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In the root meristem, the quiescent center (QC) is surrounded by stem cells, which in turn generate the different cell types of the root.
QC cells rarely divide under normal conditions but can replenish damaged stem cells. In the proximal meristem, the daughters of
stem cells, which are referred to as transit-amplifying cells, undergo additional rounds of cell division prior to differentiation. Here,
we describe the functions of GRF-INTERACTING FACTORs (GIFs), including ANGUSTIFOLIA3 (AN3), in Arabidopsis thaliana roots.
GIFs have been shown to interact with GRF transcription factors and SWI/SNF chromatin remodeling complexes. We found that
combinations of GIFmutants cause the loss of QC identity. However, despite their QC impairment, GIFmutants have a significantly
enlarged root meristem with additional lateral root cap layers. We show that the increased expression of PLETHORA1 (PLT1)
is at least partially responsible for the large root meristems of an3 mutants. Furthermore, we found that GIFs are necessary
for maintaining the precise expression patterns of key developmental regulators and that AN3 complexes bind directly to the
promoter regions of PLT1 as well as SCARECROW. We propose that AN3/GIFs participate in different pathways that control
QC organization and the size of the meristem.

INTRODUCTION

The indeterminate growth of the Arabidopsis thaliana root is sup-
ported by the meristem at the tip of the organ. This root meristem is
organized into defined domains. The quiescent center (QC), char-
acterized by the expression of the homeodomain transcription factor
gene WOX5 (Petricka et al., 2012a), is surrounded by stem cells,
which in turn are responsible for the different cell types that comprise
the stereotypical Arabidopsis root. QC cells barely divide under
normal conditions, although their proliferation can be activated after
the stem cells are damaged (Cruz-Ramírez et al., 2013; Heyman
et al., 2013; Vilarrasa-Blasi et al., 2014). The QC and adjacent
stem cells are specified by two parallel routes directed by the
transcription factors PLETHORA (PLT) andSHORTROOT (SHR)/
SCARECROW(SCR) (Petrickaet al., 2012a;Heymanetal., 2014).
Shootward from the QC, in the proximal meristem, the stem cell
progenyundergoes rapid, transient-amplifying cell divisions that
provide thenecessarynumberof cells for organgrowth (Scheres,
2007; Heidstra and Sabatini, 2014).

Transcription factors of the GROWTH-REGULATING FACTOR
(GRF)classaredefinedby thepresenceofaWRCandQLQdomain,
which are necessary for DNA binding and protein-protein inter-
actions, respectively. InArabidopsis roots, theGRFsarespecifically
expressed in transit-amplifying cells located in the proximal meri-
stem, where they promote rapid cell divisions while repressing

genes that are active in stem cells (Rodriguez et al., 2015). This
precise localization of the GRFs in transit-amplifying cells is ac-
complished through posttranscriptional repression by the micro-
RNA miR396, which excludes the GRFs from the stem cell region
(Rodriguez et al., 2015).
TheGRFs interactwith small cofactors calledGRF-INTERACTING

FACTORs (GIFs). In Arabidopsis, the GIF family is composed of
three members: ANGUSTIFOLIA3 (AN3; also known as GIF1),
GIF2, and GIF3, which promote the growth of leaves and aerial
organs (Kim andKende, 2004;Horiguchi et al., 2005). GIFs cannot
bind to DNA per se, but they can function as coactivators of the
GRFs (Kim and Kende, 2004; Horiguchi et al., 2005; Debernardi
et al., 2014; Nelissen et al., 2015; Rodriguez et al., 2016). In ad-
dition,AN3can interactwithBRAHMA,acentral component of the
SWI/SNF chromatin remodeling complexes (Debernardi et al.,
2014; Vercruyssen et al., 2014; Nelissen et al., 2015). GIFs are
defined by an N-terminal domain that is homologous to the SNH
domain present in human SYNOVIAL TRANSLOCATION (SYT)
(Kim andKende, 2004; Horiguchi et al., 2005), whichmediates the
interactionwithhumanBRAHMAandBRAHMARELATEDGENE1
(Nagai et al., 2001; Perani et al., 2003). Therefore, while the inter-
actions between GIFs/SYT and BRAHMA complexes are con-
servedbetweenanimals andplants, thepartnershipbetweenGIFs
and GRFs has been acquired more recently in evolution, as the
GRFs are plant-specific transcription factors.
In the aerial part of the plant, the downregulation of GRF activity

through miR396 overexpression or loss-of-function mutants in
AN3 and other GIFs have similar effects, including a reduction in
meristem and leaf size (Kim and Kende, 2004; Horiguchi et al.,
2005; Rodriguez et al., 2010; Lee et al., 2014). Here, we describe
the functions of the GIF coregulators in root development and
show that they play a broad role in maintaining homeostasis of
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the root meristem. Most conspicuously, GIFs are necessary to
maintain the QC, a function that is independent of GRF tran-
scription factors. Surprisingly, gif mutants that have a distorted
QC also have significantly enlarged root meristems. We propose
that GIFs act through different partners, including the GRFs and
BRAHMA complexes, to maintain the homeostasis of the root
meristem. Furthermore, we show that AN3 complexes directly
regulate PLT1 and SCR, highlighting the importance of this system
in fine-tuning cellular programs during root development.

RESULTS

Control of the QC by GIF Coregulators

The threemembers in theArabidopsisGIF family of transcriptional
coregulators (Figure 1A) encode polypeptides harboring a SNH
andQGdomain (KimandKende, 2004).We characterized the root
tip architecture in individual, double, and triple mutants (Figures
1Band1C). Singlemutants, aswell asan3gif3andgif2gif3double
mutants, presented a normal cellular organization in the QC
(Figures 1B and 1C; Supplemental Figure 1). However, an3 gif2
and an3 gif2 gif3 displayed a strong disorganization of the QC
(Figures 1C and 1D; Supplemental Figure 1). Unlike the two to
three cells that arewell defined in size and shape in a longitudinal
section of the wild-type QC, we found no regular organization in
thepresumptiveQCregionof thean3gif2oran3gif2gif3mutants
(Figures1Cand1D;Supplemental Figure1).Allan3gif2gif3 triple
mutants analyzed and;70%of an3 gif2doublemutants displayed
astrongdistortionof theQCarea (Figures1Cand1D;Supplemental
Figure1).Weanalyzed theexpressionofQCmarkerProWOX5:GFP
(Sarkaretal.,2007)bycrossing the reporter line to thedifferentmutants
and found it to be severely affected in an3 gif2, which is in good
agreement with the disorganization of the QC (Figures 1E and 1F).

Tovalidateourobservation that thedistortionof theQCinan3gif2
and an3gif2 gif3wascausedby reducedGIFactivity,wegenerated
a dominant repressor version of AN3 by fusing the EAR-repression
motif (SRDX) (Hiratsu et al., 2003) to the C terminus of the protein.
Plants harboring ProAN3:AN3-SRDX, in which AN3-SRDX is ex-
pressed under the control of AN3 regulatory regions, displayed
a strong distortion of the QC and a strong reduction in ProWOX5:
GFP expression in 26 out of 44 transgenic plants analyzed (Figure
1G).Taken together, these results indicate thatGIFcoregulatorsare
necessary to maintain the QC in Arabidopsis roots.

Control of Root Meristem Size by GIF Coregulators

Analysis of primary root growth in gif2, gif3, and gif2 gif3mutants
showed no obvious differences compared with wild-type plants
(Figures 2Aand 2B; Supplemental Figures 2Aand 2B). In contrast,
an3 single mutants had longer roots than the wild type, a phe-
notype that was confirmed inmutants of two different accessions
(Figures 2A to 2C; Supplemental Figure 3A). Interestingly, an3 gif2
double mutants had shorter roots than the wild type (Figures 2A
and 2B), and an3 gif2 gif3 triple mutants were even more affected
(Figures 2A to 2C). Next, we determined the root meristem size in
the different GIF mutants. We found that an3, an3 gif3, an3 gif2,
and an3 gif2 gif3mutants displayed significantly larger meristems

than wild-type plants (Figures 2D and 2F; Supplemental Figures 2
and 3). In all cases, the larger meristem was a consequence of
a higher number of meristematic cells (Figure 2G; Supplemental
Figures 2D and 3C). Overall, an3 single mutants had an enlarged
root meristem and longer roots than wild-type plants, while an3
gif2 or an3 gif2 gif3mutants, which had largermeristems together
with a strong disorganization of the QC, had shorter roots. We
estimated thecell cycleduration in thedifferentmutantsand found
it to be delayed in an3 gif2 gif3mutants compared with wild-type
roots (Supplemental Figure 4). Next, we overexpressed the three
ArabidopsisGIFs (i.e., AN3,GIF2, andGIF3) under the control of the
35S promoter. In all cases, we found that high GIF levels caused
a reduction inmeristem length (Figures 2Eand2H) due to adecrease
incell number (Figure2I), aphenotypeopposite to thatobserved ingif
mutants. Altogether, these results indicate that GIFs quantitatively
control root meristem size, while a strong downregulation of GIF
activity (e.g., combination ofmutants orAN3-SRDX) impairs theQC.
To investigate whether the effects of the an3 gif2mutants in the

root meristem were reversible, we generated a ProAN3:AN3-GR-
GFP (AN3-GR) fusion, in which AN3 activation is triggered by
dexamethasone (DEX), and introduced it into an3 gif2 mutants.
After 30hofDEX treatment, the sizeof the rootmeristemof thean3
gif2 mutants harboring AN3-GR began to recover and was fully
complemented 40 h after DEX treatment (Figures 3A and 3B).
Interestingly, 40 h after DEX treatment, the QC organization was
recovered in an3 gif2 mutants harboring AN3-GR in most cases
(only 15% of an3 gif2 double mutants showed a strong QC
distortion; Supplemental Table 1; Figure 3C). Altogether, these
results confirm that the defects observed in the AN3/GIFmutants
were caused by low levels of these transcriptional coregulators
and were at least partially reversible upon activation of AN3.

GIF Coregulators and Their Partners Are Expressed in
Different Root Domains

Prompted by the observation that the overexpression of AN3,
GIF2, and GIF3 caused similar phenotypes, but only an3 single
mutantswereaffected in the rootmeristem,wedecided toanalyze
their expression patterns in Arabidopsis roots. We generated
reporters for the threeGIFsby fusingGFP to theC-terminal part of
each gene. We found that ProAN3:AN3-GFP (AN3:GFP; Figure
4D) was strongly expressed in the root meristem and QC region,
whileProGIF2:GIF2-GFP (GIF2:GFP; Figure 4E)wasmorebroadly
expressed, including the elongation zone and columella cells.
ProGIF3:GIF3-GFP (GIF3:GFP) expression was restricted to the
vascular region (Figure 4F), indicating that the three genes have
overlapping but not identical expression patterns. Of the 40 in-
dependent reporter linesanalyzed for eachgene, thesepatternsof
expression were observed in more than 90% of the lines for AN3:
GFP (Figure 4D) andGIF2:GFP (Figure 4E), and in more than 60%
for GIF3:GFP, which was detected at lower levels (Figure 4F). In
addition, only AN3 showed a strong peak of expression in the QC
and stem cell region (Figure 4D, inset), which is in agreement with
previous reports that identify AN3 as a QC-enriched gene (Nawy
et al., 2005), andwith the defects in theQCof an3gif2 and an3gif2
gif3 mutants, but not of gif2 gif3 (Figures 1C and 1D). Finally, we
measuredAN3 andGIF2 transcript levels in an3, gif2, and an3 gif2
mutants (Figures 4B and 4C) and found that AN3 transcript levels
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Figure 1. GIFs Are Necessary to Maintain the QC.

(A)Schematic comparisonof thegenestructuresofdifferentmembersof theArabidopsisGIF family. The light-grayboxes represent theuntranslated region,
while the dark boxes are the exon sequences.
(B) QC organization in roots of the wild type and single mutants an3, gif2, and gif3 at 7 d after sowing. The white arrowheads mark the position of the QC.
Bars = 50 mm.
(C)QCorganization in roots ofmultipleGIFmutantsgif2 gif3, an3gif3, an3gif2, and an3gif2 gif37dafter sowing. Thewhite arrowheadsmark theposition of
the QC. Bars = 50 mm.
(D) Percentage of roots with strong QC distortion in different mutant backgrounds. Wild-type and an3 gif2 QC organization was assayed in more than
140 plants. In the other cases, at least 50 roots were evaluated for each background.
(E)ExpressionofProWOX5:GFP in thewild type,an3,gif2,AN3/an3gif2/gif2, and an3gif2.Thewhite arrowheadsmark theposition of theQC.Bars=50mm.
(F)Combined box/violin plot diagram of GFP fluorescence intensity from theProWOX5:GFP reporter in the wild-type, an3, gif2,AN3/an3 gif2/gif2, and an3
gif2background.Different letters indicatesignificantdifferences,asdeterminedbyANOVAfollowedbyTukey’smultiplecomparison test (P<0.05).Thedata
show theGFP fluorescent intensity scored in 25different plants of eachgenotype. The combined box/violin plotwasproduced inRusing the ggplot2 library
with default parameters. Outliers are plotted as individual dots.
(G)QCorganization in roots of the wild type transformedwith a dominant repressor version of AN3 (ProAN3:AN3-SRDX ) or an empty vector (wt) at 7d after
sowing. Below, the expression ofProWOX5:GFP in thewild type andProAN3:AN3-SRDX. Thewhite arrowheadsmark the position of the QC. A schematic
representationofProAN3:AN3-SRDX is shown (light-grayboxes represent untranslated regions,darkboxes represent exons, and thepinkbox indicates the
SRDX sequence). Bars = 50 mm.
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Figure 2. GIFs Regulate Root Meristem Size and Growth.

(A) Root growth phenotype 6 d after sowing in the wild type, an3, gif2, gif3, an3 gif2, and an3 gif2 gif3. Bar = 1 cm.
(B)Root elongation rate (mm/h) in thewild type,an3,gif2,gif3,an3gif2, and an3gif2gif3.Thedata shownaremean6 SEof the root elongation ratemeasured
in 25 different roots of each genotype. Different letters indicate significant differences, as determined by ANOVA followed by Tukey’smultiple comparison
test (P < 0.05).
(C)Rootelongation (mm) inwild type,an3andan3gif2gif3.DAS (daysafter sowing). Thedatashownaremean6 SEof the rootelongationover timemeasured
in 25 different roots of each genotype
(D)Root tip architecture 7dafter sowing in thewild type,an3,gif2,gif3, an3gif2, andan3gif2gif3. Thewhite arrowheadsmark thepositionof theQC, and the
yellow arrowheads mark the end of the meristem where cells start to elongate. Bar = 50 mm.
(E)Root tip architecture 7 d after sowing in thewild type,Pro35S:AN3,Pro35S:GIF2, andPro35S:GIF3. Thewhite arrowheadsmark the position of theQC,
and the yellow arrowheads mark the end of the meristem where cells start to elongate. Bar = 50 mm.
(F)Meristematic zone length (mm) in the wild type, an3, gif2, gif3, an3 gif2, and an3 gif2 gif3. The data shown aremean6 SE of themeristematic zone length
measured in 25 different roots of each genotype. Different letters indicate significant differences, as determined by ANOVA followed by Tukey’s multiple
comparison test (P < 0.05).
(G)Numberof cortexcells in the rootmeristem (Nm) in thewild type,an3,gif2,gif3,an3gif2, andan3gif2gif3.Thedatashownaremean6 SEof thenumberof
meristematic cortex cells scored from 25 different roots of each genotype. Different letters indicate significant differences, as determined by ANOVA
followed by Tukey’s multiple comparison test (P < 0.05).
(H)Meristematic zone length (mm) in the wild type, Pro35S:AN3, Pro35S:GIF2, and Pro35S:GIF3. The data shown are mean6 SE of the meristematic zone
length measured in 25 different roots of each genotype. Different letters indicate significant differences, as determined by ANOVA followed by Tukey’s
multiple comparison test (P < 0.05).
(I) Number of cortex cells in the root meristem (Nm) in the wild type, Pro35S:AN3, Pro35S:GIF2, and Pro35S:GIF3. The data shown are mean6 SE of the
number of meristematic cortex cells scored from 25 different roots of each genotype. Different letters indicate significant differences, as determined by
ANOVA followed by Tukey’s multiple comparison test (P < 0.05).
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increased in gif2mutants (Figure 4B), suggesting the existence of
a compensatory mechanism to maintain GIF activity.

AsGIFsareknown to interactwithGRFtranscription factors and
BRAHMA complexes (Kim and Kende, 2004; Horiguchi et al.,
2005; Debernardi et al., 2014; Vercruyssen et al., 2014; Nelissen
et al., 2015) (Figure 4A), we compared the expression patterns of
GRF2, GRF3, and BRAHMA, which have been described before
(Smaczniak et al., 2012), to those of AN3, GIF2, and GIF3. Both
GRF2 andGRF3were specifically expressed in transit-amplifying
cells and outside of the stem cell region (Figures 4H and 4I),
corresponding to previous results (Rodriguez et al., 2015). In
contrast,BRAHMAwas expressed throughout themeristem,with
a peak in the QC-stem cell area, overlapping with the peak of
expression of AN3 (Figure 4G).

The AN3 GRF Pathway Controls Root Meristem Size

We investigated the genetic interactions between AN3 and its
partners. Since the GRFs function redundantly (Rodriguez et al.,
2015), we analyzed Pro35S:miR396 plants, which have an overall
reductionofGRFactivity (Rodriguezet al., 2010, 2015;Ercoli et al.,
2016). Previous studies have shown that Pro35S:miR396 roots
have a large meristem that can be rescued via the expression of
a miR396-resistant version of GRF3 (rGRF3) that is insensitive to
the repression by the microRNA (Rodriguez et al., 2015). We ex-
amined50 independent linesexpressingPro35S:miR396. Thirty-six

of these lines hadameristem larger thanwild-typeplants, and10of
themhad ameristem similar to or even larger than an3 gif2mutants
(Supplemental Figure 5A). That the overexpression of miR396
had a larger effect on root meristem size than an3 gif2 was not
unexpected, as adecrease in theactivity of theGRF transcription
factors might have a stronger effect than the loss of their co-
activators. In agreement with this possibility, it has been shown
that rGRF3 can partially rescue the leaf size defects of an3
(Debernardi et al., 2014). Despite these large effects onmeristem
size, Pro35S:miR396 plants did not show alterations in the QC
region (Supplemental Figures 5A and 5B). We then analyzed the
effects of overexpression of miR396 in an3 in 50 independent
primary transgenic plants. As previously observed (Rodriguez
et al., 2010; Mecchia et al., 2013), we found many plants with
defects in the shoot apical meristem, leaf polarity, and size
(Figures 5A to 5D). We analyzed the roots of 20 Pro35S:miR396
an3 plants with strong leaf defects (Figure 5D) and found that the
QCwas unaffected (Figure 5D). To confirm thatAN3 controls root
meristem size through the GRFs, we analyzed the effects of
Pro35S:AN3 in plants overexpressing miR396. While Pro35S:
AN3 roots showed a reduction in root meristem size, Pro35S:
miR396 caused the opposite effect (Figures 5E and 5F). Plants
harboring both Pro35S:AN3 and Pro35S:miR396 obtained by
crossing the parental lines had a large root meristem similar to that
of Pro35S:miR396 plants (Figures 5E and 5F), confirming that AN3
requires the GRFs to modify root meristem size. These results

Figure 3. Inducible AN3-GR Rescues the Root Meristem Defects in the an3 gif2 Mutants.

(A) and (B) Root meristem size changes in an3 gif2 mutants harboring AN3-GR after DEX treatment.
(A) Root tip architecture at 6 d after sowing in the wild type and an3 gif2 AN3-GR. The white arrowheads mark the position of the QC, and the yellow
arrowheads mark the end of the meristem where cells start to elongate. Bar = 50 mm.
(B) Meristematic zone length (mm) in the wild type and an3 gif2 AN3-GR. The data shown are mean 6 SE of the meristematic zone length measured in at least
30differentrootsofeachgenotype.Different letters indicatesignificantdifferences,asdeterminedbyANOVAfollowedbyTukey’smultiplecomparisontest (P<0.05).
(C)QCphenotypes in roots of an3gif2plants harboringAN3-GR treatedwithDEX for 20, 30, and40h. SeeSupplemental Table 1 for a quantification of roots
with QC defects upon treatment. Bar = 50 mm.
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indicate that AN3 together with the GRFs control root meristem
length, but they do not seem to act together to maintain the QC.

Partial Rescue of brahma Defects by an3

Unlike Pro35S:miR396 plants, brahma mutants have a strong
distortion of the QC and a rather short root meristem (Figures 6A,

6B,and6E) (Yangetal., 2015).Weanalyzed thegenetic interaction
between an3 and brahma and found that an3 restored the root
meristem size of brahma mutants to a wild-type size (Figures 6A
and 6B). As expected, analysis of an3 brahma crosses re-
vealed that they also exhibited strong disorganization of the
QC area (Figures 6A and 6F). Furthermore, we found that an3/an3
BRAHMA/brahma roots had a distorted QC in 77% of the roots

Figure 4. Expression Patterns of GIFs, BRM, and GRFs in the Root Meristem.

(A) Schematic comparison of the domain structures of AN3, a GRF, and BRM.
(B)Relative transcript levelsofAN3 inwild-type, an3,gif2, and an3gif2 roots, asdeterminedbyRT-qPCR. Thedata shownaremeans6 SEof threebiological
replicates. Different letters indicate significant differences, as determined by ANOVA followed by Tukey’s multiple comparison test (P < 0.05).
(C) Transcript level of GIF2 in wild-type, an3, gif2, and an3 gif2 roots, as determined by RT-qPCR. The data shown are means 6 SE of three biological
replicates. Different letters indicate significant differences, as determined by ANOVA followed by Tukey’s multiple comparison test (P < 0.05).
(D) to (I) Expression of GFP reporters in AN3 (D),GIF2 (E),GIF3 (F), BRM (G),GRF2 (H), andGRF3 (I). These reporter lines harbor C-terminal translational
fusions of GFP to the complete gene, including introns. These constructs are expressed under the control of their own promoter sequences. The figures on
the right side of each panel show GFP intensity profile analysis of the regions highlighted with rectangles. Pink shapes indicate the QC and the stem cell
region. White and cyan bars = 50 mm.
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analyzed (Figures 6A and 6G; Supplemental Table 2), while an3 or
BRAHMA/brahma did not show QC disorganization per se (Fig-
ures 6Cand6D;Supplemental Table 2), indicating that bothgenes
cooperate in maintaining QC homeostasis. Therefore, while an3
enhanced the QC defects of brahma, it partially restored the
meristem size. These results are in agreement with the role ofAN3
togetherwith theGRFs in the control of the rootmeristemsize and
AN3 together with BRAHMA in the maintenance of the QC.

GIFs Fine-Tune Gene Expression in Different Root Domains

To characterize the alterations in the QC and the meristem ob-
served in an3/gifmutants, we analyzed the expression of cellular
markers. We used an AGL42 reporter (ProAGL42:GFP) that is
expressed in the QC and the surrounding stele and ground tissue
stem cells (Nawy et al., 2005). In an3, the activity of the AGL42
reporter expanded into the transit-amplifying cells (Figures 7Aand
7B). A similar effect was previously described in miR396 over-
expressors (Figures7Kand7L).However, inAN3/an3gif2/gif2and
an3 gif2 double mutants, AGL42 expression was specifically

downregulated in theQCarea,while the ectopic expressionof this
gene in transit-amplifying cells remained active (Figures 7C and
7D; Supplemental Table 3). That only gifmutants but not miR396
overexpressors affected AGL42 expression in the QC is consis-
tent with the notion that AN3/GIFs functions in QC maintenance
independently of the GRFs.
We thenanalyzed theexpressionof the transcriptional reporters

PLT1 (ProPLT1:CFP) and PLT2 (ProPLT2:CFP), which are highly
active in the stem cell area and less active in proliferating cells
(Galinha et al., 2007; Mähönen et al., 2014). Both the PLT1 and
PLT2 expression patterns were expanded in an3 root meristems,
although the changes in PLT1 expression were more obvious
(Figure 7F;Supplemental Figure 6). In thean3gif2doublemutants,
PLT1 expression decreased in the QC but expanded shoot-
ward to a broader area (Figures 7F to 7H), which is consistent
with the observed distortion of the QC region and the enlarged
proximal meristem. As a consequence, the well-defined gradient of
ProPLT1:CFP expression along the longitudinal axis was blurred
to a larger domain, with rather homogenous expression levels
(Figure 7I). Interestingly, an expansion of the expression pattern

Figure 5. AN3 Participates in Different Genetic Pathways to Control Specific Zones of the Root Meristem.

(A) to (D) Shoot apices (upper figure) and root QC (lower figure) upon overexpression of miR936 in wild-type (S96 accession) and an3 (an3-1) plants. The
yellow arrowheads indicate severely affected leaves, while the white arrowheads mark the position of the QC. Gray bar = 1 mm and white bar = 50 mm.
(E) Root meristem size after overexpression of AN3 driven by the 35S promoter (Pro35S:AN3) in wild-type and miR396-overexpressing plants. The white
arrowheads mark the position of the QC, and the yellow arrowheads mark the end of the meristem where cells start to elongate. Bar = 50 mm.
(F)Meristematic zone length (mm) inwild-type,Pro35S:miR396,Pro35S:AN3 (2), andPro35S:AN3Pro35S:miR396plants. Thedatashownaremean6 SEof
the meristematic zone length measured in 25 different roots of each genotype. Different letters indicate significant differences, as determined by ANOVA
followed by Tukey’s multiple comparison test (P < 0.05).
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of ProPLT1:CFP in transit-amplifying cells was also observed in
Pro35S:miR396 plants. However, in that case, PLT1 expression
was unaffected in the QC (Figures 7J, 7M, and 7N). These results
support the notion that GRFs and AN3/GIFs play a role in the
regulation of meristem size and that AN3/GIFs have additional
functions in the maintenance of the QC. Altogether, our findings
show that AN3/GIFs help generate the specific gene expression
patterns in the different root domains.

Mechanistic Links between AN3 and the Major Root
Regulators PLT and SCR

Obtaininga readoutof thePLTgradient isessential fordetermining
the root domains, as the peak of PLT expression determines the
stem cell niche, while lower levels are necessary to promote cell
proliferation in the root meristem (Galinha et al., 2007; Mähönen
et al., 2014). We then performed a more detailed analysis of the
genetic interaction between AN3 and PLT1, whose expression is
significantly affected in an3/gif mutants (Figures 7F and 7I). In
contrast to an3, which has a larger meristem, the loss of PLT1 led
to a reduction in rootmeristem size (Figures 8Aand 8C). Analysis of
an3plt1 revealedameristemsize identical to thatofplt1, suggesting
that the larger meristem size observed in the an3mutants depends
on themisregulation ofPLT1 expression (Figures 8A and 8C). As
the ectopic expression of PLT is associated with an increase in
the number of lateral root cap (LRC) layers (Galinha et al., 2007),
we analyzed an3 and an3 gif2mutants and found that their roots

showed this phenotype (Figures 8B and 8D), which was con-
firmed by examining the expression of a SOMBRERO reporter
(ProSMB:GFP) (Fendrych et al., 2014). Interestingly, the
number of LRC layers in the an3 plt1 double mutants was
similar to that in wild-type roots (Figure 8E), further indicating
the importance of PLT1 misregulation in the developmental
defects in an3 roots.
AsPLT1wasmisexpressed in thean3/gifmutants (Figures 7F to

7I),wehypothesized thatAN3mightbea regulator ofPLT1. To test
this hypothesis, we measured PLT1 transcript levels in an3 and
found that this gene was upregulated in the root meristem (Figure
8G).We then turned to theDEX-induciblean3AN3-GRsystemand
studied the responseofPLT12hafterAN3 inductionwithDEX.We
found that PLT1 transcript levels were significantly repressed
upon AN3 induction (Figure 8H). To confirm that PLT1 is directly
regulated by AN3 complexes, we performed chromatin immuno-
precipitation (ChIP) assays using an3 AN3-GR-expressing lines.
Analysis of the PLT1 promoter region identified a potential GRF
binding site, TGTCAGA (O’Malley et al., 2016),;4 kb upstream of
the coding sequence. We designed primers matching flanking
regions of this site, as well as a control region in the PLT1 coding
sequence (Figure8I). ChIPexperimentsperformed30minafterDEX
treatment of an3 AN3-GR with primers designed against PLT1
promoter regions revealed a strong enrichment, in contrast to the
control region (Figure 8I), demonstrating that AN3 complexes can
directly bind to the PLT1 promoter regions and regulate the ex-
pressionof thisgene. In turn,previousstudieshaveshown thatAN3

Figure 6. Control of the Root Meristem and QC by AN3 and BRAHMA.

(A)Root tip architecture at 7dafter sowing in thewild type, an3,brm (brm-1), an3brm, andan3/an3BRM/brm.Thewhite arrowheadsmark theposition of the
QC, and the yellow arrowheads mark the end of the meristem where cells start to elongate. Bar = 50 mm.
(B) Meristematic zone length (mm) in the wild type, an3, brm, and an3 brm. The data shown are mean 6 SE of the meristematic zone length measured in
25 different roots of each genotype. Different letters indicate significant differences as determined byANOVA followed by Tukey’smultiple comparison test
(P < 0.05).
(C) to (G)QCorganizationof roots 7dafter sowing in an3 (C),BRM/brm (D),brm (E), an3brm (F), and an3/ an3BRM/brm (G). Thewhite arrowheadsmark the
position of the QC. See Supplemental Table 2 for a detailed analysis of the frequency of roots with QC defects for these genotypes. Bar = 50 mm.
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isamongthegenesdirectly regulatedbyPLT2(Santuarietal.,2016).
We therefore crossed an AN3:GFP reporter line to the plt1 plt2
mutant and confirmed thatAN3was significantly downregulated in
the progeny (Figure 8F). These results indicate that AN3 and PLT
mutually regulate each other.

To explore the additional functions of AN3 in the QC region, we
analyzed the results of a previously described AN3 ChIP-seq ex-
periment performed in Arabidopsis suspension cell cultures
(Vercruyssen et al., 2014). Among the 2836 peaks identified in the
Arabidopsis genome, we found a potential binding site for an AN3
complex in the SCR promoter. We designed primers flanking this
putative binding site and confirmed the binding of the AN3 complex
to this regionbyChIP-PCRusingan3AN3-GRplants treatedwithor
withoutDEX (Figure 8I). Next,wedetermined the transcript levels
of SCR after treating an3 AN3-GR lines with DEX (Figure 8J) and
foundan increase inSCR levels, further confirming the regulation
of SCR by AN3. Finally, we expressed the repressor version of
AN3, ProAN3:AN3-SRDX, in ProSCR:SCR-GFP reporter lines.
Of the 40 independent transgenic lines analyzed, 22 had a de-
crease inSCR-GFP signal in the QC area (Figure 8K). Altogether,
these results indicate that there is a link between AN3 and SCR.

DISCUSSION

The cellular organization of the root meristem is essential for
establishing the radial patterning of the root and promoting root
growth. Twomain pathways,which are directed bySHR/SCRand
PLT transcription factors, have been shown to play essential roles
in root meristem organization. Mutations in these transcription
factors affect the QC and the surrounding stem cells, reduce
meristem size, and impair root growth (reviewed in Petricka et al.,
2012b; Heyman et al., 2014). Here, we describe the functions of
GIF coregulators in root meristem homeostasis. In contrast to
other regulatorsof the rootmeristemthataffect theQCand reduce
meristem size (Sabatini et al., 2003; Aida et al., 2004; Ortega-
Martínez et al., 2007; Vanstraelen et al., 2009; Chen et al., 2011;
González-García et al., 2011; Sang et al., 2012; Moubayidin et al.,
2013), the loss ofGIF genes affects the QC area but increases the
size of the meristem.

Expression of GIF Coregulators in Arabidopsis Roots

AN3,GIF2, andGIF3haveoverlapping expressionpatterns,which
likely explains their redundant functions. WhileGIF2 is expressed
rather homogenously throughout the root meristem, GIF3 ex-
pression is enriched in the vascular region. AN3 has a peak of
expression in the stemcell region,with a gradient extending toward
the transit amplifying cells. ThatAN3 is expressedat higher levels in
the stem cell area explains why its mutation affects WOX5 ex-
pressionandQCmaintenance,especially incombinationwithother
GIFs. Interestingly, the pattern of AN3 expression is reminiscent of
the gradient of PLT transcription factors (Aida et al., 2004; Galinha
et al., 2007; Mähönen et al., 2014). The gene network controlled by
PLTs has recently been studied in detail, andAN3was consistently
detected as a PLT target gene (Santuari et al., 2016). Furthermore,
our results showing that overall AN3 expression was significantly
reduced in plt1 plt2 confirm the biological relevance of this regu-
lation (Figure 8F).

Mechanistic Links between AN3 and Major Root Regulators

In turn,we found thatPLT1andPLT2expressionwasmisregulated in
an3/gifmutants. The precise expression pattern ofPLT1, with a peak

Figure 7. Definition of the Root Developmental Domains by GIFs.

(A) to (H) Expression of the reporters ProAGL242:GFP ([A] to [D]) and
ProPLT1:CFP ([E] to [H]) in the wild-type ([A] and [E]), an3 ([B] and [F]),
AN3/an3 gif2/gif2 ([C] and [G]), and an3 gif2 background ([D] and [H]). The
white arrowheads mark the position of the QC. See Supplemental Table 3
for a detailed analysis of the expression of the reporter ProAGL42:GFP in
these mutants. Bars = 50 mm.
(I) and (J) Profile of fluorescence intensity in root tips of the ProPLT1:CFP
reporter in thewild type,an3gif2 (I), andPro35S:miR396 (J) roots.Thevalueof
CFPintensitywasnormalizedtothemaximumvaluemeasured inthewild type.
The intensity profile corresponds to the average of 10 plants per genotype.
(K) to (N) Expression of marker lines ProAGL242:GFP ([K] and [L]) and
ProPLT1:CFP ([M] and [N]) in the wild type ([K] and [M]) and Pro35S:
miR396 background ([L] and [N]).
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in the stem cell area that extended toward the proximal meristem,
became blurred in the an3 gif2 double mutant. While the peak of
expression of PLT1 in the stem cell area was reduced in this
mutant, its domain of expression extended shootward. The large
meristem and ectopic lateral root layers observed in an3mutant
are consistent with phenotypes caused by the ectopic expres-
sion of PLT genes (Galinha et al., 2007). The finding that an3 plt1
crosses suppressed the an3 phenotypes corroborates the no-
tion that ectopic PLT1 expression was responsible for these
defects. Actually, our AN3-GR ChIP PCR analysis showed that
AN3 complexes bind directly to the PLT1 promoter, providing
a mechanistic link between AN3 and PLT genes. In this context,
AN3/GIFs coregulators and PLTs might be regulating each
other’s expression to fine-tune their expression patterns. Mu-
tations in an3/gif compromise the expression of other genes in
the QC such as WOX5 and AGL42. At least AGL42 expression
was upregulated in the meristem, suggesting that AN3/GIF
coregulators are necessary for the homeostasis of the root
meristem. In addition, we found that AN3 complexes can bind to
theSCR promoter to regulate its expression. Therefore, AN3 can
fine-tune the expression of twogenes encodingmajor regulators

Figure 8. Direct Regulation of PLT1 and SCR by AN3 Complexes.

(A)Root tiparchitecture7dafter sowing in thewild type,an3,plt1, andan3plt1.
Thewhite arrowheadsmark the position of theQC, and the yellow arrowheads
mark the end of the meristem where cells start to elongate. Bar = 50 mm.
(B) Expression of an LRC-specific marker (ProSMB:GFP) in wild-type, an3, and
an3 gif2 roots. Thewhite arrowheadsmark the position of theQC, and the yellow
arrowheadsmark the endof themeristemwhere cells start to elongate. The inset
magnifies the same position in each root showing the increase in the number of
LRC layers. The white stars mark the LRC layers. Bar = 50 mm.
(C)Meristematiczone length (mm) in thewild type,an3,plt1, andan3plt1.The
data shown are mean 6 SE of the meristematic zone length measured in
25 different roots of each genotype. Different letters indicate significant
differences, as determined by ANOVA followed by Tukey’s multiple com-
parison test (P < 0.05).

(D)Number of LRC layers measured 35 mm above the QC in the wild type,
an3,gif2,gif3, an3gif2, and an3gif2 gif3. Thedata shownaremeans6 SE of
the number of lateral root cap measured in 25 different roots of each
genotype. Different letters indicate significant differences, as determined
by ANOVA followed by Tukey’s multiple comparison test (P < 0.05).
(E) Number of LRC layers measured 35 mm above the QC in the wild type,
an3, plt1, and an3 plt1. The data shown are means 6 SE of the number of
lateral root cap measured in 25 different roots of each genotype. Different
letters indicate significant differences, as determined by ANOVA followed
by Tukey’s multiple comparison test (P < 0.05).
(F) ExpressionofAN3:GFP inwild-type (Wassilewskija accession) andplt1 plt2
mutants. The white arrowheads mark the position of the QC. Bars = 50 mm.
(G) Relative transcript level of PLT1 in wild-type and an3 roots, as de-
termined by RT-qPCR. The data shown are means6 SE of three biological
replicates. Asterisks indicate significant differences from the wild type, as
determined by Student’s t test (P < 0.05).
(H) Relative transcript level of PLT1 in an3 AN3-GR roots after 2 h of DEX
induction (+DEX; 25 mM), as determined by RT-qPCR. The data shown are
means 6 SE of three biological replicates. Asterisks indicate significant dif-
ferences frommock-treated plants (2DEX), as determined by Student’s t test
(P < 0.05).
(I)ChIP-qPCR (left) for three specific regions in thePLT1genenamedA,B, and
C and one specific region in theSCR gene namedD. The data shown are from
two biological replicates. ChIP assays were performed using anti-GFP anti-
bodies on 6-d-old an3 roots expressing GFP-tagged AN3-GR vector treated
with DEX ormock. Right, scheme of AN3 target genes,PLT1 andSCR. A GRF
binding site in thePLT1promoter and anAN3-complex binding site in theSCR
promoter are indicated with red rectangles. The green arrowheads show the
position of the primers used in the ChIP-qPCR experiment.
(J) Relative transcript level of SCR in an3 x AN3-GR roots after 2 h of DEX
induction (+ DEX; 25 mM), as determined by RT-qPCR. The data shown are
mean 6 SE of three biological replicates. Asterisks indicate significant differ-
ences from mock-treated plants, as determined by Student’s t test (P < 0.05).
(K)ExpressionofProSCR:SCR-GFP inwild type (accessionWassilewskija)
andplants transformedwith adominant repressor versionof AN3 (ProAN3:
AN3-SRDX ) 7 d after sowing. The white arrowheads mark the position of
the QC. Bars = 50 mm.
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of rootdevelopment, thePLTandSCR transcription factors. AN3
is then required for the expression of SCR in the QC area, while it
represses PLT1 in proliferating cells.

Functions of AN3 and GIF2/3 in Leaves and Roots

Loss of function of AN3 reduces leaf size (Kim and Kende, 2004;
Horiguchi et al., 2005), while additional mutations in GIF2 and GIF3
significantly impair leaf growth and the shoot apical meristem (Kim
and Kende, 2004; Horiguchi et al., 2005; Lee et al., 2014). Further-
more,simultaneousmutationsofAN3andHANABATANARU leadto
ectopic root formation in cotyledons (Kanei et al., 2012), highlighting
the role of the GIF coregulators in the control of shoot development.
However, their functions in the above- or belowground parts of the
plant appear to differ. In the aerial parts,miR396 overexpressors and
grfmutantshavesimilarphenotypestoan3/gifmutants.Furthermore,
an3 Pro35S:miR396 plants have an affected shoot apical meristem
and develop leaves with polarity defects (Rodriguez et al., 2010;
Mecchiaetal.,2013). Incontrast,Pro35S:miR396onlyaffects thesize
of the root meristem without affecting the QC, and an3 Pro35S:
miR396 plants, which have severely affected shoot development,
have rootswith largemeristems (ourdata).These resultssuggest that
AN3/GIFs have additional functions in roots, especially in QC
maintenance, that go beyond the activities of the GRFs.

Control of the QC Region by AN3 and GIF2/3

Detailed studies have shown that AN3 can interact with GRFs (Kim
and Kende, 2004; Horiguchi et al., 2005) and BRAHMA chromatin
remodeling complexes (Kim and Kende, 2004; Debernardi et al.,
2014; Vercruyssen et al., 2014; Nelissen et al., 2015). Furthermore,
AN3 is thought to represent a link between the GRFs (or other
transcription factors) and chromatin remodeling complexes during
leaf development (Vercruyssen et al., 2014; Nelissen et al., 2015).
BRAHMA complexes, in turn, are important for the organization of
the QC and for modifying the expression of members of the PIN
auxin efflux protein family (Yang et al., 2015).

Previous studies have shown thatmiR396overexpression does
not affect the organization of the QC or SCR expression levels
(Rodriguez et al., 2015). Here, we showed that AN3 complexes
regulateSCR, which is required tomaintain theQCandstemcells.
It is likely that AN3 interacts with BRAHMA to maintain the QC
region, but it is plausible that a BRAHMA-AN3 complex also in-
teracts with other transcription factors. It has been proposed that
the composition of AN3 complexes dynamically changes along
a developing maize (Zea mays) leaf (Nelissen et al., 2015), and
a similar processmight occur in roots aswell. Recent studies have
described indetail the regulationof cell-specific functions through
different protein complexes involving SHORTROOT, SCR, and
JACKDAW (Long et al., 2017). We speculate that different AN3
complexes could also be involved in fine-tuning cellular programs
in different domains of the root meristem.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana accession Col-0 was used throughout this study
unless otherwise indicated. See Supplemental Table 4 for a list and

description of themutants and reporter lines used in this study. Plantswere
grown in long photoperiods (16 h light/8 h dark) using fluorescent bulbs
(triphosphor code #840, 100 mmol quanta m22 s21) at 21°C. For root
analysis, surface-sterilized seeds were sown on solid medium containing
13 Murashige and Skoog salt mixture, 1% sucrose, and 2.3 mM MES
(pH5.8) in 1%agar. After stratifying the seeds in the dark (4°C) for 2 to 3 d,
the Petri dishes were placed in a vertical orientation inside growing
chambers. For chemical treatments, DEX (D4902-1G; Sigma-Aldrich)
was stored as 25 mM stocks in ethanol and used at 25 mM for the in-
dicated periods (2 h and from 20 to 40 h).

Cloning and Generation of Transgenic Lines

See Supplemental Table 5 for a detailed description of the constructs
used in this study. For the analysis of expression pattern of AN3,GIF2,
and GIF3, the reporter lines were generated by fusing GFP to the C
terminus of each protein. A DNA fragment consisting of the promoter
region and the genomic sequences (including introns)was used in each
case. The ProAN3:AN3-SRDX and ProAN3:AN3-GFP-GR constructs
were obtained in a similar way by fusing theSRDX repression domain or
the glucocorticoid receptor coding sequence, respectively, to the C
terminus. Arabidopsis plants were transformed using the floral dip
method (Clough and Bent, 1998).

Confocal Microscopy

Confocal laser scanningmicroscopy was performed throughout the study
using a Plan Apochromat 203, 0.8-NA lens on a Zeiss LSM880 micro-
scope. Roots were stained with 10 mg/mL propidium iodide for 2 min,
rinsed, mounted in water, and visualized after excitation by an argon
488-nm laser line. The fluorescence emission was collected from 590 to
700nm (propidium iodide), 496 to 542nm (GFP), and 465 to 570nm (CFP).
Cellular parameters and fluorescence signal intensity were analyzedwith
Fiji (Schindelin et al., 2012).

Analysis of Root Growth

For root elongation measurements, seedlings were grown vertically for
10 days. Starting from day 6 after germination until the end of the ex-
periment, a dotwasdrawnat theposition of the root tip. Finally, plateswere
photographed, and the root length was measured over time with Fiji
(Schindelin et al., 2012). Root growth rate, expressed in mm/h, was esti-
mated from theslopeof thegraphplotsof root length (mm) versusplant age
(expressed as days after sowing).

Meristematic zone length and meristematic cell number were de-
termined according to the file of cortex cells from the confocal microscopy
images. The meristematic zone was defined as the region of isodiametric
cells from theQCup to the cell that was twice the length of the immediately
preceding cell (Dello Ioio et al., 2008; Long et al., 2017). The average
duration of the cell cycle (T) formeristematic cortex cells was calculated as
described previously (Rodriguez et al., 2015). For each individual root, the
following equationwasutilized:T ¼ ðln2:Nm:LeÞ V 2 1, whereNm is the
number of meristematic cells in one file of the cortex, Le is the average
length of fully elongated cortex cells expressed in nm, and V is the root
growth ratecalculatedasdescribedpreviously inmm/h.ANOVAresults are
provided in Supplemental Table 6.

Gene Expression Analysis via RT-qPCR

Total RNA was isolated from root tissue using Tripure isolation reagent
(Roche). Approximately 100 root tips (;2 mm) were collected from each
sample at 6 DAG. The numbers of biological replicates, together with the
treatment applied, are stated in thecorresponding figure legends. Total RNA
(0.5 mg) was treated with RQ1 RNase-free DNase (Promega). First-strand
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cDNA synthesis was performed using SuperScript III Reverse Transcriptase
(Invitrogen). PCRwasperformed in aMastercycler ep realplex thermal cycler
(Eppendorf) using SYBR Green I (Roche) to monitor double-stranded DNA
synthesis. The relative transcript level was determined for each sample and
normalizedusing thePROTEINPHOSPHATASE2AcDNA level (Czechowski
etal., 2005).Thenormalizationwasperformedasdescribedpreviously (Livak
andSchmittgen, 2001).Melting curveanalyses at theendof theprocessand
“no template controls” were performed to ensure product-specific amplifi-
cation without primer-dimer artifacts. Primer sequences are given in
Supplemental Table 7.

ChIP

ChIP experiments were performed as described by Kaufmann et al. (2010)
with some modifications. The an3 AN3-GR-GFP assay was performed
using root tips of 6-d-old seedlings using anti-GFP antibody (ChIP Grade;
Abcam ab290, lot GR76757-1). Briefly, the seedlings were transferred to
plates containing mock medium (DEX 2) or medium supplemented with
DEX (DEX +) (D4902-1G; Sigma-Aldrich) by lifting the nylon mesh holding
the roots with forceps. After 30min of treatment, the rootswere collected
(;1500 root tipsper sample). Followingfixation in1% (v/v) formaldehyde,
the tissues were homogenized and the nuclei isolated and lysed. Cross-
linked chromatin was sonicated using a Bioruptor UCD-200 (Diagenode)
water bath (15 s on/45 s off pulses; three times). The complexes were
immunoprecipitatedwith 1mL antibody for 1 h at 4°Cwith gentle shaking,
followed by incubation for 50 min at 4°C with 50 mL of Protein A agarose
beads (Invitrogen). Immunoprecipitated DNA was then recovered and
analyzed by qPCR. An aliquot of untreated sonicated chromatin was
processed in parallel as the total input DNA control. Fold enrichment was
calculated with or without the addition of DEX for the indicated regions.
The primers used in the ChIP experiments are listed in Supplemental
Table 7.

Accession Numbers

Accessionnumbers (ArabidopsisGenome Initiative locus identifiers) for the
genes described in this article are provided in Supplemental Table 7.
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Supplemental Figure 1. QC organization in the roots of an3/gif
mutants.

Supplemental Figure 2. Characterization of gif2 gif3 and an3 gif3
roots.

Supplemental Figure 3. an3-1 root phenotypes.

Supplemental Figure 4. Cell cycle duration in an3/gif mutants.

Supplemental Figure 5. Effects of an3 gif2 and Pro35S:miR396 on
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