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A defining feature of plant leaves is their flattened shape. This
shape depends on an antagonism between the genes that specify
adaxial (top) and abaxial (bottom) tissue identity; however, the
molecular nature of this antagonism remains poorly understood.
Class Il homeodomain leucine zipper (HD-ZIP) transcription factors
are key mediators in the regulation of adaxial-abaxial patterning.
Their expression is restricted adaxially during early development by
the abaxially expressed microRNA (MIR)165/166, yet the mechanism
that restricts MIR165/166 expression to abaxial leaf tissues remains
unknown. Here, we show that class Il and class Il HD-ZIP proteins
act together to repress MIR165/166 via a conserved cis-element in
their promoters. Organ morphology and tissue patterning in plants,
therefore, depend on a bidirectional repressive circuit involving a
set of miRNAs and its targets.

organ patterning | leaf morphogenesis | class Il HD-ZIP | class Ill HD-ZIP |
MIR165/166

he morphogenesis of lateral organs in plants and animals is

dependent on the specification of distinct cell types early in
development. In particular, the correct patterning of adaxial-
abaxial tissues in plant organs such as leaves is critical for the
generation of a lamina shape and the formation of a polar vascular
system (1-4). Adaxial-abaxial cell-type patterning in turn depends
on the restricted expression of several genes known to specify
these cell types, including the class III homeodomain leucine
zipper genes (HD-ZIPIIls), KANADI genes, HD-ZIPIIs, and
microRNA (MIR)165/166 (1, 2, 4-11). In general, genetic analyses
have indicated that adaxial and abaxial factors act oppositely in
organ patterning (1, 2, 4, 8-11). Hence, loss-of-function mutations
in genes promoting adaxial cell identity typically cause an abax-
ialized phenotype that correlates with the ectopic expression of
abaxial genes, whereas loss-of-function mutations in abaxial genes
produce an adaxialized phenotype that is accompanied by the
expanded expression of adaxial genes. This antagonistic interac-
tion between adaxial and abaxial factors may be mediated by
mutually antagonistic regulation (12) or through opposing regu-
lation of common targets (9, 13-16).

A key set of transcription factors involved in plant organ po-
larity are the HD-ZIPIII proteins, such as REVOLUTA (REV),
which specify adaxial cell fate (1, 2, 4, 17). The expression of these
genes is restricted specifically to adaxial tissues via the action of
two miRNA families, MIR165 and MIRI166 (2, 7). In turn, the
expression of these miRNAs is restricted to abaxial tissues and this
restriction is essential for maintaining proper organ polarity (18).

Here, we address the question of how MIRI165/166 are regu-
lated. We show that the HD-ZIPII proteins HAT3 and ATHB4
physically interact with HD-ZIPIII proteins and directly repress
MIRI165/166 expression via a conserved cis-element located in
their promoters. This regulatory interaction largely accounts for
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HAT3 and ATHB4 function and reveals the molecular nature of a
bidirectional repressive circuit essential to maintain balance be-
tween adaxial and abaxial tissue specification.

Results and Discussion

HAT3 and ATHB4 Regulate Leaf Polarity by Repressing MIR165/166
Expression. Previous studies have shown that the HD-ZIPII genes
HAT3 and ATHB4 play an essential role in establishing leaf polarity
by promoting adaxial cell fate (5, 6). Although HAT3 and ATHB4
are known to be downstream targets of the HD-ZIPIII transcription
factor REVOLUTA (14), we further investigated the relationship
between these genes by monitoring the expression of REV in the
hat3 athb4 double mutant (6) using the functional fluorescent re-
porter pREV::REV-2xYPET. Confocal imaging of 4-d-old hat3 athb4
mutant leaves revealed the REV expression domain to be reduced
compared with control seedlings (Fig. 1 A-D), indicating that
HAT3 and ATHB4 may be involved in a positive feedback loop in
which REV targets reinforce REV expression. Because REV and
other HD-ZIPIIIs are regulated by miR165/166 (2, 7), we next
examined whether the expression of these miRNAs also depended
on HAT3 and ATHB4 function by looking at reporters for their
expression in the hat3 athb4 double mutant. We found that
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Fig. 1. HAT3 and ATHB4 are required for repressing MIR165/166 expression.
(A-D) Expression of pREV::REV-2xYPET (red) in combination with the auxin
efflux carrier PIN-FORMED1 (30, 31) fused to GFP (pPIN::PIN1-GFP) (blue) in
the shoot apex of 4-d-old control (A and C) and hat3 athb4 plants (B and D).
PPIN::PIN1-GFP is used here to outline the tissue. (C and D) Cross-sections of
the same leaf primordia shown in A and B, respectively. (E-H) Expression of
PMIR165a::mTagBFP-ER (green) in the shoot apex of 4-d-old control (E and G)
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transcriptional reporters for both MIR165a and MIRI166a
(pMIR165a::mTagBFP-ER and pMIR166a::GFP-ER) in the leaves
of 4- and 15-d-old hat3 athb4 plants were expressed ectopically
throughout the epidermis, instead of being restricted to the abaxial
epidermis as in control leaves (Fig. 1 E-H and SI Appendix, Fig. S1
A-H). To test whether the ectopic MIR promoter activity corre-
sponded to ectopic miR activity in the hat3 athb4 mutant, we used a
miR165/166 fluorescent biosensor with the miR target sequence
from the REV gene (2, 7, 19) (SI Appendix, SI Materials and Meth-
ods). This biosensor acts as a negative marker for miR165/166 ac-
tivity, because it is inactivated in cells where miR165/166 are active.
The expression patterns of the miR165/166 biosensor and REV-
2xYPET in control leaves were highly similar with expression
encompassing the adaxial side (Fig. 1 4, C, I, and K and SI Appendix,
Fig. S11 and J). However, in hat3 athb4 mutant leaves, we found the
expression of the miR165/166 biosensor to be similarly reduced
compared with REV-2xYPET in the same genetic background (Fig.
1B, D, J, and L and SI Appendix, Fig. S1 K and L), consistent with
the MIR165/166 promoter reporter data. Lastly, we confirmed that
HAT3 and ATHB4 are required for repressing MIR expression by
small RNA Northern blot analysis, which indicated very high levels
of miR165/166 in plants mutant for HAT3 and ATHB4 (Fig. 1M).

To gauge the relative importance of MIR165/166 regulation to
overall HD-ZIPII protein function, we transformed a miR165/166-
resistant REV reporter (pREV::REVr-2xVENUS), as well as a miR-
sensitive REV reporter (pREV::REV-2xVENUS), into hat3 athb4
and hat3 athb4 athb2 plants (6) and assessed the degree of phe-
notypic rescue by REVr compared with the control. Compared
with the miR-sensitive REV reporter (Fig. 1 A-D, and Fig. 2D),
PREV:REVr-2xVENUS expression pattern extended further into
the abaxial side of the leaves of 4-d-old hat3 athb4, hat3 athb4
athb2, and control seedlings (Fig. 2 A-C), overlapping with where
MIR165a and MIR166a are expressed. Importantly, 15-d-old hat3
athb4 and hat3 athb4 athb2 plants expressing the pREV::REVr-
2xVENUS reporter gene developed significantly flatter leaves (Fig.
2 F and G), more similar to control plants (Fig. 2E') compared with
the radialized leaves of the miR-sensitive REV control (Fig. 2H).
Similarly, when we combined the rev-10d gain-of-function muta-
tion, which disrupts the complementarity between miR165/166 and
REV mRNA (2), with the double mutant /at3 athb4, a similar at-
tenuation of the leaf phenotype was apparent (SI Appendix, Fig.
S2D). These results indicate that REVr can bypass high levels of
miR165/166, as observed in hat3 athb4 mutants and by regulating
its other targets, can promote leaf development independent of
HAT3 and ATHB4. Thus, HAT3 and ATHB4 primarily function
to repress MIR165/166 during leaf development.

HAT3 and ATHB4 Physically Interact with REV to Repress MIR165/166
Expression. To test whether HAT3 is sufficient to repress MIR165/
166 expression, we measured mature miR165/166 levels by RT-qPCR
after inducing HAT3 expression ectopically using the two-component
GR-LhG4 system (20) driven by the MERISTEM LAYER 1 (MLI)
promoter (pMLI>>VENUS-HAT3) (21). The chimeric GR-LhG4
construct consists of the ligand-binding site domain of a rat glu-
corticoid receptor (GR) fused to the synthetic transcription activator
LhG4, which comprises the transcription-activation domain-II from

and hat3 athb4 plants (F and H). (G and H) Cross-sections of the same leaf
primordia shown in E and F, respectively. (/I-L) Expression of a miR165/166
sensitive biosensor (white) containing the miRNA target sequence from
REV fused to the UV-photoconvertible fluorescent protein mEos2FP
(pUBQ10::REV-mEos2FP-ER) in the shoot apex of 4-d-old control (/ and K)
and hat3 athb4 plants (J and L). The sensitive biosensor is inactivated in
cells where miR165/166 are active. (K and L) Cross-sections of the same leaf
primordia shown in / and J, respectively. Chlorophyll autofluorescence: red
(E-L). (Scale bars, 50 um.) Ad, adaxial side; Ab, abaxial side. (M) Small RNA
Northern blot showing expression levels of miR165/166 and U6 snRNA in
Col-0 WT (lane 1), p355::miR165a (lane 2), hat1 hat2 (lane 3), and hat3
athb4 plants (lane 4).
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Fig. 2. pREV::REVr-2xVENUS rescues the hat3 athb4 and hat3 athb4 athb2
leaf phenotype. (A-C) Expression pattern of pREV::REVr-2xVENUS (green) in
the shoot apex of 4-d-old control (A), hat3 athb4 (B), and hat3 athb4 athb2
plants (C). (D) Expression of a control REV translational reporter (oREV::REV-
2xVENUS) (green) in the shoot apex of 4-d-old hat3 athb4 athb2 plants
(control). (E-H) Phenotype of 15-d-old control (E), hat3 athb4 (F), and hat3
athb4 athb2 plants (G) transformed with pREV::REVr-2xVENUS. (H) Pheno-
type of 15-d-old hat3 athb4 athb2 plants transformed with pREV::REV-
2xVENUS. Chlorophyll autofluorescence: red (A-D). [Scale bars, 50 pm (A-D)
and 5 mm (E-H).]

Gal4 of Saccharomyces cerevisiae (20). However, whereas we could
detect down-regulation of ATHB4 and ATHB?2, in agreement with
previous studies suggesting negative feedback between HD-ZIPII
family members (22), no significant change in mature miR165/166
levels was detected (Fig. 34). Transgenic pMLI>>VENUS-HAT3
plants showed narrow and upward curling leaves (Fig. 34), which may
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be a consequence of ATHB4 and ATHB2 down-regulation or regu-
lation of additional adaxial-abaxial factors. Imaging of functional
reporters for both HAT3 and ATHB4 proteins also revealed that the
expression of HAT3 and ATHB4 extends throughout the abaxial side
of the leaf, including abaxial cells in which MIR165a and MIR166a
reporter expression was also detected (Fig. 3 B-E and SI Appendix,
Fig. S3). We conclude that although either HAT3 or ATHB4 are
necessary to restrict MIR165/166 expression to abaxial tissues, neither
is sufficient to repress MIR165/166 expression, suggesting that re-
pression of MIR165/166 by HAT3 and ATHB4 involves additional
adaxially localized factors.

In a yeast two-hybrid (Y2H) screen using REV as bait, we
identified a truncated version of the HAT3 protein, missing the
first 88 aa, as a potential binding partner. After confirming this
result using a full-length HAT3 cDNA (Fig. 3F), we tested whether
interaction between HAT3 and REV could be detected in vivo,
using a combination of fluorescence resonance energy transfer and
fluorescence lifetime imaging (FRET-FLIM) in tobacco (Nicotiana
benthamiana) (Fig. 3G). For this purpose, REV and HAT3 cDNAs
were fused to an N-terminal donor (GFP) and to an N-terminal
acceptor (RFP), respectively, and cloned under the 35S promoter.
Significant reduction in the fluorescence lifetime of GFP was de-
tected when GFP-REV was coexpressed with RFP-HAT3 in nu-
clei in comparison with the negative control GFP-REV x RFP
(Fig. 3G) or with those nuclei with no detectable RFP signal (S/
Appendix, Fig. S4), indicating that REV and HAT3 interact in vivo.
To validate the technique, we used as a positive control interaction
GFP-REV x RFP-ZPR3, where ZPR3 encodes a small leucine
zipper-containing protein [LITTLE ZIPPER (ZPR) protein] pre-
viously shown to interact with REV (23).

As REV and HATS3 interact, we next investigated whether HD-
ZIPIII activity also contributes to the repression of MIR165/166.

Merged FLIM
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26
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RFP  RFP-HAT3 RFP-ZPR3

HAT3 and ATHBA4 physically interact with REV. (A) Levels of mature miR165/166 in pML1>>VENUS-HAT3 plants. Fold changes relative to ACTIN2

(ACT2; AT3G18780) in response to DEX treatment (+DEX; green bars) and in control conditions (0.1% ethanol; —DEX; gray bars) are shown. Data are rep-
resented as mean + SD of three biological replicates. *P < 0.05. Phenotype of 10-d-old pML1>>VENUS-HAT3 plants grown on DEX-GM and control medium is
shown. [Scale bars, 1 mm (A).] (B-E) Expression of pHAT3::VENUS-HAT3 (red) (B and D) and pATHB4::VENUS-ATHB4 (green) (C and E) combined with
PMIR165a::GFP-ER (blue) in the shoot apex of 3-d-old Col-0 plants. (D and E) Cross-sections of the same leaf primordia shown in B and C, respectively.
Colocalization of pHAT3::VENUS-HAT3/pATHB4::VENUS-ATHB4 and pMIR165a::GFP-ER is indicated by arrowheads in D and E, respectively. [Scale bars, 50 um
(B-E).] (F) REV and HAT3 interaction in a yeast two-hybrid assay. Growth of yeast on selective medium (-Trp, —Leu, —His, and +3-AT) for REV-HAT3 com-
bination indicates protein—protein interaction. Five transformed colonies per prey/bait combination were analyzed for their growth on —Trp, —Leu, —His, and
+3-AT plates as well as on —Trp, —Leu, +His, and +3-AT plates using dilution series (1:1, 1:5, 1:10, and 1:50). AD, activation domain; BD, binding domain.
(G) REV-HAT3 interaction in nuclei of tobacco leaf epidermal cells detected through a FRET-FLIM assay. GFP-REV (green) works as a donor and RFP-HAT3
(red) as an acceptor. GFP-REV (green) x RFP (red) and GFP-REV (green) x RFP-ZPR3 (red) combinations were used as negative and positive controls, re-
spectively. GFP fluorescence lifetime (in nanoseconds, ns) quantification is shown. Error bars show mean + SE of 10 nuclei.
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Fig. 4. REV requires HAT3 and ATHB4 to repress MIR165/166 expression.
(A and C) Expression of pMIR166a::GFP-ER (blue) after MIR165a expression
driven by the UBQ10 promoter in the shoot apex of Col-0 plants 4 d after
germination on DEX-GM medium. (C) Cross-section of the same leaf pri-
mordia shown in A. (B and D) Phenotype of 7-d-old plants expressing
MIR165a under the UBQT0 promoter. (E-H) Expression of pHAT3::VENUS-
HAT3 (red) (E and G) or pATHB4::VENUS-ATHB4 (yellow) (F and H) combined

11976 | www.pnas.org/cgi/doi/10.1073/pnas.1516110113

For this purpose, we examined pMIRI166a::GFP-ER expression
after knockdown of the HD-ZIPIIIs using an inducible MIR165a
construct based on the two-component GR-LhG4 system (20)
driven by the UBQ10 promoter. We found expression of the MIR
promoter construct to expand ectopically to adaxial tissues after
MIRI165a induction (Fig. 4 A and C), correlating with the leaf
abaxialization observed in 4-d-old seedlings (Fig. 4 B and D and
control conditions in SI Appendix, Fig. S5 A-C). Surprisingly, we
also observed that after repressing REV expression via MIRI165a
induction, both the HAT3 or ATHB4 reporters were still expressed
and colocalized with the MIRI65a transcriptional reporter (Fig. 4
E-H and control conditions in SI Appendix, Fig. S5 D-G). These
results demonstrate that HAT3 and ATHB4 proteins cannot re-
press MIR165/166 expression in the absence of the transcription
factor REV and that REV and other HD-ZIPIIIs are not neces-
sarily required for HD-ZIPII expression. Next, we tested whether
ectopic expression of the REVr reporter (pML1>>REVr-2xVENUS)
was sufficient to repress pMIRI165a::mTagBFP-ER expression in
control plants. We found that after REV7 induction, expression
of the MIRI65a promoter reporter was undetectable (Fig. 4 1
and K and SI Appendix, Fig. S6 A and B). We then repeated this
experiment in the hat3 athb4 mutant background and found
that, in contrast to the control, ectopic REVr was not capable of
repressing MIRI65a reporter expression (Fig. 4 J and L and SI
Appendix, Fig. S6 C and D). Also under its own promoter, REVr
could not repress pMIRI65a::mTagBFP-ER expression in the
adaxial domain of hat3 athb4 plants as it does in control plants
(81 Appendix, Fig. S7 A-D).

All together these results demonstrate that both HD-ZIPII and
HD-ZIPIII proteins interact in vitro and in vivo and that their
combined activities are necessary and sufficient to repress MIRI165/
166 expression.

HD-ZIPlIs and HD-ZIPIllIs Repress MIR165/166 Expression via a Conserved
cis-Element. Previous analysis of the MIR165a and MIRI66a pro-
moters revealed that repression of promoter activity in adaxial leaf
tissues is mediated by a conserved 39-bp-long cis-element located at
1 bp downstream and 22 bp upstream of the MIRI165a and MIR166a
transcription initiation sites, respectively (24, 25). To test whether
repression of MIR165/166 by REV depends on this element, we in-
duced ectopic REVr expression (pML1>>REVr-2xVENUS) in plants
expressing pMIR165a::GFP-ER, which contains the cis-element, as
well as a MIR165a transcriptional reporter in which this element has
been deleted (pMIRI65a(—cis)::BFP-ER). We observed that REVr
could repress pMIRI65a::GFP-ER expression in the leaves of 7-d-old
seedlings 2 d after dexamethasone (DEX) treatment; however, it
could not repress pMIR165a(—cis)::BFP-ER expression (Fig. 5
A-D), indicating that the previously reported cis-element (25) is
essential for the repression of MIR165/166 expression via REV.

Next, we investigated whether REV represses MIR165/166 directly
by inducing GR-REV in the presence of the protein biosynthesis
inhibitor cycloheximide (CHX) and measuring mature miR165/166
levels by RT-qPCR. For this purpose, we treated p35S:GR-REVr
plants (23) for 3 h with DEX in the presence of CHX. Significant
reduction of miR165/166 levels was detected in the presence or ab-
sence of CHX, indicating that no new protein synthesis is required to

with pMIR165a::GFP-ER (purple) after MIR165a expression driven by the
UBQ10 promoter in the shoot apex of Col-0 plants 4 d after germination on
DEX-GM medium. (G and H) Cross-sections of the same leaf primordia shown
in E and F, respectively. Colocalization of pHAT3::VENUS-HAT3/pATHB4::
VENUS-ATHB4 and pMIR165a::GFP-ER is indicated by arrowheads in G and H,
respectively. (/I-L) Expression of REVr-2xVENUS, which is miR165/166 re-
sistant, driven by the MLT promoter (green) and pMIR165a::BFP-ER (purple)
in the shoot apex of control (/ and K) and hat3 athb4 plants (J and L) 4 d
after germination on DEX-GM medium. (K and L) Cross-sections of the same
leaf primordia shown in / and J, respectively. Colocalization of pML1>>REVr-
2xVENUS and pMIR165a::BFP-ER is indicated by an arrowhead in L. Chloro-
phyll autofluorescence: red (A and C). [Scale bars, 50 um (A, C, and E-L) and
1 mm (B).]
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Fig. 5. REV and HAT3 bind a conserved cis-
element required to restrict MIR165a expression.
(A-C) Expression of pML1>>REVr-2xVENUS (green),
pMIR165a::GFP-ER (purple), and pMIR165a(—cis)::
BFP-ER (blue) in the shoot apex of 7-d-old Col-0
plants 2 d after transferring to 0.1% ethanol (mock)
(A and C) or DEX-GM medium (B). Longitudinal
sections of the second pair of leaves are shown
(A-C). Colocalization of pML1>>REVr-2xVENUS
and pMIR165a(—cis)::BFP-ER is indicated by an
arrowhead in B. (D) Phenotype of 10-d-old trans-
genic pML1>>REVr-2xVENUS_pMIR165a::GFP-ER_
pMIR165a(—cis)::BFP-ER plants grown on DEX-GM
medium. [Scale bars, 50 um (A-C) and 1 mm (D).]
Ad, adaxial side; Ab, abaxial side (A). (E) Levels of
mature miR165/166 in p35S::GR-REVr plants (14).
Fold changes relative to ACT2 in response to DEX
treatment (+DEX; green and red bars) and in con-
trol conditions (0.1% ethanol; —DEX; gray bars) are
plotted. Green bars show expression changes in the
absence of the protein biosynthesis inhibitor CHX;
red bars show expression changes in the presence of
CHX (+CHX). HAT3, ATHB4, ZPR3, and AT1G20823
were tested as known direct or indirect REV targets.
*P < 0.05; **P < 0.01; ***P < 0.001. (F) ChIP-gPCR
on genomic regions surrounding MIR165a using
anti-GFP antibody and the DEX-inducible transgenic
lines pML1>>VENUS-HAT3 and pML1>>REVr-2xVENUS.
A diagram of the MIR165a genomic region is shown.
The black lines, red line, and green box represent
the regions amplified by ChIP-gPCR, the cis-element
(25), and the MIR165a locus, respectively. ChIP-gPCR
data were normalized to the percent of preimmuno-
precipitation (pre-IP) input for each sample. Error bars
show means + SD of three biological replicates treated
with 10 pM DEX (+DEX; yellow and blue bars) or mock
(0.1% ethanol; —DEX; gray bars). ACT2 and ZPR3 were
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also tested as negative and positive controls, respectively (26, 27). *P < 0.05; **P < 0.01. (G) Interaction of REV and HAT3/ATHB4 with the MIR165a cis-element in a
yeast one-hybrid assay. Growth of yeast on selective medium (-Ura, —Trp, —Leu, —His, and +3-AT) for REV-HAT3 and REV-ATHB4 combinations indicates pro-
tein-DNA interaction. A mutated version of the cis-element, previously referred to as M1 (25), was used as a negative control. Three transformed colonies per
prey/bait combination were analyzed for their growth on —Ura, —Trp, —Leu, —His, and +3-AT selection plates using dilution series (1:5, 1:10, 1:20, 1:50). AD,

activation domain.

repress the transcription of these genes (Fig. SE). Activation of
known direct targets of REV such as HAT3, ATHB4, and ZPR3
(14, 23) also occurred in the presence or absence of CHX,
whereas repression of the previously reported indirect target
ATI1G20823 (16) occurred only in the absence of CHX (Fig. 5E),
validating our results. To assess the binding of REV to the cis-
element in vivo, we performed a ChIP-qPCR assay using primers
to amplify several regions surrounding the MIRI165a locus. We
detected enriched binding near the MIRI65a transcriptional start
site, corresponding to the location of the cis-element (Fig. 5F,
region III), relative to surrounding locations. ACT2 and ZPR3
were also tested as negative and positive controls, respectively
(26, 27), and validated our results. Together these data demon-
strate that REV represses MIR165/166 directly via a previously
characterized conserved cis-element (295).

Although we could not determine whether repression by HAT3 is
also direct using inducible expression because HAT3 is already
expressed broadly (Fig. 3 A-E), we used ChIP-qPCR to assess
whether HAT3 also binds the region containing the MIRI65a cis-
element in vivo, and found that the binding of HAT3 is enriched in
the same region as for REV (Fig. 5F, region III), supporting the
proposal that HAT3 also regulates MIR165/166 directly and, there-
fore, that REV and HAT3 bind the cis-element as a complex.

Next, we tested the ability of HAT3 and REV to bind the cis-
element in a yeast one-hybrid (Y1H) assay and found no evidence of
protein—-DNA interaction for both proteins when tested individually
(Fig. 5G). However, when HAT3 or ATHB4 were included in
combination with REV, we detected interaction with the MIR cis-
element and not with a mutated version of this cis-element that had
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previously been shown to be defective in directing abaxial MIR ex-
pression (25) (Fig. 5G). These results further indicate that direct
interaction between these proteins promotes their binding to the
cis-element. Because additional HD-ZIPIII genes such as PHABU-
LOSA (PHB) and PHAVOLUTA (PHV') work redundantly with REV
to promote adaxial cell fate (2, 7), we also tested whether HAT3 and
ATHBA4 interact with these two HD-ZIPIIIs to bind the cis-element
by yeast one-hybrid assays. PHV-HAT3 and PHV-ATHB4 combi-
nations also tested positive for DNA binding, although with weaker
specificity in comparison with REV-HAT3 and REV-ATHB4
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Fig. 6. A regulatory network involving MIR165/166, class Il and class Il HD-
ZIP genes controls adaxial-abaxial patterning of the leaf. P1 and P2, leaf
primordia; SAM, shoot apical meristem.
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combinations (SI Appendix, Fig. S84). In addition, yeast one-hybrid
assays showed that PHB and PHV interact with the HD-ZIPII
ATHB2 to bind the cis-element (SI Appendix, Fig. S84), suggesting
that interactions between additional members of these two gene
families may also regulate MIR165/166 expression, which is consistent
with the stronger phenotype associated with the hat3 athb4 athb2
triple mutant (6).

Overall, our data demonstrate that maintenance of leaf polarity
involves physical interaction between class III HD-ZIPs and their
target genes, class II HD-ZIPs, to establish direct repression of
MIR165/166 (Fig. 6). In addition to REV, HAT3, and ATHB4,
another factor recently shown to repress MIRI66a is the adaxial
transcription factor ASSYMETRIC LEAVES 2 (AS2). However,
this regulation occurs at later stages of leaf development via a
binding site located further upstream of the cis-element reported
here (28). In turn, AS2 is directly repressed by the abaxial factor
KANADII (12), and KANI together with KAN2 help repress HD-
ZIPIII expression (1). Hence, besides the antagonistic HD-ZIPII/ITI-
MIR165/166 relationship described here, several other antagonistic
interactions help maintain distinct adaxial and abaxial patterns of
gene expression across the leaf. An important challenge for the fu-
ture will be to determine how adaxial and abaxial gene expression
patterns are initially specified in young primordia and how equal
partitioning is maintained during rapid cell proliferation and growth.

Materials and Methods

Plant Material and Treatments. Arabidopsis thaliana (L.) Heyhn plants were in
Columbia-0 (Col-0) background. Additional details regarding the mutant
and reporter lines generated in this background as well as the plant treat-
ments are provided in S/ Appendix.

Constructions for the Transgenic Plants. All plasmids used in this study were
constructed following standard molecular biology techniques. Additional ex-
perimental details are provided in S/ Appendix.

Confocal Microscopy and Image Analysis. Live imaging analyses were performed
on a Leica SP5 confocal microscope using a water-dipping 25x objective. Addi-
tional details regarding the live imaging settings are described in S/ Appendix.
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Small RNA Northern Blot. Total RNAs were isolated from 2-wk-old Col-0,
p35S::miR165a, hat1 hat2, and hat3 athb4 plants. Additional analysis de-
tails are described in S/ Appendix.

RT-qPCR. For quantification of mature miR165/166 levels after inducing
HAT3 or REVr ectopically, transgenic pML1::GR-LhG4_p6xOp::VENUS-HAT3
and p35S::GR-REVr (14, 23) plants were used. Additional analysis details
are provided in S/ Appendix.

Yeast Two-Hybrid Assay. The yeast two-hybrid screening was performed by
Hybrigenics Services (www.hybrigenics-services.com) using a mating ap-
proach with Y187 (Clontech library) and L40AGal4 (MATa) yeast strains as
previously described (30). Additional experimental details are described in
SI Appendix.

FRET-FLIM. For the FRET-FLIM studies, GFP-REVOLUTA, RFP-HAT3, and RFP-
ZPR3 (positive control) (23) were expressed under the control of the 35S pro-
moter in tobacco plants (N. benthamiana). Additional experimental details are
provided in S/ Appendix.

ChIP-qPCR. For ChIP-qPCR, transgenic pML1::GR-LhG4_p6xOp::VENUS-HAT3 and
PML1::GR-LhG4_p6xOp::REVr-2xVENUS plants were treated with DEX or 0.1%
ethanol (volivol) for 4 h as previously described (15). Additional analysis details
are described in S/ Appendix.

Yeast One-Hybrid Assay. Full-length cDNAs for HAT3, ATHB4, ATHB2, REV, PHB,
and PHV were cloned, to be used as the prey proteins. A DNA stretch con-
taining four repeats of a 80-nt-long DNA sequence located 149 bp upstream of
the MIR165a exon was synthesized and used as the bait DNA. Additional ex-
perimental details are described in S/ Appendix.
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