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SUMMARY

The generation of cortical projection neurons relies on
the coordination of radial migration with branching.
Here, we report that the multisubunit histone acetyl-
transferase Elongator complex, which contributes to
transcript elongation, also regulates the maturation
of projection neurons. Indeed, silencing of its scaffold
(Elp1) or catalytic subunit (Elp3) cell-autonomously
delays the migration and impairs the branching of
projection neurons. Strikingly, neurons defective in
Elongator showreduced levelsofacetylated a-tubulin.
Reduction of a-tubulin acetylation via expression of
a nonacetylatable a-tubulin mutant leads to compa-
rable defects in cortical neurons and suggests that
a-tubulin is a target of Elp3. This is further supported
by the demonstration that Elp3 promotes acetylation
and counteracts HDAC6-mediated deacetylation of
this substrate in vitro. Our results uncover a-tubulin
as a target of the Elongator complex and suggest
that a tight regulation of its acetylation underlies the
maturation of cortical projection neurons.

INTRODUCTION

The generation of cerebral cortical neurons is a complex

process that relies on the decision of progenitors to leave the

cell cycle, migrate to appropriate laminar locations, and differen-

tiate into neurons that are stably positioned and are actively

extending axonal and dendrite branches. Importantly, these

concurrent steps imply dynamic cell shape remodeling which
largely depends on the regulation of cytoskeleton components

(da Silva and Dotti, 2002; LoTurco and Bai, 2006; Shu et al.,

2006). Thus, identification of new cytoskeleton regulators is

essential to shed more light on the molecular mechanisms

responsible for the generation of fully differentiated cortical

neurons. Here, we investigate the contribution of Elongator in

cerebral corticogenesis.

This highly conserved complex of six subunits (Elp1–Elp6) was

identified associated with hyperphosphorylated form of yeast

RNA polymerase II (Hawkes et al., 2002; Kim et al., 2002) and

is assembled by the scaffold protein Elp1 (Close et al., 2006;

Petrakis et al., 2004). Elp3, the catalytic subunit, harbors motifs

found in the GNAT family of histone acetyltransferases (HATs)

(Wittschieben et al., 1999) and acetylates histone H3 (Hawkes

et al., 2002; Kim et al., 2002; Winkler et al., 2002). Elongator

associates with several nascent RNAs in yeast (Kristjuhan and

Svejstrup, 2004) and is preferentially recruited to the transcribed

regions of human genes (Close et al., 2006; Kouskouti and Talia-

nidis, 2005), which supports a role for this complex in transcript

elongation. Other reports also provided evidences for a role of

Elongator in exocytosis and tRNA modification in the cytoplasm

(Esberg et al., 2006; Huang et al., 2005; Rahl et al., 2005).

Although these reports brought insights into the roles of Elonga-

tor, it is unclear whether this complex harbors multiple functions

in distinct cell compartments or whether a single function indi-

rectly regulates the others (Svejstrup, 2007).

Elongator deficiency in humans causes familial dysautonomia

(FD), an autosomal recessive disease characterized by defects in

the development and maintenance of neurons of the autonomic

and sensory systems (Axelrod, 2004; Slaugenhaupt and Gusella,

2002). FD results from a mutation in a splice acceptor site of the

ELP1-encoding gene, IKBKAP, which causes exon skipping and

expression of a truncated and unstable mRNA transcript. As
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a result, levels of ELP1 are decreased in a tissue-specific manner

(Anderson et al., 2001; Slaugenhaupt et al., 2001). Although the

molecular and cellular mechanisms underlying this disorder

remain largely undefined, reduced cell motility may account for

this disease because a variety of human cells depleted for

ELP1 harbor defects in cell migration (Close et al., 2006).

In the present study, we show that Elongator is expressed in

the cytoplasm of cortical projection neurons, where it regu-

lates radial migration and branching. Acetylated a-tubulin

levels are reduced in cortical neurons as well as in various

other Elongator-deficient cell types, and both Elp1 and Elp3

interact with microtubules. In addition, a purified Elp3-enriched

fraction promotes the a-tubulin acetylation in vitro, and Elp3,

but not Elp3DHAT, counteracts HDAC6-mediated a-tubulin

deacetylation in vivo. Importantly, overexpression of the nona-

cetylable dominant-negative a-tubulin K40A mutant impairs

the migration and branching of projection neurons without

worsening the corresponding defects that result from Elonga-

tor loss of function, which suggests that a tight regulation of

a-tubulin acetylation by Elp3 is critical for Elongator to

promote the migration and differentiation of projection neurons

during corticogenesis.

RESULTS

Elongator Subunits Are Expressed in the Developing
Cerebral Cortex
On the basis of a previous study reporting the expression of Elp1

in the rat cortex (Mezey et al., 2003) and on its key role in cell

migration (Close et al., 2006), we further investigated the roles

of Elongator in cerebral corticogenesis, where this process is

critical. Elp1 mRNA transcripts were detected across landmark

developmental stages and throughout the rostrocaudal axis of

the telencephalon (Figure S1A available online). Analyses of the

presumptive cortex revealed that Elp1 was primarily (embryonic

day 12.5 [E12.5]) expressed throughout the cortical wall

(Figure 1A and Figure S1B) but later became (E14.5 and E18.5)

restricted to the cortical plate (CP), the ventricular (VZ), and sub-

ventricular (SVZ) zones (Figures 1B and 1C and Figure S1B). Its

expression was sharply downregulated in the intermediate

zone (IZ) at E18.5, when most projection neurons terminate their

migration to the CP and undergo terminal differentiation

(Figure 1C and Figure S1B). Immunoblots of whole-cell extracts

from microdissected E14.5 cortices or ganglionic eminences

(GE) indicated that Elongator subunits (Elp1, Elp3, Elp4, and

Elp5) were expressed in these structures (Figure 1D). Immunos-

tainings performed on E14.5 brains showed that Elp1 was mainly

expressed in the cytoplasm (Figure 1H) of IZ and CP (Figures 1E–

1G) bIII-tubulin positive neurons (Tuj1+, Figures 1J–1L). Calreti-

nin-positive Cajal-Retzius cells located at the top of the cortex

exhibited the strongest Elp1 expression level among cortical

cells (Figures 1M–1O). Other Elongator subunits (Elp3, Elp4,

and Elp5) were detected at E14.5 in all IZ and CP cells as cyto-

plasmic proteins (Figures 1P–1X0 and Figures S14B, S14H, and

S14L). The overlapping expression of Elongator subunits in

cortical progenitors suggests that they may assemble into a func-

tional complex and regulate several aspects of their maturation

into functional projection neurons.
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Elp1 Regulates the Migration Rate of Projection
Neurons into the Cerebral Cortex
Since the Elongator complex is dispensable for the survival

(Figure S2), the proliferation, and the exit of the cell cycle of

cortical progenitors (Figures S3G–S3L) and since most subunits

of this complex are expressed in postmitotic regions of the

developing cortex (Figures 1G, 1Q, 1T, and 1W), we examined

whether its activity contributes to radial migration of projection

neurons. So that this issue could be addressed, E14.5 mice

were electroporated with control or Elp1 shRNA constructs

(Figures S3A–S3F), followed 3 days later by analyses of cell posi-

tion in the cortical wall of the developing somatosensory cortex

(ssCx, Figure S6S) regionally divided into CP, IZ, and SVZ/VZ

(Figure 2A). Elp1 silencing impaired radial migration (Figures

2D–2F) as it resulted in accumulation of electroporated cells

in the VZ/SVZ (Figure 2B, 35.1% ± 3.5% for sh Elp1b and

39.6% ± 4.6% for sh Elp1a compared with 22.2% ± 1.9% for

sh Ctrl) together with a reduced percentage of projection

neurons in the CP compared to control experiments (Figure 2B,

14.5% ± 3.2% for sh Elp1b and 14.7% ± 1.6% for sh Elp1a

compared with 26.7% ± 2.5% for sh Ctrl). Migration defects

were obvious in the IZ at earlier time points (Figure S4A), led

to impaired cell movement from VZ/SVZ to IZ as well as from

IZ to CP (Figure S4B), and were not resulting from off-target

activities (Figure S4C–S4E). Importantly, real-time analysis of

cell migration in slice cultures from electroporated brains

(Figure S5A and S5B) indicates that Elp1 regulates the speed

of migration of bipolar and multipolar cortical cells (Movies S1

and S2). Although both cell types were migrating at expected

rates in control conditions (Tabata and Nakajima, 2003), corre-

sponding Elp1-depleted cells were moving approximately two

times slower across the cortical wall (Figures 2C, Figures S5C–

S5F, and Movies S3–S6). The radial glia scaffold along which

cortical projection neurons migrate remained unperturbed

(Figures S6A–S6F), indicating that Elp1 silencing specifically

and cell-autonomously interfered with radial migration of projec-

tion neurons. Analyses conducted at postnatal day 2 (P2), an age

by which targeted projection neurons have completed radial

migration in control condition (Figure 2H), showed that the defect

in migration was temporary as Elp1-depleted neurons finally

reached their terminal destination (Figures 2G and 2I). Alto-

gether, these observations indicate that Elp1 cell-autonomously

delays the course of radial migration rather than permanently

blocking it.

Defective Branching in Terminally Differentiating
Projection Neurons Depleted for Elongator Subunits
Elp1 silencing affected the morphology but not the survival

(Figure S7) of projection neurons in the CP, as evidenced by the

absence of growing apical dendrite tree and leading processes

harboring bulges (compare Figure S6H with Figures S6J and

S6L). Although the shape of targeted cells located within the

VZandSVZ remained unchanged (data not shown), some neurons

that were entering the lower IZ harbored highly twisted leading

processes characterized by multiple bendings (compare

Figure S6N with Figures S6P and S6R). Noticeable differences

in process extensions of neurons silenced for Elp1 were also

observed at low magnification in the cortex of P2 pups (Figures



S6T–S6V) and promptedus to investigatewhether Elongator regu-

lates the branching of terminally differentiating projection neurons.

To address this issue, E14.5 embryos were electroporated

ex vivo with shRNA vectors, dissociated, and cultured for 4 days.

Figure 1. Elongator Subunits Are Expressed

in the Developing Cerebral Cortex

(A–C) Elp1 transcript distribution in frontal sections of the

telencephalon at different developmental stages.

(D) Western blot analyses showing Elongator complex

subunits in E16 cortices.

(E–O) Predominant expression of Elp1 in postmitotic regions

of the telencephalon (E and F) as confirmed on a close-up

picture of the dorsal cortex (G). Elp1 (green) is mostly confined

to the cytoplasm of cortical neurons that are bIII-tubulin posi-

tive (J–L) (Elp1 in green, Tuj1 in red) and excluded from their

nuclei (H and I) (Hoescht 33342 in red). Strongest staining for

Elp1 (green) is observed in calretinin-expressing Cajal-Retzius

cells (red) (M–O).

(P–R0) Elp3 protein expression pattern in the cortex (Hoescht

33342 in red, Elp3 in green).

(S–X0) Elp4 and Elp5 expression in postmitotic regions of the

cortex (S, T, V, and W) with predominant cytoplasmic staining

(U, U0, X, and X0) (Hoescht 33342 in red and Elp4 or Elp5 in

green).

Scale bars represent 500 mm (F, P, S, and V), 100 mm (J, M, Q,

T, and W), 75 mm (G), 50 mm (H), and 25 mm (L, O, R0, U0, and X0).

Elp1 silencing impaired the growth of both

dendrites and axons but not the soma perimeter

(Figures S8A–S8K). To further explore the role of

Elp1 in neuronal branching in vivo, E14.5 embryos

were electroporated and allowed to survive until

P2. The morphology of differentiating projection

neurons located in the ssCx (Figure 3A) was

analyzed by confocal microscopy. The intensity

of GFP expression was reduced in axonal projec-

tion from Elp1-depleted projection neurons com-

pared to sh Ctrl-electroporated neurons (see

arrows in Figures 3B–3D), suggesting growth

defects of corticocortical tracts that are consistent

with the in vitro results (Figures S8G–S8H).

Confocal images projection of GFP expressing

neurons randomly acquired along the ssCx (Fig-

ures 3E–3G00) were used to perform computer-

assisted reconstruction of dendrite trees (Figures

3H–3J). Strikingly, while the average soma perim-

eter remained unchanged after Elp1 silencing

(Figure 3K), the total dendrite length (Figure 3L)

and branch numbers (Figure 3M) were reduced

compared to the control. To assess the overall

dendritic morphology of projection neurons, we

calculated the dendritic complex index (DCI)

(Lom and Cohen-Cory, 1999) and showed that

Elp1 knockdown resulted in lower DCI values

(Figure 3N, 308.1 ± 57.1 for sh Elp1a, 542.5 ± 82.6

for sh Elp1b compared with 835.1 ± 93.7 for sh

Ctrl). Defects in dendritic branching were still

noticeable in Elp1-depleted projection neurons at

P17 when projection neurons were fully differenti-

ated (Figure S9). To further establish the role of Elongator in den-

dritogenesis, we performed rescue experiments by expression

of a Flag human ELP1 refractory to silencing by both sh Elp1a

and sh Elp1b (Figure 4A, ELP1 FL). Coexpression of ELP1 with
Cell 136, 551–564, February 6, 2009 ª2009 Elsevier Inc. 553



Figure 2. Acute Depletion of Elp1 Alters the Migration of Projection Neurons into the Cerebral Cortex

(A–F) Subdivision of the cortical wall into CP, IZ, and VZ/SVZ according to triple immunostainings (GFP, green; bIII-tubulin [Tuj1], red; Hoescht 33342, blue) (A).

Distribution of GFP-positive cells is shown in E17.5 cortices, 3 days after electroporation (D–F). Percentages of electroporated cells that distributed in distinct

cortical areas are shown ([B], n = 3–5 brains, mean ± SEM). The table shows the average migration rate of bipolar and multipolar cortical cells in brain slices elec-

troporated with either shCtrl or shElp1a ([C], 50 and 69 cells recorded, respectively).

(G–I) Distribution of shRNA-electroporated cells at P2 (n = 3 brains, mean ± SEM). CP, cortical plate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventric-

ular zone; MZ, marginal zone; and WM, white matter.

Scale bars represent 200 mm (A) and 150 mm (H).
either sh Elp1a (Figures 4D–4F) or shElp1b (data not shown) fully

corrected the dendrite branching defects (Figure 4C). Interest-

ingly, ELP1 was cytoplasmic (Figure 4G0), which suggests that

Elongator regulates neuronal branching by targeting cytosolic

components. The attempt to rescue branching defects with the

truncated ELP1 found in patients suffering from FD (Figure 4A,

ELP1 DC622) failed, likely because it was mildly expressed
554 Cell 136, 551–564, February 6, 2009 ª2009 Elsevier Inc.
(Figure 4B, second panel from the top, compare lane 4 with

lane 3). Surprisingly, although strongly expressed in the cyto-

plasm (Figure 4K0), ELP1 DC732 failed to rescue the branching

defects seen upon Elp1 depletion (Figures 4C and 4H–4J), likely

because of its inability to efficiently bind ELP3 in contrast to full-

length ELP1 (Figure 4B, top panel, compare lane 3 with lane 5).

Thus, these results suggest that a physical interaction between



Figure 3. Defective Branching in Terminally Differentiating Projection Neurons Depleted for Elp1

(A) Drawing of a frontal section through an electroporated mouse brain illustrating the regions (boxed in red) where the axonal projections (I) or the dendrite tree (II)

of transfected neurons (green) were analyzed at P2.

(B–D) Representative pictures of corticocortical axonal projections from electroporated neurons. The arrows point the reduction in GFP intensity of corticocortical

axonal projections after Elp1 silencing (C and D) compared with control (B).

(E–G00) Representative electroporated neurons in the upper layers of P2 mouse cortex.

(H–J) Tracings of representative GFP-positive neurons for each condition. Axons are not represented.

(K–N) Soma perimeter of electroporated cortical neurons ([K], n = 3 brains, mean ± SEM; numbers in parentheses refer to both the total number of cells and the

number of brains analyzed). Histograms illustrate the total dendritic length (L), the numbers of dendrite branches (M), and the dendritic complexity index ([N], DCI)

of transfected cortical neurons (n = 3 brains, mean ± SEM). ssCx, somatosensory cortex; mCx, motor cortex; LV, lateral ventricle; CPu, caudate putamen; 3rd V,

third ventricle.

Scale bars represent 50 mm (E–G) and 25 mm (H–J).
Elp1 and Elp3 is required for neuronal branching of postmigra-

tory projection neurons and that the morphological defects

observed upon Elp1 depletion may directly result from a lack

of Elp3 activity. This hypothesis is indeed supported by the

constitutive interaction of ELP3 with ELP1 at the endogenous

level in all cell types investigated (HEK293, SK-N-BE and HT29

cells) (Figure S10). Accordingly, we found that the branching of

Elp3-depleted projection neurons was reduced both in vitro

(Figures S8L–S8U) and in vivo (Figures 4L–4O). Furthermore,
Elp3-silenced projection neurons displayed defects in radial

migration (Figures 4P–4R) comparable to those in Elp1-knock-

down neurons (Figure 2E). Thus, these data suggest that Elp3

is required for radial migration and branching of cortical projec-

tion neurons, most likely as a partner of Elp1. As Elp3 is the only

catalytic subunit of Elongator (Wittschieben et al., 1999) and is

destabilized upon Elp1 depletion (Petrakis et al., 2004), our

data suggest that Elp3 activity underlies the migration and

branching of cortical projection neurons.
Cell 136, 551–564, February 6, 2009 ª2009 Elsevier Inc. 555
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Elongator Subunits Interact with the Microtubules
and Are Required for Proper Acetylation of a-Tubulin
A variety of Elongator-deficient cell types showed impaired cell

shape and motility, yet the mechanisms underlying this defect

remained poorly characterized (Close et al., 2006). ELP1-

depleted HT29 cells presented abnormal rounded shapes

(Figures S11C and S11D), as well as major delays in cell

spreading (Figure S12). Defective transcriptional elongation of

genes coding for proteins involved in cell motility such as paxillin

and gelsolin is not the only mechanism involved as they were

correctly transcribed in ELP1-depleted SK-N-BE and HT29 cells

(Figure S13), yet those cells did not spread properly (Close et al.,

2006). We selected HT29 cells where ELP1 and ELP3 depletions

through lentiviral shRNA infections are very efficient (Figure 5I).

Endogenous ELP1 and ELP3 (Figures 5A and 5C) as well as

the corresponding tagged proteins (Figures 5B and 5D) were

mainly found in the cytoplasm, where they show a partial coloc-

alization with a-tubulin and its acetylated form (Figures 5A00, 5B,

5C00, and 5D and Figures S11A and S11B). Those data suggest

an association of Elongator with microtubules, as previously re-

ported for the a-tubulin deacetylase HDAC6 (Hubbert et al.,

2002; Zhang et al., 2003) (Figures S14M–S14P00). In support of

this idea, nocodazole treatment, which collapses the microtu-

bule network, randomized the cytosolic distribution of both

HDAC6 (Figures S11E and S11F) and Elongator subunits

(Figures S11G–S11J). Accordingly, we reasoned that a pool of

both ELP1 and ELP3 could interact with polymerized a-tubulin.

To address this issue, we purified microtubules from HEK293

cells and detected HDAC6 and also both ELP1 and ELP3 but

not b-actin in the pellet fraction, which contains microtubules

and microtubule-associated proteins (Figure 5E). This associa-

tion was specific as both ELP1 and ELP3 presences in the pellet

fraction were increased when GTP and Taxol, a microtubules

stabilizer, were added (Figure 5E). In addition, we showed that

ELP1 and ELP3 are part of a common complex with a-tubulin

as evidenced by coimmunoprecipitation studies in HEK293

cells. Ectopically expressed ELP1 or ELP3 bound endogenous

acetylated a-tubulin and a-tubulin (Figures 5F and 5G). As ex-

pected, ELP1 was also found in the anti-ELP3 immunoprecipi-

tates, which suggests that acetylated a-tubulin is associated

with the whole Elongator complex (Figure 5G). Importantly,

HDAC6 (positive control) and also ELP3 associated with

a-tubulin at the endogenous level in both HEK293 or neuroblas-

toma-derived SH-SY 5Y cells (Figure 5H).
We next investigated whether ELP1 or ELP3 silencing would

impact a-tubulin acetylation (Gardiner et al., 2007). This cyto-

skeletal protein is acetylated on lysine 40 (Gaertig et al., 1995;

Kozminski et al., 1993), a posttranscriptional modification

required for the anchoring of molecular motors and thus critical

for microtubule-based molecular transport (Dompierre et al.,

2007; Reed et al., 2006). ELP1- or ELP3-depleted HT29 cells

indeed showed lower levels of acetylated a-tubulin but not

a-tubulin (Figure 5I and Figure S11D). These data suggest that

Elongator regulates a-tubulin acetylation, a posttranscriptional

modification likely required for dynamic cell shape remodeling

and motility.

ELP3-Enriched Fraction Acetylates a-Tubulin
Elp3, which acetylates histone H3 and to a lesser extent histone

H4, is essential for Elongator function in vivo (Wittschieben et al.,

2000). Thus, we next explored whether Elongator directly acety-

lates a-tubulin. For that purpose, we expressed His-tagged Elp3

from a baculovirus in Sf9 insect cells and isolated a soluble frac-

tion highly enriched in recombinant Elp3, as shown by western

blot analyses (Figures 5J). HAT assays using Histone H3 as

control demonstrated that this fraction was promoting H3 acet-

ylation in a dose-dependant manner, almost as efficiently as a

recombinant p300 (Figures 5K and 5L). Importantly, the Elp3-en-

riched fraction induced a-tubulin acetylation from purified micro-

tubules (Figure 5M) but with a reduced efficiency, likely because

this substrate was already massively acetylated, as seen by

western blot (data not shown). Biochemical analyses of trans-

fected HEK293 cells demonstrated that ELP3 expression coun-

teracted HDAC6-mediated a-tubulin deacetylation in a dose-

dependent manner and that its HAT domain was required as

an ELP3 mutant (ELP3DHAT) in which the amino acid residue

529 was mutated (Y529A) failed to do so (Figure 5N and 5O).

Elp1 expression was also observed in the cytoplasm of culti-

vated cortical neurons, where it fully colocalized with either

a-tubulin (Figures 6A–6A00) or its acetylated form (Figures 6B–

6B00). Elp3 also showed a cytosolic expression overlapping

with both a-tubulin (Figures 6C–6C00) and acetylated a-tubulin

(Figures 6D–6D00). Of note, although Elp1 was almost exclusively

cytoplasmic, a nuclear staining for Elp3 was noticeable in some

neurons (see Figure 6C). As for HEK293 cells, we purified micro-

tubules from E16 cerebral cortices and confirmed the enrich-

ment of Elp1 after taxol treatment (Figure 6E). So that a-tubulin

acetylation in Elongator-deficient cortical projection neurons
Figure 4. Elongator Controls Radial Migration and Branching of Cortical Projection Neurons via Elp3

(A) Full-length (ELP1 FL) or truncated (ELP1 DC622 and ELP1 DC732) human ELP1 protein.

(B) Cell extracts from HEK293 cells transfected with the indicated constructs and immunoprecipitated with anti-HA (negative control, lane 1) or anti-Flag anti-

bodies (lanes 2 to 5) followed by an anti-Myc western blot (top panel). Crude cell extracts were also subjected to anti-Flag and anti-Myc western blots (bottom

panels).

(C–K00) DCI of electroporated cortical projection neurons in P2 mices (C). Immunolabelings show the expression of GFP and RFP in P2 projections neurons elec-

troporated at E14.5 with specific plasmid combinations, as indicated (D–K00). Flag epitopes were immunodetected in the cytosolic compartment of transfected

neurons (G–G00 and K–K00) (GFP in green, Flag in red, and Hoescht 33342 in blue).

(L–R) Morphological analysis of in utero-electroporated neurons in the ssCx of P2 mouse brains. Representative GFP-positive neurons electroporated with either

sh Ctrl (L) or sh Elp3b (M). Histograms show the average soma perimeter of electroporated cortical neurons ([N], n = 3 brains, mean ± SEM) and values for their DCI

([O], n = 3 brains, mean ± SEM; numbers in parentheses refer to both the total number of cells and brains analyzed). Immunolabelings show the distribution of

electroporated cells (green) with sh Ctrl (P) or sh Elp3b (Q) in E17.5 cortices, 3 days after electroporation. The histogram shows the percentage of electroporated

cells in all compartment of the cortex ([R], n = 5–7 brains, mean ± SEM).

Scale bars represent 50 mm (L and M) and 200 mm (P and Q).
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could be assessed, E14 cortical progenitors were electroporated

ex vivo with sh Elp1a or sh Elp3b and cultured for 4 days to allow

neuronal differentiation. Although neurons experienced branch-

ing defects (Figure S8), acetylated a-tubulin levels were often

strongly reduced (Figures 6F–6H0). Interestingly, Elp1 silencing

did not affect the expression level or the activation of Pak1,

a key molecule acting downstream of the Rac proteins in

neuronal dendritogenesis (Hayashi et al., 2002) (Figure S15A).

In addition, abundant actin filaments were observed in the

leading processes of both control and Elp1-silenced differenti-

ating cortical projection neurons in vivo, suggesting that Elonga-

tor does not primarily regulate cell migration and branching

through extensive remodeling of the actin cytoskeleton (Figures

S15B–S15E). Thus, our data demonstrate that Elongator inter-

acts with and controls a-tubulin acetylation in various cell types,

including cortical projection neurons, and suggest that Elp3

directly acetylates this substrate.

a-Tubulin Acetylation Promotes Radial Migration
and Branching of Cortical Projection Neurons
To further explore the link between Elongator activity, a-tubulin

acetylation, and corticogenesis, we determined the impact of

a forced reduction in a-tubulin acetylation on the migration and

differentiation of projection neurons by using a dominant-

negative a-tubulin form that cannot be acetylated (a-tubulin

K40A) (Dompierre et al., 2007) (Figure S16). We showed that

expression of a-tubulin K40A (Figures 7B and 7C) but not wild-

type (WT) a-tubulin (Figure 7A) impaired radial migration to

a similar extent as was seen in Elp1/Elp3 knockdown experi-

ments (Figures 2B and 4R). Of note, the expression of both

constructs sometimes led to morphological abnormalities, irre-

spective of cell location in the cortical wall (data not shown).

Importantly, the electroporation of the a-tubulin K40A mutant

in Elp1-depleted versus control neurons did not potentiate but

led to similar migration defects (Figures 7D and 7E). Moreover,

when analyzed later in the ssCx of P2 mice (Figures 7F, 7G, 7I,

and 7J), neurons expressing a-tubulin K40A showed a reduction

of DCI compared with the control (Figure 7K, 504.6 ± 53.8 for
a-tubulin K40A and 854.2 ± 44.3 for the control) although the

soma perimeter remained unaffected (Figure 7H). Elp3 overex-

pression counteracted HDAC6-mediated a-tubulin deacetyla-

tion (Figure 5N), which suggests that Elongator may reverse

HDAC6 function. We therefore reasoned that increased a-tubulin

acetylation after HDAC6 inhibition would restore, at least

partially, the branching defects seen upon Elp3 depletion in

cortical neurons. The HDAC6 deacetylase domain-selective

inhibitor tubacin but not its inactive carboxylate analog niltubacin

(Haggarty et al., 2003) restored acetylated a-tubulin levels in

ELP1- and ELP3-depleted HT29 cells (Figure S17A). Importantly,

addition of tubacin but not niltubacin to cultivated brains slices

rescued the branching defects of Elp3-depleted cortical neurons

(Figures S17B and S17C). As we showed that Elongator regu-

lates a-tubulin acetylation through Elp3 activity, these results

suggest that this process is an important mechanism by which

Elongator regulates the migration and branching of projection

neurons in the developing cerebral cortex.

DISCUSSION

The characterization of the molecular controls driving the matura-

tion of cortical progenitors into projection neurons is important to

the understanding of how cortical architecture, connectivity, and

functionsemerge during development. Weshowhere thatElonga-

tor regulates corticogenesis because an acute disruption of its

activity in dorsal progenitors results in radial migration delays

and defective terminal branching of projection neurons that

come with a reduction in a-tubulin acetylation. Importantly, this

complex interacts with the microtubule cytoskeleton, where

Elp3may directly acetylate a-tubulin, a posttranslational modifica-

tion known to regulate the intracellular trafficking that is critical for

cell shape remodeling during migration and terminal branching.

Role of Elongator during Neurogenesis
in the Cerebral Cortex
We previously hypothesized that some pathological aspects of

FD result from cell motility defects of neuronal cells, and such
Figure 5. Elp3 Promotes the Acetylation of a-Tubulin

(A–D) ELP1 (A), ELP3 (C), a-tubulin (A0 and C0) expression in HT29. Immunolabelings show a partial cytosolic colocalization (yellow) of a-tubulin (red) with ELP1

(green, [A00]) or with ELP3 (green, [C00]). Immunolabelings show a partial colocalization of a-tubulin (red) with Flag ELP1 (green, [B]) or with Myc ELP3 (green, [D]).

(E) Microtubules purified from HEK293 cell extracts with (lanes 2 and 4) or without Taxol and GTP. Proteins present in the pellet (P, lanes 3 and 4) and in the

supernatant fractions (S, lanes 1 and 2) were analyzed by western blot with anti-ELP1, anti-ELP3, anti-HDAC6, anti-acetylated a-tubulin, and anti-b-actin anti-

bodies, as indicated.

(F and G) HEK293 cells were transfected with the indicated expression plasmids, and anti-Flag (F), anti-Myc (G), or anti-HA (negative control) immunoprecipitates

were subjected to anti-acetylated a-tubulin, anti-a-tubulin ([F] and [G], top panels), or anti-ELP1 ([G], third panel from the top) western blot analysis. Anti-ELP1,

anti-Myc (G), and anti-a-tubulin western blots performed on crude cell extracts as indicated.

(H) Cell extracts from HEK293 or SH-SY-5Y cells were subjected to immunoprecipitations with the indicated antibodies followed by anti-a-tubulin or anti-ELP1

western blots (top and second panel from the top, respectively). Cell extracts were subjected to anti-a-tubulin, anti-ELP1, anti-ELP3, or anti-HDAC6 western

analyses as well (bottom panels).

(I) Cell extracts from HT29 cells infected with the various lentiviral pLL3.7 shRNA targeting vectors subjected to anti-acetylated a-tubulin, anti-ELP1, anti-ELP3,

anti-a-tubulin, and anti-HDAC6 western blot analysis as indicated.

(J) Purified His-Elp3-enriched (enriched) and nonenriched (control) fractions were subjected to anti-His or anti-Elp3 western blots to detect recombinant Elp3

expression.

(K–M) HAT assays using Histone H3 (K and L) or a-tubulin (M) as substrate and either a control or the Elp3-enriched fractions. Recombinant p300 was used as

positive control (K).

(N–O) Wild-type but not a HAT-defective Elp3 mutant partially restores the levels of acetylated a-tubulin in HDAC6-overexpressing HEK293 cells. Cell extracts

from HEK293 cells transfected with similar or increased amounts of the indicated expression plasmids were subjected to anti-acetylated a-tubulin, anti-ELP3,

anti-HDAC6, and anti-a-tubulin western analysis (N). The ratio of acetylated versus a-tubulin levels is plotted and compared to the one obtained in control HEK293

cells ([O], set to 100%).
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a conclusion was also recently drawn by others (Close et al.,

2006; Johansen et al., 2008). We now provide evidence for a

key role of Elongator in neuronal migration and highlight how

critical is a-tubulin acetylation for this process to occur. Our

data define Elongator as a molecular determinant in radial migra-

tion of projection neurons and establish a functional link between

this complex and the microtubule network. Complex dynamic

regulations of the cytoskeleton of neurons underlie distinct

phases of migration in the cortex (LoTurco and Bai, 2006), and

defects in the cytoskeletal machinery often underlie neurodeve-

lopmental disorders characterized by impaired radial migration

Figure 6. Elongator-Deficient Cortical

Neurons Exhibit Reduced Expression of

Acetylated a-Tubulin

(A–D00) Partial coexpression of Elp1 ([A] and [B], in

red) with a-tubulin ([A0] in green) and acetylated

a-tubulin ([B0 ], in green) as shown in E16 cortical

neurons cultured for 4 days (A00 and B00). Similar

observations were made for Elp3 (C–D00).

(E) Purified microtubules from embryonic cortical

neurons extracts with (lanes 2 and 4) or without

Taxol and GTP. The proteins present in the pellet

(P, lanes 3 and 4) and in the supernatant fractions

(S, lanes 1 and 2) were analyzed by western blot

with the anti-ELP1, anti-acetylated a-tubulin,

anti-tyrosinated a-tubulin, and anti-b-actin anti-

bodies as indicated.

(F–H0) Acetylated a-tubulin in (red) expression

levels in embryonic cortical neurons electropo-

rated ex vivo at E14.5 with shRNA vectors (green)

after 4 days of culture.

and placement in the neocortex (Marin

and Rubenstein, 2003). One aspect of

radial migration is the dynamic adapta-

tion of the microtubule network as some

mutations in genes such as Lis1, Dcx,

and Tuba1, which regulate the microtu-

bule cytoskeleton, cause lissencephaly

in humans (Gleeson et al., 1998; Keays

et al., 2007; Reiner et al., 1993). Although

we suggest that Elongator promotes

radial migration through a-tubulin acety-

lation, this could not be the only mecha-

nism by which Elongator regulates cell

migration in the cortex as ELP1 is also

associated with filamin A in HEK293 cells

(Johansen et al., 2008). This structural

protein drives cell migration through reor-

ganization of the actin cytoskeleton at the

leading edge and contributes to the

dynamic shape remodeling of cortical

neurons that enter the IZ during radial

migration (Nagano et al., 2004). However,

delays in radial migration upon Elongator

deficiency are more likely to result from

a global reduction in a-tubulin acetylation

rather than from a loss of function of fila-

min A as migratory defects were not exclusively affecting cell

transition from SVZ to IZ (Nagano et al., 2004) or promoting the

formation of periventricular nodular heterotopia (Fox et al.,

1998). In addition, lowering a-tubulin acetylation levels in micro-

tubules through expression of a-tubulin K40A recapitulated the

migratory defects induced by Elp1/Elp3 silencing. Furthermore,

the reduced acetylated a-tubulin levels seen upon Elongator

deficiency suggest that this complex does not exclusively regu-

late cell motility via the transcriptional elongation of key genes

coding for proteins involved in cell migration, as the identity of

these genes is highly cell-specific (Close et al., 2006).
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The differentiation of projection neurons also critically

depends on Elongator activity as the silencing of its scaffold

(Elp1) or catalytic (Elp3) subunits resulted in branching defects.

Although a reduction in acetylated a-tubulin was observed in

Elongator-deficient projection neurons, no gross defects of the

actin cytoskeleton were noticed. In addition, a forced reduction

in a-tubulin acetylation equally impaired the branching of projec-

tion neurons and suggested that this posttranslational modifica-

tion underlies cell shape remodeling and processes extension

during differentiation. Furthermore, global defects in neuronal

Figure 7. a-Tubulin Acetylation Underlies

Radial Migration and Branching of Cortical

Projection Neurons

(A–C) Radial migration in E17.5 cortices electropo-

rated with a-tubulin WT (A) or a-tubulin K40A (B)

together with reporter vectors (GFP, green). The

histogram shows the percentage of GFP-positive

cells migrating in distinct compartments of the

cortex 3 days after electroporation ([C], n = 3

brains, mean ± SEM).

(D and E) Immunostainings showing GFP cells

(green) in the cortex of E17.5 embryos electropo-

rated with various plasmid combinations, as

indicated ([D], I–IV). The histogram shows the dis-

tribution of the corresponding cells across the

cortical wall ([E], n = 3 brains, mean ± SEM).

(F and G) Representative neurons overexpressing

a-tubulin (F) or a-tubulin K40A (G) in P2 cortices.

(I and J) Tracings of 2D projection of representa-

tive GFP-positive neurons for each condition.

Axons are not represented.

(H and K)Average soma perimeter ofelectroporated

cortical neurons ([H], n = 3 brains, mean ± SEM) and

DCI values ([K], n = 3 brains, mean ± SEM; numbers

in parentheses refer to both the total number of cells

and brains analyzed).

Scale bars represent 200 mm (B) and 50 mm (G).

branching upon Elp1 silencing do not

likely arise from delays in radial migration

as we show that when neuronal branch-

ing and radial migration are uncoupled

in vitro, Elongator deficiency still impairs

neuronal branching although radial

migration does not take place.

Suppressionormutationof the cytoskel-

etal regulator Nck-associated protein 1

(Nap1) leads to comparable branching

defects in cortical neurons which, in addi-

tion, show reduced level of acetylated

a-tubulin (Yokota et al., 2007). Since the

cortices of P2 mice did not exhibit

apparent neuron positioning defects, the

authors suggested that Nap1 was not

regulating radial migration. However,

since we have uncovered delays in

neuronal migration upon Elp1 depletion

at earlier stages, it would be interesting

to investigate the migration of Nap1-
depleted cells at these embryonic stages. The relationship

between a-tubulin acetylation, neuron migration, and branching

is not yet clear but could rely on intracellular trafficking as

a-tubulin acetylation is known to increase binding of motor

proteins that regulate bidirectional molecular transport in axons

and dendrites (Dompierre et al., 2007; Reed et al., 2006). Such

posttranslational modification may underlie the transport of

cytoskeleton elements (Roy et al., 2000) and/or proteins that

are required during migration or that regulate the growth

and maturation of axons or dendrites in cortical neurons
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(Dajas-Bailador et al., 2008; Gomes et al., 2006). Such mecha-

nisms would also impact local supply of ATP through transport

of mitochondria in extending processes (Fujita et al., 2007). Our

data are thus extending the biological roles played by Elongator

as this complex is not only essential for the development and

maintenance of sensory and autonomic neurons but is also

required for the differentiation of projection neurons in the cortex,

a critical step in its functional wiring.

Acetylation of Multiple Substrates May Underlie the Vast
Arrays of Elongator Functions
Key roles of Elongator in transcriptional elongation, tRNA modi-

fications, and exocytosis have been reported, yet the molecular

mechanisms underlying these pathways remain poorly charac-

terized (Svejstrup, 2007). Our data support the hypothesis that

Elongator may fulfill those functions through acetylation of

multiple substrates by Elp3 in distinct cell compartments. This

possibility may help to solve the controversy surrounding the

biological roles played by Elongator. Indeed, this complex acet-

ylates histone H3 in the nucleus to promote transcript elongation

and also targets cytoplasmic proteins such as a-tubulin and

other unknown substrates. In support of this hypothesis,

SIRT2, a mainly cytoplasmic deacetylase, targets a-tubulin in

this cell compartment but also moves into the nucleus once

phosphorylated by cyclin-dependent kinases in the G2/M phase

of the cell cycle in order to target histone H4 (North and Verdin,

2007; Vaquero et al., 2006). It is thus tempting to speculate that

Elp3 localization and activity may also be regulated by posttran-

scriptional modifications, a mechanism that would explain how

substrates located in distinct cell compartments are targeted

by this acetylase. Whereas HDAC6 and SIRT2 deacetylate

a-tubulin (Hubbert et al., 2002; North et al., 2003; Zhang et al.,

2003), the enzymes responsible for a-tubulin acetylation remain

unidentified. We show here that a purified Elp3-enriched fraction

promotes a-tubulin acetylation in vitro and that Elp3, but not a

HAT-defective Elp3 mutant, counteracts the HDAC6-mediated

a-tubulin deacetylation in HEK293 cells. Altogether, these data

strongly suggest that Elp3 directly acetylates a-tubulin in micro-

tubules and are further supported by the fact that Elongator is

mainly found in the cytoplasm and in purified microtubules,

partially colocalizes and binds a-tubulin at the endogenous

level, as reported for the a-tubulin deacetylases HDAC6 and

SIRT2 (Hubbert et al., 2002; North et al., 2003; Zhang et al.,

2003). Elongator may indeed target multiple uncharacterized

substrates in the cytoplasm where a variety of proteins are

acetylated (Kim et al., 2006).

In conclusion, we have identified Elongator as a key regulator

of cerebral cortical development. We also provide evidence that

Elongator binds to microtubules and that Elp3 promotes

a-tubulin acetylation, a mechanism by which this complex may

regulate the migration and differentiation of multiple cell types,

including projection neurons.

EXPERIMENTAL PROCEDURES

Animals

Time-pregnant NMRI females (Harlan Netherlands, Horst, Netherlands) were

housed under standard conditions and were treated according to the guide-
562 Cell 136, 551–564, February 6, 2009 ª2009 Elsevier Inc.
lines of the Belgian Ministry of Agriculture in agreement with European commu-

nity Laboratory Animal Care and Use Regulations (86/609/CEE, Journal Official

des Communautés Européennes number L358, 18 December 1986).

Tissue Processing

Embryonic brains were dissected in 0.1 M phosphate-buffered saline (PBS)

(pH 7.4) and were fixed at 4�C in 4% paraformaldehyde (PFA) for 20 min

(E12.5) to 1 hr (E14.5) (for immunohistochemistry) or overnight (for RNA

in situ hybridization). P2 and P17 brains were dissected from anesthetized

pups subjected to intracardial perfusion of 0.9% NaCl, followed by 4% PFA

in 0.1 M NaH2PO4. Then brains were postfixed for 1.5–3.0 hr in 4% PFA. Fixed

samples were cryoprotected overnight in 20% sucrose in PBS at 4�C,

embedded in OCT Compound (VWR International, Leuven, Belgium), and

sectioned (12–18 mm) onto slides (SuperFrost Plus, VWR International) with

a cryostat.

Cell Cultures

Primary cortical neuron cultures were prepared from electroporated E14.5 or

nonelectroporated E16.5 mouse cortices pooled into eppendorf tubes, incu-

bated with Earl’s Balanced Salt Solution (EBSS) (Invitrogen, Paisley, UK)

containing 0.25% trypsin, 0.01% DNase, 1 mM CaCl2, and 1 mM MgCl2 for

20 min at 37�C and triturated with fire-polished Pasteur pipettes in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 1% glutamine, 10%

fetal bovine serum (FBS), 1% penicillin-streptomycin, 6 g/l of glucose, and

N2 Supplement. Dissociated cortical cells were seeded at a density of

50,000 cells per well onto polyornithin and laminin-coated (GIBCO) glass

coverslips. Cells were cultured for 4 days in the same medium in humidified

incubator at 37�C under 5% CO2 atmosphere. SK-N-BE, HEK293, and

HT29 cells were maintained as described (Close et al., 2006), whereas the

HEK293FT cells were cultured in DMEM supplemented with 1% glutamine,

10% FBS, 1% antibiotics, and 500 mg/ml G418.

RNA In Situ Hybridization and Immunostainings

Nonradioactive RNA in situ hybridizations on frozen sections of brains were

performed with digoxigenin-labeled sense and antisense riboprobes as

described previously (Cau et al., 1997) with minor modifications. A 1 kb frag-

ment of Elp1 was PCR cloned into pCR2.1-TOPO (Invitrogen) to generate

both sense and antisense probes for human ELP1 (accession number

NM_003640). Immunolabelings were performed as described in the Supple-

mental Experimental Procedures.

In Utero Electroporation

In utero electroporation, cell counting, and statistics were performed as

described previously (Nguyen et al., 2006) with minor modifications, as

explained in the Supplemental Experimental Procedures.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, 17 fig-

ures, one table, and six movies and can be found with this article online at

http://www.cell.com/supplemental/S0092-8674(08)01518-3.
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