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MKL/SRF and Bcl6 mutual transcriptional repression
safeguards the fate and positioning of neocortical
progenitor cells mediated by RhoA
Alexia Cossard, Kirsten Stam†, Aurore Smets†, Yves Jossin*

During embryogenesis, multiple intricate and intertwined cellular signaling pathways coordinate cell behavior.
Their slightest alterations can have dramatic consequences for the cells and the organs they form. The transcrip-
tional repressor Bcl6 was recently found as important for brain development. However, its regulation and inte-
gration with other signals is unknown. Using in vivo functional approaches combined with molecular
mechanistic analysis, we identified a reciprocal regulatory loop between B cell lymphoma 6 (Bcl6) and the
RhoA-regulated transcriptional complex megakaryoblastic leukemia/serum response factor (MKL/SRF). We
show that Bcl6 physically interacts with MKL/SRF, resulting in a down-regulation of the transcriptional activity
of both Bcl6 and MKL/SRF. This molecular cross-talk is essential for the control of proliferation, neurogenesis,
and spatial positioning of neural progenitors. Overall, our data highlight a regulatory mechanism that controls
neuronal production and neocortical development and reveal an MKL/SRF and Bcl6 interaction that may have
broader implications in other physiological functions and in diseases.
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INTRODUCTION
The mammalian cerebral cortex plays key roles in cognition, emo-
tions, and sensory and motor functions. These tasks rely on ade-
quate activities of neural circuits. This connectivity depends on
the ability of proliferative cells of the neuroepithelium to produce
an array of neurons and glial cells that carry out specialized func-
tions in mature neural networks (1). The ventricular zone (VZ)
and subventricular zone (sVZ) are the proliferative regions of the
neocortex respectively populated by the radial glia cells (RGCs)
and basal progenitors (BPs). Under the influence of local environ-
mental cues, RGCs, the neural stem cells (NSCs) of the neocortex,
progressively lose their proliferative potential as development pro-
ceeds (2, 3). They either divide symmetrically to expand and
produce two RGCs or asymmetrically to give rise to another RGC
and either a neuron (direct neurogenesis) or a BP that will produce
several neurons (indirect neurogenesis) (4–6). During neurogene-
sis, symmetric and asymmetric divisions coexist at the VZ (7).
RGCs undergo an interkinetic nuclear movement (IKNM), which
is an oscillation of the position of their nuclei during the cell
cycle (8). The function of this movement is not well understood,
although it is believed to be important for the regulation of cell
fate decision (9).
Together, RGCs and BPs sequentially produce the deep- and

superficial-layer excitatory glutamatergic neurons that account for
approximately 80% of all cortical neurons (3, 10–14). The establish-
ment of BPs and the consequent increase in the neuron numbers
per radial glial cell is thought to be at the origin of the evolutionary
expansion of the mammalian cerebral cortex (15–17). A proper po-
sitioning of BPs in the sVZ seems to be important for a correct mi-
gration of the neurons they produce (18). However, while the
migration of neurons is extensively studied, little is known about

the migration of BPs out of the VZ to incorporate in and form
the sVZ.
A tight and coordinated control of proliferation, neurogenesis,

and migration has evolved to ensure the correct production of
neurons at the right time and the right place. Subtle alterations in
the balance between RGC self-renewal or differentiation during de-
velopment, as well as defects in neural cell migration and position-
ing, can result in dramatic differences in neocortical size at the
origin of human brain evolution and of developmental brain mal-
formations such as microcephaly, Down syndrome, autism spec-
trum disorders, lissencephalies, or periventricular heterotopias
(19–28). However, our knowledge of the pathways regulating
these processes in the developing cerebral cortex and their interac-
tions remains incomplete.
The Rho subfamily is composed of threemembers (RhoA, B, and

C). RhoA expression within the embryonic neocortex is higher at
the VZ and sVZ, while RhoB is mainly expressed in the cortical
plate, and RhoC is barely detectable (29). Loss of RhoB or RhoC
is not associated with any apparent consequences on embryonic de-
velopment (30, 31). On the other hand, conditional knockout of
RhoA in early NSCs in the mouse cortex or spinal cord both
result in loss of cell adhesion in the germinal zone, causing a dra-
matic disorganization of the tissue, while proliferation is increased
in the cortex but decreased in the spinal cord (32–34). RhoA func-
tions may therefore be tissue specific. In addition, it is known that
instructive factors and progenitor competence change over time
(35). Differences in RhoA functions during early and late neurogen-
ic phases in the developing cortex could therefore exist, underscor-
ing the influence of the interplay between environmental cues and
cell-intrinsic information on cell fate and cell behavior. Recent data
demonstrated the importance of primate-specific RhoA regulators
in cortical organization, suggesting a role in the control of RhoA in
human-specific evolutionary development and neuropsychiatric
disorders (36). Nevertheless, little is known about the role of
RhoA in neurogenesis and the mechanisms involved. Even less is
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known about its functional interactions with other regulatory
pathways.
Dynamic and coordinated regulation of gene expression is

crucial during organogenesis. This regulation depends on the
balance between activating and repressive transcription factors
and regulators that act in trans to control gene transcription (37).
Well-known effectors downstream of RhoA are the family of tran-
scription coactivators myocardin-related transcription factors, in-
cluding myocardin and megakaryoblastic leukemia 1 and 2
(MKL1 andMKL2). RhoA regulates their activity through the mod-
ulation of the actin cytoskeleton. In turn, they regulate the

transactivation activity of the serum response factor (SRF) tran-
scription factor that binds to SRF response element (SRF-RE)
DNA sequences (38). The function of SRF during neocortical devel-
opment is still unclear. Srf-null mice are early embryonic lethal (39).
While some studies demonstrated the involvement of SRF in pro-
jection neurons’ radial migration (40–42), Srf-Nestin-cKO mice
showed no defects in neurogenesis and radial migration in the neo-
cortex (43). However, the absence of phenotype in these mice could
be due to the rate of Nestin-cre–driven recombination that only
reaches sufficiently high levels during late embryonic period when
floxed mice are crossed with the Nestin-cre line from the Jackson

Fig. 1. RhoA reduces neurogenesis and maintains the neural progenitor pool size. Embryonic brains were in utero electroporated at E15.5 and processed 23 hours
later for immunohistological labeling. (A to C, G, and I) Quantification of double staining for (A) GFP+Sox2+, (B) GFP+Tbr2+, (C) GFP+SatB2+, (G) GFP+Ki67− (cell cycle exit),
and (I) GFP+p-H3+ (mitotic index) cells. (D) Quantification of the triple-staining GFP+Sox2+ Tbr2− (RGCs), GFP+Sox2+Tbr2+ (committed BPs), GFP+Sox2−Tbr2+ (BPs), and
GFP+Sox2−Tbr2− (neurons) cells. (E, F, and H) Coronal sections of E16.5 cerebral cortices electroporated at E15.5 for the expression of NLS-GFP alone (control), dominant-
negative form of RhoA (RhoADN), or wild-type RhoA (RhoAWT), along with NLS-GFP and immunostained for (E) Sox2 and Tbr2, (F) Ki67, or (H) p-H3. (A) Control n = 19 of 13
IUE (n = 19//13); RhoAWT n = 8//6; RhoADN n = 9//9; (B) Control n = 21//14; RhoAWT n = 8//6; RhoADN n = 10//8; (C) Control n = 4//3; RhoAWT n = 4//3; RhoADN n = 4//4; (D)
Control n = 9//5; RhoAWT n = 7//6; RhoADN n = 8//7; (G) Control n = 12//9; RhoAWT n = 9//7; RhoADN n = 11//6; (I) Control n = 7//4; RhoAWT n = 7//6; RhoADN n = 9//6. Error
bars, SEM. ***P < 0.001, **P < 0.01, *P < 0.05. Scale bar, 50 μm.
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Laboratory (44). This leaves open the question of an involvement of
SRF in neocortical neurogenesis.
The transcription repressor B cell lymphoma 6 (Bcl6) is exten-

sively studied for its importance in B cell development and onco-
genesis but has been recently identified as a proneurogenic factor
during the embryonic development of the neocortex (45). While
some of its downstream targets during neocortical development
have been identified (45, 46), its upstream regulation and its inte-
gration with other regulatory signals are unknown.
Here, we found that RhoA, the MKL1/2 and SRF transcription

factor complex, and the transcription repressor Bcl6 interact func-
tionally to safeguard neurogenesis and cell positioning in vivo. A
tight control of the RhoA pathway is necessary to regulate neuro-
genesis, the IKNM, and cell cycle length of RGCs, as well as the po-
sitioning of BPs in the developing mammalian neocortex. These
functions depend on the cross-talk between the MKL/SRF
complex and Bcl6. Mechanistically, Bcl6 inhibits the RhoA-mediat-
ed MKL/SRF transcriptional activity by physically interacting with
SRF, observed in a tripartite complex with MKL1, and preventing
SRF homodimerization. Similarly, the interaction of MKL/SRF
with Bcl6 hinders Bcl6 dimer formation, reducing Bcl6 transcrip-
tional repression activity and its effect on neurogenesis. Overall,
these findings reveal that RhoA, MKL, SRF, and Bcl6 safeguard neo-
cortical development by establishing appropriate progenitors posi-
tioning and by adjusting RGCs neurogenic choice to ensure proper
neuronal output.

RESULTS
RhoA maintains the neural progenitor pool size
We considered that RhoA may have more subtle effects on the fate
choice of RGCs that are not evident when RhoA is conditionally
deleted throughout the VZ. Therefore, we used in utero electropo-
ration (IUE) to manipulate RhoA activity [expression of a wild-type
(RhoAWT) or a dominant negative form of RhoA (RhoADN) or
RhoA knockdown using specific small interfering RNA (siRNA)]
in a subset of RGCs at embryonic day 15.5 (E15.5) in a murine
model (47, 48). At this stage of mid-neurogenesis, 76% of RGCs
normally undergo asymmetric division to produce BPs (60%) or
to make neurons directly (16%), while 15 to 23% symmetrically
divide to generate two RGCs (6, 12, 14, 49, 50). Electroporated
brains were dissected and labeled 23 hours later to analyze the
altered cells and their progeny using specific markers for electropo-
rated cells [green fluorescent protein (GFP)], RGCs (Sox2), BPs
(Tbr2), and neurons (Satb2). RhoA inhibition reduced the percent-
age of GFP+Sox2+ and increased the proportion of GFP+Tbr2+ and
GFP+Satb2+ (Fig. 1, A to C). RhoA gain of function (GoF) had the
exact opposite effect, showing more GFP+Sox2+ and a decrease in
GFP+Tbr2+ and GFP+Satb2+ (Fig. 1, A to C). However, these mea-
surements did not consider cells positive for both Sox2 and Tbr2,
corresponding to newly born committed BPs. Thus, we performed a
triple staining to specifically label the four populations of cells ob-
served at that stage: RGCs (GFP+Sox2+Tbr2−), newly born commit-
ted BPs migrating away from the VZ (GFP+Sox2+Tbr2+),
differentiated BPs (GFP+Tbr2+Sox2−), and newly born migrating
neurons (GFP+Tbr2−Sox2− or GFP+Satb2+). We found that inhib-
iting RhoA reduced the proportion of RGCs and committed BPs
and increased differentiated BPs and neurons (Fig. 1, D and E).
RhoA GoF had the exact opposite effect. The IUE technique

specifically targets RGCs undergoing S and G2-M phases (51, 52).
At E15.5, the cell cycle lengths of RGCs and BPs are respectively
about 18.5 and 26.5 hours (53, 54). As we were collecting brains
23 hours after electroporation, it is most likely that the effect on
the generation of postmitotic migrating neurons arises from a func-
tion of RhoA in RGCs since BPs could not yet perform an entire
division cycle. Accordingly, results suggest that RhoA affects both
direct neurogenesis from RGCs and indirect neurogenesis through
the production of BPs. It did not disturb the production of glial pre-
cursors (Olig2+ cells), which was negligible at this time of develop-
ment (fig. S1A). Additional staining for the proliferation marker
Ki67 showed an increased cell cycle exit induced by RhoA inhibi-
tion and reduced by RhoA GoF (Fig. 1, F and G). A positive influ-
ence of RhoA activity on the mitotic index was observed as well
(Fig. 1, H and I). The specific knockdown of RhoA using siRNA re-
sulted in the same phenotype as when expressing RhoADN (fig. S1, B
to F). Together, these data suggest that RhoA inhibition increases
direct and indirect neurogenesis along with RGC depletion,
whereas RhoA GoF reduces neurogenesis and maintains the RGC
pool size.

RhoA regulates the position of RGCs and BPs
To test whether RhoA regulates migration of the different popula-
tions derived from the VZ, we shifted our attention to the radial dis-
tribution of the electroporated cells. RhoA inhibition resulted in an
overall increased distance of the GFP+ cells away from the apical
surface, with more cells located in the basal half of the VZ and
the apical half of the sVZ, when compared to the control GFP+
cells (Fig. 2, A and B). The specific knockdown of RhoA using
siRNA resulted in the same phenotype as when expressing
RhoADN (fig. S1, G and H). Conversely, RhoA GoF resulted in a
shorter distance with accumulation of cells at the surface of the ven-
tricle (Fig. 2, A and B). Marker analysis of control brains showed
that, as expected, most of the cell bodies of GFP+Sox2+Tbr2−

RGCs remained at the VZ (Figs. 1E and 2C). Newly born
GFP+Sox2+Tbr2+ committed BPs migrating away from the VZ
were located at the basal side of the VZ and the apical side of the
sVZ (Figs. 1E and 2D). The more differentiated GFP+Sox2−Tbr2+
BPs were spread into the sVZ with a peak at its center (Figs. 1E and
2E). Last, the few observed GFP+Sox2− Tbr2− newly born neurons
were mainly located in the sVZ and the intermediate zone (IZ)
(Figs. 1E and 2F). However, inhibiting RhoA increased the distance
of RGC bodies away from the ventricular surface and led to their
accumulation within the basal half of the VZ and the apical side
of the sVZ (Figs. 1E and 2C and fig. S1I). Time-lapse videomicro-
scopy showed the expected IKNM from control RGCs located in the
VZ. Only cells with a visible apical process attached to the apical
surface were measured. A substantial proportion of nuclei from
RhoA-inhibited RGCs did not perform the IKNM and remained
at a basal position (movies S1 and S2 and Fig. 2, G and H).
Migrating committed BPs were still distributed within the basal

side of the VZ and the apical side of the sVZ. However, they showed
a sharper relative distribution toward the lower bins due to a frac-
tion of cells that did not migrate as far as their control counterparts.
Similarly, some differentiated BPs were not located as far as in the
control condition, and the peak of their distribution shifted more
basally within the sVZ (Figs. 1E and 2, D and E, and fig. S1, J and
K). While the location of the neuronal population is more difficult
to assess because of its small number, fewer RhoA-inhibited
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Fig. 2. RhoA regulates the position of RGCs and BPs. (A) Coronal sections of E16.5 mice cerebral cortices electroporated with either control, dominant-negative
(RhoADN), or wild-type RhoA (RhoAWT) expression vectors at E15.5, coelectroporatedwith NLS-GFP, and stained for 40,6-diamidino-2-phenylindole (DAPI). (B to F) Graphics
of cerebral walls from electroporated brains, corresponding to the VZ to the upper part of the IZ, and subdivided into 20 bins. The graphics indicate the proportion of cells
in each bin of (B) GFP+ cells or (C) GFP+Sox2+ Tbr2− (RGCs), (D) GFP+Sox2+Tbr2+ (Committed BPs), (E) GFP+Sox2−Tbr2+ (BPs), and (F) GFP+Sox2−Tbr2− (neurons) for
control, RhoADN, or RhoAWT expression vectors electroporated at E15.5 and observed at E16.5. (B) Control n = 21 of 15 IUE (n = 21//15); RhoAWT n = 14//12; RhoADN n
= 20//14; (C to F) Control n = 9//5; RhoAWT n = 7//6; RhoADN n = 6//6. Error bars, SEM. ***P < 0.001, **P < 0.01, *P < 0.05. Scale bar, 50 μm. (G and H) Time-lapse analysis of
RGCs in the VZ. Frames are every 20min. Brains were electroporated at E15.5 and processed for videomicroscopy 14 hours later. (G) Representative pictures of the nuclear
movement (red arrowheads) followed by control and RhoA-inhibited GFP+ RGCs in the VZ and with a visible apical process attached to the apical surface. (H) Represen-
tative nuclear tracks of the paths followed by control and RhoA-inhibited GFP+ RGCs in the VZ with a visible attached apical process. Distance from the ventricular surface
of cell centroids in successive frames (circles) is linked by lines.
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neurons migrated out of the sVZ (Figs. 1E and 2F and fig. S1L).
RhoA GoF resulted in an opposite phenotype with the cell bodies
of all four types of cells accumulating at the apical side of the VZ
(Figs. 1E and 2, A to F).
There were no overt signs of adherens junction (AJ) weakening

after the expression of RhoADN at E15.5 and examined 1 day later,
although AJs were destabilized and disorganized 2 days after
surgery (fig. S1, M to O). RhoA down-regulation using specific
siRNAs mimicked the effect of RhoADN, while RhoB knockdown
had no noticeable effect on AJs and tissue organization either 1
or 2 days after surgery, which is in agreement with the absence of
such phenotype in the RhoB knockout mice (29, 30). Overexpres-
sion of RhoAWT did not disturb the integrity of AJs 24 hours after
surgery (fig. S1, N andO).While consistent with a function of RhoA
in AJ stability during mid- to late neurogenesis, these data suggest
that the effect on cell positioning measured in this study are ob-
served before any notable AJ disturbance. Because defects in migra-
tion could also be due to disturbed radial glia fibers, we performed a
Nestin immunolabeling. When observed 1 day after IUE, inhibition
or activation of RhoA did not affect the radial glia fibers (fig. S1P).
These results suggest that RhoA activity regulates the position of

RGC bodies in the VZ, with a function in the nuclear migration
toward the apical surface during the IKNM. They also suggest a
function for the migration of committed BPs from the VZ to the
sVZ and of neurons out of the sVZ.

The MKL/SRF complex regulates neurogenesis downstream
of RhoA
RhoA regulates gene expression through the activation of the SRF
transcription factor and its transcription cofactors MKL1 and
MKL2 (38). In an in vivo luciferase assay on cells electroporated
at E15.5 and collected 1 day later, the inhibition of RhoA or a
short hairpin RNA (shRNA) targeting both Mkl1 and Mkl2
(shMKL1/2) substantially reduced luciferase activity from an SRF-
RE reporter plasmid, while RhoA GoF increased its activity (Fig. 3A
and fig. S2A). These results suggest that the MKL/SRF pathway is
active at E15.5 to E16.5 and might be involved in the observed phe-
notypes induced by the modulation of RhoA activity.
We first performed epistasis experiments. Mild overexpression

of either MKL1 or MKL2 partially restored the differentiation dis-
rupted by the inhibition of RhoA reaching cell-type proportions
similar to the control situation (Fig. 3B and fig. S2C). Amild expres-
sion of a constitutively activating SRF [SRF fused to a strong trans-
activation domain from p65NFkappaB (SRF-TAD)] was, however,
still too strong when trying to correct the effect of the inhibition of
RhoA and led to cell proportions similar to RhoA GoF. The knock-
down ofMkl1 andMkl2 partially rescued the differentiation pheno-
type induced by RhoA GoF (Fig. 3B and fig. S2C). As a control,
other shRNAs against MKL1 or MKL2 had similar effects (fig. S2,
A to C). Themild expression of a constitutively repressing SRF [SRF
fused to the strong repressor domain of Engrailed (SRF-EnRD)]
comparably rescued the phenotype induced by an excess of RhoA
signal (Fig. 3B and fig. S2C). These data suggest that both MKL1
and MKL2, along with SRF, are involved in cell fate choice con-
trolled by RhoA. As a support to this conclusion, the down- or
up-regulation of MKL1, MKL2, and SRF affected neurogenesis sim-
ilarly to that observed with the manipulation of RhoA activity.
shMKL1/2 or the expression of SRF-EnRD decreased the

percentage of GFP+Sox2+ cells, while GoF for either MKL1,
MKL2, or both or the expression of SRF-TAD increased it
(fig. S3A).
In line with those analyses, expression of shMKL1/2 or SRF-

EnRD reduced the proportion of newly born committed BPs
while increasing the amount of BPs and neurons (Fig. 3, C and
D, and fig. S2, D and E). Oppositely, MKL2 GoF resulted in an in-
creased percentage of RGCs and committed BPs and a decreased
proportion of differentiated BPs and neurons (Fig. 3, C and D).
When the overexpression of MKL1 or SRF-TAD was too high, it
drastically reduced the presence of Tbr2-expressing cells and con-
sequently increased the percentage of RGCs and neuronal popula-
tions (fig. S3B). However, overexpressing a lower dose of MKL1 or a
moderate expression of SRF-TAD had an equivalent phenotype as
RhoA GoF (Fig. 3, C and D).
As observed with RhoA, cell cycle exit was increased by the

knockdown ofMkl1 andMkl2 but decreased by the overexpression
of MKL2 or a low dose of MKL1 (Fig. 3E and fig. S2F). In epistasis
experiments, MKL1 or MKL2 GoF rescued the effect of RhoA inhi-
bition on the cell cycle exit, while the down-regulation ofMkl1 and
Mkl2 significantly restored the level of cell cycle exit disrupted by
RhoA GoF (Fig. 3E and fig. S2F).

The MKL/SRF complex regulates the position of RGCs and
BPs downstream of RhoA
Epistasis experiments showed that SRF-TAD and MKL1, but not
MKL2, significantly restored cell positioning disrupted by the inhi-
bition of RhoA (Fig. 4A and figs. S2C and S4). On the other hand,
the knockdown ofMkl1 andMkl2, or ofMkl1 but not ofMkl2 alone,
or the expression of SRF-EnRD rescued the cell positional defect
resulting from RhoA GoF (Fig. 4B and figs. S2C and S4).
In support of the above rescue experiments, manipulating the

MKL/SRF pathway phenocopies the results observed when RhoA
is affected. Electroporation of either shMKL1/2, shMKL1, or SRF-
EnRD, but not shMKL2, induced an increased accumulation of
GFP+ cells at a zone including the basal side of the VZ and the
apical side of the sVZ, a phenotype similar to RhoA inhibition
(Figs. 3C and 4C and fig. S3, C to J). Overexpression of MKL1
and MKL2 together, MKL1, or SRF-TAD, but not MKL2 alone,
induced the accumulation of GFP+ cells at the apical side of the
VZ and depletion of cells in the sVZ, similar to the phenotype re-
sulting from RhoA GoF (Figs. 3C and 4C and fig. S3, C to J). Al-
though a milder MKL1 expression had an effect on
differentiation, it did not modify cell positioning (Fig. 3, C and D,
and fig. S3, K and L), suggesting that cell position and differentia-
tion are sensitive to MKL/SRF dosage. It is likely that high or low
levels of MKL/SRF regulate the expression of different sets of genes.
Quite unexpectedly, high expression of MKL2 did not recapitulate
the apical localization induced by MKL1, SRF-TAD, or RhoA GoF,
although it did change cell fate. The change in cell distribution was
not extensive but was closer to what we observed when RhoA was
inhibited. MKL1 and MKL2 have both common and specific target
genes. We believe that MKL2 is not regulating genes involved in cell
positioning in the developing neocortex, and it is possible that the
overexpression of MKL2 competes with the endogenous MKL1 for
its interaction with SRF, inhibiting MKL1 function on cell
positioning.
We also investigated the function of the RhoA/MKL/SRF

pathway 2.5 days earlier at E13 during early neurogenesis. Although
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the effect was not as strong as at E15.5, we observed similar effects
on cell positioning and neurogenesis when manipulating RhoA or
MKL activities (fig. S5). Overall, these data support a common func-
tion for RhoA, MKL1, MKL2, and SRF in neurogenesis, while
MKL1 and SRF, but not MKL2, are downstream of RhoA in the sig-
naling pathway regulating the positioning of RGCs, BPs,
and neurons.

Bcl6 and SRF physically interact and form a complex with
MKL1 or 2
To screen for potential neurogenic transcription factors capable of
counteracting the differentiation and position phenotypes induced
by the modification of RhoA/MKL/SRF activity, we used a se-
quence-based bioinformatics tool for prediction of transcriptional
regulation interactors (55). This led us to focus on Bcl6. Bcl6 is

Fig. 3. The MKL/SRF complex regulates neurogenesis
downstream of RhoA. (A) Luciferase assays were per-
formed on lysates from E16.5 cortices electroporated 1
day earlier with control, RhoADN, RhoAWT, or shMKL1/2
expression vectors together with a pGL4-promoter vector
containing an SRF-RE that drives transcription of the firefly
luciferase reporter gene and a pRL Renilla luciferase in-
ternal control. Normalized values are reported as the
mean fold expression of luciferase activity ± SD from three
independent IUE. Relative Luciferase activity in arbitrary
units with control set to 1. (B to E) Brains were in utero
electroporated at E15.5 with the indicated plasmids along
with NLS-GFP and stained at E16.5 for the indicated
markers. (B and D) Quantification of the GFP+Sox2+Tbr2−

(RGCs), GFP+Sox2+Tbr2+ (committed BPs), GFP+Sox2−-

Tbr2+ (BPs), and GFP+Sox2−Tbr2− (neurons) cells. (B)
Epistasis experiments are statistically tested against
RhoADN or RhoAWT. Controls are shown for comparison.
Control n = 9 of 5 IUE (n = 9//5); RhoAWT n = 7//6; RhoADN n
= 8//7; RhoADN + MKL1(low) n = 4//3; RhoADN + MKL2 n =
4//3; RhoADN + SRF-TAD (low) n = 4//3; RhoAWT + shMKL1/
2 n = 5//3; RhoAWT + SRF-EnRD n = 8//6. (C) Coronal sec-
tions of E16.5 cerebral cortices. (D) Control n = 9//5;
shMKL1/2 n = 10//5; MKL1 (low) n = 4//3; MKL2 n = 5//4;
SRF-TAD (low) n = 8//3; SRF-EnRD n = 6//3. (E) Quantifi-
cation of GFP+Ki67− cells (exit from cell cycle). Control n =
12//9; RhoAWT n = 9//7; RhoADN n = 11//6; shMKL1/2 n =
9//4; MKL1 (low) n = 4//3; MKL2 n = 6//5; RhoAWT +
shMKL1/2 n = 3//3; RhoADN + MKL1 n = 4//3; RhoADN +
MKL2 n = 4//3. Error bars, SEM. ***P < 0.001, **P < 0.01, *P
< 0.05. Scale bar, 50 μm.
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Fig. 4. The MKL/SRF complex regulates the position of RGCs and BPs downstream of RhoA. E16.5 Coronal sections of mice cerebral cortices electroporated at E15.5
with the indicated plasmids alongwith NLS-GFP expression vector and stained with DAPI. The associated graphics show the radial distribution of GFP+ cells. (A, A’, andA’’)
MKL1 and SRF-TAD but not MKL2 rescued the positioning defect induced by RhoADN; RhoADN n = 20 of 14 IUE (n = 20//14); RhoADN + MKL1 n = 5//3; RhoADN + MKL2 n =
4//3; RhoADN + SRF-TAD n = 6//3. (B, B’,B’’, and B’’’) shMKL1/2, shMKL1, and SRF-EnRD but not shMKL2 rescued the positioning defect induced by RhoAWT; RhoAWT n = 14//
12; RhoAWT + shMKL1/2 n = 8//3; RhoAWT + shMKL1 n = 15//5; RhoAWT + shMKL2 n = 5//3; RhoAWT + SRF-EnRD n = 12//6; (C, C’, C’’, and C’’’) Inhibition or GoF of MKL1 and
SRF but not MKL2 induced similar positional phenotypes as inhibition or GoF of RhoA. Control n = 21//15; shMKL1/2 n = 10//5; MKL1 + MKL2 n = 5//3; shMKL1 n = 9//3;
MKL1 n = 12//6; shMKL2 n = 4//3; MKL2 n = 6//6; SRF-EnRD n = 10//6; SRF-TAD n = 9//4. Error bars, SEM. ***P < 0.001, **P < 0.01, *P < 0.05. Scale bar, 50 μm.
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encoding a zinc finger transcriptional repressor. This protein was
previously found to act on neurogenesis in the developing mamma-
lian cerebral cortex (45, 46, 56). We first investigated protein inter-
actions using trimolecular fluorescence complementation (TriFC)
assay where the direct interaction of two tagged proteins induces
fluorescence emission (57). Positive controls showed that MKL1
and MKL2 successfully interact with SRF, as observed by the pres-
ence of green fluorescence in the nuclei (Fig. 5, A and B). MKL1 is
known to dimerize through its LZ domain (58). We therefore used a
mutant MKL1 lacking the LZ domain [MKL1(ΔLZ)] as a negative
control. MKL1(ΔLZ) interaction to MKL1 was strongly reduced
compared to its wild type version. A very distinct nuclear interac-
tion was observed between Bcl6 and SRF, while no fluorescence was
detected whenMKL1 orMKL2 were cotransfected with Bcl6 (Fig. 5,
A and B).
In contrast to the TriFC approach, coimmunoprecipitation

allows the detection of multiple proteins in the same complex.
Coimmunoprecipitation experiments in human embryonic kidney
(HEK) 293T cells confirmed a direct interaction between Bcl6 and
SRF but not MKL1 (Fig. 5, C to E). When the three proteins were
overexpressed together, Bcl6 did not prevent MKL1 or MKL2 inter-
action with SRF but was coimmunoprecipitated with the MKL/SRF
complex when MKL1 or MKL2 was pulled down (Fig. 5E and fig.
S6). These results show that Bcl6 most likely interacts directly with
SRF, whereas the interaction with MKL1 or MKL2 is indirect and
requires them to be in complex with SRF. Unfortunately, the endog-
enous complex formation could not be tested. Several SRF and Bcl6
antibodies were used and were unable to immunoprecipitate the en-
dogenous proteins.

Bcl6 and MKL/SRF mutually repress their transcriptional
activity in vitro and in vivo
We performed luciferase assays using an SRF-RE vector in vitro in
HEK293T cells or in vivo in E15.5 embryonic cortices. In cells, the
amount of signal induced by MKL1 decreased when Bcl6–hemag-
glutinin (HA) was coexpressed, while the decrease was not signifi-
cant on the signal induced byMKL2 (Fig. 5F). In vivo, the luciferase
signal was tested 23 hours after surgery. Overexpression of Bcl6
slightly but significantly reduced the endogenous activity on the
SRF-RE sensor, while the knockdown of Bcl6 increased it (Fig. 5G).
To test whether there was a reciprocal effect of MKL/SRF on

Bcl6, we constructed a luciferase sensor [Bcl6(BS)-Luc] containing
the consensus Bcl6 binding site sequence in front of the promoter as
used in (59–61). As expected from a transcriptional repressor, Bcl6
inhibited the luciferase expression level in HEK293T cells. We then
cotransfected either RhoAWT, RhoADN, or MKL1 with Bcl6 to de-
termine whether they had any synergistic or antagonistic effect. Our
results showed that MKL1 or RhoAWT coexpression inhibited the
repression activity of Bcl6. Inhibition of RhoA via RhoADN had
no significant effect (Fig. 5H). We then expressed the Bcl6(BS)-
Luc sensor in vivo and found that MKL1 and RhoAWT prevented
the repressor activity of the endogenous Bcl6 on the sensor, while
inhibition of RhoA enhanced it (Fig. 5I). Overall, these results
suggest that Bcl6 and the RhoA downstream effectors MKL/SRF
mutually repress their transcriptional activity in vitro and in vivo.

Bcl6 and SRF interaction prevents each other’s
homodimerization
We next investigated the mechanism by which this interaction in-
hibits MKL/SRF and Bcl6 activities. Some transcription cofactors
such as MKLs shuttle between the cytoplasm and the nucleus
(62). We examined Bcl6 and MKL subcellular localization when
co-overexpressed in HeLa cells (fig. S7). Proteins were categorized
as essentially cytoplasmic (at least 60% of the signal in the cyto-
plasm), intermediate (the repartition of the fluorescence in the
nucleus and the cytoplasm was between 40 and 60%), or essentially
nuclear (at least 60% of the signal in the nucleus). Overexpressing
Bcl6 partially displaced both MKL1 and MKL2 toward the cyto-
plasm (fig. S7). On the other hand, RhoA activation or inhibition,
or co-overexpression of MKL1 or MKL2, did not modify Bcl6 pre-
dominant nuclear location.
Both SRF and Bcl6 homodimerize to fully accomplish their func-

tion (63, 64). Preventing their homodimerization would therefore
be an inhibitory mechanism. We found that Bcl6 overexpression
reduced SRF, but not MKL1, homodimerization, while it slightly
but nonsignificantly affected MKL1 and SRF heterodimer forma-
tion. On the other hand, SRF overexpression strongly decreased
Bcl6 dimer formation (Fig. 5, E, J, and K). These data suggest that
SRF and Bcl6 interaction inhibits each other ’s homodimer
formation.
We further characterized SRF and Bcl6 heteromer formation and

investigated specific domain interactions. Using the TriFC ap-
proach, we tested the ability of the known domains of SRF to
bind to the full-length Bcl6 and, vice versa, we tested whether the
known Bcl6 domains interact with the full-length SRF. Our results
are schematically summarized in Fig. 6. Only the truncated SRF
proteins that contain the amino acids 1 to 168 were able to associate
with Bcl6. This region contains the SRF repressor domain (65, 66).
As a control, we confirmed that MKL1 binds to the DNA binding
domain of SRF (58). The TAD domain of SRF did not interact with
Bcl6 or MKL1. We also found that the Bcl6-truncated proteins con-
taining either the BTB domain or a central region of Bcl6 that
overlap with both the repressor domain 2 and the PEST domains
of Bcl6 (67) were able to interact with SRF, while the Zn-Finger
domain of Bcl6 was not supporting an interaction with SRF. It is
not unusual to observe two domains within a protein involved in
interaction with another protein (68, 69).

Bcl6 opposes the functions of RhoA and MKL/SRF on
neocortical cell differentiation and position in vivo
So far, our data indicate that the RhoA/MKL/SRF pathway and Bcl6
have opposite functions and suggest that they regulate each other in
vivo. To support a functional interaction between the RhoA/MKL/
SRF pathway and Bcl6, we performed epistasis experiments in vivo
(Fig. 7 and figs. S8 and S9). The knockdown of Bcl6 rescued the dif-
ferentiation, the level of cell cycle exit, and the position phenotypes
induced by RhoA, MKL, or SRF inhibition. The use of another
shRNA targeting a different sequence of Bcl6 induced a similar
rescue (figs. S10). Moreover, Bcl6 overexpression partially restored
cell position, cell cycle exit, and differentiation disrupted by RhoA,
MKL, or SRF GoF (Fig. 7 and figs. S8 and S9).
In agreement with the above epistasis experiments, the knock-

down of Bcl6 alone reduced the proportion of differentiated cells
and decreased cell cycle exit, while it did not affect the mitotic
index when electroporated at E15.5 and observed 1 day later
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Fig. 5. Bcl6 and MKL/SRF mutu-
ally repress their transcriptional
activity in vitro and in vivo
through the formation of a tri-
partite complex that depends
on Bcl6 and SRF direct physical
interaction, which prevents
each other’s homodimerization.
(A, B, J, and K) TriFC assay. Epifl-
uorescence microscopic images of
HEK293T cells 8 hours after trans-
fection for the coexpression of the
GFP (S1 to S9) fragment and the
indicated proteins fused with
either S10 or S11 GFP fragments
and untagged proteins. Cells were
stained with DAPI. The graphics
indicate the relative GFP comple-
mentation with the condition “SRF
+ MKL1” set at 1 ± SD from three
independent experiments. (C to E)
Coimmunoprecipitation assays
were performed using tagged
Bcl6, SRF, and MKL1 expressed in
HEK293T. Twenty-four hours after
transfection, cell lysates were an-
alyzed directly or after pull-down
with an HA antibody. Samples
were immunoblotted with HA,
Myc, or glutathione S-transferase
(GST) antibodies. n ≥ 3. (F to I)
Luciferase assays performed with
either control, RhoAWT, RhoADN,
MKL1, MKL2, shBcl6, or Bcl6 ex-
pression vectors together with a
pRL Renilla luciferase internal
control and (F and G) a pGL4-pro-
moter vector containing SRF-RE
(results are expressed as relative
fold-change of luciferase activity)
or (H and I) a pTA vector contain-
ing a Bcl6(BS) in front of a cyto-
megalovirus (CMV) promoter that
drives the transcription of the
firefly luciferase reporter gene
(normalized values are reported as
the mean fold repression of lucif-
erase activity). The luciferase
assays were performed (F and H)
on HEK293T lysates 24 hours after
transfection or (G and I) on lysates
from E16.5 cortices electroporated
1 day earlier. Relative luciferase
activity in arbitrary units ± SD from
three independent experiments.
Error bars, SEM. ***P < 0.001, **P <
0.01, *P < 0.05, NS, not significant. Scale bar, 50 μm.
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(Fig. 8). Bcl6 GoF on its own increased the production of differen-
tiated cells and cell cycle exit but had almost no effect on cell
positioning.

Bcl6 and SRF physical interaction is necessary for RhoA/
MKL/SRF pathway and Bcl6 mutual inhibition in vitro and
in vivo
To validate the significance of Bcl6/SRF interaction in vivo, we in-
troduced point mutations in the two SRF-binding domains of Bcl6
(Fig. 9A). We carefully selected mutations that weakened the inter-
action in a TriFC assay while ensuring that they did not diminish
Bcl6 activity in a luciferase assay using a Bcl6 sensor. Two muta-
tions, one in the BTB and one in the PEST domains of Bcl6, signifi-
cantly reduced its interaction with SRF (Fig. 9B). The mutated Bcl6
did not lose but rather showed an increase in transcriptional repres-
sive activity (Fig. 9C). We then showed that this Bcl6 mutant lost its
ability to inhibit MKL1/SRF transcriptional activity in vitro and in
vivo (Fig. 9, D and E). Furthermore, this version of Bcl6 unable to
interact with SRF could not rescue the positional phenotypes
induced by RhoA GoF (Fig. 9, F and G, and fig. S11). Bcl6-SRF

interaction is therefore essential for Bcl6 to counteract RhoA
control of cell positioning. On the other hand, the Bcl6 mutant
form was as efficient as Bcl6 wild type to oppose the defect in cell
cycle exit resulting from an excess of RhoA (Figs. 9H and 7F for Bcl6
wild type). Concerning neurogenesis, the rescue was only partial,
with an effect on Sox2+ cells and neurons (Fig. 9, I and K), while
the proportion of Tbr2+ cells was not restored (Fig. 9J). This indi-
cates that Bcl6 interaction with SRF is not necessary to oppose RhoA
effect on cell cycle exit and direct neurogenesis but is required to
regulate Tbr2+ BP production (indirect neurogenesis). In agree-
ment with these results, overexpression of the Bcl6 mutant had
similar effects to the wild-type Bcl6 on cell cycle exit (Figs. 9N
and 8C for Bcl6 wild type) and direct neurogenesis but had an op-
posite influence on Tbr2+ cells (Fig. 9, O to Q, and Fig. 8B). While
RhoA GoF could rescue the impact of Bcl6 overexpression on cell
cycle exit (Fig. 9H), Sox2+ cells (Fig. 9I), Tbr2+ cells (Fig. 9J), neu-
ronal production, and the overall proportion of the four cell types
studied (Fig. 9K), it could not restore these changes resulting from
the overexpression of the interaction-defective Bcl6 form (Fig. 9, H

Fig. 6. Identification of Bcl6 and SRF domains involved in their interaction. (A and D) Schematic representation of the different domain constructions. (B, C, and E)
TriFC assay. The graphics indicate the comparison of fluorescence fromGFP complementationwith the conditions “SRF + Bcl6” in (B),“SRF +MKL1” in (C), and “Bcl6 + SRF”
in (E) set at 1. n = 8 independent experiments. Error bars, SEM.
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to K). These data suggest that SRF/Bcl6 interaction is necessary for
RhoA to regulate neurogenesis through Bcl6.

RhoA-, MKL1-, and SRF-induced lengthening of the G1
phase of the cell cycle does not influence neurogenesis and
is not opposed by Bcl6
The IKNM movement along the apical-basal axis of RGCs nuclei
occurs in concert with the cell cycle (8). In addition, the length of
the cell cycle and, more specifically, the length of the G1 phase have
been shown to influence symmetrical (self-expansion) versus

Fig. 7. Bcl6 activity counteracts the effect of
RhoA on neurogenesis and cell position in
vivo. (A, C, G, I, M, and O) Coronal sections of
E16.5 cerebral cortices in utero electroporated at
E15.5 with the indicated plasmids along with
NLS-GFP. (B, D, H, J, N, and P) The graphics in-
dicate the proportion of cells in each bin of GFP+

cells for the indicated expression vectors elec-
troporated at E15.5 and observed at E16.5. (B)
RhoADN n = 20 of 14 IUE (n = 20//14); RhoADN +
shBcl6 n = 10//8; (D) RhoAWT n = 14//12; RhoAWT

+ Bcl6 n = 7//5; (H) shMKL1/2 n = 10//5; shMKL1/
2 + shBcl6 n = 11//4; (J) MKL1 n = 12//7; MKL1 +
Bcl6 n = 4//3; (N) SRF-EnRD n = 10//6; SRF-EnRD
+ shBcl6 n = 5//3; (P) SRF-TAD n = 9//4; SRF-TAD
+ Bcl6 n = 7//3. (E, F, K, L, Q, and R) Quantifica-
tion of the GFP+Sox2+Tbr2−, GFP+Sox2+Tbr2+,
GFP+Sox2−Tbr2+, GFP+Sox2−Tbr2−, and GFP+

Ki67− cells. (E) Control n = 9//5; RhoAWT n = 7//6;
RhoADN n = 8//7; RhoADN + shBcl6 n = 10//4;
RhoAWT + Bcl6 n = 9//5; (F) Control n = 12//9;
RhoAWT n = 9//7; RhoADN n = 11//6; RhoADN +
shBcl6 n = 12//6; RhoAWT + Bcl6 n = 9//5; (K)
Control n = 9//5; shMKL1/2 n = 7//4; MKL1 (low) n
= 4//3; MKL2 n = 5//4; shMKL1/2 + shBcl6 n = 8//
3; MKL1 (low) + Bcl6 n = 10//4; MKL2 + Bcl6 n =
3//3; (L) Control n = 12//9; shMKL1/2 n = 6//3;
MKL1 (low) n = 4//3; MKL2 n = 6//5; shMKL1/2 +
shBcl6 n = 15//5; MKL1 (low) + Bcl6 n = 10//4;
MKL2 + Bcl6 n = 3//3; (Q) Control n = 9//5; SRF-
TAD n = 8//3; SRF-EnRD n = 6//3; SRF-EnRD +
shBcl6 n = 7//3; SRF-TAD+Bcl6 n = 5//3; (R)
Control n = 12//9; SRF-TAD n = 6//3; SRF-EnRD n
= 7//4; SRF-EnRD + shBcl6 n = 6//3; SRF-TAD
+Bcl6 n = 6//3. Error bars, SEM. ***P < 0.001, **P <
0.01, *P < 0.05. Scale bar, 50 μm.
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asymmetrical (neurogenic) division in early NSCs (70). On the basis
of our findings showing a negative effect of RhoA on neurogenesis
and a perturbation of the IKNM of RGCs, we reasoned that RhoA
might influence the G1 phase of the cell cycle.
During an IUE, only RGCs in their S or G2-M phases receive

plasmids (51, 52). Consequently, the first GFP+ cells to incorporate
5-ethynyl-2-deoxyuridine (EdU) after the surgery are the ones in M
phase at the time of electroporation (Fig. 10A). The following exper-
imental procedure allows the measurement of the minimum G1
length (51, 52). A 30-min EdU pulse was performed 8, 10, 12, 18,

and 23 hours after IUE at E15.5 (Fig. 10, B to E). Eight hours after
electroporation, none of the GFP+ cells in the tested conditions were
positive for EdU. The first GFP+ EdU+ cells were observed at the 10-
hour EdU pulse in the RhoA-inhibited condition, at 12 hours in the
control brains, and only at 18 hours in the RhoA GoF brains
(Fig. 10, B and C). These data indicate that the G1 phase lasts ap-
proximately 12 hours in control RGCs. RhoA inhibition shortened
the G1 phase by 2 hours, while the G1 phase in RhoA GoF cells was
increased by 4 hours.

Fig. 8. Bcl6 induces neurogenesis in vivo. E15.5 brains were electroporated with the indicated plasmids along with NLS-GFP and processed at E16.5. (A and E) Coronal
sections stained for the indicated markers. (B to D) Quantification of the GFP+Sox2+Tbr2−, GFP+Sox2+Tbr2+, GFP+Sox2−Tbr2+, GFP+Sox2−Tbr2−, GFP+Ki67−, and GFP+p-
H3+ cells. (B) Control n = 9 of 5 IUE (n = 9//5); shBcl6 n = 4//3; Bcl6 n = 5//3; (C) Control n = 12//9; shBcl6 n = 5//5; Bcl6 n = 13//7; (D) Control n = 7//4; shBcl6 n = 3//3; Bcl6 n =
12//6. (F) The graphics indicate the percentage of cells in each bin of GFP+ cells from brains electroporated with the indicated expression vectors. Control n = 21//15;
shBcl6 n = 10//7; Bcl6 n = 12//6. Error bars, SEM. ***P < 0.001, **P < 0.01, *P < 0.05; NS, not significant. Scale bar, 50 μm.
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Fig. 9. Bcl6 and SRF physical interaction is necessary for the RhoA/MKL/SRF pathwayand Bcl6mutual inhibition in vitro and in vivo. (A) Schematic representation
of Bcl6 protein structure and location of mutations in the Bcl6 mutant (Bcl6*). (B) TriFC assay. The graphics indicate the percentage of GFP+ complemented cells with the
condition “Bcl6 + SRF” set at 100%. n = 4. (C to E) Luciferase assays performed with either control, MKL1, Bcl6, or Bcl6 bearing the mutations C121F and P421L (Bcl6*)
expression vectors together with a pRL Renilla luciferase internal control and a pGL4-promoter vector containing (C) a pTA vector containing a Bcl6(BS) in front of a CMV
promoter that drives the transcription of the firefly luciferase reporter gene (normalized values are reported as the mean fold repression of luciferase activity) or (D and E)
as SRF-RE (results are expressed as relative fold-change of luciferase activity in arbitrary units). The luciferase assays were performed (C and D) on HEK293T lysates 24 hours
after transfection or (E) on lysates from E16.5 cortices electroporated 1 day earlier. n = 3. (F and L) Coronal sections of E16.5 cerebral cortices in utero electroporated at
E15.5 with the indicated plasmids along with NLS-GFP. (G and M) The graphics indicate the proportion of cells in each bin of GFP+ cells for the indicated expression
vectors electroporated at E15.5 and observed at E16.5. RhoADN n = 20 of 14 IUE (n = 20//14); RhoADN + Bcl6* n = 6//3; Control n = 21//15; Bcl6* n = 11//4. (H toK andN toQ)
Quantification of the GFP+Ki67−; GFP+Sox2+; GFP+Tbr2+; GFP+Sox2+Tbr2−; GFP+Sox2+Tbr2+; GFP+Sox2−Tbr2+; GFP+Sox2−Tbr2−; cells. (H and N) RhoAWT n = 9//7; RhoAWT

+ Bcl6* n = 4//3; RhoAWT + Bcl6 n = 9//5; Control n = 12//9; Bcl6 n = 13//7; Bcl6* n = 9//3; (I to K and O to Q) RhoAWT n = 7//6; RhoAWT + Bcl6* n = 9//3; Bcl6* n = 11//4;
RhoAWT + Bcl6 n = 9//5; Bcl6 n = 5//3; Control n = 9//5. Error bars, SEM; ***P < 0.001, **P < 0.01, *P < 0.05; NS, not significant. Scale bar, 50 μm.
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To support this observation, we electroporated E15.5 brains to
express a fluorescence ubiquitination-based cell cycle reporter
(FUCCI) (71). This fluorescent technique allows the visualization
of the G1 phase, the transition from G1 to S, and the S-G2-M
phases (Fig. 10F). One day after the surgery, this reporter revealed
a higher number of cells in the G1 phase subsequent to RhoA GoF
and a proportional decrease in the number of cells in transition to
the S phase as well as in the S-G2-M phases, compared to control
brains. RhoA inhibition induced the opposite phenotype (Fig. 10,
G to H).

Comparable to RhoA inhibition, the knockdown of Mkl1 and
Mkl2, or the expression of SRF-EnRD, induced a shortening of
the G1 phase of the cell cycle (Fig. 10D). On the other hand, the
expression of MKL1 or SRF-TAD lengthened it (Fig. 10D). A
mild expression of SRF-EnRD, as well as the knockdown of Mkl1
and Mkl2, rescued the decrease in EdU+ cells resulting from the
RhoA-mediated G1 phase elongation (Fig. 10E). Quite unexpected-
ly, MKL2 decreased the length of the G1 phase, although it has the
same effect on differentiation as RhoA, MKL1, and SRF (Fig. 10D),
suggesting that differentiation and length of the G1 phase are not

Fig. 10. RhoA, MKL, and SRF increase the length of the G1 phase of the cell cycle. (A) Representative diagram of the G1 phase length measurement protocol. Elec-
troporation transfects a cohort of cells in late S, G2-M phases (green circles) at time T0. The GFP+ cohort progresses through the G1 phase and observed at different timing
(example here, T1 or T2). A 30-min EdU pulse before dissection at T1 or T2 labels S phase cells (red circles). T2 represents the time for electroporated cells to reenter the S
phase and observed by the earliest appearance of double staining for GFP and EdU (yellow circles). (B to H) Brains were in utero electroporated at E15.5. (B) Coronal
sections of E16.5 cerebral cortices electroporated with either a control, RhoADN, or RhoAWT expression plasmids at E15.5 along with NLS-GFP and stained for EdU. (C to E)
Quantification of GFP+EdU+ cells after a single 30-min EdU injection at 8, 10, 12, 18, or 23 hours after surgery. n ≥ 5 for EdU at 23 hours; n ≥ 3 for EdU at 8, 10, 12, and 18
hours after surgery. (F) Illustration of the regulation of the expression of the fluorescent proteins mKO2-hCdt1 (red) and mAG1-hGem (green) of the Fucci plasmid ac-
cording to the different phases of the cell cycle. (G) Coronal sections of E16.5 cerebral cortices injected with either a control, RhoADN, or RhoAWT expression plasmids at
E15.5 alongwith Fucci plasmid. (H) Quantification of themAG1+ (S, G2, or M phase), mKO2+ (G1 phase), or mAG1

+mKO2+ (S phase entry) cells. n≥ 14. Error bars, SEM. ***P
< 0.001, **P < 0.01, *P < 0.05; NS, not significant. Scale bar, 50 μm.
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linked, at least when regulated by MKL/SRF in E15.5 embryonic
brains. Supporting this conclusion, modifications of Bcl6 expres-
sion could not restore the length of the cell cycle G1 phase affected
by the modulation of RhoA activity (Fig. 10E), although we showed
that it was able to rescue neurogenesis and cell positioning. Overall,
these results show that RhoA, MKL1, and SRF induce a lengthening
of the cell cycle G1 phase, but this is controlled independently from
neurogenesis, and this G1 phase lengthening has no influence on
neurogenesis during the investigated developmental period.

DISCUSSION
Cell positioning, progenitor proliferation, and control of neuronal
production are important for the correct functioning of the neocor-
tex. Neural cell migration and the spatiotemporal control of fate
transition are regulated by the interplay of intrinsic and extrinsic
signals. A key question is how these multiple pathways interact to
convey a comprehensible signal for the cell.

Cross-talk between the RhoA-dependent MKL/SRF pathway
and Bcl6
Here, we demonstrated that RhoA regulates apical and basal neural
progenitors position and neurogenesis through the transcriptional
activity of the MKL/SRF complex and inhibition of Bcl6 repressor
function. Down-regulation of RhoA,MKL, or SRF during mid-neu-
rogenic stage leads to an increased neurogenesis and to the mispo-
sitioning of RGCs, BPs, and neurons in the VZ and sVZ. Their GoF
results in an accumulation of all affected cells near the apical ven-
tricular surface and a decreased neurogenesis (a graphical model is
provided in fig. S12). We also brought to light a reciprocal regula-
tory loop between the Bcl6 transcription repressor andMKL/SRF in
vivo and in vitro. We show that Bcl6 and SRF have a direct molec-
ular interaction and, together, form a complex with MKL1. Dime-
rization is crucial for MKL, SRF, or Bcl6 to associate with some of
their partners and regulate gene expression (58, 63, 64, 72). In this
study, we found that Bcl6/SRF interaction inhibits Bcl6 and SRF ho-
modimerizations but does not significantly affect the interaction
between SRF and MKL or the formation of the MKL1 homodimer.
Therefore, Bcl6, SRF, and MKL are likely to form an inactive
complex that inhibits both pathways. These inhibitions might be
partial and reduce their affinity for specific promoters. It is,
however, nonexclusively possible that they form a previously un-
identified complex, maybe cooperating with new partners, that
induces the transcription of a different set of genes.
Bcl6 is a well-studied oncogene protein known for its signifi-

cance in B cell lymphoma. To function properly, Bcl6 relies on
his interactions with multiple partners such as BCL6 corepressor,
nuclear receptor corepressor 1 and 2, C-terminal binding protein,
and nucleosome remodeling deacetylase (73). Here, we found that
the interaction of SRF with Bcl6 reduces Bcl6 transcriptional repres-
sive activity both in vitro and in vivo during the development of the
neocortex. This interaction with SRF may, in addition to Bcl6 ho-
modimerization, disrupt or alter some of Bcl6 important partner
interactions, influencing Bcl6 regulatory functions.
In addition, our results reveal thatMKL1 is involved in both neu-

rogenesis and cell positioning, while MKL2 affects neurogenesis
only. To gain further insight, it would be of interest to identify
the transcriptional profile of genes regulated by these transcription-
al complexes both associated with, or independent from Bcl6. This

analysis could help clarify their specific role in neurogenesis or in
cell positioning and under the influence of RhoA. Many of those
genes would most likely be related to signaling cascades, previously
shown to be influenced by RhoA/MKL/SRF and Bcl6 in other
systems, and that regulate self-renewal, neurogenesis, or cell migra-
tion (46, 74–76). Another set of interesting genes that could be reg-
ulated are those coding for extracellular matrix (ECM) proteins. The
ECM has an influence on cell behavior, proliferation, or migration
of neural cells (77). Notably, during the development of the cerebral
cortex, the extracellular environment experiences variations in its
stiffness. Different regions or zones within the cortex exhibit differ-
ent levels of stiffness as the brain matures and develops (78). It sug-
gests that this dynamic change in the ECM stiffness may play an
important role in influencing cell migration, proliferation, and dif-
ferentiation, thereby contributing to the processes of neurogenesis
and cell positioning. Moreover, the ECM and its stiffness can affect
RhoA activity or modulate how the cells respond to RhoA activity
(79, 80) and modulate MKL1/SRF functions (81). Reciprocally, one
way in which RhoA/MKL/SRF/Bcl6 interaction could affect cell mi-
gration and differentiation is through changes in the expression of
ECM proteins or on the receptors sensing the ECM such as the in-
tegrins. It is therefore plausible that the ECM and the RhoA/MKL/
SRF/Bcl6 pathway mutually influence each other and their effects
on neurogenesis and cell positioning during neocortical
development.
The interest of these findings goes beyond brain development.

For instance, both Bcl6 and the MKL/SRF complex are linked to
the development of cancer, and the interaction of these two path-
ways could lead to drug resistance (74, 82). Understanding the con-
sequences of Bcl6 cross-talk with RhoA/MKL/SRF in the brain and
other organs during development and adulthood could be key to
developing effective treatments for complex diseases such as devel-
opmental disorders and cancer.

Regulation of RGC neurogenic output
Our data uncovered a function of the MKL/SRF pathway in the
control of neurogenesis and cell positioning. This is consistent
with the development of human primary microcephaly resulting
from rare genetic variation in MKL2 (83). Association of the
MKL/SRF pathway was also reported with autism spectrum disor-
ders, which involve early brain malformations including defects in
neurogenesis and migration (25, 84).
It is tempting to link our observed effect on neurogenesis to

RGCs’ IKNM because it is believed to be important for the regula-
tion of cell fate decision (9). Previous studies have proposed that
myosin II, a well-known RhoA downstream effector, could regulate
IKNM (85), although this finding has been disputed (86). Our data
suggest that RhoAmight control IKNM through the expression of a
set of genes regulated by the MKL1/SRF complex. However, we
found that a mild increase in MKL1 or SRF, or the modulation of
MKL2, triggers changes in neurogenesis with no effect on cell po-
sitioning. This suggests that, under our experimental conditions,
neurogenesis and migration (including the IKNM) are separately
regulated. A second argument in favor of this model is that, while
the modulation of Bcl6 alone affects neurogenesis in a manner op-
posite to the RhoA/MKL/SRF pathway, it does not disturb cell po-
sitioning. The MKL/SRF and Bcl6 interaction is likely to regulate
neurogenesis and IKNM through the control of separate sets
of genes.
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We also found that the length of the G1 phase of the cell cycle is
affected by RhoA and its downstream effectors MKL/SRF. Previous
investigations reported a correlation between a longer G1 phase and
increased neurogenesis (52, 87, 88). The hypothesis is that a certain
length of the G1 phase is necessary to reach a sufficient accumula-
tion of fate-determining factors driving neurogenesis. However, in
our work, we found that the RhoA/MKL/SRF pathway increases G1
length but decreases neurogenesis. In addition, Bcl6 rescues neuro-
genesis affected by modifications of RhoA activity without rescuing
the G1 phase defect, suggesting that cell fate decision and neurogen-
esis do not depend on the length of the G1 phase in our experimen-
tal conditions. The reason for this discrepancy might be the
difference in the stage investigated. The length of the G1 phase is
much longer during later stages of cortical development (54), and
while the other groups performed their experiments during the
early neurogenic phase, we focused our work during mid- to late
neurogenesis. At the stage of our main investigations at E15.5, G1
might be too long, and the reductions in G1 phase length observed
in this work are not sufficient to reach a hypothetic threshold that
would be necessary to influence cell fate. Moreover, the mechanistic
coupling between cell cycle length and cell fate determination could
be context dependent and influenced by the specific level of RhoA/
MKL/SRF activity and the preexisting molecular landscape of the
studied cells, which differs in early and late RGCs. Our in vivo ex-
periments at E13 showed a weaker effect on neurogenesis compared
to E15.5, while the effect on cell positioning remained very similar.
However, considering that multiple mechanisms likely collaborate
to regulate neurogenesis, it is possible that the RhoA/MKL/SRF
pathway overrides the effects of a longer G1 phase through its reg-
ulation of important signals such as Shh, Wnt, Notch, and Hippo.
This regulatory effect might occur through a direct action of RhoA
on these pathways (34, 89, 90), or indirectly through its regulation of
Bcl6, which has been shown to modify the expression of multiple
targets of Shh, Wnt, and Notch (46).
Last, we note that the molecules studied here not only affect neu-

rogenesis but also influence the type of neurogenesis. We observed
that the activation of the RhoA/MKL/SRF pathway or the inhibition
of Bcl6 has a stronger inhibitory effect on direct neurogenesis com-
pared to its milder effect on indirect neurogenesis. It would be in-
teresting to investigate this question at the beginning of the
neurogenic phase when direct neurogenesis is more prevalent.

Regulation of BP migration
BPs are not attached to the apical surface and leave the VZ where
they are generated to reach the sVZ (91). Little is known about the
molecular mechanisms that regulate the migration of BPs. Inhibi-
tion of the adenosine triphosphate receptor P2Y1 retards BP migra-
tion, suggesting a potential involvement of Ca2+ signaling (92). It
was more recently found that HDAC1 andHDAC2 temporarily reg-
ulate BPs positioning when tested at E10.5 but not at a later stage
after E13.5 (18). Here, we provide evidence that, when tested at E13
or at E15.5, RhoA negatively regulates the migration of committed
BPs away from the VZ and into the sVZ through the activation of
the MKL/SRF transcription factor complex, which undergo a
mutual repression with Bcl6. It is plausible that an early mechanism
involving HDAC1 and 2 regulates BPmigration during the very first
phase of neurogenesis, while another mechanism involving RhoA/
MKL/SRF and Bcl6 takes over the function.

Signaling proteins can be regulated through the modulation of
their activity or of their abundance. The expression of genes associ-
ated with the actin cytoskeleton and receptors involved in cell mi-
gration is regulated by the MKL/SRF complex from Drosophila to
mammals (93, 94). Inhibition of BCL6 impairs the migration of tro-
phoblastic cells by reducing the expression of cell adhesion mole-
cules and compromising the dynamics of the actin cytoskeleton
(76), which could be due to the cross-regulation of Bcl6 with
MKL/SRF found in this work.
Last, while both MKL1 and MKL2 are involved in neurogenesis,

only MKL1 is implicated in cell positioning. A similar difference
was reported with MKL1, but not MKL2, involved in vascular
smooth muscle cell migration (95). Determining which genes are
specifically regulated by MKL1 in the developing neocortex would
help further our understanding of the mechanisms involved in BP
migration.

MATERIALS AND METHODS
Plasmids
pCAG:GFP (Addgene) and pCAG:Nuclear Localization Signal
(NLS)-GFP (F. Kubo, National Institute of Genetics) were used
for co-electroporation. RhoA, MKL1, MKL2, and SRF sequences
were amplified from cDNA and inserted into the pCAG:GFP
vector or the pEBG vector for GFP or glutathione S-transferase
(GST) fusion. pEBG was a gift from D. Baltimore (Addgene,
plasmid no. 22227). RhoADN contains the T19N mutation.
pCAGIG:Bcl6 was a gift from P. Vanderhaeghen. The Bcl6 form
unable to interact with SRF contains the mutations C121F in the
first SRF-binding site and P421L in the second SRF-binding site.
Myc or HA tag sequences were inserted in one of the primers
used for the polymerase chain reaction (PCR) amplifications
before subcloning into pCAG vector. For the TriFC, the sfGFP1-9
complementary fragment, the β strand 10 (S10) and S11 of sfGFP
were subcloned into the pCAG vector by PCR from UBQ10:sXVE:
(MCS)-S11-DI-GFP1–9 (Addgene, plasmid no. 108260) and
UBQ10-sXVE-S10-(MCS)-3xHA (Addgene, plasmid no. 108178).
MKL1, MKL2, SRF, and Bcl6 were subcloned into pCAG:S10 and
pCAG:S11 by PCR. Dimerization-deficient MKL1 mutant
(MKL1ΔLZ) was deleted of the LZ domain by PCR using junction
primers that inserted Xho I sites six residues between the codons
552 and 559 and subcloned into pCAG:GFP(S10) and pCAG:GFP
(S11). pLKO.1-MKL1/2 shRNA was a gift from R. Prywes
(Addgene, plasmid no. 27161). ShMKL1 and shMKL2 were con-
structed by insertion of the sequence GGGTAGCAGACAGTTCC
TCCTTCAAGAGAGGAGGAACTGTCTGCTACCTTTTTTGGA
A (shMKL1) or GGCCATCCCAAGAATCCAAATTCAAGA
GATTTGGATTCTTGGGATGGCTTTTTTGGAA (shMKL2)
using a primer annealing procedure into pSCV2 vector. pSCV2:
shBcl6 was a gift from P. Vanderhaeghen (45). pSCV2:shBCl6(#2)
was designed according to the sequence from (45). tFucci(SA)5 was
a gift fromA.Miyawaki (Addgene, plasmid no. 153520). pGL4:SRF-
RE-Luc was purchased from Promega. BCl6(BS)-Luc was construct-
ed by insertion of a single copy of the Bcl6 binding site (GAAAA
TTCCTAGAAAGCATA) in front of a cytomegalovirus (CMV)
promoter driving luciferase expression.
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Cell culture and transfection
HEK293T, HeLa, and Neuro-2a cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 1% glutamine, and 1% penicillin-streptomycin. All
cells were transfected using the PolyJet (Tebu-bio) complex accord-
ing to the manufacturer’s protocol.

Cell immunostaining
HeLa or HEK293T cells were spread with a density of 650,000 cells
per well in a six-well plate containing three round coverslips.
Twenty-four hours after transfection, the cells were gently washed
three times in phosphate-buffered saline (PBS) and fixed with 3.7%
paraformaldehyde (PFA, w/v) in PBS for 10 min at room tempera-
ture (RT), washed three times with PBS, permeabilized for 20min in
PBS 0.2% Triton X-100 (w/v) at RT, gently washed three times with
PBS, and blocked with 1 ml of 4% normal goat serum (NGS) in PBS
for 1 hour at RT. The cells were then incubated with primary anti-
bodies diluted in blocking solution for 1 hour at RT and then
washed three times with PBS. The Alexa Fluor secondary antibodies
in blocking solution were added for 1 hour at RT. Last, cells were
stained with 40,6-diamidino-2-phenylindole (DAPI), washed in
PBS, mounted on a slide with 20 μl of fluorescence mounting
medium (DAKO), and stored at 4°C.

Co-immunoprecipitation and Western blot
HEK293T cells were seeded at 650,000 cells per 35-mm well and
transfected 16 hours later with plasmid DNA using the PolyJet
reagent. Twenty-four hours after transfection, the cells were
gently washed three times and lysed with 300 μl of Triton X-100
lysis buffer [20 mM Hepes (pH 7.5), 150 mM NaCl, 0.5% Triton
X-100, 10% glycerol, and 1 mM EDTA] protease and phosphatase
inhibitor cocktail (Roche) and vigorously shaken on ice for 2 hours
at 4°C. Lysates were clarified by centrifugation 10 min at 17,000g at
4°C.
For the coimmunoprecipitation, protein lysates were incubated

with the antibody overnight at 4°C on a rotating wheel. Dynabeads
protein A or G magnetic beads (Invitrogen) or glutathione resin
(GenScript) agarose beads were washed three times in PBS,
blocked in 500 μl of 1% bovine serum albumin/PBS for 2 hours at
4°C, washed twice with PBS, once in Triton X-100 lysis buffer, and
added into the protein lysate mixture for 2 hours at 4°C on a rotating
wheel. The beads were washed three times with Triton X-100 lysis
buffer and boiled for 5 min in SDS loading buffer to elute the pro-
teins. Proteins are then separated by SDS–polyacrylamide gel elec-
trophoresis and transferred to a nitrocellulose membrane
(Amersham, Biosciences) by Western blot. Membranes were
blocked in 5% milk and 0.1% Tween 20 in PBS for 1 hour at RT,
incubated with first antibodies overnight at 4°C, washed three
times in 0.1% Tween 20 in PBS for 10 min, and incubated with
horseradish peroxidase (HRP)–labeled antibodies for 1 hour at
RT. Last, membranes were washed two times in 0.1% Tween 20 in
PBS for 10 min at RT and once in sterile demineralized water.
Chemiluminescence revelation was performed using the SuperSig-
nal West Pico chemiluminescent substrate (Pierce) and exposed to
Hyperfilm ECL (Amersham Biosciences).

Reporter gene assays
For the luciferase assay, we used the Dual-Glo Luciferase Assay
System (Promega), in vitro on HEK293T lysate cells or in vivo on

E16.5 cortex lysate. Luciferase activity was calculated as the Firefly
activity normalized by the Renilla activity. Cells were spread on the
well with a density of 200,000 cells per well in a 24-well plate and
were transfected using the PolyJet reagent. Brains were electropo-
rated at E15.5. All conditions were made in triplicate. Cells or cor-
tices were collected 24 h after transfection or electroporation and
lysed and dissociated in 100 μl of 1× Passive Lysis Buffer at RT
for 10 min. Lysates were collected and clarified by centrifugation
5 min at 12,000 rpm and 4°C. Gene expression was measured
using the Luminometer Glomax 20/20 (Promega) and the protocol
“Dual-Glo” according to the manufacturer instructions.

In utero electroporation
In utero microinjection and electroporation were performed at E13
or E15.5, as previously described (47, 48), using timed-pregnant
CD-1 mice. Timed-pregnant mice were anesthetized using isoflur-
ane gas, and each uterus was exposed under sterile conditions.
Plasmid solutions containing 1 μg/μl of each DNA were injected
into the lateral ventricles of the embryos using a heat-pulled capil-
lary. Needles for injection were pulled from Wiretrol II glass capil-
laries (Drummond Scientific) and calibrated for 1-μl injections.
DNA solutions were mixed in 10 mM tris (pH 8.0) with 0.01%
Fast Green. Forceps-type electrodes (Nepagene) with 5-mm pads
were used for electroporation (five 50-ms pulses of 45 V using the
ECM830 electroporation system, Harvard Apparatus). Embryos
were placed back into the abdominal cavity, and mice were sutured.

Frozen section procedure and tissue immunostaining
Whole brains were collected 23 hours after electroporation at E15.5
or at E13. GFP-positive brains were fixed for 3 hours in 3.7% PFA
(w/v) in PBS solution, washed in PBS for 1 hour, and cryoprotected
in a 30% sucrose in PBS solution overnight at 4°C. The brains were
frozen in optimal cutting temperature compound before 6- to 10-
μm-thick brain cross sections were obtained with a cryostat and
placed on slides. For selected antibodies, sections were antigen-re-
trieved by immersion of the slides in 0.01 M sodium citrate buffer
(pH 6.0) at 98°C for 20 s, cooled for 7 min at RT, and rinsed in PBS.
The sections were permeabilized by being washed for 5 min in 0.2%
Triton X-100 (w/v) in PBS and blocked in 4% NGS (v/v) and 0.2%
Triton X-100 in PBS for 30 min at RT. Primary antibodies were in-
cubated on slides overnight at 4°C and washed three times for 5 min
in 0.2% Triton X-100 (w/v) in PBS. Alexa Fluor secondary antibod-
ies were added for 1 hour at RT. Last, the slides were stained with
DAPI and washed two times as before. The slides were coverslipped
with Dako mounting medium and stored at 4°C.

EdU incorporation and tissue immunostaining
Following IUE, the operated mouse received an intraperitoneal in-
jection with 5 μM EdU at either 8, 10, 12, 18, or 23 hours. The
embryos were dissected 30 min after injection. The collected
brains were fixed and sectioned as previously described. Sections
were washed three times for 5 min in PBS, permeabilized in 0.2%
Triton X-100 (w/v) in PBS for 30 min, and washed three times. Sec-
tions were then incubated 30 min in a working solution containing
100 mM tris-HCl, 4 mM CuSO4, 2 μM sulfo-cyanine 3 azide (Lu-
miprobe, no. D1330), and 100 mM sodium ascorbate. The slides
were then rinsed three more times in PBS for 5 min at RT before
continuing with the immunostaining protocol as described
previously.
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Microscopy
Images for cell and cryosection staining were acquired with an
Olympus FV1000 confocal microscope or a Zeiss Axio Observer
A1 epifluorescence microscope.

Organotypic slice culture of cerebral cortices and time-
lapse confocal microscopy
Three hundred–millimeter embryonic brain slices were prepared
using a vibratome (World Precision Instruments) as previously de-
scribed (48). In brief, the whole fetal brain was embedded in 4% low
melting agarose (Promega, Madison, WI) prepared in DMEM-
Hanks’ F12 medium with glutamine, glucose, and Hepes and
glued on a vibratome support using cyanoacrylate. The slices were
cut in the coronal plane. Time-lapse confocal microscopy was per-
formed using an Achroplan 3 20/0.50 with a Zeiss LSM 5 Pascal
confocal on an Axioskop2 upright microscope. The slices were em-
bedded in a drop of 3% agarose and cultured in a chamber on a
heated stage (Warner Instruments) in DMEM-F12 (Invitrogen)
supplemented with B27 (Invitrogen) and 10% serum. The
medium was preheated at 37°C and equilibrated with 95% O2 and
5% CO2. The medium was flowed into the chamber at about 5 ml/
hour. Repetitive acquisitions were performed in laterodorsal regions
of the cortex in which 25 successive z optical planes spanning 120
mm were acquired. Z-stacks were selected and combined in Zeiss
LSM Image Browser. Slight drifts of the slices were corrected
using the ImageJ registration tool Turboreg (P. Thévenaz, Biomed-
ical Imaging Group, Swiss Federal Institute of Technology, Lau-
sanne, Switzerland).

Antibodies
The following antibodies were used for immunofluorescence, im-
munoprecipitation, or biochemistry: mouse anti–β-actin (Santa
Cruz Biotechnology), mouse anti-GST (Sigma-Aldrich), mouse
anti-HA.11 clone 16B12 (Covance), rabbit anti-HA.11 clone
16B12 (Eurogentec), mouse anti-Myc (Eurogentec), rabbit anti-
Myc (Cell Signaling Technology), rabbit anti–α-catenin (Sigma-
Aldrich), mouse anti-Ki67 (BD Biosciences), rabbit anti–
phospho-Histone H3 (Cell Signaling Technology), rabbit anti-
Sox2 (Millipore), mouse anti-Sox2 (Cell Signaling Technology),
rabbit anti-Trb2 (Abcam), mouse anti-SatB2 (Abcam), mouse
anti-Nestin (Millipore), and rabbit anti-ZO.1 (Invitrogen). Goat
secondary antibodies labeled with Alexa 488, 568, and 647 (Invitro-
gen) were used for immunofluorescence. Goat anti-mouse or anti-
rabbit HRP-conjugated secondary antibodies (Cell Signaling Tech-
nology) were used for biochemistry.

Measurement of cell positioning and differentiation in
histological sections
For E16.5 brain, the height of the whole cerebral wall was divided
into 40 bins, but only the first 20 bins were included in the analysis
since no cells were observed above them in any of our experiments.
For E14 brains, the height of the whole cerebral wall was divided
into 20 bins, and all of the bins were included in the analysis. Count-
ing was performed by densitometry using ImageJ. To give similar
importance to low-fluorescence and high-fluorescence cells, the
pictures were first modified into binary images to equalize the
brightness of each positive cell. Then, the area covered by the
pixels was quantified in ImageJ for each bin.

Measurement of protein interaction in TriFC
Five pictures per coverslip were taken for each condition to cover
the whole area of transfected cells. Using QuPath, we measured
the total number of DAPI+ cells. Each picture includes about 300
cells. Using ImageJ, we quantified the pixels positive for the GFP
fluorescence in each picture. The GFP fluorescence was then
divided by the number of cells measured per picture.

Statistical analysis
Statistical significance was determined using two-tailed, unpaired
Student’s t tests for two-population comparisons or one-way anal-
ysis of variance (ANOVA) followed by Bonferroni’s post hoc test for
multiple comparisons across N samples, where N is the number of
embryos or experiments as defined in the figure legends. Percentage
values were modified with arcsin transformations before applying
statistical tests.

Mice
CD1 mice were bred in standard conditions and animal procedures
were carried out in accordance with European guidelines and ap-
proved by the animal ethics committee of the Université catholique
de Louvain. Approval number is 2021/UCL/MD/029.

Key resources table
Key resources are provided in table S1.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Legends for movies S1 and S2
Table S1

Other Supplementary Material for this
manuscript includes the following:
Movies S1 and S2
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Supplementary Figures 

Fig. S1: RhoA regulates neurogenesis and neural cells positioning. 



Embryonic brains were in utero electroporated at E15.5 and processed 23 hours later for 

immunohistological labelling. (A) Olig2 staining (red). Arrows shows the few Olig2+ cells. (B-L): siRhoA 

induced a similar phenotype on neurogenesis and cell positioning as RhoADN. (B,C,E,F) Quantification of 

double staining for (B) GFP+Sox2+, (C) GFP+Tbr2+, (E) GFP+Ki67- (cell cycle exit), and (F) GFP+p-H3+ 

(mitotic index) cells. (B) Control n=19 out of 13 IUE (n=19//13); siRhoA n=4//3; (C) Control n=21//14; 

siRhoA n=4//3; (E) Control n=12//9; siRhoA n=3//3; (F) Control n=7//4; siRhoA n=3//3; (D) Quantification 

of the triple staining GFP+Sox2+ Tbr2- (RGCs), GFP+Sox2+Tbr2+ (Committed BPs), GFP+Sox2-Tbr2+ 

(BPs), GFP+Sox2-Tbr2- (neurons) cells. Control n=9//5; siRhoA n=4//3. (H-L) The graphics indicate the 

proportion of cells in each bin of (H) GFP+ cells or (I) GFP+Sox2+ Tbr2- (RGCs), (J) GFP+Sox2+Tbr2+ 

(Committed BPs), (K) GFP+Sox2-Tbr2+ (BPs), and (L) GFP+Sox2-Tbr2- (neurons) for control, siRhoA 

expression vectors electroporated at E15.5 and observed at E16.5. (H) Control n=21//15; siRhoA n=5//3; 

(I-L) Control n=9//5; siRhoA n=5//3. (M-O): The effect of RhoA downregulation on AJs stability is obvious 

two days after knockdown but not noticeable after 24 hours: Coronal sections of (M) E17.5 or (N,O) E16.5 

murine cerebral cortices, electroporated at E15.5 for the expression of siRNA targeting either RhoA or 

RhoB, or for the expression of a dominant-negative form of RhoA (RhoADN) or of the wild-type RhoA 

(RhoAWT) along with NLS-GFP (Green) and stained (Red) for (M,N) α-catenin or (O) ZO.1. (P): RhoA 

inhibition or GoF does not disturb radial glia fibers 24 hours after surgery. Coronal sections of E16.5 

murine cerebral cortices, non-electroporated (Control) or electroporated at E15.5 for the expression of GFP 

(Green) along with a dominant-negative form of RhoA (RhoADN) or the wild-type RhoA (RhoAWT) and 

stained for Nestin (Red). Error bars, s.e.m., ***p<0.001, **p<0.01, *p<0.05, Scale bars: 50µm. 



Fig. S2: The MKL/SRF complex regulates neurogenesis downstream of RhoA 



(A) Efficiency of shMKL1, shMKL2 or a shRNA targeting both MKL1 and MKL2 (shMKL1/2). Neuro-2a

cells were transfected for the expression of the different shRNAs and/or an HA-tagged MKL2 as indicated. 

Western blots were performed on cell lysates to reveal the endogenous MKL1 or the HA-tagged MKL2. 

(B-F) Embryonic brains were in utero electroporated at E15.5 and processed 23 hours later for 

immunohistological labelling. (B,E) Quantification of the GFP+Sox2+Tbr2- (RGCs), GFP+Sox2+Tbr2+ 

(Committed BPs), GFP+Sox2-Tbr2+ (BPs), GFP+Sox2-Tbr2- (neurons) cells. (B) Epistasis experiments are 

statistically tested against RhoAWT. RhoAWT n=7 out of 6 IUE (n=7//6); RhoAWT + shMKL1 n=15//5; RhoAWT 

+ shMKL2 n=5//3. (E) Control n=9//5; shMKL1 n=3//3; shMKL2 n=5//3. (C,D) Coronal sections of E16.5

cerebral cortices. Brains were in utero electroporated at E15.5 with the indicated plasmids along with NLS-

GFP and stained for the indicated markers. (F) Quantification of GFP+Ki67- cells (exit from cell cycle). 

Control n=12//9; RhoAWT n=9//7; shMKL1 n=6//3; shMKL2 n=4//3; RhoAWT + shMKL1 n=15//5; RhoAWT + 

shMKL2 n=4//3. Error bars, s.e.m., ***p<0.001, **p<0.01, *p<0.05, Scale bars: 50µm. 



Fig. S3: MKL1 and SRF regulate progenitors differentiation and position 

(A,B) SRF and MKL modulate progenitors differentiation. Brains were in utero electroporated at E15.5 and 

collected at E16.5. The graphics indicate the percentage of (A) GFP+Sox2+ cells or (B) GFP+Sox2+ Tbr2- 

(RGCs), GFP+Sox2+Tbr2+ (Committed BPs), GFP+Sox2-Tbr2+ (BPs), GFP+Sox2-Tbr2- (neurons) for brains 

electroporated with control, shMKL1/2, MKL1 at a low concentration (MKL1(Low)), MKL1, MKL2, SRF-

EnRD, SRF-TAD at a low concentration (SRF-TAD(Low)), or SRF-TAD expression vectors. (A) Control 

n=19 out of 13 IUE (n=19//13); shMKL1/2 n=11//6; SRF-EnRD n=7//4; MKL1(Low) n=4//3; SRF-TAD(Low) 

n=8//3; MKL1 n=6//4; SRF-TAD n=5//3; MKL2 n=6//5; (B) Control n=9//5; MKL1 n=4//4; SRF-TAD n=4//3. 

(C-J) Radial distribution of the GFP+Sox2+Tbr2- (RGCs), GFP+Sox2+Tbr2+ (Committed BPs), GFP+Sox2-

Tbr2+ (BPs), GFP+Sox2-Tbr2- (neurons) cells of brains electroporated with the expression plasmids for the 

indicated proteins at E15.5 and processed at E16.5. (C-F) Control n=9//5; shMKL1 n=6//3; MKL1 n=9//4; 

(G-J) Control n=9//5; SRF-EnRD n=8//3; SRF-TAD n=4//3. (K,L) Cell position and differentiation are 



sensitive to MKL/SRF dosage. Coronal sections of E16.5 mice cerebral cortices electroporated with GFP 

expression plasmid and high or low concentrations of MKL1 expression vectors at E15.5, and stained for 

DAPI. The graphics indicate the percentage of cells in each bin of GFP+ cells for MKL1 expression vectors 

electroporated at E15.5, either with a high or low concentration and observed at E16.5. MKL1 n=12//6; 

MKL1(Low) n=5//3. Error bars, s.e.m., ***p<0.001, **p<0.01, *p<0.05, Scale bar: 50µm. 



Fig. S4: The MKL/SRF complex regulates cell positioning downstream of RhoA. 



Radial distribution of the GFP+Sox2+Tbr2- (RGCs), GFP+Sox2+Tbr2+ (Committed BPs), GFP+Sox2-Tbr2+ 

(BPs), GFP+Sox2-Tbr2- (neurons) cells of brains electroporated with the expression plasmids for the 

indicated proteins at E15.5 and processed at E16.5 for immunohistological labelling. RhoADN n=6 out of 6 

IUE (n=6//6); RhoADN + MKL1 n=4//3; RhoADN + MKL2 n=4//3; RhoADN + SRF-TAD n=6//3; RhoAWT n=7//6; 

RhoAWT + shMKL1/2 n=5//3; RhoAWT + shMKL1 n=15//5; RhoAWT + shMKL2 n=5//3; RhoAWT + SRF-EnRD 

n=8//4; Error bars, s.e.m. ***p<0.001, **p<0.01, *p<0.05. 



Fig. S5: The pathway is also active during earlier stages of neurogenesis. 

(A-F) Coronal sections of mice cerebral cortices electroporated at E13 with either control, dominant-

negative (RhoADN), wild type RhoA (RhoAWT), shMKL1/2 or MKL1 expression vectors, co-electroporated 

with NLS-GFP and stained for DAPI 22 hours later. Cerebral walls from VZ to pia were subdivided into 

20 bins. The graphics indicate the proportion of the GFP+ cells in each bin. Control n=9 out of 4 IUE 

(n=9//4); RhoADN n=6//3; RhoAWT n=9//4; RhoADN+shBcl6 n=5//3; RhoAWT+Bcl6 n=4//3; shMKL1/2 

n=4//3; MKL1 n=3//3; (G-I) Quantification of the triple staining GFP+Sox2+ Tbr2-, GFP+Sox2+Tbr2+, 

GFP+Sox2-Tbr2+, GFP+Sox2-Tbr2- cells. Control n=6//4; RhoADN n=7//3; RhoAWT n=7//4; shMKL1/2 

n=4//3; MKL1 n=3//3; RhoADN + shBcl6 n=5//3), RhoAWT + Bcl6 n=3//3. Error bars, s.e.m. ***p<0.001, 

**p<0.01, *p<0.05. Scale bar: 50µm. 



Fig. S6: Bcl6 physically interacts with SRF and can be found in a tripartite complex with SRF and 

MKL1 or MKL2. 

Co-Immunoprecipitation assays were performed using tagged Bcl6, SRF, MKL1, and MKL2 expressed in 

HEK293T. 24h post transfection, cell lysates were analyzed directly or after pull-down with an HA antibody. 

Samples were immunoblotted with HA, Myc or GST antibodies.  



Fig. S7: Bcl6 partially displaced both MKL1 and MKL2 towards the cytoplasm, while the RhoA/MKL 

pathway did not affect Bcl6 predominant nuclear location 

(A) Epifluorescence microscopic images of HeLa cells transfected with MKL1-GFP, MKL2-GFP, GFP-

RhoADN, GFP-RhoAWT, and/or Bcl6-HA in the indicated conditions, 24h post transfection. Cells were stained 

for HA when necessary, and all stained with DAPI. (B,C) Quantification of the essentially cytoplasmic (at 

least 60% of the signal in the cytoplasm), intermediate (fluorescence in the nucleus and the cytoplasm 

between 40% and 60%), or essentially nuclear (at least 60% of the signal in the nucleus) fluorescence 

localization for the indicated proteins. The tests were performed in Hela or HEK293T cells transfected for 

24h with similar results. The fluorescence intensity was quantified using the RGB Profile Plot from ImageJ. 

The measurement of blue fluorescence, corresponding to DAPI, allowed us to delineate the nucleus from 

the cytoplasm. n ≥ 3; Error bars, s.e.m. ***p<0.001, **p<0.01, *p<0.05, NS, not significant; Scale bar: 50µm. 



Fig. S8: Bcl6 opposes RhoA/MKL/SRF function on cell positioning in vivo 

The graphics indicate the percentage of cells in each bin of GFP+Sox2+Tbr2-, GFP+Sox2+Tbr2+, GFP+Sox2-

Tbr2+, GFP+Sox2-Tbr2- for the indicated expression vectors electroporated at E15.5 and observed at 

E16.5. RhoADN n=8 out of 7 IUE (n=8//7); RhoADN + shBcl6 n=10//4; shMKL1/2 n=6//3; shMKL1/2 + shBcl6 

n=4//3; SRF-EnRD n=8//3; SRF-EnRD + shBcl6 n=3//3; RhoAWT n=7//6; RhoAWT + Bcl6 n=7//5; MKL1 



n=9//4; MKL1 + Bcl6 n=5//3; SRF-TAD n=4//3; SRF-TAD + Bcl6 n=4//3; Error bars, s.e.m. ***p<0.001, 

**p<0.01, *p<0.05. 

Fig. S9: Coronal sections of E16.5 cerebral cortices. 

Brains were in utero electroporated at E15.5 with the indicated plasmids along with NLS-GFP and stained 

for the indicated markers 23 hours later. Scale bar: 50µm. 



Fig. S10: Rescue experiments with a second shRNA targeting Bcl6 

(A,B) Quantification of the GFP+Sox2+Tbr2-, GFP+Sox2+Tbr2+, GFP+Sox2-Tbr2+, GFP+Sox2-Tbr2-, 

GFP+Ki67- cells. (A) RhoADN n=8 out of 7 IUE (n=8//7); RhoADN + shBcl6(#2) n=3//3; (B) RhoADN n=11//6; 

RhoADN + shBcl6(#2) n=3//3; (C) Coronal sections of E16.5 mice cerebral cortices electroporated with 

either dominant-negative (RhoADN), or RhoADN and shBcl6(#2) expression vectors at E15.5, co-

electroporated with NLS-GFP and stained for DAPI. (D-H) Graphics of cerebral walls from electroporated 

brains, corresponding to the VZ to the upper part of the IZ, and subdivided into 20 bins. The graphics 

indicate the proportion of cells in each bin of (D) GFP+ cells or (E) GFP+Sox2+ Tbr2- (RGCs), (F) 

GFP+Sox2+Tbr2+ (Committed BPs), (G) GFP+Sox2-Tbr2+ (BPs), and (H) GFP+Sox2-Tbr2- (neurons) 

RhoADN n=7 out of 6 IUE; RhoADN + shBcl6(#2) n=4 out of 3 IUE. Error bars, s.e.m. ***p<0.001, **p<0.01, 

*p<0.05, Scale bar: 50µm.



Fig. S11: a mutated version of Bcl6 unable to interact with SRF could not rescue the positional 

phenotypes induced by RhoA GoF  

(A) Coronal sections of E16.5 mice cerebral cortices electroporated for the expression of the indicated

protein at E15.5, co-electroporated with NLS-GFP and stained for Sox2 and Tbr2. (B-I) Graphics of 

cerebral walls from electroporated brains, corresponding to the VZ to the upper part of the IZ, and 

subdivided into 20 bins. The graphics indicate the proportion of cells in each bin of GFP+Sox2+ Tbr2- 

(RGCs), GFP+Sox2+Tbr2+ (Committed BPs), GFP+Sox2-Tbr2+ (BPs), and GFP+Sox2-Tbr2- (neurons) 

RhoAWT n=7 out of 6 IUE (n=7//6); RhoAWT + Bcl6* n=9//3, Control n=9//5; Bcl6* n=11//4; Error bars, s.e.m. 

***p<0.001, **p<0.01, *p<0.05. Scale bar: 50µm. 



Fig. S12: Proposed model for the regulation of neocortical progenitors positioning and 

neurogenesis by the mutual repression of Bcl6 and the RhoA/MKL/SRF pathway.  

During the development of the neocortex, the MKL/SRF complex maintains the neural progenitor pool size 

and regulates the position of Radial Glia Cells and Basal Progenitors under the control of RhoA. Bcl6 

opposes these functions of RhoA/MKL/SRF through a reciprocal regulatory loop whereby Bcl6 and 

MKL/SRF antagonize each other’s activity. Homodimerization, a prerequisite for the activity of both SRF 

and Bcl6, is inhibited by their direct physical interaction.  

Movies 1 & 2: Time lapse videomicroscopy of control and RhoA-inhibited cells in organotypic 

brain slice cultures 

Time lapse analysis of RGCs in the VZ. Brains were in utero electroporated at E15.5 for the expression 

of GFP (Movie 1) or GFP and RhoADN (movie 2). Brain slices were produced and processed for 

videomicroscopy 14 hours later using confocal microscopy. Frame are every 20 minutes. Compressed z-

stacks spanning 90 µm of cortical depth. To facilitate tracking, green dots follow the movement of the 

nuclei of some RGCs with their apical process attached to the apical surface. Red dots follow the 

movement of cells attached to the apical surface and with their nuclei remaining at a basal position.  



Table S1: Key resources 

Key Resources Table 

Reagent type 
(species) or 

resource 
Designation 

Source or 
reference 

Identifiers Additional information 

strain background 
(Escherichia coli) 

One shot TOP10 Fisher Scientific Cat #: C404010 
Chemically Competent 

Cells 

strain background 
(Escherichia coli) 

NEB 10-beta 
New England 

Biolabs 
Cat#: C2987 

Chemically Competent 
Cells 

strain background 
(Mus Musculus) 

CD1 
Charles River 
Laboratories 

022 

cell line (Homo 
sapiens) 

HEK293T cells ATCC 
Ca#: CRL-3216, 

RRID:CVCL_0063 

cell line (Homo 
sapiens) 

HeLa cells ATCC 
Cat# CRM-CCL-2, 
RRID:CVCL_0030 

cell line (Mus 
musculus) 

Neuro-2a ATCC 
Cat# CCL-131, 

RRID:CVCL_0470 

Antibody 
Anti-HA.11 clone 16B12 

(Mouse monoclonal) 
Biolegend 

Cat# 901505, RRID: 
RRID:AB_2565023 

Antibody rabbit anti-HA.11 Biolegend 
Cat # : 902301, 

RRID:AB_2565018 

Antibody 
Anti-Myc (Rabbit 

polyclonal) 
Cell Signaling 
Technology 

Cat# 2272, RRID: 
AB_10692100 

Antibody 
Anti-Myc-tag clone 9B11 

(Mouse monoclonal) 
Cell Signaling 
Technology 

Cat# 2276, RRID: 
AB_331783 

Antibody 
Anti--actin (Mouse 

monoclonal) 
Fisher Scientific 

Cat# MA5-15739, 
RRID: AB_10979409 

Antibody 
Anti-GFP (Rabbit 

polyclonal) 
Fisher Scientific 

Cat# A-11122, RRID: 
AB_221569 

Antibody 
Anti-GFP (Chicken 

polyclonal) 
Aves 

Cat# GFP-1020, 
RRID:AB_10000240 

Antibody 
Anti-Ki67 (Mouse 

monoclonal) 
BD Biosciences 

Cat# 556003, RRID: 
AB_396287 

Antibody 
Phospho-Histone H3 (Ser10) 

(Rabbit polyclonal) 
Thermo Fisher 

Cat# PA5-17869, 
RRID:AB_10984484 

Antibody 
Anti- Sox2 (L1D6A2) 

(Mouse monoclonal) 
Cell Signaling 
Technology 

Cat# 4900, RRID: 
AB_10560516 

Antibody rabbit anti-Sox2 Millipore 
Cat # : AB5603, 

RRID:AB_2286686 

Antibody 
Anti-Tbr2 (Rabbit 

polyclonal) 
Abcam 

Cat# ab23345, RRID: 
AB_778267 

Antibody Anti-Satb2 (mouse Abcam 
Cat# ab51502 

RRID:AB_882455 

Antibody mouse anti-Nestin Millipore 
Cat # : MAB353, 
RRID:AB_94911 

Antibody Anti-GST Sigma 
Cat # : G1160, 

RRID:AB_259845 

Antibody rabbit anti-α-Catenin Sigma 
Cat # : C2081, 

RRID:AB_476830 



Antibody rabbit anti-ZO.1 Invitrogen 
Cat # : 61-7300, 

RRID:AB_138452 

Antibody Mouse anti-MKL1 Santa Cruz 
Cat# sc-390324, 

RRID:AB_2891290 

Antibody 
Anti-mouse IgG, HRP-linked 

Antibody (horse) 
Cell Signaling 
Technology 

Cat# 7076, 
RRID:AB_330924 

Antibody 
Anti-rabbit IgG, HRP-linked 

Antibody 
(goat polyclonal) 

Cell Signaling 
Technology 

Cat# 7074, 
RRID:AB_2099233 

Antibody 

Anti-Mouse IgG (H+L) 
Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488 

(Goat Polyclonal) 

invitrogen 
Cat# A-11001, RRID: 

AB_2534069 

Antibody 

Anti-Rabbit IgG (H+L) 
Antibody, Alexa Fluor 488 

Conjugated (Goat 
polyclonal) 

invitrogen 
Cat# A-11008, RRID: 

AB_143165 

Antibody 

Anti-Mouse IgG (H+L) 
Antibody, Alexa Fluor 568 

Conjugated 
(goat polyclonal) 

invitrogen 
Cat# A-11004, RRID: 

AB_2534072 

Antibody 

Anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary 

Antibody, Alexa Fluor 568 
(Goat polyclonal) 

invitrogen 
Cat# A-11011, RRID: 

AB_143157 

Antibody 

Anti-Mouse IgG (H+L) 
Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 647 

(Goat polyclonal) 

invitrogen 
Cat# A-21235, RRID: 

AB_2535804 

Antibody 

Anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary 

Antibody, Alexa Fluor 647 
(Goat polyclonal) 

invitrogen 
Cat# A-21244, RRID: 

AB_2535812 

Antibody 

Anti-Chicken IgY (H+L) 
Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488 

(Goat Polyclonal) 

Invitrogen 
Cat#: A32931, 

RRID:AB_2762843 

Recombinant DNA 
reagent 

pCAG:GFP Addgene 
RRID:Addgene_11

150 

recombinant DNA 
reagent 

pCAG:NLS-GFP 
F. Kubo, National

Institute of
Genetics 

N/A 

Recombinant DNA 
reagent 

pEBG Addgene 
RRID: 

Addgene_22227 

Recombinant DNA 
reagent 

UBQ10:sXVE:(MCS)-
S11-DI-GFP1–9 

Addgene 
RRID: 

Addgene_108260 

S11 and GFP1-9 
subcloned in pCAG 

vector 

Recombinant DNA 
reagent 

UBQ10-sXVE-S10-
(MCS)-3xHA 

Addgene 
RRID: 

Addgene_108178 
S10 subcloned in 

pCAG vector 

Recombinant DNA 
reagent 

pCAG:Myc-RhoA This paper N/A 

Recombinant DNA 
reagent 

pCAG:Myc-RhoA(T19N) This paper N/A 

Recombinant DNA 
reagent 

pCAG:MKL1-HA This paper N/A 

Recombinant DNA 
reagent 

pCAG:MKL1-GFP This paper N/A 



Recombinant DNA 
reagent 

pCAG:S10-MKL1 This paper N/A 

Recombinant DNA 
reagent 

pCAG:S10-MKL1LZ This paper N/A 

Recombinant DNA 
reagent 

pCAG:MKL2-HA This paper N/A 

Recombinant DNA 
reagent 

pCAG:S10-MKL2 This paper N/A 

Recombinant DNA 
reagent 

pCAG:Myc-SRF This paper N/A 

Recombinant DNA 
reagent 

pCAG:S11-SRF This paper N/A 

Recombinant DNA 
reagent 

pCAG:SRF-TAD This paper N/A 

Recombinant DNA 
reagent 

pCAG:SRF-EnRD This paper N/A 

Recombinant DNA 
reagent 

pCAGIG:Bcl6 
Pierre 

Vanderhaeghen 
N/A 

Bcl6 subcloned into 
pCAG vector 

Recombinant DNA 
reagent 

pCAG:Bcl6-HA This paper N/A 

Recombinant DNA 
reagent 

pCAG:Bcl6-GST This paper N/A 

Recombinant DNA 
reagent 

pCAG:S11-Bcl6 This paper N/A 

Recombinant DNA 
reagent 

pCAG:Bcl6(C121F;P421
L)-HA 

This paper N/A 

Recombinant DNA 
reagent 

pCAG:S11-
Bcl6(C121F;P421L) 

This paper N/A 

Recombinant DNA 
reagent 

pGL4:SRF-RE-Luc Sigma Cat #: E1350 

Recombinant DNA 
reagent 

pBCl6(BS)-Luc This paper N/A 

Recombinant DNA 
reagent 

tFucci(SA)5 Addgene 
RRID: 

Addgene_153520 

Recombinant DNA 
reagent 

pSCV2:shBcl6 (#1) 
Pierre 

Vanderhaeghen 
N/A 

Target sequence: 5’-
gacacggatctgagaatct-3’ 

Recombinant DNA 
reagent 

pSCV3:shBcl6 (#1) This paper N/A 
Deletion of VenusFP 

coding sequence 

Recombinant DNA 
reagent 

pSCV3:shBcl6 (#2) This paper N/A 
Target sequence: 5’-

tgatgttcttctcaaccttaa-3’ 

Recombinant DNA 
reagent 

pSCV2:control 
Pierre 

Vanderhaeghen 
N/A 

Target sequence: 5’-
actaccgttgttataggtg-3’ 

Recombinant DNA 
reagent 

pSCV3:control This paper N/A 
Deletion of VenusFP 

coding sequence 

Recombinant DNA 
reagent 

pLKO.1.shMKL1/2 Addgene 
RRID: 

Addgene_27161 

Target sequence: 5’-
CATGGAGCTGGTGG

AGAAGAA-3’ 

Recombinant DNA 
reagent 

pSCV3:shMKL1 This paper N/A 
Target sequence: 5’-

GGTAGCAGACAGTT
CCTCC-3’ 



Recombinant DNA 
reagent 

pSCV3:shMKL2 This paper N/A 
Target sequence: 5’-

GCCATCCCAAGAATC
CAAA-3’ 

chemical 
compound, drug 

Protease inhibitor cocktail Roche Cat# 05056489001 

chemical 
compound, drug 

Phosphatase inhibitor 
cocktail 

Roche Cat #: A32957 

chemical 
compound, drug 

B27 invitrogen Cat #: 17504-044 

Chemical 
compound, drug 

Penicillin-streptomycin Gibco Cat #: 11548876 

Chemical 
compound, drug 

EdU Abcam Cat #: ab146186 

Chemical 
compound, drug 

Sulfo-Cyanine3 azide Lumiprobe Cat # : B1330 

commercial kit 
Plasmid DNA Purification 

Mini Kit 
Intron 

Biotechnology 
Cat# 17098 

commercial kit Quick Gel extraction Kit Fisher Scientific Cat# K2100-12 

commercial kit 
HiPure Plasmid Maxiprep 

Kit 
Fisher Scientific Cat# K2100-07 

software, 
algorithm 

Image J NIH N/A 

software, 
algorithm 

QuPath N/A 

software, 
algorithm 

Zen Lite Zeiss N/A 

other DAPI staining Sigma Cat #: D9542 

other 
PolyJet™ In Vitro DNA 
Transfection Reagent 

Signagen Cat #: SL100688 

Other Dynabeads protein A invitrogen Cat #: 10001D 

Other Dynabeads protein G İnvitrogen Cat #: 1003D 

other 
Super signal West Pico 

PLUS chemuluminescent 
substrate 

Fisher Scientific Cat #: 34578 

other O.C.T. Sakura Cat # 4583 

other DMEM-F-12 Gibco Cat #: 21331-020 

other DMEM, high glucose Gibco Cat #: 41965-039 

other CL-X Posure film Fisher Scientific Cat #: 34091 
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