histone deacetylase
gene family in Arabidopsis. Indeed, an enhancement of the
juvenilized phenotype was observed in hda6 hda7 hda9
triple-mutant plants (Fig. 4A).

H3K27ac is a mark of active chromatin and is negatively cor-
related with the repressive histone modification marker
H3K27me3 in Arabidopsis (47). As mentioned in the introduc-
tion, emerging data suggest that miR156 expression is positively
correlated with H3K27ac and inversely correlated with
H3K27me3 at the MIR156A/C loci (26). To precisely investigate
the role of cell division and histone modifications in regulating
miR156 and MIR156C expression, we used roots as the experi-
mental system. Compared to the wild-type, the hda6 hda7 hda9
triple mutant did not have an effect on root growth (SI
Appendix, Fig. S10). The decline in GFP-N7 was attenuated in
root tips of the hda6 hda7 hda9 triple-mutant plants compared
to wild-type (Fig. 4C). Consistently, chromatin immunoprecipi-
tation followed by qPCR (ChIP-qPCR) revealed that the
H3K27ac levels at MIR156C locus were higher in hda6 hda7
hda9 plants than in wild-type (Fig. 4D).

To determine whether histone modifications are engaged in
the cell division–dependent decline in miR156, we examined the
temporal–spatial deposition of the H3K27ac and H3K27me3
marks at the MIR156C locus by the chromatin immunoprecipita-
tion followed by sequencing (ChIP-seq). To this end, we har-
vested distal and proximal regions of the roots from wild-type
seedlings of different ages. At 3 DAG, the H3K27ac level at the
MIR156C locus was comparable in the distal and proximal
regions. At 7 DAG, the H3K27ac level was greatly reduced in
the distal region but remained unaltered in the proximal region
(Fig. 4E). A parallel analysis of H3K27me3 levels revealed that
the H3K27me3 mark was progressively deposited at the
MIR156C locus only in the root tip. Notably, H3K27me3 levels
at the MIR156C locus did not change along with time when cell
division in the roots was blocked by FVP treatment (Fig. 4E).
Taken together, the above results suggest that the gradual
decrease in H3K27ac at the MIR156C locus along with cell divi-
sion is accompanied by their transcriptional shutdown. This epi-
genetic change in turn facilitates the binding of Polycomb group
proteins and the deposition of the repressive histone mark
H3K27me3. Consequently, H3K27me3 serves as a transmissible
mark, leading to a mitotically stable repression of MIR156C.

Discussion
Our results suggest that the transcriptional decline in MIR156C
along with cell division in the apical meristem contributes to
plant maturation. This simple model explains why the decline
in miR156 is inevitable. In addition, it provides a plausible
explanation to why the root crown and the stem base (trunk) of
perennial trees remain juvenile both morphologically and phys-
iologically (48). Moreover, it supports the recent findings that
an unexpectedly low number of cell divisions separate apical
from axillary meristems (49–51).

Fig. 3. Inhibition of cell division attenuates the decline of MIR156C. (A and
B) Low temperature reduces root growth rate (A) and attenuates the decline
of MIR156C (B). The pMIR156C:GFP-N7 pAT2G18020:H2B-mCherry dual
reporter seedlings were grown on a vertical 0.5× MS plate for 3 d (3 DAS)
and then transferred to 4 °C for 2 or 4 d. (Scale bars, 0.5 cm in A and 50 mm
in B). (C) Quantification of GFP-N7 mRNAs in the pMIR156C:GFP-N7 reporter
at root distal regions in response to cold treatment by qRT-PCR. Expression
of GFP-N7 before treatment (3 DAS) was set to 1.0. Plants were treated as
described in A. Two biological replicates were performed. Error bars show
the SEM. (D and E) FVP inhibits cell division in roots (D) and attenuates the
decline in MIR156C (E). The pMIR156C:GFP-N7 pAT2G18020:H2B-mCherry
dual reporter seedlings were grown on a vertical 0.5× MS plate for 3 d (3
DAS) and then treated with 10 μM FVP for 2 or 4 d. (Scale bars, 0.5 cm in D
and 50 mm in E.) (F) Quantification of GFP-N7 mRNAs in the pMIR156C:GFP-
N7 reporter at root distal regions in response to FVP treatment by qRT-PCR.
The expression level of GFP-N7 before treatment (3 DAS) was set to 1.0.
Plants were treated as described in D. Three biological replicates were

performed. Error bars show the SEM. (G and H) Torin 2 inhibits cell division
in roots (G) and attenuates the decline in MIR156C (H). The pMIR156C:GFP-
N7 pAT2G18020:H2B-mCherry dual reporter seedlings were grown on a ver-
tical 0.5× MS plate for 3 d (3 DAS) and then treated with Torin 2 for 2 or 4
d. (Scale bars, 0.5 cm in G and 50 mm in H.) (I) Quantification of GFP-N7
mRNAs in the pMIR156C:GFP-N7 reporter at root distal regions in response
to Torin 2 treatment by qRT-PCR. The expression level of GFP-N7 before
treatment (3 DAS) was set to 1.0. Plants were treated as described in G. Two
biological replicates were performed. Error bars show the SEM.
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The coupling of cell division in the SAM and miR156 abun-
dance further explains previous observations that both nutrients
and temperature can affect plant maturation rate (16–18, 21).
It is also interesting to note that growth retardation has recently
been identified as part of a timing system to measure prolonged
cold treatment during vernalization (52), suggesting that the
growth-mediated regulatory mechanism may be widely adopted
for plant developmental transitions. Finally, the contribution of
HDA9 to division-dependent miR156 decline is reminiscent of

replicative aging mediated by the conserved longevity histone
deacetylase Sir2 in yeast (53). Therefore, it will be interesting
to see whether such a paradigm is adopted for the temporal
regulation of let-7 or lin-4 in C. elegans.

The adult plants can be rejuvenated under certain condi-
tions. For example, repeated grafting of adult shoot tips onto
juvenile rootstocks leads to the regaining of juvenile physiologi-
cal and molecular characteristics (54–57). Alternatively, rejuve-
nation can be achieved by severe pruning and in vitro tissue

Fig. 4. HDA9 contributes to cell division–dependent decline in MIR156C. (A) Plant morphology and quantification of the first leaf with abaxial trichomes.
Plants were grown for 28 d in long days. A total 20 plants for each genotype were examined. The data for wild-type were the same as in SI Appendix,
Fig. S1B. The statistically significant differences are determined by ordinary one-way ANOVA (P < 0.05). (Scale bars, 1.0 cm.) (B) Quantification of leaf
length/width ratio. Plants were grown in long days. The ratio of the first, third, fifth, seventh, and ninth leaf was examined. A total 10 plants for each
genotype were examined. The data for wild-type were the same as in SI Appendix, Fig. S1C. Error bars show the SD. (C) Quantification of GFP-N7 mRNA
levels in the distal region of the pMIR156C:GFP-N7 roots by qRT-PCR. The expression level at 3 DAS is set to 1.0. Two biological replicates were performed.
Error bars show the SEM. (D) The level of H3K27ac at the MIR156C locus in wild-type, hda9, and hda6 hda7 hda9 mutant. Two regions (pTSS, transcription
start site; pmiR156, the stem-loop region of miR156, [E]) were examined. The distal root regions of 5-d-old seedlings were harvested for ChIP-qPCR assays.
The level of H3K27ac in wild-type was set to 1.0. Three biological replicates were performed. Error bars show the SEM. One-way ANOVA was performed
followed by Dunnett’s multiple comparison test, *P < 0.05, **P < 0.01, ****P < 0.0001, and ns, not significant. (E) Histone modifications at the MIR156C
locus. Wild-type seedlings were grown on vertical 0.5× MS plates. The proximal and distal regions are harvested on days 3 and 7 and subjected to ChIP-
seq analyses using anti-H3K27ac and anti-H3K27me3 antibodies. For the FVP experiment, wild-type seedlings were grown on vertical 0.5× MS plates for 3
d and treated with 10 μM FVP for 4 d. The distal regions were then harvested. The black vertical line represents the location of the mature miR156
sequence. The TSS is indicated by the arrow. Two biological replicates were shown by dark and light colors, respectively. The values in square brackets
represent normalized read counts.
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culture (54–57). Intriguingly, previous studies have shown that
the level of miR156 is increased during regeneration (58), sug-
gesting that the silencing state at the MIR156 loci can be
reversed upon cell reprogramming. Hence, future work should
dissect whether miR156 is reactivated during rejuvenation and
how a mitotically stable repression state of MIR156C in the
adult somatic cells is reset along with regeneration.

Materials and Methods
Plant Materials and Growth Conditions. The Arabidopsis plants were grown
at 22°C in growth chambers under long-day (16-h light/8-h dark) or short-day
(8-h light/16-h dark) conditions. For the experiments with root tissues, seeds
were surface sterilized and kept at 4 °C for 3 d. The seeds were germinated
and grown on vertical half-strength (0.5) Murashige and Skoog (MS) agar
plates for the indicated time.

The A. thaliana ecotype Col-0 was used as wild-type. The kluh/cyp78a5
(SM_3_39145) mutant has been described (30). The hda9 (SALK_007123), hls
(SALK_136528), pwr (SALK_071811), and hos15 (GABI_785B10) were ordered
from Arabidopsis Biological Resource Center (ABRC). The ema1 (SALK_133577),
hda6 (axe1-5), and hda7 (SALK_002912) mutants were kindly provided by the
Yijun Qi (59), Xuelu Wang (60), and Shu-Nong Bai laboratories (61), respec-
tively. The pCYCB1;2:dBox-dsRED transgenic line was kindly provided by
Dr. Hong-Bo Tang. The mir156a mir156c mutant was generated by Dr. Jian
Gao. The hda6 hda7 hda9 triple mutants was generated by crossing and
PCR-based genotyping. The primers for mutant genotyping are given in SI
Appendix, Table S2.

Constructs and Generation of Transgenic Plants. The oligonucleotide primers
for all constructs are given in SI Appendix, Table S2.

To generate pMIR156C:GFP-N7 reporter, 3.9-kb upstream and 3.1-kb
downstream sequences of the stem-loop region of MIR156C and coding
sequence of GFP-N7 were PCR amplified. The purified DNA fragments were
cloned into the binary vector AA00. To generate the MIR156C complementa-
tion construct, theGFP-N7 coding sequence in the pMIR156C:GFP-N7 construct
was replaced by the stem-loop region ofMIR156C.

For pAT2G18020:H2B-mCherry construct, the 2.7-kb upstream regulatory
sequence of AT2G18020 and the coding regions of H2B (AT5G22880) and
mCherry were PCR amplified. The purified DNA fragments were cloned into
the binary vector LZ10.

For the miR156 control sensor constructs (pUBQ10:GFP-N7-NOS and
pAT2G18020:GFP-N7-NOS), the GFP-N7 fragment was cloned into the binary
vector JW1078 behind the UBQ10 promoter or into the binary vector JW805
behind theAT2G18020 promoter, respectively.

The miR156 sensor constructs (pUBQ10:GFP-N7-SPL3 30UTR and
pAT2G18020:GFP-N7-SPL3 30UTR) were generated by replacing NOS termina-
tor in control sensors with SPL3 30UTR sequence.

The binary constructs were delivered into Agrobacterium tumefaciens
strain GV3101 (pMP90) by the freeze–thaw method. Transgenic plants were
generated by the floral dipping method (62) and screenedwith 0.05% glufosi-
nate (Basta) on soil or 40 mg/mL hygromycin on 0.5×MS agar plate.

ChIP-seq and ChIP-qPCR Experiments. ChIP-seq was performed according to
previously published protocols with a fewmodifications (63, 64). For each bio-
logical replicate of Arabidopsis root ChIP-seq experiments, the distal (∼1.5 mm
in length) and proximal (∼1.5 mm in length) root regions were harvested
from ∼500 Arabidopsis seedlings. Tissues were harvested and grounded into
fine powder with liquid nitrogen in 2.0-mL centrifuge tubes using a tissue
breaker. The powder was resuspended with Nuclei Isolation Buffer II (0.25 M
sucrose, 10 mM Tris�HCl pH 8.0, 10 mM MgCl2, 1% Triton X-100, 1 mM ethyl-
enediaminetetraacetic acid [EDTA], 5 mM β-mercaptoethanol, 0.4 mM phenyl-
methylsulfonyl fluoride [PMSF], and protease inhibitor cocktail [Roche, Cat
No./ID: 04693132001]) and then filtered through a Falcon 40 mm cell strainer
(Corning Falcon, Category No./ID: 352340). After centrifuging, the nuclei pel-
let was resuspended in 200 mL of micrococcal nuclease (MNase) digestion
buffer (50 mM Tris–HCl pH 8.0, 0.2% Triton X-100, 5 mM CaCl2, 0.5 mM PMSF,
and protease inhibitor cocktail), followed by two flash-freezing sequences in
liquid nitrogen. The nuclei were then digested withMNase (Thermo Fisher Sci-
entific, Cat No./ID: 88216) at a concentration of 2 U/mL for 15 min at 37 °C. The
reaction was terminated by adding 20 mL 100 mM ethylene glycol tetraacetic
acid (EGTA). After centrifuging, the supernatant was transferred to a new 1.5-
mL centrifuge tube and diluted with 300 μL of dilution buffer (1.55% Triton
X-100, 1.67 mM EDTA, 250 mM NaCl, and protease inhibitor cocktail). The
resultant chromatin extract was incubated with 1.5 μL of anti-H3K27me3
(Merck, Cat No./ID: 07449) or anti-H3K27ac antibody (Merck, Cat No./ID:

07360) at 4 °C overnight with rotation. The immunoprecipitated DNAs were
incubated with either protein G Dynabeads (Thermo Fisher Scientific, Cat No./
ID: 10004D) or protein A Dynabeads (Thermo Fisher Scientific, Cat No./ID:
10002D). The ChIPed DNAswere treated with Proteinase K (Sigma-Aldrich, Cat
No./ID: 03115828001) and purified with the PCR Purification Kit (Qiagen, Cat
No./ID: 28006). Either 1 ng input or ChIPed DNAs were used for ChIP-seq
library preparation according to the user manual of SMARTer ThruPLEX DNA-
Seq Kit (Clontech, Cat No./ID: R400674). For each experiment, two biological
replicates were performed.

ChIP-qPCR was performed with input or ChIPed DNAs as template using TB
Green Premix Ex Taq II according to user’s manual (Takara, Cat No./ID:
RR820B). The “%of input” value represents the enrichment of H3K27acmodi-
fication on specific region and then normalized against wild-type. The oligo-
nucleotide primers for qPCR are given in SI Appendix, Table S2.

Expression Analyses. For each biological replicate, we harvested cotyledons or
developing leaf primordia (∼1.0 mm in length) from ∼20 Arabidopsis plants,
the distal (∼1.5 mm in length) and proximal (∼1.5 mm in length) root tissues
from ∼200Arabidopsis seedlings.

Total RNAs were extracted with the miRNeasy Micro Kit (Qiagen, Cat No./
ID: 217084). Either 250 ng or 1 μg RNA was treated with DNase I (1.0 unit/μL;
Thermo Fisher Scientific, Cat No./ID: EN0521), and complementary DNAs
(cDNAs) were synthesized with the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Cat No./ID: K1622) with oligo (dT) primer and
miR156 specific reverse transcription (RT) primer (65). The relative gene
expression levels were calculated from 2-ΔΔCt values and normalized against
UBC9 (AT4G27960, for Arabidopsis root experiments) (66), AT4G26410 (for
Arabidopsis leaf experiments) (67), and UBQ10 (AT4G05320, for Arabidopsis
embryo experiments) (68). These reference geneswere selected based on their
expression stabilities across examined samples. The oligonucleotide primers
for all genes are given in SI Appendix, Table S2.

Plant Treatment. For cold treatment, seedlings were grown on 0.5× MS agar
plates for 3 d and shifted to a 4 °C growth chamber. For chemical treatment,
3-d-old seedlings grown on 0.5× MS agar plates were transferred to the 0.5×
MS agar plates supplemented with 10 μM FVP hydrochloride (FVP�HCl, MCE,
Cat No./ID: HY-10006), 2.0 or 5.0 μM ROS (Millipore-Sigma, Cat No./ID:
557364), 25 μM Torin 2 (MedChemExpress, Cat No./ID: HY-13002), or Dimethyl
sulfoxide (DMSO) (mock). The seedlings were grown for another 2 or 4 d
before harvest.

EdU Labeling. For the EdU labeling experiment, 3-d-old seedlings were trans-
ferred to a small dish containing 0.5× MS liquid media supplemented with 15
mM sucrose and 2.5 μM EdU. After incubating for 1 h at room temperature,
seedlings were washed three times with 0.5× MS liquid media and then trans-
ferred to the 0.5× MS agar plates supplemented with 8 μM FVP�HCl, 5.0 μM
ROS, 25 μM Torin 2, or DMSO, respectively. After 2 or 4 d, seedlings were col-
lected and immediately placed in the vials with ice-cold phosphate-buffered
saline (PBS) containing 2.5% paraformaldehyde (PFA, pH 7.0). The samples
were infiltrated by vacuum for 30 min and stored at 4 °C overnight. The
remaining procedures were performed using Click-iT Plus EdU Imaging Kit
(Thermo Fisher Scientific, Cat No./ID: C10637) according to user’s manual.

Tissue Embedding and Sectioning. Tissue embedding and sectioningwere per-
formed as previously described (68). Briefly, samples were collected and imme-
diately placed in the vials with ice-cold PBS containing 2.5% PFA (pH 7.0). The
samples were infiltrated by vacuum for 30 min and stored at 4 °C overnight.
Tissues were then washed with sucrose gradient PBS–PFA solution, embedded
with 7% low-melting agarose, and sliced with a Lecia Sliding Microtome
1200S at the thickness of 30 to 50 μm.

Microscopy. To observe GFP-N7 fluorescence of cotyledons and leaves, plants
were examined and photographed under a stereo microscope (Nikon, SMZ18).
For each experiment, all images were acquired using identical settings.

For confocal imaging of pMIR156C:GFP-N7 line, pMIR156C:GFP-N7 plant
was crossed to pAT2G18020:H2B-mCherry plant, and the resultant F1 plants
were examined. For confocal imaging of pCYCB1;2:dBox-dsRED, miR156 sen-
sor, and control sensor, the corresponding homozygous transgenic lines were
examined. For EdU imaging, the homozygous pAT2G18020:H2B-mCherry
plants were used. Images were taken with an inverted Leica TSC SP8 STED 3×
confocal microscopic system (Leica, Germany) or OLYMPUS FV3000 confocal
microscopic system (Olympus, Japan) with GFP and Alexa Fluor 488 excitation
at 488 nm and emission at 498 to 540 nm, mCherry excitation at 561 nm and
emission at 590 to 650 nm, and dsRED excitation at 561 nm and emission at
570 to 600 nm. For each experiment, all images were acquired using identical
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settings. Z-stack images were taken except the tissue sections of the shoot api-
ces for pMIR156C:GFP-N7.

To measure the fluorescent intensities of miR156 sensor and control sensor
in roots, approximately the same thickness of tissue at each position was
selected and processed using Fiji by applying maximum intensity Z-projection.
The root regions on each processed images were selected, and GFP mean
intensity was measured using ImageJ.

For live imaging, seedlings were grown on a MS agar plate supplemented
with 2% (weight/volume) sucrose in a 35-mm cell imaging dish (Eppendorf,
Cat No./ID: 0030740017) for 6 d before imaging. Images were taken every 20
min using the setting for detecting GFP andmCherry as described above.

Image Analysis. Images were processed using Fiji (69). Briefly, root confocal
images were processed by applying maximum intensity Z-projection on the
outer two cell layers (epidermis and cortex). Fluorescent intensities in the
three-dimensional volume was acquired using Imaris image analysis software
(Bitplane). The cells of outer two cell layers (epidermis and cortex) of the meri-
stematic zone for each root were selected for analyses. Nuclei were identified
based on mCherry signals, and the same arguments were applied to all
images. To measure the fluorescent intensities of the L1 layer in the SAM, the
Plot Profile function in Fiji was used.

Mutant Screening and Mapping by Sequencing. In brief, the M2 ethyl metha-
nesulfonate (EMS)-mutagenized miR156 sensor (pUBQ10:GFP-N7-SPL3 30UTR)
seeds were sown on soil and grown in long days. The third and fourth leaves
were examined by fluorescence stereo microscope (Nikon, SMZ18). The plants
with low fluorescence in the third and fourth leaves were labeled as candidate
mutants. The mutant phenotype was confirmed in theM3 generation.

We adopted a strategy similar to SHOREmap (42) andMutMap (70) meth-
ods for physical mapping. The candidate mutant named 16W2 was back-
crossed to pUBQ10:GFP-N7-SPL3 30UTR once and selfed. Two plant pools
were generated from the resultant F2 progenies: the “wild-type” pool with
high fluorescence in the third and fourth leaves and normal phenotype and
the “mutant” pool with low fluorescence in the third and fourth leaves and
prolonged juvenile phase phenotype. The plant tissues for each pool were
evenly pooled, and genomic DNAs were prepared for the whole genome
resequencing.

To retrieve the single-nucleotide polymorphisms (SNPs) of each sample for
downstream analysis, we mapped all the reads to the Arabidopsis reference
genome (TAIR10) with BWA-MEM (71). Duplicated reads were identified and
removed with SAMBAMBA (72). HaplotypeCaller from GATK (73) was then
used to call variants. The SNPs were filtered based on the following threshold,
QD < 2.0 jj FS > 60.0 jj MQ < 40.0 jj MQRankSum < �12.5 jj ReadPosRankSum

< �8.0. The allele frequencies in both pools were calculated as the number of
reads supporting the mutant allele divided by the number of reads at a SNP
position and visualized along the chromosomes to identify mapping intervals
as previously described in R statistical environment (74).

Analysis of ChIP-Seq Data. The ChIP-seq libraries were sequenced on Illumina
Hiseq-PE150. For each library, raw.fastq was trimmed by fastp version 0.20.0
with default parameters. After trimming, FastQC version 0.11.7 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC version 1.6 were
performed as quality control to obtain clean fq files (75).

Reads were aligned to the Arabidopsis (TAIR10) genomes using Bowtie2
version 2.3.4.3 (76, 77). The resulting SAM files were converted to BAM for-
mat, sorted, and indexed using Samtools version 1.9 (78). Two biological repli-
cates were merged using Samtools version 1.9. The sorted BAM files were
processed to remove duplicated and organellar reads using bedtools version
2.25.0 (72, 79). To normalize and visualize individual and merged replicate
datasets, the BAM files were converted to bigwig using bamCoverage pro-
vided by deepTools version 3.1.2 with a bin size of 10 bp and normalized by
Bin Per Million mapped reads (80). Correlation coefficients between samples
were calculated, and heatmapwas generated by deepTools version 3.1.2 using
spearmanmethod (SI Appendix, Fig. S11).

Data Availability. The ChIP-seq data have been deposited in Beijing Institute
of Genomics Data Center (http://bigd.big.ac.cn) (BioProject accession No.
PRJCA003865). All other study data are included in the article and/or support-
ing information.
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