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PLANT SCIENCES

Concentration-dependent transcriptional switching
through a collective action of cis-elements

Kevin Rodriguez't, Albert Do't, Betul Senay-Aras*>t, Mariano Perales’, Mark Alber*?,
Weitao Chen?3*, G. Venugopala Reddy1'3*

Gene expression specificity of homeobox transcription factors has remained paradoxical. WUSCHEL activates and
represses CLAVATA3 transcription at lower and higher concentrations, respectively. We use computational modeling
and experimental analysis to investigate the properties of the cis-regulatory module. We find that intrinsically
each cis-element can only activate CLAVATA3 at a higher WUSCHEL concentration. However, together, they repress
CLAVATA3 at higher WUSCHEL and activate only at lower WUSCHEL, showing that the concentration-dependent
interactions among cis-elements regulate both activation and repression. Biochemical experiments show that
two adjacent functional cis-elements bind WUSCHEL with higher affinity and dimerize at relatively lower levels.
Moreover, increasing the distance between cis-elements prolongs WUSCHEL monomer binding window, result-
ing in higher CLAVATA3 activation. Our work showing a constellation of optimally spaced cis-elements of
defined affinities determining activation and repression thresholds in regulating CLAVATA3 transcription
provides a previously unknown mechanism of cofactor-independent regulation of transcription factor binding in
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mediating gene expression specificity.

INTRODUCTION
Spatiotemporal regulation of gene expression is critical for specifying
different cell types during development (I-3). Eukaryotic gene
regulation involves interactions among DNA sequences and pro-
teins, many of which are transcription factors (TFs). Enhancers, the
DNA sequences that bind a given TF or multiple TFs, can regulate
transcription irrespective of their location in the gene (1, 3, 4). Since
a given class of TFs binds similar DNA sequences, how they achieve
gene expression specificity has been the subject of intense investiga-
tion. One of the possible mechanisms to achieve specificity is the
binding of cofactors that may unmask latent binding specificity of
TFs as shown in the case of homeobox-mediated regulation in anterior-
posterior body patterning in Drosophila melanogaster (5). Another
mechanism involves the utilization of the cis-regulatory modules
(CRMs), a subset of enhancers that contain cis-elements for one or
more TFs, which have been shown to determine the expression of
neighboring genes in a variety of organisms (4, 6-9). In general, the
CRMs can be classified into homotypic, where they bind a given
type of TF, or heterotypic, where they bind different TFs (10, 11).
The heterotypic CRMs largely have been thought to mediate spatio-
temporal regulation of gene expression through their ability to
recruit different collections of TFs in space and time (10, 12, 13).
Both the homotypic and heterotypic CRMs have been shown to
regulate spatiotemporal gene expression patterns in response to TF
gradients. The earliest examples of homotypic CRMs have been
described in the promoters of genes activated by the TFs that accu-
mulate in a graded manner during early embryonic development in
Drosophila (14-17). Classically, the French flag model proposed by
Wolpert has been applied to explain the expression of genes by TF
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gradients. According to this model, the target gene expression is
highest in places of the highest concentration of the TF (18). Analysis
of multiple CRMs has identified three recurring properties: cis-element
number, affinity, and cooperativity, which determine gene expres-
sion (16). Essentially, decreasing any of the three CRM properties
reduces the mean expression while increasing any of the properties
leads to overexpression (15, 16, 19, 20).

In Arabidopsis shoot apical meristems (SAMs), WUSCHEL (WUS)
is a homeodomain TF expressed in the rib meristem (RM) (21, 22).
WUS protein migrates into the overlying central zone (CZ), where
it promotes stem cell fate by repressing differentiation and also
activates its own negative regulator—CLAVATA3 (CLV3) (23, 24)
(Fig. 1, A to C). CLV3 encodes a secreted peptide that activates a
receptor kinase pathway to restrict WUS expression (25, 26). WUS
has also been shown to bind to the promoters of key differentiation-
promoting TFs to repress transcription (27). How the same TF acti-
vates some genes, such as CLV3, and represses other genes in the
same cells is largely unknown. However, a recent study has provided
some clues to this regulation. Perales et al. (24) showed that WUS
binds a CRM, a collection of five closely spaced cis-elements, in the
CLV3 enhancer region (Fig. 1D). The incremental deletion of cis-
elements led to down-regulation of CLV3 in the outer layers of the
CZ and misexpression in the inner layers of the RM, suggesting that
same cis-elements mediate activation and repression of CLV3 at
lower and higher WUS, respectively. Biochemical analysis revealed
that WUS binds cis-elements as monomers at lower WUS concen-
trations and binds as dimers/multimers with increasing WUS con-
centrations, suggesting that dimerization/multimerization of WUS
at higher levels may repress CLV3 (Fig. 1E). The biochemical analysis
also revealed that DNA promotes homodimerization (28, 29).
Furthermore, increasing the affinity of one of the cis-elements
decreased the dimerization threshold and led to the repression
of CLV3 in the CZ, supporting the hypothesis of affinity-based
concentration-dependent activation-repression of transcription in
maintaining CLV3 expression over a window of WUS levels.
This concentration-dependent switching of CLV3 transcription is

10of 15


mailto:venug@ucr.edu
mailto:weitaoc@ucr.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

A

L1 ==

T [\ L

A0S

L2 =
Apical L3 =
W A%~ Apiall3

"

Basal L3,
Basal L3

pPWUS::eGFP-WUS ~ — |pCLV3(WT)::H2B-mYFP —

Cis-regulator
° 10'80 I—}-:ZB-mYFP ﬂﬂiﬁgﬁmuryn

module(CRM)

AAAATITATTQGTA(ETT}TEAATTGT(AATG(AAAT»’A ATTAATGGATGTGATAGTCACAATTAAACATACAATAATAAAAATGATGATGATGATTCGATGATGTGGTGGGAA "“VTAAA’(’(EA’(TTT
950 970 997 1007 1060

Ky 0.9571puM 0.1855 UM

(high affinity)

0.3663 yM  0.5652 M

1.249 uM
(low affinity)

E I:ZB-mYFP L

Mostly monomer binding

P - S-S

Layer 1 Activation with light repression
Lo of o7
Layer 2 =2 D =3 L=3 =20
9 QJ < < 9 High di bindil
igh dimer binding
Layer 3 = Q Q 2 High levels of repression

950 970 997 1007 1060
WUS monomer @@®  Activation promoting
WUS dimer @@U®» Repression promoting

Large-sized WUS represent increased binding probability caused by higher WUS concentration and
cis-element-specific affinity.

Fig. 1. CRM required for CLV3 activation and repression. Side views of wild-type (WT) meristems with the WUS protein reporter pWUS::eGFP-WUS (A) and CLV3 transcriptional
reporter containing all five WT cis-elements within the 3' CRM pCLV3(WT)::H2B-mYFP (B). Scale bars, 10 um. (C) Side view of a SAM cartoon showing WUS protein distribution
(green) and CLV3 (yellow), which form a regulatory feedback loop across cell layers. The CLV3 CRM, a cluster of WUS binding cis-elements, interacts with the WUS concen-
tration to repress and activate CLV3. CLV3 signals to WUS at both the posttranslational level, enriching the WUS protein, and the transcriptional level, repressing WUS
expression. (D) Schematic of the CLV3 gene including the location and Ky of WUS binding TAAT cis-elements (cyan) of the CLV3 CRM. (E) Schematic of WUS monomer and
dimer binding to the CLV3 cis-elements depending on the WUS concentration gradient (across SAM cell layers) and the relative affinities of cis-elements.

unique among the homotypic CRMs studied and forms an exception
to the French flag model.

Understanding how the concentration-dependent transcriptional
switch is established requires understanding how the CLV3 CRM
functions as a unit. The complexity of the CLV3 CRM regulation
involving five cis-elements and the bidirectional relationship be-
tween CLV3 and WUS can be challenging to untangle experimen-
tally. The current experimental limitations cannot provide a direct
real-time view of the actual WUS/CLV3 molecular dynamics under
precisely defined conditions. A multiscale computational model ca-
pable of simulating the binding and unbinding dynamics of WUS to
all five cis-elements and CLV3 transcription at the tissue level
can be helpful in providing mechanistic insights into the WUS
concentration-dependent functioning of the CLV3 CRM.

Different approaches have been developed for studying TF bind-
ing dynamics. The thermodynamic models are usually based on the
occupancy of the promoter by the TFs, the statistical weights of
possible configurations, and the free energy (30-34). However, when
multiple cis-elements with different affinities and their interactions
are involved as observed in CLV3 CRM, the number of possible
configurations becomes large and it is not practical to use the ther-
modynamic approach. Instead, the stochastic simulation algorithm,
i.e., Gillespie algorithm where the dynamics of WUS binding and
unbinding to the cis-elements can be modeled as a series of proba-
bilistic events occurring at random time steps determined, is ideal
to explicitly model CLV3 transcription.

We developed a stochastic model to simulate the WUS binding
to the CRM in a single cell. The single-cell model was applied to
simulate WUS binding cis-elements under different concentrations
and compared the simulation output with the experimental data on
tissue-level expression patterns of different cis-element mutants of
CLV3 to investigate the roles of WUS binding affinity, distance-
dependent cooperativity among cis-elements, and RNA polymerase
II (Pol II) recruitment in the transcription process. Subsequently
the single-cell stochastic model was applied to multiple cells repre-
sented by unit spheres to develop a cell-based three-dimensional
(3D) model representing the SAM. The 3D model was applied to
further test the mechanisms identified in the single-cell model in
generating the spatial patterns of CLV3 expression.

Using a WUS gradient consistent with the experimental data,
both computational models suggested a role for residence time limit
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(see Results for details) of WUS monomer binding to the individual
cis-elements of different affinities, which have been shown to acti-
vate CLV3 largely to a similar extent when acting alone. Beyond
residence time limit, the aged WUS monomers fail to activate
transcription and they are replaced with newly synthesized WUS
monomers to sustain CLV3 activation. Our experimental observa-
tions showing a correlation between higher WUS turnover and
increased CLV3 activation support such a mechanism. When
multiple cis-elements are involved, we found that the cooperative
binding of WUS monomers and dimers is required to achieve correct
CLV3 activation patterns. The model simulations also suggested a
nonhomogeneous cooperativity among cis-elements that depends
on the intervening distance between cis-elements. The model pre-
diction on distance-dependent cooperativity was tested in experi-
ments by increasing the intervening distance between cis-elements,
which revealed an increase in CLV3 activation. The corresponding
biochemical experiments revealed that an increase in intervening
distance between cis-elements increased their affinity to WUS
monomers but did not alter the concentration at which WUS
monomers switch to form stable dimers/higher molecular weight
complexes. These results show the importance of optimal spacing
between cis-elements in determining the concentration range over
which an appropriate number of WUS monomers and dimers
populate on cis-elements in setting up the activation-repression
thresholds. The 3D model that incorporates multiple cis-elements
of different affinities that are spaced optimally allowed independent
manipulation of the monomer and dimer cooperativity. Our simu-
lations revealed that monomer cooperativity was critical for expres-
sion of CLV3 at the lower WUS concentration, while the dimer
cooperativity was critical for repression at the higher WUS concen-
tration. Moreover, a balance of the monomer and dimer coopera-
tivity levels was critical to achieve the wild-type CLV3 expression at
a WUS concentration range observed in experiments.

RESULTS

Affinity and collective activity of multiple cis-elements
determine CLV3 expression

Incremental mutations of cis-elements within the CRM result in
incremental down-regulation of CLV3 expression in outer cell
layers of the CZ and up-regulation in the inner cell layers of the RM,
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suggesting interaction among cis-elements (24). To understand the
collective behavior of cis-elements, we first deduced the contribu-
tion of each cis-element within the CRM to the regulation of CLV3
by analyzing the loss of binding mutations in each of the five
cis-elements. Single loss of binding mutations in high-affinity
cis-element 970 (Fig. 1D and table S1) led to drastic down-regulation
in the outer layers of CZ (Fig. 2, A and B, and fig. S1). On the other
hand, independent loss of binding mutations in the four lower-
affinity cis-elements led to a minor down-regulation in the L1 layer
(Fig. 2, A and C). These results show that all five elements contribute
to the CLV3 expression, with the highest-affinity cis-element
contributing maximally over the lower-affinity cis-elements CLV3.
Moreover, our previous work shows that increasing the affinity of
970 cis-element alone down-regulated CLV3 expression, revealing
the critical role of affinity of cis-elements in regulating the CLV3
expression (Fig. 2, A and D). These results suggest that each cis-
element contributes to CLV3 expression and their affinities are criti-
cal to achieving proper spatial regulation.

Single cis-elements can only activate CLV3 at

a higher WUS level

The subtle changes observed upon mutating individual lower-affinity
cis-elements ruled out a simple additive interaction in regulating
CLV3 expression. Therefore, to further understand the nature of
interactions among cis-elements, we first determined the contribu-
tion of each one of the five cis-elements to CLV3 expression, re-
ferred to as the intrinsic (i) behavior. We generated a library of five
mutant CLV3 reporters; each contained only one functional cis-
element referred to as 970i, 997i, 10071, 950i, and 1060i. The reporter
expression analysis revealed a marked down-regulation of CLV3
expression in outer cell layers of CZ, including the higher-affinity
cis-element 970i (Fig. 2, E and F, and fig. S1). To test further the
importance of affinities in influencing intrinsic behavior, we analyzed

Single mutant cis-element promoter B
pCLV35'

>
w
o
°
1S3
3

Wild type
950M
970M
997M
1007M
N C

970M4 pCLV3 5"

30,000

25,000

20,000

15,000

10,000

5000

Average fluorescence intensity/nucleus (AU)

L1 L2 L3 L4 L5 L6 L7
Cell layers

CLV3(970M4)::H2B-mYFP

the expression of 970M4i (Fig. 2, E and H). The 970M4 cis-element
is a mutation in 970 that binds WUS with three times higher affinity,
and it has been shown to repress CLV3 expression even at lower
WUS in outer cell layers of CZ (24). The 970M4i reporter (Fig. 2, E
and H, and fig. S1) was expressed at a notably higher level than
970M4 (Fig. 2, A and D). To further test whether the reactivation of
CLV3 associated with 970M4i is functionally relevant, we examined
its ability to complement clv3-2 null mutants by expressing CLV3
genomic version. The 970M4 mutants partially complement the
SAM and the floral meristem (FM) phenotypes when compared to
the wild-type CLV3 promoter (Fig. 3 and fig. S2). However, 970M4i
was able to significantly better complement both the SAM and FM
phenotypes, showing the reactivation of 970M4i (Fig. 3, F and L).
Furthermore, both 970i (Fig. 3, E and K) and 970M4i (Fig. 3, F and
L) complemented clv3-2 to a similar extent despite binding WUS
with different affinities. Consistent with this conclusion, all single
cis-elements irrespective of large differences in their WUS binding
affinities largely activated CLV3 only in the inner layers of RM,
where WUS accumulates at a higher level (fig. S3). However,
cis-element affinity is important in the context of other functioning
cis-elements in the CRM, as exemplified by the repression of
970M4. In summary, the affinity-dependent collective WUS binding
to all five cis-elements is required for balancing activation and
repression of transcription in regulating the spatial expression and
levels of CLV3.

Description of a stochastic single-cell model of

CLV3 transcription

To investigate the mechanisms of interaction among five cis-elements,
we developed a stochastic modeling framework to simulate the
WUS binding to the CLV3 CRM in a single cell, together with the
RNA Pol II recruitment and CLV3 mRNA synthesis (Fig. 4A).
The model was applied to understand the mechanisms underlying
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Fig. 2. The number of cis-elements and affinity influences the collective behavior of the CRM in regulating CLV3 activation and repression. Average fluorescence
levels (mean + SE) of H2B-mYFP in different cell layers of various pCLV3::H2b-mYFP promoter variants carrying a mutation in single cis-elements of the 3' CRM (A). AU, arbitrary
unit. (B to D) Side views of WT meristems showing various mutant pCLV3::H2B-mYFP reporter expression patterns. Single cis-element mutants 970M (B) and 950M (C) and
a higher-affinity mutant 970M4 (D). Average fluorescence levels (mean + SE) of H2B-mYFP in different cell layers of various pCLV3::H2b-mYFP promoter variants carrying
mutations in four of the five cis-element mutants (quadruple mutants) (E). Side views of WT meristems showing various mutant pCLV3::H2B-mYFP reporter expression
patterns. Quadruple mutant (mutants 950M, 997M, 1007M, and 1060M) referred to as 970 intrinsic (970i) (F), (mutants 970M, 997M, 1007M, and 1060M) referred to as
950 intrinsic (950i) (G), and (mutants 950M, 997M, 1007M, and 1060M) referred to as 970M4 intrinsic (970M4i) (H). All cis-element mutations within the CRM in the 3’ region
were generated in the mutant-1080 cis-element background. In all images, scale bars = 20 um. (A and E) The error bars represent the SE (in all cases, n =4 represents

independent transformants).

Rodriguez et al., Sci. Adv. 8, eabo6157 (2022) 10 August 2022

30of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

clv3-2; pCLV3(970- M4 )::gCLV3 40

v

clv3-2; pCLV3(970i)::gCLV3

pCLV3(WT)::gCLV3Q (970- M4 )::gCLV3

clv3-2,;pCLV3(WT):gCLV3

clv3-2; pCLV3(970- M4i)::gCLV3 40

clv3g2,; pCLv3
(970= M4i)::gCLV3

clv3-2,pCLV3
(970i)gCLV3

Fig. 3. Functional analysis reveals the importance of the collective behavior of the CLV3 CRM. (A to F) Top views of 3D-reconstructed SAMs stained with plasma mem-
brane dye FM4-64 (red). WT (A), clv3-2 (B), and clv3-2 complemented with WT genomic CLV3 (gCLV3) expressed from the WT CLV3 promoter [pCLV3(WT)::gCLV3;clv3-2] (C),
CLV3 promoter carrying high-affinity 970M4 cis-element [pCLV3(970M4)::gCLV3;clv3-2] (D), CLV3 promoter carrying loss of binding mutation in 950, 997,1007, and 1060
[pCLV3(970i)::gCLV3;clv3-2] (E), and CLV3 promoter carrying high-affinity mutation 970M4 and loss of binding mutations in 950, 997, 1007, and 1060 [pCLV3(970M4i)::gCLV3;clv3-2]
(F). (G to L) Side views of intact siliques and cross section of sliced siliques. Insets show a higher-magnification view of the cross section of the sliced siliques. WT (G),
clv3-2 (H), and [pCLV3(WT)::gCLV3;clv3-2] (1), [pCLV3(970M4)::gCLV3;clv3-2] (J), [pCLV3(970i)::gCLV3;clv3-2] (K), and [pCLV3(970M4i)::gCLV3;clv3-2] (L). Scale bars (in micrometers)

are given on individual panels in (A) to (F), and the scale bars in (G) to (L) are 1 mm.

the CLV3 activation by the individual cis-elements that bind WUS
with different affinities and the interactions among multiple cis-
elements in regulating the CLV3 expression together. The stochas-
ticity was introduced by implementing the Gillespie algorithm (35)
to simulate all possible WUS binding and unbinding events to form
a monomer or dimer and recruitment of Pol II for activating CLV3
transcription. A sufficiently long time was allowed for all the simu-
lations to reach the steady state. The CLV3 reporter analysis per-
formed in the wild-type background uses a steady-state WUS
gradient to quantify the effects of the number, affinity, and inter-
vening distance between cis-elements on CLV3 expression. Since
the focus of this study is to analyze concentration-dependent bind-
ing of WUS to the CLV3 CRM, the feedback regulation of CLV3 on
WUS was disabled to maintain a constant WUS concentration gra-
dient throughout simulations to match the reporter analysis. It was
also assumed that WUS binding the CLV3 CRM alone would not
change the overall WUS concentration. The stochastic time step
and index for the next occurring event were generated by following the
original Gillespie algorithm based on the assumption that binding
to one cis-element was independent of the other cis-elements unless

Rodriguez et al., Sci. Adv. 8, eabo6157 (2022) 10 August 2022

cooperativity among cis-elements exists. The average amount of
CLV3 mRNA synthesized, at a fixed WUS concentration, from
multiple simulations was calculated. The model was then applied
to measure the total amount of CLV3 mRNA synthesized at
different WUS concentrations (see the Supplementary Materials
for details).

Modeling WUS binding to the CRM

Our previous analysis revealed that each cis-element binds WUS at
different concentrations as monomers first and then switches to
forming dimers at increasing concentrations (24). Therefore, we
first aimed to determine the binding and unbinding probabilities
associated with each cis-element by reproducing the ratio of
monomer- and dimer-bound cis-elements observed in electropho-
retic mobility shift assay (EMSA) experiments (24). Since increasing
the TF concentration decreases the search time of its binding to
cis-elements (36), it was assumed that the probability of WUS binding
to cis-elements increases with the increase in WUS concentration.
In particular, the propensity of WUS binding to an empty cis-element
or with a monomer is assumed to depend linearly on WUS concentration,
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ie., KM [WUS], where kM is the binding rate. Then, the unbinding
propensity ki of WUS associated with each cis-element is calculated
as kg = K} k2, where K3, the dissociation constant, was quantified
in our previous work (table S1) (24). To test this assumption, we
considered a wide range of WUS concentration that encompasses WUS
monomer and dimer binding to each one of the five cis-elements
observed in EMSA experiments (24). We first simulated WUS mono-
mer binding to a single cis-element to determine k., a free parameter,
such that proportions of bound monomers obtained in the model
were similar to those observed in the EMSA experiments with WUS
that lacked the C-terminal homodimerization domain (HOD) (fig.
S4A). Since dimerization occurs through sequential recruitment of
WUS to the WUS monomer-DNA complex, we next modeled the
dimer formation by recruiting the second WUS molecule to a
monomer. In the absence of the experimental values on binding
affinity associated with the WUS dimerization, we chose Kg associated
with the binding of the second WUS molecule to be the same as the
one used to simulate monomer KQ/I. We chose k2, for dimer bind-
ing such that proportions of monomer and dimer bound to the
cis-elements matched the EMSA experiments with full-length WUS
(fig. S4B) (24).

Modeling CLV3 transcription
We considered the recruitment of Pol II as another stochastic event
in the model. It has been shown that the transition from monomer

Rodriguez et al., Sci. Adv. 8, eabo6157 (2022) 10 August 2022

binding to dimer binding could be correlated to the transcriptional
switch from activation to repression of CLV3. Therefore, we assumed
that monomer binding recruits Pol II to activate CLV3 transcrip-
tion, while the WUS dimers fail to recruit Pol II and activate CLV3
transcription. We introduced a time delay between two successive
Pol II recruitment events due to the size of the Pol I complex occu-
pying the transcription start site. The time delay calculated based on
an 80-base pair (bp) footprint of RNA polymerase and mRNA
elongation rate, which is estimated to be 1.2 kb/min (37), was
approximated as 80 bp x 1260%1 = 4s. Itis also assumed that, after
transcription initiation, the WUS monomer can unbind or bind
another WUS molecule to form a dimer. Moreover, we considered
the Pol II recruitment rate as an uncalibrated parameter and carried
out perturbations to examine its effect on the transcriptional output.
The model was calibrated over a wide range of WUS concentrations.
We then applied the model to simulate WUS binding/unbinding to
a single cis-element and Pol II recruitment to generate the intrinsic
expression of CLV3 at different WUS concentrations. By comparing
the CLV3 mRNA production with the experimental quantification
of the CLV3 expression in Fig. 2 (E to H), an optimal scale of WUS
concentrations was obtained to capture the WUS gradient in different
cell layers of the SAM. This optimal WUS concentration scale was
used in all single-cell simulations to investigate possible mechanisms
controlling the intrinsic behavior of each cis-element in regulating
the CLV3 expression.
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Mechanisms of the intrinsic behaviors of cis-elements
inregulating CLV3

It has been observed that the transcriptional output depends on the
affinity of cis-elements and the TF concentration (30, 32, 38-45). In
general, a higher-affinity cis-element results in a longer TF occu-
pancy than the lower-affinity cis-element at a given WUS concen-
tration. Consequently, a longer TF occupancy leads to a higher
mRNA production (46). Experiments reveal that WUS binds to
970M4i with approximately 21.4 times higher affinity than to the
lowest-affinity cis-element 1060i. Therefore, a longer residence
time of WUS on 970M4i was expected to produce much higher
levels of CLV3 than 1060i. However, our experiments revealed that,
although five cis-elements bound WUS with different affinities,
intrinsically (950i, 970i, 9971, 10071, and 1060i mutants), they were
able to similarly activate CLV3 only in inner cell layers of RM where
the WUS concentration is higher (Fig. 2, E to H). The initial attempt
in modeling by assuming WUS occupancy based on affinities
produced distinct CLV3 expression patterns for the highest 970M4i
cis-element and the lowest 1060i cis-element (Fig. 4B). 970M4i
produced a much sharper increase in CLV3 expression at the lower
WUS concentration than did 1060i. With the increase in WUS
concentration, 970M4i produced a lower amount of CLV3 mRNA,
which is expected because of the WUS dimerization, while 10601
continued to yield higher CLV3 mRNA (Fig. 4B). Such markedly
different CLV3 expression patterns produced by 970M4i and 1060i
were not consistent with experimental observations, suggesting that
additional mechanisms may regulate the intrinsic activation behavior
of cis-elements in addition to their affinities.

It has been noticed that for different types of TFs, including gen-
eral control TF (GCN4) in yeast (47) and transcriptional coactivator
NPR1 involved in systemic acquired resistance (SAR) in Arabidopsis
(48), a higher turnover of TFs leads to a higher transcriptional acti-
vation. Furthermore, the transcriptional activation domains of GCN4
and other TFs have been shown to overlap with degradation domains,
suggesting a possible correlation between transcriptional activation
and TF turnover (47, 49). Moreover, transcription-dependent degra-
dation has been shown for sterol regulatory element-binding protein
(SREBP) family of TFs (50). These observations suggest that TFs when
actively transcribing may get progressively modified (for example,
phosphorylated) and become transcriptionally ineffective and marked
for their degradation (47, 49). Although deep mechanistic links be-
tween WUS, protein phosphorylation, and protein destabilization
machinery are still unknown, our earlier work suggests similarities
between WUS and TFs described above. (i) The transcriptional reg-
ulatory domains [WUS-box and EAR-like (ethylene-responsive ele-
ment binding factor associated amphiphilic repression) domains]
function as degrons (51, 52). (ii) CLV3 activated at the lower WUS con-
centration in the CZ can be repressed by enriching and stabilizing
the WUS protein in the nucleus (24, 51). (iii) The dexamethasone (Dex)-
mediated nuclear translocation of WUS by using the 35S::eGFP-
WUS-GR system led to an immediate destabilization of the protein
in the CZ within 6 hours (53). By 24 hours of Dex application, the
protein was only detected in the nuclei of cells in the edge of the
peripheral zone (PZ) and deeper cell layers of the RM. The CLV3
activation and expansion into the PZ followed the centripetal pat-
tern of rapid destabilization of the WUS protein [Fig. 5; (53)].

Perhaps degradation of WUS decreases the dimer concentration
or creates a dynamic WUS that works favorably with the Pol II
binding limit to increase CLV3 activation. Therefore, we considered
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an upper limit on the residence time of WUS beyond which WUS
becomes inactive and fails to recruit Pol II, referred to as residence
time limit in the model (Fig. 4A). The older/inactive WUS species
need to be replaced with newly synthesized WUS monomers to
maintain transcription. Therefore, we imposed the same WUS
monomer residence time limit for all cis-elements. A markedly
lower WUS monomer residence time limit substantially decreased
CLV3 expression for all cis-elements (Fig. 4C and fig. S5). Simula-
tions with a balanced residence time limit were able to generate a
similar intrinsic expression pattern of CLV3 for all cis-elements.
In particular, to generate similar expression patterns of 970M4i
(highest affinity) and 1060i (lowest affinity) cis-elements, we chose
the residence time limit to be 10 for all simulations involving multi-
ple cis-elements discussed in the following sections (Fig. 4, B to D,
and fig. S5).

The CLV3 CRM composition determines sensitivity

to dynamic changes in WUS protein levels

The number of cis-elements may also determine the sensitivity of
the CLV3 promoter to WUS levels to regulate spatial expression of
CLV3. To test this, we analyzed the response of the mutant promoters
lacking several WUS binding cis-elements to 355::eGFP-WUS-GR system,
upon 24 hours of Dex application, described in the previous section.
The wild-type CLV3 promoter with five functional cis-elements
expressed at high levels and the promoter activity expanded into the
PZ (Fig. 5, D and G). The mutant promoter lacking the two functional
WUS binding cis-elements (970M and 997M)-pCLV3(DM)::H2b-mYFP
is initially expressed in the deeper cell layers, and the expression
levels are below that of the wild-type promoter (Fig. 5E). The 24-hour
Dex application was able to activate pCLV3(DM) in the CZ weakly
but failed to expand into the PZ (Fig. 5H) (n = 8) when compared to
the wild-type promoter, which revealed strong activation and radial
expansion (Fig. 5G). The mutant promoter lacking four cis-elements
(950M, 970M, 997M, and 1060M)-pCLV3(QM)::H2b-mYFP was
expressed only in the deeper layers (Fig. 5F). After 24 hours of Dex
application, the mutant promoter was mildly up-regulated in deeper
layers; however, it failed to activate in the CZ and expand radially
into the PZ (Fig. 5I). Together, rapid destabilization of WUS can
lead to higher CLV3 activation, which is maintained even at un-
detectable WUS protein levels, showing that all five cis-elements
working together increase the sensitivity of CLV3.

Cooperativity among cis-elements regulates

CLV3 expression

Our experimental analysis showing different expression patterns of
CLV3 for single cis-elements and multiple cis-elements suggested
an interaction among cis-elements within the CRM (24). The same
study also showed that an increase in cis-element affinity (970M4)
resulted in a decrease in dimerization threshold and repressed
CLV3 in outer cell layers of CZ where WUS accumulates at a lower
level. These observations suggested that cis-element affinity is
important in the context of the multiple cis-elements, possibly in
inducing cooperative interactions among WUS dimers bound to
multiple cis-elements within the CRM. To understand the multiple
cis-element behaviors, we used the calibrated single-cell WUS bind-
ing model by extending it to include multiple cis-elements. Without
any cooperative interactions among them, an increase in WUS
concentration led to an increase in CLV3 expression, which can
be interpreted as a linear combination of intrinsic behaviors of
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Fig. 5. The number of cis-elements determines the sensitivity of CLV3 promoter to the dynamic changes in the WUS protein accumulation. (A to C) SAMs showing
WUS protein accumulation patterns (p355::eGFP-WUS-GR) upon its Dex-induced nuclear translocation at 6 hours (B), at 24 hours (C), and upon mock treatment (A).
(D to I) p35S::WUS-GR-expressing SAMs showing pCLV3::H2B-mYFP reporter expression of WT CLV3 promoter (D), the double mutant promoter (970 and 997 mutants) (E),
and the quadruple mutant promoter (970, 997, 950, and 1060 mutants) (F) upon mock treatment. The pCLV3 reporter expression of the corresponding genotypes after
24-hour Dex treatment is shown in (G) to (I). (A to |) Three-dimensional reconstructed top views of SAMs and corresponding side views shown in (A’) to (I'). Plasma
membrane stain-FM4-64 (red), eGFP-WUS-GR (green), and H2B-mYFP (yellow). Scale bars, 20 um.

individual cis-elements, which is not consistent with the experi-
mental analysis (Fig. 6A). Therefore, we introduced cooperativity
among cis-elements into the model. First, we considered equal
cooperativity among all cis-elements irrespective of the intervening
distance. As the cooperativity increased, the CLV3 expression
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decreased at the higher WUS concentration, which could be due to
increased dimerization (Fig. 6B). Then, we chose appropriate values
for parameters involved in the dimer cooperativity to obtain the
highest activation of CLV3 at a lower WUS concentration as ob-
served in experiments. Next, we used the calibrated model with the

7 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Global dimer

Distance-dependent Dimer and monomer
e «104 No cooperativity Bw %10* Dimer cooperativity cws x10* cooperativity Du,e x10* dimer coopeprativity Ew x10% cooperativity
<10 <10 25 m=mWT || 2 | [—970M 3 ||[=WT —950M
S 3 4 8 == 950M|{ € | |=950M g ||=970M =DM
£8 28 - £ £ £10
= = =g | =5 =4 <
Zs6 ze m=i0] g £
S S 2, IS o
52 —WT] {52 5! 5 52
£ £ € € =
20 20 20 20 20
s 0 0.05 0.1 0.15 02% 0 0.1 0.2 03% 0 0.05 0.1 0.15 025 0 0.05 0.1 0.15 025 O 0.05 0.1 0.15 0.2
e WUS (uM) S WUS (uM) © WUS (uM) © WUS (uM) © WUS (uM)
F Monomer cooperativity Dimer cooperativity
decrease koff decrease koff
kon kon ¥\ ¥\
— G — — —
@D — @D @ | — . @D @® - @D @@
Dimer Dimer Monomer Monomer Cis-element Monomer Monomer Monomer Dimer Dimer
G g7om-997 _ H 970-997mM ! 970-997 _ J _ o7oma-997m K 970M4-997
WUS(1-292 aa) 0 2 4 8 12 16 0 2 4 8 12 16 0 2 4 8 12 16 02 4 8 12 16 02 4 81216
4WUS > : . e o -
3WUS ot 0 _ ? - L4
2WUSs > ; %QM ' 6
TWUS > L Y ;
i
Unbound DNA » w o -

Fig. 6. Cooperativity among cis-elements regulates CLV3 expression. Average CLV3 mRNA levels from single-cell simulations in response to WUS concentration
without cooperativity (A), at different strengths of dimer cooperativity (B), when dimer cooperativity between every cis-element is considered (C), when the dimer
cooperativity depends on the intervening distance between cis-elements (D), and when both WUS monomer and dimer cooperativity were considered (E). (F) Binding
and unbinding dynamics of WUS monomer and dimer on cis-elements. (G to K) Gel shift assay of increasing concentrations of full-length WUS 1 to 292 amino acids (aa)]
to probes of similar length that cover the 970 and 997 cis-elements. Probes with loss of binding mutations to the TAAT elements in the 970 cis-element (G) and the
997 cis-element (H). () Probe with WT copies of the 970 and 997 cis-elements. Probes that contain higher-affinity mutant 970M4 along with the mutant 997 (J) or WT
997 cis-element (K). (G to K) Arrowheads denote higher-order WUS complexes: monomer (dark gray), dimer (light gray), and higher complexes (white). The unbound

probe (black).

chosen cooperativity parameters to simulate mutant CLV3 consisting
of different number of cis-elements. In particular, our experimental
analysis showed a weaker down-regulation of CLV3 upon mutating
any one of the four lower-affinity cis-elements (950M, 997M,
1007M, and 1060M) for the low WUS concentration, compared to
the highest affinity, i.e., 970 cis-element (970M) (Fig. 2, A to C).
However, in the simulations with the calibrated equal dimer
cooperativity, 950M was expressed at a much higher level than the
wild type at the high WUS concentration (Fig. 6C), which was not
consistent with the experimental observation, suggesting unequal
cooperativity among those cis-elements in the CRM.

Next, we introduced unequal dimer cooperativity wherein the
interaction between neighboring cis-elements was higher, and
cooperativity decreased with increasing intervening distance (referred
to as distance-dependent cooperativity). Similar kind of cooperativity
was studied in thermodynamic models earlier (54). For simplicity,
we simulated 970M and 950M expressions representing mutations
in high- and low-affinity cis-elements, respectively. The model with
distance-dependent dimer cooperativity was able to generate
wild-type expression patterns. However, a similar expression behavior
was observed for both 950M and 970M at lower WUS concentra-
tions, which is inconsistent with the experimental data (Fig. 6D).
This suggested that the cis-element affinity influences interactions
among cis-elements and the higher-affinity cis-element 970 inter-
acts differently than the lower-affinity cis-elements in activating
CLV3 at lower WUS. Therefore, distance-dependent monomer
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cooperativity between cis-elements was considered. The monomer
and dimer cooperativity were considered separately since one is
responsible for activation and the other one is responsible for re-
pression. Considering that the affinity plays a role when multiple
cis-elements interact, the residence time limit associated with single
cis-element was disabled. The additional WUS monomer coopera-
tivity along with the dimer cooperativity between all cis-elements
was able to generate expected wild-type and mutant (970M and
950M) cis-element behaviors at all WUS concentrations (Fig. 6E),
showing the importance of both in regulating CLV3 transcription.

The neighboring cis-elements influence WUS DNA-protein
complex formation

To test predictions of model simulations on the possible coopera-
tive behavior of cis-elements, we performed EMSA with increas-
ing concentration of WUS on probes that contain two adjacent
cis-elements. We considered the two adjacent cis-elements 970 and
997 because mutating these two cis-elements has been shown to
down-regulate CLV3 expression in outer cell layers of CZ and
up-regulate expression in the inner layers of RM (24). Full-length
WUS at lower concentration has been shown to bind as a monomer
to single cis-elements, which shifts to a dimeric complex at the higher
WUS concentration (24). We found that WUS bound the oligo that
contains 970 and 997 cis-elements (Fig. 6I) at much lower concen-
trations than observed with the oligos of the same length that only
contains one functional cis-element that is either the 970 (Fig. 6H)
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or 997 cis-element (Fig. 6G). In addition, the WUS shifted to form
higher molecular weight complexes at much lower concentrations
with the two functional cis-elements than one functional cis-element
(Fig. 6I). To further test the nature of the protein and complex for-
mation across multiple cis-elements, we tested the binding patterns
of two WUS protein variants: WUS1-134 that only contained the
DNA binding domain and lacked the centrally located HOD, and
WUS1-208 that contains the centrally located HOD domain. Our
earlier work has shown that these fragments bind cis-elements with
comparable affinities to the full-length protein (24). With increasing
concentration of WUS1-134, a gradual switch from monomeric to
the higher molecular complex was observed, which is expected as
previous work has shown that the DNA binding domain also par-
ticipates in dimerization (24, 29). With WUS1-208, at the same
protein concentration range, we observed a faster shift from the
monomer form into the higher molecular weight complex. Testing
these two protein versions on a probe containing only one functional
970 cis-element revealed higher molecular complex formation at a
much higher concentration (24). These results suggest that the
second dimerization domain may facilitate interaction between WUS
molecules bound to the adjacent cis-elements in promoting higher
molecular WUS complex formation.

The distance between cis-elements is critical for

CLV3 expression

The cooperativity observed in gel shift assays suggests that the neigh-
boring cis-elements increase WUS binding, possibly through
protein-protein interaction facilitated by the second HOD (HOD?2).
To test the influence of spacing between cis-elements without re-
ducing the number or affinity, we duplicated the sequence between
neighboring cis-elements. The increased distance might reduce the
interaction of WUS bound to neighboring cis-elements without
affecting the intrinsic binding to each independent cis-elements.
Therefore, we duplicated the intervening sequence between 970-997
and 997-1007 (double space around 997) pCLV3(DS-997)::H2B-mYFP.
Increasing the distance between neighboring cis-elements led to
increased CLV3 expression in all cell layers, and an increase in the
deeper layers was much higher than in the outer cell layers of CZ
(Fig. 7, A to C). These results suggest that the distance between
cis-elements is more critical for the repression of CLV3, likely
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through the formation of large WUS complexes across neighboring
cis-elements. To test whether the increased distance between 970
and 997 cis-elements alters the binding dynamics, we analyzed
WUS binding to the oligo with duplicated sequences that doubled
the distance between 970 and 997 (970--997). The full-length WUS
protein could bind the oligo (970--997) at lower WUS (Fig. 7, D
and E). However, the transition from lower molecular weight com-
plexes to higher molecular weight complexes occurred over a much
wider WUS concentration range. Therefore, the increase in CLV3
expression in all cell layers seen in DS-997 could be explained by the
larger WUS concentration range over which it remains as a lower
molecular weight complex, showing that, in addition to the affinity of
the cis-elements, the intervening distance is important in regulating
the CLV3 expression.

Description of a 3D cell-based model of CLV3 transcription
The single-cell model provided insights into the WUS binding
dynamics with individual cis-elements, Pol II recruitment, and
minimum cooperativity mechanisms required for CLV3 expression
(fig. S6). However, the single-cell model can only provide average
expression behavior at given WUS concentrations, without consider-
ing the tissue spatial organization and the stochasticity associated
with individual cells within layers of the SAM under a broader
range of WUS concentrations. Therefore, we expanded our scope of
study by developing a 3D multicellular model to capture the tissue-
level spatial dynamics.

The 3D model could help quantify the establishment of the
CLV3 expression pattern throughout the tissue by simulating the
stochastic single-cell model in individual cells simultaneously at
different WUS concentrations. The 3D model was constructed on
the basis of the framework used in our previous work (27) com-
bined with new biological data and mechanisms identified by using
the stochastic single-cell model. The computational domain con-
sisted of a 3D matrix of unit spheres organized in a half-dome
shape, corresponding to cells within the SAM from the L1 to L7
layers. At the tissue level, a spatial gradient of WUS proteins across
different layers, which captured a similar fold change from deeper
layers to outer layers observed in experiments (Fig. 8C and fig. S3),
was introduced and maintained at this fixed concentration through-
out each simulation (Figs. 1A and 8C). In individual cells, the
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Fig. 7. Spacing between cis-elements is critical for CLV3 repression. Side view of SAM showing the WT pCLV3::H2B-mYFP expression (A) and mutant CLV3 reporter
containing duplicated sequence to the left (5) and right (3) of the 997 cis-element (double sequence around 997—DS-997) (B). Scale bars, 20 um. (C) Average H2B-mYFP
fluorescence intensity (mean + SE) in 10 centrally located nuclei/cell layers quantified from four independent transformants of WT and DS-997 (n = 4). ***P < 0.001. EMSAs
showing increasing concentrations of full-length WUS (1 to 292 amino acids) bound to the probe containing the 970 and 997 cis-elements with WT intervening sequence

(D) or a duplicated intervening sequence (E).

Rodriguez et al., Sci. Adv. 8, eabo6157 (2022) 10 August 2022

9of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

CLV3 activation layer

CLV3 activation layer quantification

A quantification B (quadruple mutant CRM)
2300 2300
c c Simulation
g Simulation g genotype

imulati o

é 200 genotype é 200 = W"d. type
g ’ g 950i
5 = Wild type 5 = 970i
< = 970M4 < 997i
=100 = 970M Z 100 1007i
g ~ DM 74 — 1060i
5 (E 970M4i
50 =0
) o
i) L1 L2 L3 L4 L5 L6 L7 © L1 L2 L3 L4 L5 L6 L7
2 Layer = Layer

C WUS nuclear D Expression and binding gradients

gradient

970M4i

Fig. 8. Simulated CLV3 dynamics and WUS protein complexes in the 3D SAM model. (A) Levels of CLV3 (mean =line, SD = shaded area) activation in WT system and
system with selected mutated cis-elements. (B) Levels of CLV3 gene activation (mean = line, SD = shaded area) in WT system and system carrying all possible combinations
of quadruple mutants (reflects intrinsic behavior of each functional cis-element). Line indicates mean CLV3 in different cell layers. Shaded area indicates SD of activation
among the cells in a given cell layer. L1 to L7 indicate the layers of the SAM from outermost CZ to inner layers of the RM. (C) Spatial distribution of nuclear-localized WUS.
(D) Median longitudinal sections of simulated SAMs showing WUS monomer (middle), WUS dimer (bottom), and CLV3 expression (top) in WT and system carrying various

mutant cis-elements 970M4, 950M, 970M, 950i, 970i, and 970M4i.

single-cell stochastic model was applied to simulate WUS binding
with cis-elements by using the local WUS concentrations to regu-
late CLV3 transcription. The same mechanisms identified by the
single-cell stochastic model were implemented under wild-type and
multiple cis-element mutant conditions. Each simulation was allowed
to run long enough to achieve the steady-state behavior, and the
parameters used in the simulations are listed in table S3.

Analysis of CLV3 expression and WUS complexes captured
by the 3D model

Using a biologically relevant WUS gradient (Fig. 8C), CLV3 simula-
tions were generated under a variety of different conditions, includ-
ing wild type, four cis-elements (970M), three cis-elements (DM),
and single cis-element (e.g., 970i). The behaviors of several cis-element
mutants are shown in Fig. 8 (A and B). CLV3 expression in wild
type was generally higher than in other mutants, similar to the
experimental data shown in Fig. 2A. In particular, wild-type CLV3
activation was highest in the L1 layer and lowest in the inner layers
of RM. 970M showed a higher expression in the inner layers of RM
than in the outer L1 layer. Of particular interest was 970M4, in
which the affinity was strengthened over the default 970 affinity,
expressed at a lower level in all cell layers. When simulating the
mutants with a single functional cis-element in the CRM, e.g., 950i,
970i, 997i, 1007i, and 1060i, the CLV3 expression was detected in
only the inner layers of RM. Other than the minor difference in the
magnitude, all single cis-element mutants expressed only in the
inner cell layers (Fig. 8B), similar to the experimental results. Simu-
lations also showed an impairment in the spatial patterns of CLV3
expression as more cis-elements were deleted. For example, the
deletion of a single lower-affinity cis-element 950 (950M) had a
relatively minimal effect on CLV3 activation (Fig. 8D). In contrast,
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deletion of the higher-affinity cis-element 970 (970M) shifted CLV3
expression to the inner layers (Fig. 8D). The more drastic shift in
CLV3 expression into deeper layers occurred when deleting four
cis-elements (e.g., 950i or 970i) regardless of their WUS binding
affinity (Fig. 8D). Therefore, the cooperativity mechanism identified
by the single-cell stochastic model was able to generate the expected
CLV3 expression behavior in the 3D model.

Bimolecular fluorescence complementation (BiFC) assays in
plants expressing split enhanced green fluorescent protein (eGFP)-
WUS constructs expressed from the native WUS promoter revealed
very few fluorescent positive cells in the L3 and L2 layers of SAMs
(fig. S7). These results show that WUS dimerizes in cells that accu-
mulate higher levels of WUS, supporting the correlation observed
in biochemical analysis. However, the observed dimerization in
BiFC assays does not distinguish between DNA-bound WUS com-
plexes and unbound complexes. Moreover, it likely represents WUS
complexes with cis-elements of many target genes (27). Therefore,
we used the 3D model to visualize the spatiotemporal distributions
of WUS complexes including monomers and dimers on the CLV3
promoter across cell layers in SAMs (Fig. 8D). A higher concentra-
tion of WUS monomers in the outer layers of CZ and higher dimers
in the inner layers of RM were observed for the wild-type and lower-
affinity cis-element 950M. Deleting the 970 cis-element showed
lower levels of WUS monomers in the outer layers of CZ and lower
levels of dimers in the inner layers of RM (Fig. 8D). This suggested
that the higher-affinity cis-element exerts a stronger influence on
CLV3 transcription, but it was not sufficient to completely activate
in the outer layers of the CZ or repress the inner layers of RM on its
own, showing that cis-elements interact with each other in main-
taining specific amounts of WUS monomer and dimer complexes
in different layers in regulating CLV3 expression. The 970M4
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results resolved the seemingly paradoxical expression patterns of
this mutant. A massive amount of WUS dimers in all layers can
explain a marked reduction of CLV3 expression. In contrast, both
monomers and dimers accumulated at a lower level when only one
cis-element was functional, showing that WUS failed to populate at
higher levels on cis-elements likely due to the lack of cooperativity.
Opverall, the 3D model simulations showed the spatial distributions
of WUS complex formation at a quantitative level in different cell
layers of SAMs. The WUS complex formation could be correlated
to WUS concentration in different cell layers and the affinity-
dependent cooperative behavior of cis-elements in expressing CLV3
in the CZ.

Effect of cooperativity on the spatial patterns of

CLV3 transcription

The experimental evidence suggested that the cooperativity among
cis-elements is critical to achieving proper spatial patterns of CLV3
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expression. To better understand the role of cooperativity in the
robust regulation of CLV3 expression quantitatively, we imposed
different levels of cooperativity between monomers or dimers for
both wild-type and mutant conditions. A complete removal of co-
operativity led to a higher CLV3 expression in the inner cell layers
of RM and a lower expression in outer cell layers of CZ under all
conditions (Fig. 9A). In contrast, increasing cooperativity led to
CLV3 down-regulation (Fig. 9C), showing that strength of coopera-
tivity influences CLV3 expression. Our experimental analysis shows
that increasing the cis-element affinity (970M4) leads to down-
regulation of CLV3 expression, which could be due to a higher
cooperativity among cis-elements leading to the repression. To test
this hypothesis, we removed cooperativity from 970M4, which led
to an increase in CLV3 expression, and the pattern of expression
resembled that of wild type (Fig. 9A). These results show the import-
ance of cooperativity in modulating CLV3 expression, which in
turn depends on the cis-element affinity.
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Fig. 9. Cooperativity levels influence CLV3 activation. CLV3 activation level of WT CLV3 CRM and mutant CLV3 CRMs under various cooperativity levels. (A) No cooperativity:

simulations had no cooperativity between cis-elements. (B) Normal cooperativity:

normal cooperativity values (0.01 monomer cooperativity, 0.2 dimer cooperativity)

used in the default simulations. (C) High cooperativity: simulations with 10x the cooperativity of the default values in the simulation, i.e., 0.001 monomer cooperativity
and 0.02 dimer cooperativity. Dots are simulation values for a cell. Lines are corresponding average expression values from experimental studies. Colors represent

different mutants.
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Our experimental analysis also showed that decreasing the num-
ber of cis-elements leads to a decrease in CLV3 expression in outer cell
layers of CZ and an increase in inner cell layers of RM, suggesting that
the number of cis-elements may also aid in inducing cooperativity.
Consistent with the requirement of multiple cis-elements in mediating
cooperativity, the effects of cooperativity levels on CLV3 expression
diminished with the deletions of multiple cis-elements (Fig. 9).

As shown above, removing the overall cooperativity that includes
both the monomer and dimer cooperativity leads to the internaliza-
tion of CLV3, which is not entirely consistent with the in vivo
observed overall increase of CLV3 expression even in the outer cell
layers of pCLV3(DS-997) (Fig. 7, B and C). Removing the overall
cooperativity that also included the monomer cooperativity might
have caused the down-regulation of CLV3 in outer cell layers of
CZ. Therefore, we perturbed monomer and dimer cooperativity
independently. At a constant dimer cooperativity, increasing mono-
mer cooperativity alone led to a gradual increase in CLV3 expres-
sion in outer cell layers and expression maxima shifted to outer cell
layers (Fig. 10A and figs. S8 and S9). In contrast, increasing the
dimer cooperativity alone led to an overall decrease in CLV3 ex-
pression, which was more pronounced in the inner layers of RM
and a shift in the expression maxima to the outer layers of CZ
(Fig. 10B and figs. S8 and S9). This suggests that CLV3 expression is
regulated through a balance between dimer and monomer coopera-
tivity mediating the repression and activation, respectively. These
simulation results could also help us to understand the experimen-
tal data, in which the increased expression of CLV3 in all cell layers
observed upon doubling the distance (DS-997) could be attributed
to lower dimer cooperativity leading to derepression. Together, these

results show that cooperativity plays a critical role in regulating
CLV3 expression when all five cis-elements are functional.

DISCUSSION

A homotypic cluster of five cis-elements with different WUS binding
affinities regulates levels and spatial expression of CLV3. WUS has been
shown to activate and repress CLV3 at lower and higher levels, re-
spectively. Our work reveals that the relative affinities of each element,
the number of cis-elements, and intervening distance contribute to the
collective effect. Moreover, the collective activity of the CRM arises
not only because of the individual affinity but also because of coop-
erative binding of multiple neighboring cis-elements to WUS. WUS
was previously shown to form a mixture of monomers, dimers, and
oligomers in solution over a wide concentration range (24). Moreover,
DNA/cis-elements have been shown to promote dimerization or
multimerization of WUS over a small two- to fourfold increase in
the WUS level.

Our biochemical analysis presented here reveals that two
adjacent cis-elements can increase the binding sensitivity of WUS
at lower levels than the single cis-elements, suggesting that the
cis-elements cooperate in increasing the binding probability of
WUS monomers, which could contribute to boost activation. Our
biochemical work also shows that the two cis-elements working
together allows the formation of higher-order WUS complexes at
lower WUS levels, which depends on the second HOD (Fig. 6, ] and K).
This suggests that the second HOD may allow interaction of WUS
species bound to the adjacent cis-elements in forming higher-order
complexes. WUS has two dimerization domains, one of which is
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Fig. 10. Independent perturbations of the monomer or dimer cooperativity. The effect of changes in monomer cooperativity (from 1 to 0.005) and dimer cooperativity
(from 1 to 0.05) on CLV3 activation. The direction of the arrows indicates an increase in cooperativity. In row (A), dimer cooperativity was held constant at 0.2, while monomer
cooperativity was varied (1 to 0.005). In row (B), monomer cooperativity was held at 0.01 and dimer cooperativity was varied (1 to 0.05). A complete table of changes in
monomer and dimer cooperativity is presented in fig. S6. The individual graphs represent the CLV3 activation in different cell layers (L1 to L7) of simulated SAMs under
the cooperativity levels noted for each simulation. The dots represent the values of the CLV3 signal for individual simulated cells.
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near the DNA binding domain and the other is found outside the
DNA binding domain (24). The second dimerization domain may
allow protein-protein interaction across neighboring cis-elements,
which then allows cooperative binding across the cis-elements. Our
analysis also reveals that cis-element affinity plays a critical role in
inducing cooperativity across cis-elements. The increased affinity
of 970M4 cis-element contributed to higher cooperativity, leading
to the repression of CLV3. However, such repression requires other
functional cis-elements in the CRM, showing that the collective
behavior arises as a result of the number of cis-elements and the
WUS binding affinities. The collective behavior of a low-affinity
homotypic CRM has been shown to be critical in a recent study of the
Drosophila SHAVENBABY locus. Increasing the binding affinity of
one of the cis-elements resulted in a strong ectopic activation, sug-
gesting that low-affinity homotypic CRMs may lead to higher specificity
(9). Our work showing the importance of the number of cis-elements
in regulating gene expression agrees with the fundamental concept of
having multiple cis-elements organized in a constellation leading to
gene expression specificity. However, the CLV3 CRM regulation differs
from other homotypic CRMs such as SHAVENBABY locus where
CLV3 expression is regulated through a concentration-dependent
activation-repression switching mechanism. The C terminus of WUS
has been shown to bind at least three proteins: HAIRYMERISTEM
(55), SHOOT-MERISTEMLESS (56), and TOPLESS (57). Earlier
analysis shows that the C terminus of WUS is not required for the
regulation of DNA binding affinity and dimerization (24) and DNA
binding specificity (29). Therefore, we suggest that WUS binding to
the CLV3 CRM is a cofactor-independent mechanism that depends
on the organization of cis-elements in the CRM. Besides CLV3, WUS
has been shown to activate and repress several hundred genes (27).
Our bioinformatics search for “TAAT” core-containing cis-element
clusters (see the Supplementary Materials for details of the algorithm)
identified multiple clusters in 152 of 154 WUS up-regulated genes and
298 0f 303 WUS down-regulated genes (tables S6 and S7). This resource
should guide future in vivo analysis to refine our understanding of
the relationship between CRMs and gene expression specificity.
Our analysis also shows that the interaction between cis-elements
in promoting higher molecular WUS complexes also depends on
the distance between cis-elements. Increasing the distance between
cis-elements unexpectedly decreased the WUS detection threshold,
suggesting that distance may also play a role in sensing WUS con-
centration through an unknown mechanism. This might increase
the probability of WUS monomer binding to adjacent cis-elements.
However, the stabilization of WUS into a higher molecular weight
complexes still occurred at the same WUS levels as observed with
the wild-type distance. Thus, the increase in CLV3 expression
observed upon increasing the distance could be due to increased
activation and not entirely due to the reduced repression. Together,
our results show that the cis-element affinity plays a dominant role in
CLV3 repression, while it appears that the system can withstand an
increase in intervening distance in forming higher WUS complexes.
The computational model developed in this study allows us to
recreate and, in a sense, verify the plausibility of our mechanistic
explanations of experimental results. It was possible to quantify
properties that are very difficult to obtain through experimental
means such as the residence time of WUS on cis-elements to
calibrate the model and visualization of concentration-dependent
ratios of WUS monomer and dimer/higher-order complexes on the
CLV3 cis-elements. The upper limit on the residence time of WUS

Rodriguez et al., Sci. Adv. 8, eabo6157 (2022) 10 August 2022

was critical to explain individual cis-element behaviors that differ
in their binding affinities. Our experimental analysis shows that a
higher WUS turnover leads to a higher CLV3 activation, suggesting
that older WUS species may become ineffective and may unbind.
The nuclear export of WUS has been shown to play a crucial role in
regulating the WUS nuclear concentration (5I). It has also been
shown that a nuclear export signal is required for WUS degradation
in the cytoplasm. Perhaps the older WUS molecules that unbind are
exported and degraded in the cytoplasm, which may create space
for newly synthesized WUS that moves into the outer layer of CZ to
bind cis-elements to sustain CLV3 activation. CLV3 has been shown
to offset nuclear export of WUS, which forms an additional feedback
mechanism in regulating the nuclear concentration (51). Whether
CLV3 levels also independently determine residence time of WUS
by influencing its unbinding from cis-elements perhaps by regulating
the WUS protein modifications remains to be explored. Neverthe-
less, a seamless connection involving WUS binding, unbinding,
export, and degradation could lead to a robust maintenance of CLV3
transcription. However, the current model assumes a constant
WUS gradient and is limited to exploring the mechanisms underlying
the CLV3 expression without considering the feedback regulations
of CLV3 signaling on WUS. Our recent study developed a model
involving both transcriptional and posttranslational regulations of
WUS by the CLV3 signaling (51). This model used a generic func-
tion of WUS concentration to represent the CLV3 transcription.
The model perturbations revealed that the dual control of WUS
transcription and nuclear levels by the CLV3 signaling when
coupled to the WUS concentration-dependent transcriptional
activation and repression of CLV3 leads to a robust maintenance of
the WUS protein gradient. Our results show that the cis-element
mutant reporter 970i was markedly reset into the outer layers of CZ
in the clv3 null mutants complemented with the 970i genomic con-
struct (fig. S10, A and B). Perhaps this is due to the effects of altered
CLV3 signaling on the expression and nuclear accumulation of
WUS establishing a new gradient. In the future, coupling the 3D
stochastic model of CLV3 transcription developed here with the
CLV3 signaling model of the regulation of WUS transcription and
the WUS protein dynamics should allow assessment of the influence
of different properties of the CLV3 CRM, including the number of
cis-elements in regulating the robustness of the WUS gradient.

MATERIALS AND METHODS

Experimental design

Plants were grown under continuous light as described earlier in
(24). Imaging was performed on the Zeiss 880 AIRYSCAN upright
under a 40x objective. eGFP-WUS was excited at 488 nm and
collected with filter 495 to 550 nm. Histone 2B modified yellow
fluorescent protein (H2B-mYFP) was excited at 514-nm filtered
with main beam splitter (MBS) 458/514/561/633 and collected with
band-pass (BP) filter 495 to 550 nm. FM4-64 was excited at 561 nm
and collected with BP 570 to 620 nm.

Stochastic single-cell model and the 3D cell-based model
Description of two computational models developed in this study is
provided in detail in the Supplementary Materials. Parameters used
in the stochastic single-cell model can be found in tables S1 and S2.
Parameters used in the 3D cell-based model can be found in tables
S1 and S3.
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Statistical analysis

The source data associated with all experiments are presented in the
additional data files. In addition, the means, N, and P values are
included within each dataset.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6157

View/request a protocol for this paper from Bio-protocol.
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