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Diencephalic Size Is Restricted by a Novel Interplay Between
GCN5 Acetyltransferase Activity and Retinoic Acid Signaling
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Diencephalic defects underlie an array of neurological diseases. Previous studies have suggested that retinoic acid (RA) signaling is
involved in diencephalic development at late stages of embryonic development, but its roles and mechanisms of action during early
neural development are still unclear. Here we demonstrate that mice lacking enzymatic activity of the acetyltransferase GCN5
((Gcn5hat/hat)), which were previously characterized with respect to their exencephalic phenotype, exhibit significant diencephalic expan-
sion, decreased diencephalic RA signaling, and increased diencephalic WNT and SHH signaling. Using a variety of molecular biology
techniques in both cultured neuroepithelial cells treated with a GCN5 inhibitor and forebrain tissue from (Gcn5hat/hat) embryos, we
demonstrate that GCN5, RAR�/�, and the poorly characterized protein TACC1 form a complex in the nucleus that binds specific retinoic
acid response elements in the absence of RA. Furthermore, RA triggers GCN5-mediated acetylation of TACC1, which results in dissocia-
tion of TACC1 from retinoic acid response elements and leads to transcriptional activation of RA target genes. Intriguingly, RA signaling
defects caused by in vitro inhibition of GCN5 can be rescued through RA-dependent mechanisms that require RAR�. Last, we demon-
strate that the diencephalic expansion and transcriptional defects seen in (Gcn5hat/hat) mutants can be rescued with gestational RA
supplementation, supporting a direct link between GCN5, TACC1, and RA signaling in the developing diencephalon. Together, our studies
identify a novel, nonhistone substrate for GCN5 whose modification regulates a previously undescribed, tissue-specific mechanism of RA
signaling that is required to restrict diencephalic size during early forebrain development.
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Introduction
Microcephaly disorders have provided significant insights into
the mechanisms required for achieving proper size of the mam-

malian brain (Gilmore and Walsh, 2013; Lancaster et al., 2013;
Chen et al., 2014). However, much less is known about the mech-
anisms that are required to restrict brain size during develop-
ment, despite the fact that overgrowth of the whole brain or
regions of the brain is associated with several neurological and
developmental disorders (Mirzaa et al., 2013). One of the pre-
dominant mitogens in the mammalian brain is the secreted mor-
phogen Sonic Hedgehog (SHH) (Rash and Grove, 2011), which
plays a fundamental role in the expansion and specification of the
diencephalon during early forebrain development (Himmelstein
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Significance Statement

Changes in diencephalic size and shape, as well as SNPs associated with retinoic acid (RA) signaling-associated genes, have been
linked to neuropsychiatric disorders. However, the mechanisms that regulate diencephalic morphogenesis and the involvement of
RA signaling in this process are poorly understood. Here we demonstrate a novel role of the acetyltransferase GCN5 in a previously
undescribed mechanism of RA signaling in the developing forebrain that is required to maintain the appropriate size of the
diencephalon. Together, our experiments identify a novel nonhistone substrate of GCN5, highlight an essential role for both GCN5
and RA signaling in early diencephalic development, and elucidate a novel molecular regulatory mechanism for RA signaling that
is specific to the developing forebrain.
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et al., 2010; Rash and Grove, 2011; Epstein, 2012). In mice, ex-
pression of Shh in the alar plate is responsible for early prolifera-
tion of diencephalic tissue and later specification of thalamic
nuclei (Rash and Grove, 2011; Chatterjee et al., 2014). However,
this Shh expression domain must be restricted as ectopic expres-
sion of Shh in the dorsal forebrain has been shown to result in
significant expansion of diencephalic tissue and exencephaly
(Epstein et al., 2000). Despite these findings, the regulatory path-
ways required for shaping the diencephalic Shh expression do-
main are still not fully understood.

Retinoic acid (RA) signaling plays an important role in both
development and maintenance of the CNS (Maden, 2007), but its
functions in early development of the forebrain are still disputed.
Activation of RA-responsive genes occurs through binding of RA
to one of three RA receptors (RARs), RAR�, RAR�, or RAR�,
at defined genomic loci called retinoic acid response elements
(RAREs). These binding events result in recruitment of transcrip-
tional activators and subsequent transcription of downstream
target genes (Al Tanoury et al., 2013). Previous studies have
shown that RA transcriptional complexes associate with histone
acetyltransferases, such as CBP/p300, which function through
histone modification (Chakravarti et al., 1996; Hou et al., 2015).
Whether acetylation of nonhistone targets is important for RA
signaling remains unknown. Furthermore, while RA signaling
has been intensely studied, there is still little known about its
tissue-specific regulation in the CNS. Published work in avian
models has implicated RA signaling in restriction of Shh expres-
sion in the developing diencephalon; however, this has not been
tested in mammals and its mechanism is still unknown (Cham-
bers et al., 2007).

The acetyltransferase GCN5 is typically associated with tran-
scriptional activation through modification of histone H3. Here
we present evidence for a novel mechanism of RA signaling in the
murine diencephalon that involves a chromatin-independent
function of GCN5 and is required to limit diencephalic expan-
sion during early development of the CNS. First, we show that
mice lacking enzymatic activity of GCN5 ((Gcn5hat/hat)) exhibit
significant expansion of diencephalic tissue that causes deforma-
tion and compression of the telencephalon. Next, using both in
situ hybridization and qRT-PCR, we demonstrate increased SHH
and WNT signaling, which have previously been shown to posi-
tively regulate proliferation of the diencephalon. We then use a
combination of qRT-PCR and a reporter of RA signaling to dem-
onstrate that diencephalic RA signaling is specifically disrupted in
(Gcn5hat/hat) embryos and lies upstream of the changes in SHH
and WNT signaling. Next, using cultured neuroepithelial cells
and embryonic tissue, we identify a novel mechanism of RA sig-
naling in the developing forebrain involving GCN5-mediated
acetylation of TACC1, which acts as a repressor of RAR�/�-
dependent RA signaling in the absence of ligand. Last, we show
that the RA signaling defects and diencephalic expansion in
(Gcn5hat/hat) embryos can be rescued through dietary supplemen-
tation of RA through a mechanism requiring RAR�. Together,
our studies identify a novel mechanism of diencephalic size
regulation that requires acetylation of TACC1, a previously un-
identified substrate of GCN5, for transcriptional activation of
diencephalic targets of RA signaling.

Materials and Methods
Mouse strains and genotyping. All animals were maintained according to
protocols approved by the University of Colorado Denver Institutional
Animal Care and Use Committee. (Gcn5hat) mice were genotyped ac-
cording to previously published protocols (Bu et al., 2007) and main-

tained on a C57BL/6J background (RRID:IMSR-JAX:000664). Gcn5hat/�;
RAREhspLacZ mice were generated by crossing Gcn5hat/� mice with ho-
mozygous Tg(RARE-Hspa1b/LacZ)12Jtr/J mice (RRID:IMSR-JAX:
008477) and were maintained as F1 offspring to avoid disruption of
reporter activity by the (Gcn5hat) C57BL/6J background. For all experi-
ments, wild-type and (Gcn5hat/hat) embryos of comparable age based on
somite number were used for comparison. All experiments were per-
formed with embryos of either sex.

Immunohistochemistry and confocal microscopy. Embryos were fixed
for 30 min at room temperature in 4% PFA and placed in 30% sucrose
overnight at 4°C on a nutator. Heads were embedded in OCT Compound
(Tissue-Tek) and frozen on dry ice before storage at �80°C. The 14 �m
coronal cryosections were cut on a Leica CM3050S and mounted on
Superfrost Plus slides (Fisher). For immunostaining, slides were dried for
30 min at room temperature, subjected to heat mediated antigen retrieval
in sodium citrate buffer (10 mM sodium citrate, pH 6.0) for 12 min,
blocked for 1 h at room temperature, and stained with primary antibody
overnight at 4°C. For indicated antibodies, staining after antigen retrieval
was performed using a Tyramide Signal Amplification (TSA) kit (Invit-
rogen) according to the manufacturer’s protocols. Primary antibodies
used were as follows: rabbit anti-FOXG1 (Abcam catalog #ab18259
RRID:AB-732415, 1:100), rabbit anti-LEF1 (Cell Signaling Technology
catalog #2230S RRID:AB-823558, 1:500, TSA kit), mouse anti-PAX6
(DSHB catalog #pax6 RRID:AB-2315070, 1:50), mouse anti-P21 (BD
Biosciences catalog #556431 RRID:AB-396415, 1:1000, TSA kit), mouse
anti-MASH1 (BD Biosciences catalog #556604 RRID:AB-396479, 1:50,
TSA kit), and rabbit anti-TBR2 (Abcam catalog #ab23345 RRID:AB-
778267, 1:400), mouse anti-NKX2.2 (DSHB catalog #74.5A5 RRID:AB-
531794, 1:10), mouse anti-OLIG2 (Millipore catalog #MABN50 RRID:
AB-10807410, 1:200), and mouse anti-PAX7 (DSHB catalog #PAX7
RRID:AB-2299243, 1:50).

Secondary antibody staining was performed for 1 h at room tempera-
ture, and slides were mounted using Faramount mounting media
(Dako). The following secondary antibodies were used at 1:250 in block-
ing buffer for 1 h at room temperature: AlexaFluor goat anti-rabbit 488
(Invitrogen catalog #A-11008 RRID:AB-143165), AlexaFluor goat anti-
mouse 488 (Invitrogen catalog #A-11001 RRID:AB-141367), AlexaFluor
goat anti-rabbit 555 (Invitrogen catalog #A-21428 RRID:AB-131784),
and AlexaFluor goat anti-mouse 555 (Invitrogen catalog #A-21422
RRID:AB-141822). Imaging was performed on a Zeiss LSM510 Meta
laser scanning confocal microscope using Zen software. Scale bars were
added using FIJI (Schindelin et al., 2012), and brightness, contrast, and
color levels were adjusted using Photoshop CS5 (Adobe Systems).

Whole-mount in situ hybridization. Whole-mount in situ hybridiza-
tion was performed as previously described (Holmes and Niswander,
2001). The following probes were used: mShh (HindIII, T3; provided by
A. Joyner), mGli3 (NcoI, SP6; provided by J. Eggenschwiler), mAxin2
(XbaI, Sp6; provided by M. Buckingham), and mWnt8b (EcoRI, T7;
provided by E. Grove).

qRT-PCR. RNA was isolated according to the manufacturer’s instruc-
tions using the High Pure RNA Isolation Kit (Roche), and cDNA was
generated using random hexamers and the Transcriptor First Strand
cDNA Synthesis Kit (Roche). qPCR was performed on a LightCycler 480
(Roche) using the LightCycler 480 Probes Master reagent (Roche) and
Universal Probe Library (Roche) according to the manufacturer’s proto-
col. All primers and probes are available upon request. A combination of
Rrn18s and Gusb was used for normalization in each experiment. Data
were collected and analyzed with LightCycler 480 Software (Roche, ver-
sion 1.5.1).

Whole-mount �-galactosidase assays. E10.5 embryos were washed
briefly in PBT (PBS � 0.1% Tween 20) and fixed at room temperature in
4% PFA for 45 min. Embryos were then washed three times for 15 min
each at room temperature in wash buffer (0.2 mM MgCl2, 0.02% NP-40,
0.01% deoxycholate in PBT) before staining overnight at 37°C in X-gal
staining solution (1 mg/ml X-gal, 5 mM potassium ferrocyanide, 5 mM

potassium ferricyanide in wash buffer). Embryos were then briefly
washed in wash buffer and fixed for 30 min at room temperature before
imaging on a Nikon SMZ18 stereomicroscope using Nikon NIS-
Elements software (version 4.13).
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Cell culture. NE-4C cells (ATCC catalog #CRL-2925, RRID:CVCL-
B063) were grown at 37°C and 5% CO2 in MEM (Invitrogen) supple-
mented with 5% FBS, 1� MEM nonessential amino acids (Invitrogen),
and 1� GlutaMax (Invitrogen). For RA treatments, cells were treated
with 0.01–10 �M all-trans retinoic acid (Sigma-Aldrich) dissolved in
DMSO. DMSO was used as a vehicle control for all experiments. For
MB-3 treatments, MB-3 (Sigma-Aldrich) was prepared in sterile ddH2O
at a stock concentration of 100 mM and used at final concentrations
between 100 and 200 �M.

Western blot imaging. Western blots were visualized on an Odyssey
CLx (LI-COR Biosciences) with the following LI-COR secondary anti-
bodies: IRDye 680 goat anti-mouse IgG (H�L) (LI-COR Biosciences
catalog #926 – 68070 RRID:AB-10956588), IRDye 680 donkey anti-goat
IgG (H�L) (LI-COR Biosciences catalog #926 – 68024 RRID:AB-
10706168), IRDye 680 goat anti-rabbit IgG (H�L) (LI-COR Biosciences
catalog #926 – 68021 RRID:AB-10706309), IRDye 800CW goat anti-
mouse IgG (H�L) (LI-COR Biosciences catalog #926 –32210 RRID:AB-
621842), and IRDye 800CW goat anti-rabbit IgG (H�L) (LI-COR
Biosciences catalog #926 –32211 RRID:AB-621843). Western blots were
quantified using Image Studio software (LI-COR Biosciences).

Protein acetylation assay. NE-4C cells treated with vehicle control
(DMSO, 1:1000), 100 �M MB-3, 0.1 �M RA, or 100 �M MB-3 and 0.1 �M

RA were grown for 16 h, and subcellular fractionation was performed
using the Nuclear Complex coimmunoprecipitation kit (Clontech). For
in vivo protein acetylation assays, E10.5 forebrain tissue was dissected
and directly transferred to RIPA buffer. Total protein was isolated via
passive lysis at 4°C and collected after centrifugation. Indirect immuno-
precipitation was performed on 500 �g of input using rabbit antiacety-
lated lysine antibody (Cell Signaling Technology catalog #9441S RRID:
AB-331805, 1:100) or normal rabbit IgG (Millipore catalog #12–371
RRID:AB-145840, 2 �g) and PureProteome Protein G Magnetic Beads
(Millipore) according to the manufacturer’s protocol. To quantify acety-
lated TACC1, Western blotting was performed on IP and input using
rabbit anti-TACC1 (Sigma-Aldrich catalog #SAB4502910 RRID:AB-
10747337, 1:500) and mouse anti-�-tubulin (Sigma-Aldrich catalog
#T4026 RRID:AB-477577, 1:2000). Total TACC1 was normalized to
�-tubulin, and acetylated TACC1 was then normalized to total TACC1.
Efficiency of fractionation and loading consistency was assayed via West-
ern blot with antibodies directed against RNA polymerase II (Millipore
catalog #05– 623 RRID:AB-309852, 1:500) and �-tubulin.

Coimmunoprecipitation. Freshly dissected embryonic forebrain tissue
or NE-4C cells grown for 16 h after treatment with DMSO, 50 or 100 �M

MB-3, 0.1 �M RA, or 50 or 100 �M MB-3 and 0.1 �M RA were collected,
and nuclear protein was harvested using the Nuclear Complex coimmu-
noprecipitation kit according to the manufacturer’s protocol (Clontech).
The 750 �g input (5 �g/�l) was precleared with 20 �l PureProteome
Protein G Magnetic Beads (Millipore) before addition of rabbit anti-
RAR� (Santa Cruz Biotechnology catalog #sc-551 RRID:AB-2177750,
1:200) or normal rabbit IgG. Samples were rotated overnight at 4°C
before addition of 50 �l washed PureProteome Protein G Magnetic
Beads and subsequent incubation at room temperature for 15 min on a
nutator. Beads were then washed 5 times in ice-cold wash buffer before
elution in 2� Laemmli buffer at 95°C for 10 min. Protein interactions
were assayed via Western blot using the following antibodies: rabbit
anti-GCN5L2 (Cell Signaling Technology catalog #3305S RRID:AB-
2128281, 1:1000), goat anti-RAR� (Santa Cruz Biotechnology catalog
#sc-15040 RRID:AB-2177747, 1:50), rabbit anti-TACC1 (Sigma-Aldrich
catalog #SAB4502910 RRID:AB-10747337, 1:500), and mouse anti-�-
tubulin (Sigma-Aldrich catalog #T4026 RRID:AB-477577, 1:2000).

Chromatin immunoprecipitation (ChIP). NE-4C cells were grown for
24 h under the indicated conditions before proteins were cross-linked to
DNA by addition of methanol-free formaldehyde to a final concentration
of 0.75% for 10 min at room temperature. After quenching of formalde-
hyde with glycine (final concentration 125 mM), cells were washed with
ice-cold PBS and protein was harvested via passive lysis with FA lysis
buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 EDTA-free
protease inhibitors). DNA was sheared to �500 bp fragments using a
Bioruptor (Diagenode) at high intensity for 45 min (30 s on, 30 s off).

Samples were centrifuged at 8000 � g for 30 s at 4°C, and the supernatant
was transferred to a new tube. Protein-DNA complexes were incubated
with the following antibodies overnight at 4°C on a rotator: normal
rabbit IgG (Millipore catalog #12–371 RRID:AB-145840, 2 �g), rabbit
anti-GCN5L2 (Cell Signaling Technology catalog #3305S RRID:AB-
2128281, 1:200), rabbit anti-RAR� (Santa Cruz Biotechnology catalog
#sc-551 RRID:AB-2177750, 1:200), rabbit anti-TACC1 (Sigma-Aldrich
catalog #SAB4502910 RRID:AB-10747337, 1:100). The 50 �l ChIP-grade
Protein G Magnetic Beads (Cell Signaling Technology) preabsorbed with
3.75 �g sheared single-stranded herring sperm DNA was added to each
sample and incubated for 2 h at 4°C on a rotator. Beads were collected via
magnet and washed 3 times in ice-cold wash buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA pH 8.0, 150 mM NaCl, 20 mM Tris-HCl pH
8.0) before elution in 120 �l elution buffer (1% SDS, 100 mM NaHCO3)
on a Thermomixer (Eppendorf) at 750 rpm and 30°C for 15 min. DNA
was then purified via QiaQuick PCR Purification Kit (QIAGEN) accord-
ing to the manufacturer’s instructions. qPCR was performed using Light-
Cycler 480 SYBR Green I Master reagent (Roche). Reactions were run on
a LightCycler 480 (Roche) and analyzed with LightCycler 480 Software
(Roche, version 1.5.1). Target data were first normalized to input levels
and then normalized to IgG control. ChIP primer sequences are as fol-
lows: Rarb-RARE1-F 5�-CGGAGCAGCTCACTTCCTAC-3� � Rarb-RA
RE2-F 5�-CTGGTTGGGTCATTTGAAGG (121 bp product), Rarb-
RARE2-F 5�-ACAGATGGCACTGAGAAGGC-3� � Rarb-RARE2-R
5�-CGAACTCAGATGCACAATGC-3� (120 bp product), and Foxa1-
RARE-F 5�-CTCTGGGACCAAGCTAGAGG � Foxa1-RARE-R 5�-
CTCATTAGCGTGGCAGATG-3� (137 bp product).

shRNA transfection. shRNAs were transfected using the Xfect Trans-
fection Reagent (Clontech) according to the manufacturer’s protocol
(7.5 �g plasmid per well of a 6-well plate). Media was changed 4 h after
transfection and cells were grown for 24 h before being used for experi-
ments. The following Mission shRNA (Sigma) constructs were used:
pLKO.1-puro Non-Target shRNA control (SHC002), TRCN0000027121
(Rarb), and TRCN0000027071 (Rarb).

RA agonist experiments. NE-4C cells were plated at a density of 1.0 �
10 5 cells/well in individual wells of a 24-well plate in 500 �l culture
medium. Plated cells were allowed to grow overnight before addition of
DMSO (1:1000), all-trans retinoic acid (0.1 �M), MB-3 (200 �M), selec-
tive RAR� agonist BMS 753 (Tocris Bioscience; 1 �M), selective RAR�
agonist CD 2314 (Tocris Bioscience; 1 �M), or selective RAR� agonist CD
437 (Tocris Bioscience; 0.1 �M). Some wells were treated with a combi-
nation of drugs, as indicated in Figure 6. Drug treatment was performed
for 24 h.

Gestational RA supplementation. Pregnant dams were provided all-
trans retinoic acid (Sigma) at 175 mg/kg food ad libitum beginning at
gestational day 8.5. RA was added to 1 ml of corn oil and mixed with 8 g
of Nutra-Gel diet (BioServ, #S4798-TRAY), which was then provided in
place of normal mouse chow. Fresh food and RA were provided each
morning for the duration of the diet.

Statistical analysis. All statistical analyses were performed using Prism
6 (GraphPad). For Figures 4C, 5D, and 6B, E, G, J, a two-way ANOVA
with Tukey’s multiple-comparison’s test was performed. For all other
figures, unpaired t tests were performed. All graphed and numerical data
represent mean � SD.

Results
Expansion and mispatterning of the diencephalon in
(Gcn5hat/hat) mutants
GCN5 is an acetyltransferase first identified as a positive regulator
of transcription that functions directly through lysine acetylation
on histone H3 (Georgakopoulos and Thireos, 1992; Candau et
al., 1996; Brand et al., 1999; Grant et al., 1999). It is a member of
the SAGA coactivator complex that regulates POLII-mediated
transcription (Grant et al., 1999), and it has been shown to acet-
ylate several nonhistone targets (Jacob et al., 2001; Lerin et al.,
2006; Conacci-Sorrell et al., 2010; Zelin et al., 2012; L. Li et al.,
2015). Gcn5-null mice die early in gestation after failing to specify
mesodermal tissues (Xu et al., 2000), but mice engineered to lack
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GCN5 acetyltransferase activity ((Gcn5hat/hat)) survive to approx-
imately embryonic day 16.5 (E16.5) and display severe cranial
neural tube defects (NTDs) (Bu et al., 2007) (Fig. 1A; E11.5, in all
mutant embryo figures the dotted line indicates dorsal limit of
the everted neural tissue). Gross morphological examination of
(Gcn5hat/hat) mutants indicated dramatic overgrowth of neural

tissue compared with other cranial NTD models in our labora-
tory (Zohn et al., 2005; Zeng et al., 2010; Chen et al., 2012; Har-
macek et al., 2014), suggesting a failure of negative regulatory
mechanisms of neuroepithelial growth during early neural devel-
opment. Surprisingly, analysis of sections through the developing
forebrain at E12.5, when individual forebrain structures can be

Figure 1. (Gcn5hat/hat) embryos exhibit significant diencephalic expansion and telencephalic compression. A, Neurofilament-stained E11.5 wild-type and (Gcn5hat/hat) embryos highlight the severe exen-
cephaly exhibited by (Gcn5hat/hat) embryos. Dotted line indicates the dorsal margin of the everted neural tissue. B, False-coloring based on morphology illustrates the normal relative sizes of the telencephalon
(blue) and diencephalon (purple) at E12.5 in wild-type embryos (�/�) and apparent expansion of the diencephalon in (Gcn5hat/hat) mutants. Arrows indicate the choroid plexus. Scale bars, 350 �m. C,
ImmunostainingforFOXG1atE12.5indicatesthattheexpandedtissueobservedinmutants isnotoftelencephalicorigin(N�4).Scalebars,350�m. D,E9.5embryos indicatenormal,dorsallyrestrictedstaining
patterns of LEF1 (green) and PAX6 (magenta) in (Gcn5hat/hat) mutants (N � 4). Scale bars, 200 �m. E, Immunostaining for LEF1 and PAX6 at E10.5 in the region of the telencephalon (TE, rostral to the eyes in
coronal sections) in wild-type embryos (left) shows restriction of telencephalic staining patterns to the dorsal midline and intermediate regions of the TE neuroepithelium, respectively (N � 4). Scale bars, 150
�m. In (Gcn5hat/hat) mutants, LEF1 stops midway along the expanded tissue and PAX6 shows two domains of expression, with the ventral domain corresponding with the presumptive telencephalic limit
(arrowheads),markedaswellbyLEF1. F,StainingforPAX6inthediencephalon(DE;caudaleyeregionincoronalsections) inwild-typeE10.5embryosshowsasimilarpatterntothatseeninthedorsally expanded
tissue of the mutant TE region (analyzed along length of dotted line, N�4). G, (Gcn5hat/hat) embryos at E11.5 show P21 expression in an intermediate region of the dorsal-ventral neuroepithelial axis in the TE
region,whichiscorrespondentwiththecorticalheminwild-typeembryos(arrows). Inset,Regionindicatedbyarrows(N�3).Mutantembryosalsoshowacharacteristic ribbon-liketissuethat isconsistentwith
choroid plexus (arrowhead) located immediately dorsal to the same intermediate region. Scale bars, 150 �m. At E10.5, MASH1 staining in mutants is restricted to a ventral region of neuroepithelium that
corresponds with the subpallium in wild-type embryos (middle panels). Scale bars, 150 �m. Dorsal MASH1 staining in mutants is consistent with staining observed in the wild-type diencephalon (bottom
panels). Scale bars, 150�m. H, Measurements of dorsal-ventral length in the diencephalon (DE; caudal eye region in coronal sections) at E10.5 indicate significantly increased DE length in (Gcn5hat/hat) mutants
(N � 4 embryos per genotype). I, Measurements of dorsal-ventral length of the telencephalic region in the rostral forebrain of (Gcn5hat/hat) embryos indicate that the observed diencephalic expansion does not
occur at the expense of telencephalic tissue. Telencephalic length in wild-type and mutant embryo sections was assessed via measurement of the neuroepithelium from the ventral most point of the
neuroepithelium to the dorsal limit of PAX6-positive tissue (green line). Ectopic diencephalon was measured from the dorsal limit of the ventral domain of PAX6-positive tissue to the dorsal limit of the
neuroepithelium (yellow line, N � 5 embryos per genotype). J, Schematic summarizing the staining patterns of PAX6, LEF1, MASH1, and P21 in the wild-type (left) and mutant (right) forebrain at E10.5. Scale
bars, 200 �m. ****p 	 0.0001. n.s., p 
 0.05.

2568 • J. Neurosci., March 8, 2017 • 37(10):2565–2579 Wilde et al. • Diencephalic Size Restriction by GCN5 and RA



readily identified by morphology, revealed specific expansion of
diencephalic structures in (Gcn5hat/hat) embryos (Fig. 1B, purple
false-coloring) and subsequent compression, deformation, and
ventral displacement of the cortex and choroid plexus (Fig. 1B,
blue tissue and arrows). We further confirmed that this expan-
sion is diencephalon-specific at this time point in (Gcn5hat/hat)
mutants via immunostaining for the telencephalic marker
FOXG1, which did not stain any of the overgrown and everted
neuroepithelium but did stain the deformed and displaced telen-
cephalon (Fig. 1C).

To determine when these forebrain changes are first detected,
we examined a set of forebrain patterning markers at E9.5 and
E10.5. Despite the open neural tube, forebrain patterning ap-
peared normal in E9.5 (Gcn5hat/hat) embryos, as indicated by
PAX6 and LEF1 immunohistochemical staining, which mark
dorsal and intermediate regions, respectively (Fig. 1D). By E10.5,
PAX6 and LEF1 mark the pallium and dorsal pallium/cortical
hem, respectively (wild-type expression in left panels of Fig. 1E,
schematic in Fig. 1J). PAX6 staining revealed an interesting
change in patterning in (Gcn5hat/hat) embryos, with what ap-
peared to be a normally graded, ventral-to-dorsal expression
pattern that stopped at an intermediate domain along the dorsal-
ventral axis (Fig. 1E, staining ventral to arrowheads) and two new
domains in the dorsal half of the expanded neuroepithelium (Fig.
1E, dorsal to arrowheads). LEF1 staining revealed a similar pat-
tern of positive expression in an intermediate domain along the
dorsal-ventral axis but was absent from the dorsal half of the
neuroepithelium. Because we observed expansion of dien-
cephalic tissue at later stages of development and PAX6 is also
expressed in the wild-type diencephalon, but LEF1 is not, we
hypothesized that the tissue beyond the intermediate domain of
PAX6 and LEF1 staining in Gcn5 mutants was of diencephalic
origin. We therefore examined PAX6 staining in the wild-type
diencephalon at E10.5 and found that the staining pattern in the
expanded dorsal tissue in mutants was highly similar to that of the
wild-type diencephalon (Fig. 1F, patterning along dotted lines).
Similar results were found for P21, which is expressed specifically
in the cortical hem at E11.5 and was only observed in an inter-
mediate domain of (Gcn5hat/hat) mutants at that time point (Fig.
1G). Staining for MASH1, which is expressed in a specific pattern
in the diencephalon, revealed a similar, albeit more variable, pat-
tern to that of PAX6 in the dorsally expanded tissue (Fig. 1G).
These staining results are summarized in Figure 1J with wild-type
schematized on the left side and Gcn5 mutant on the right side.

The timing of the onset of the diencephalic overgrowth was
examined in sectioned E9.5 and E10.5 (Gcn5hat/hat) embryos
compared with wild-type by analyzing the dorsal-ventral length
of the neuroepithelium in the telencephalic (TE) and dien-
cephalic (DE) regions. In accordance with the molecular marker
analyses above, the length measurements (�m) revealed normal
TE and DE size in mutant embryos at E9.5 (Gcn5�/� TE, 970 �
61, N � 4; (Gcn5hat/hat) TE, 940 � 68, N � 4; unpaired t test, p �
0.832; Gcn5�/� DE, 990 � 20; (Gcn5hat/hat) DE, 984 � 34; p �
0.967), but significant overgrowth of the DE at E10.5 (Fig. 1H;
Gcn5�/�, 1972 � 155 N � 6; (Gcn5hat/hat), 3538 � 467, N � 5;
unpaired t test, p � 1.7 � 10�13). To address whether the dien-
cephalic expansion in (Gcn5hat/hat) mutants comes at the expense
of telencephalic tissue, we characterized tissue in the TE region as
either telencephalon or ectopic diencephalon based on its rela-
tionship to the dorsal limit of LEF1 staining (Fig. 1I, TE in green,
ectopic DE in yellow in the tissue section). Measurement of the
TE from its ventral limit to the dorsal limit of LEF1 staining
indicated that Gcn5 mutants have a TE of normal length, al-

though it is severely compressed (Gcn5�/�, 2025 � 82, N � 6;
(Gcn5hat/hat), 2015 � 150, N � 5, unpaired t test, p � 0.890).
Therefore, the significant expansion of the neuroepithelium ob-
served in the TE region of (Gcn5hat/hat) embryos is due solely to
the existence of ectopic DE located dorsal to the TE. Together,
these data show that (Gcn5hat/hat) embryos exhibit specific expan-
sion of the diencephalon (Fig. 1I, gray bar) and that the rostral
expansion of the diencephalon beyond its normal borders leads
to compression of the telencephalic tissue. These data together
with our patterning experiments indicate that the expansion of
the telencephalic region is a consequence of diencephalic expan-
sion beyond its normal domain, rather than a true expansion of
the telencephalon. The summary of the mutant phenotype shown
in Figure 1J therefore suggests that the forebrain tissue expansion
in (Gcn5hat/hat) mutants is caused by the failure of a negative
regulatory mechanism controlling diencephalic size, indicating a
temporal- and tissue-specific function for GCN5 in the develop-
ing diencephalon that begins between E9.5 and E10.5.

Dysregulation of diencephalic signaling pathways in
(Gcn5hat/hat) mutants
During normal forebrain development, the onset of diencephalic
growth and patterning is accompanied by specific upregulation
of Shh expression in a region known as the zona limitans in-
trathalamica (ZLI; the finger-like projection is marked by an
asterisk in Fig. 2A, left) (Scholpp and Lumsden, 2010). As devel-
opment progresses, the ZLI-associated SHH signaling acts as
both a mitogen and a morphogen to regulate the size of the dien-
cephalon and pattern the developing thalamic nuclei, respec-
tively (Vue et al., 2009; Haddad-Tóvolli et al., 2012). Because of
the important mitogenic role of SHH in the diencephalon and the
increased diencephalic size in (Gcn5hat/hat) mutants highlighted
in Figure 1, we hypothesized that Shh expression is increased in
the diencephalon of (Gcn5hat/hat) embryos. Indeed, (Gcn5hat/hat)
embryos exhibit a significant expansion of Shh expression along
both the rostral-caudal and dorsal-ventral axes that correlates
closely with the expanded diencephalic tissue (Fig. 2A, right,
rostral-caudal expansion denoted by red dotted line). Studies in
chick have demonstrated that repression of Gli3 in the alar plate is
required to render the presumptive ZLI region permissive to dor-
sal Shh expansion (Martinez-Ferre et al., 2013); and in accor-
dance, we observed decreased Gli3 expression in (Gcn5hat/hat)
mutants (Fig. 2B). qRT-PCR for Shh and Gli3 on forebrain tissue
from wild-type and mutant embryos at E10.5 also showed signif-
icant, albeit modest, upregulation of Shh and downregulation of
Gli3 transcript levels (Fig. 2E; Gcn5�/� Shh, 1.00 � 0.107;
(Gcn5hat/hat), 1.334 � 0.0782; N � 4, unpaired t test, p � 0.0240;
Gcn5�/� Gli3, 1.00 � 0.0489; (Gcn5hat/hat), 0.564 � 0.191; N � 4,
unpaired t test, p � 0.005). The modest changes in expression
observed by qRT-PCR are likely due to the complex mixture of
cells in the isolated tissue, the small size of the domain of Gli3
expression surrounding the ZLI, and the significant expansion of
the mutant tissue. Together, with the spatial resolution provided
by in situ hybridization, the data in Figures 1 and 2 strongly
support the requirement of GCN5 activity in restriction of dien-
cephalic SHH signaling.

WNT signaling promotes diencephalic Shh expression through
repression of Gli3 (Martinez-Ferre et al., 2013), but the WNT ligands
important for diencephalic patterning in mouse are still unclear. To
investigate whether (Gcn5hat/hat) mutants exhibit increased WNT
signaling in the forebrain at the time of ZLI expansion, we performed
in situ hybridization for Axin2, which provides a reliable readout of
WNT signaling (Jho et al., 2002). Although Axin2 levels are low in
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the diencephalon in wild-type embryos, lev-
els of Axin2 transcript are robustly increased
in the expanded diencephalic tissue of mu-
tants (Fig. 2C), a finding that was confirmed
by qRT-PCR (Fig. 2E; Gcn5�/�, 1.00 �
0.0649; (Gcn5hat/hat), 1.935 � 0.687; N � 4,
unpaired t test, p � 0.035). We also exam-
ined the expression levels of Wnt8b, which
has been shown to repress diencephalic Gli3
expression in chick. Again, both in situ
hybridization and qRT-PCR revealed sig-
nificant upregulation of Wnt8b in mu-
tants (Fig. 2D,E; Gcn5�/�, 1.00 � 0.0449;
(Gcn5hat/hat), 1.864 � 0.483; N � 4, un-
paired t test, p � 0.037), suggesting broad
activation of the WNT signaling pathway
in the forebrains of (Gcn5hat/hat) embryos.
Together, these data support a mecha-
nism by which GCN5 restricts dien-
cephalic expansion through repression of
WNT signaling, which acts upon Gli3 to
limit Shh expression. In support of this
model, qRT-PCR analysis of Shh, Gli3,
Wnt8b, and Axin2 expression in forebrain
tissue at E9.5, a time when mutant em-
bryos display normal forebrain size (Fig.
1D), revealed significant upregulation
of Wnt8b and Axin2 in mutants, but
no significant changes in Shh and Gli3
(Fig. 2F; Gcn5�/� Axin2, 1.00 � 0.100;
(Gcn5hat/hat), 1.631 � 0.278; N � 3, un-
paired t test, p � 0.046; Gcn5�/� Wnt8b,
1.00 � 0.060; (Gcn5hat/hat), 1.832 � 0.250; N � 3, unpaired t test,
p � 0.024). This suggests that dysregulation of WNT signaling
precedes dysregulation of SHH signaling, which supports the hi-
erarchy of signaling pathways defined by others, as well as our
hypothesis that upregulation of SHH signaling is the mitogenic
factor driving diencephalic expansion in Gcn5 mutants.

Our observation that loss of GCN5 enzymatic activity leads to
disrupted expression of key regulators of diencephalic size and
patterning led us to revisit the patterning of diencephalic do-
mains in (Gcn5hat/hat) mutants to determine whether there are
region-specific changes. NKX2.2, OLIG2, PAX6, and PAX7 are
patterning molecules that are restricted to specific diencephalic
domains during development. Immunostaining at E10.5 for
NKX2.2, which marks the prethalamus and rostral thalamus, and
OLIG2, which marks the prethalamus and rostral region of the
caudal thalamus, revealed significant expansion of both domains,
as well as mispatterning highlighted by nonoverlapping expres-
sion in the dorsal diencephalon and a lack of the dorsal-most
NKX2.2-positive domain (Fig. 3A, top panels). To better under-
stand the extent of this phenotype, we examined costaining for
PAX6 and OLIG2 in the telencephalic region of (Gcn5hat/hat) mu-
tants at E10.5 and found that the ectopic DE region identified in
Figure 1 is positive for OLIG2 (Fig. 3A, middle panels), suggest-
ing a significant dorsal and rostral expansion of the prethalamus
that is in line with the rostrally expanded Shh expression observed
in Figure 2A (dotted red line). (Gcn5hat/hat) embryos also lack
PAX7 staining in the dorsal diencephalon at E10.5, indicating a
delay or misspecification of the developing pretectum and/or ep-
ithalamus (Fig. 3A, bottom panels). Examination of NKX2.2 and
OLIG2 staining in mutants at E12.5 revealed similar patterns of
dysregulation and an increase in the distance between the

prethalamus and rostral domain of the caudal thalamus, as indi-
cated by an increased distance between OLIG2-positive domains
and greater spacing between the NKX2.2 domains, as well as a
significant weakening of the dorsal-most NKX2.2 domain (Fig.
3B, top and middle panels). Surprisingly, (Gcn5hat/hat) embryos
show positive PAX7 staining at E12.5 along with an increase in
the size of the PAX7 domain compared with wild-type embryos
(Fig. 3B, bottom panels), suggesting that PAX7 induction in the
pretectum is delayed in mutants, but that the pretectum expands
at a significantly increased rate once it is specified. Together, these
findings support a role for GCN5 in the specification, patterning,
and spacing of the dorsal and rostral diencephalon.

We next asked whether the expansion and disrupted patterning
of the rostral thalamus, prethalamus, and pretectum correspond
with the expanded ZLI observed in Figure 2. Because of the degree of
tissue folding in mutants, it is difficult to assess the extent of Shh
expansion along the dorsal-ventral axis in whole-mount in situ hy-
bridization. We therefore performed in situ hybridization on sec-
tions from wild-type and mutant embryos at E10.5. Probing for Shh
transcript revealed that mutant embryos have a significant expan-
sion of the ZLI along the dorsal-ventral axis in the region corre-
sponding to the mispatterned thalamic nuclei represented by OLIG2
and NKX2.2 (Fig. 3C). In other words, the increased spacing ob-
served between the prethalamus and rostral portion of the caudal
thalamus in (Gcn5hat/hat) embryos is due to an expansion of the ZLI,
which lies between these two domains. We were surprised to observe
a loss of Shh in the basal plate, as our staining experiments revealed
normal patterning of the ventral diencephalon. However, previous
work has shown that Shh induction and regulation in the ZLI can
occur independently of Shh in the ventral midline (Guinazu et al.,
2007). This is an aspect for future study, but with respect to the focus

Figure 2. (Gcn5hat/hat) mutants at E10.5 display aberrant expression of genes that control diencephalic size. Dotted white lines
indicate dorsal limit of the everted exencephalic tissue. A, In situ hybridization for Shh highlights the finger-like dorsal projection of
the ZLI in wild-type embryos (asterisk) and expansion of the Shh domain along the rostral-caudal axis (dotted red line, N � 3).
B, Wild-type Gli3 in situ hybridization indicates strong expression in the dorsal telencephalon and diencephalon, with a notable
lack of expression in the ZLI (arrow), whereas mutants display downregulation throughout the diencephalon (N � 3).
C, (Gcn5hat/hat) mutants show increased expression of Axin2 in the dorsally expanded tissue (N � 3). D, (Gcn5hat/hat) mutants show
broadened Wnt8b expression throughout the dorsal forebrain E, qRT-PCR of dissected forebrain tissue from E10.5 wild-type and
mutants shows significant dysregulation of Shh, Gli3, Axin2, and Wnt8b expression (N � 4 embryos per genotype). F, qRT-PCR of
dissected forebrain tissue from E9.5 wild-type and mutants shows significant dysregulation of Axin2 and Wnt8b, but not Shh or Gli3
(N � 4 embryos per genotype). *p 	 0.05. **p 	 0.01.
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of our current studies, experiments have shown that only signals
from the ZLI, and not the basal plate, are necessary for diencephalic
patterning (Vieira and Martinez, 2006). Together, our data reveal a
significant expansion of the ZLI along both the dorsal-ventral (Fig.
3C) and rostral-caudal (Fig. 2A) axes that drives overgrowth of the
dorsal diencephalon and expansion and mispatterning of the rostral
thalamus, prethalamus, and pretectum.

GCN5 activity is required for diencephalic RA signaling
The significant upregulation of WNT signaling in (Gcn5hat/hat) fore-
brains led us to investigate possible upstream regulators of Wnt and
Shh in the diencephalon. Previous studies in chick identified the
noncanonical RA synthesizing enzyme CYP1B1 as a potential re-
pressor of SHH in the alar plate (Chambers et al., 2007). Expression
of Cyp1b1 turns on at the time of ZLI-associated SHH expansion and
ectopic expression of GFP-tagged CYP1B1 is sufficient to repress
Shh in the diencephalon, even through non– cell-autonomous
mechanisms (Chambers et al., 2007). Additionally, RA has been
shown to repress WNT signaling in multiple contexts (Easwaran et
al., 1999; Shah et al., 2003; S. Li et al., 2008). GCN5 has been impli-
cated in positive regulation of RA signaling in vitro through its inter-
action with RAR� via the SAGA complex member ADA3, which
directly binds to the RAR� coactivator receptor pocket (Brown et al.,

2003; C. W. Li et al., 2010). Forebrain-
derived RA has a role in cortical migration
(Choi et al., 2014), generation of cortical
neurons (Siegenthaler et al., 2009; Harri-
son-Uy et al., 2013), and development of the
choroid plexus (Gupta and Sen, 2015);
however, it has been concluded that RA sig-
naling is dispensable for gross structural de-
velopment of the mouse forebrain before
E12.5 (Molotkova et al., 2007). Nonetheless,
compound mutant mice lacking both
RAR� and RAR� display a significant
lengthening of the neuroepithelium and
compression of the telencephalon (Lohnes
et al., 1994), a phenotype highly similar to
that seen in (Gcn5hat/hat) embryos. Lohnes et
al. (1994) argued that this phenotype due to
loss of RAR� and RAR� is caused by im-
paired accumulation of CSF and ventricular
collapse due to hindbrain exencephaly.
However, our extensive experience with ex-
encephaly mutants indicates that hindbrain
exencephaly does not cause ventricular col-
lapse in the forebrain and does not result in
the characteristic neuroepithelial expansion
and compression of the telencephalon ob-
served in both (Gcn5hat/hat) and Rar��/�;
Rar��/� embryos. Additionally, although
mice lacking Raldh3�/�, a well-character-
ized RA-synthesizing enzyme expressed in
the forebrain, show normal cortical mor-
phology at E10.5, Molotkova et al. (2007)
did not discuss the diencephalic expansion
observed in these embryos. Thus, a direct
role for RA in development of the dienceph-
alon remains controversial and has not been
well studied in mammals. Furthermore, a
potential role of GCN5 in RA-mediated
forebrain development has not been stud-
ied. These previously published observa-

tions together with our data led us to hypothesize that GCN5
restricts WNT signaling and Shh expression in the developing dien-
cephalon through direct promotion of RA signaling.

To test our hypothesis, we first crossed Gcn5hat/� mice with an
RA reporter line harboring multiple RAREs upstream of the lacZ
gene (RAREhsplacZ) (Rossant et al., 1991). Wild-type mice with
the RA signaling reporter display robust �-galactosidase staining
in the telencephalon, as previously reported (Rossant et al.,
1991), as well as in two distinct regions of the dorsal diencephalon
that flank the ZLI (Fig. 4A, left, B, RA reporter diencephalic do-
mains are marked by arrows, Shh expression in the ZLI is marked
by an asterisk). Additionally, the retinoic acid synthesizing en-
zyme Raldh3 is expressed in a highly similar pattern to that of the
RAREhsplacZ reporter in the dorsal diencephalon (Molotkova et
al., 2007). (Gcn5hat/hat);RAREhsplacZ embryos show a significant
reduction in RA reporter activity in the diencephalon (Fig. 4A,
right), supporting the hypothesis that GCN5 is required for di-
encephalic RA signaling. Experiments in chick have shown that
the p3 and p2 domains of the developing diencephalon, which
flank the ZLI and correspond with the diencephalic domains of
RA signaling that are lost in Gcn5 mutants, are required to restrict
Shh expression, as removal of either is sufficient to broadly ex-
pand Shh expression in diencephalic explants (Guinazu et al.,

Figure 3. Mispatterning and expansion of the developing diencephalon in (Gcn5hat/hat) mutants. A, Immunohistochemistry for
NKX2.2 (green) and OLIG2 (magenta) at E10.5 indicates significant expansion and mispatterning of both markers in the rostral
diencephalon (top panels). Staining for PAX6 (green) and OLIG2 (magenta) in the telencephalic region shows significant rostral
expansion of the prethalamus, as indicated by the presence of a large, dorsal OLIG2-positive domain in mutant, but not wild-type
embryos (middle panels). PAX7 (green) staining is absent in the dorsal diencephalon of (Gcn5hat/hat) mutants, indicating mispat-
terning or a delay in dorsal tissue specification (bottom panels, N � 3 animals per condition). Scale bars, 250 �m. B, Immuno-
staining for NKX2.2 (top panels) shows increased spacing along the dorsal-ventral axis between NKX2.2-positive domains in
mutants and decreased staining in the dorsal-most domain. Staining for OLIG2 (middle panels) shows an increase in the distance
between the prethalamus and rostral region of the caudal thalamus in mutants (dotted red circles). Immunohistochemistry for
PAX7 (bottom panels) at E12.5 shows a significant increase in the size of the pretectum in (Gcn5hat/hat) mutants (N � 3). Scale bars,
500 �m. C, Section in situ hybridization for Shh at E10.5 shows significant expansion of the ZLI, indicated by positive Shh signal that
also appears to be increased in intensity, along the dorsal-ventral axis (N � 3).
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2007). The expansion of Shh expression coupled with the loss of
RA signaling in Gcn5 mutants further supports a role for RA
signaling in restriction of diencephalic expansion.

To test the molecular relationship between GCN5 enzymatic
activity and RA signaling, we first turned to the RA-responsive
NE-4C neuroepithelial cell line that was originally isolated from
E9.0 mouse forebrain (Schlett and Madarász, 1997). We coupled

this with MB-3, a pharmacological inhibitor with specificity for
GCN5 (GCN5 IC50 � 100 �M, CBP IC50 � 500 �M) (Biel et al.,
2004). Analysis of two bona fide RA target genes Rarb and Foxa1
(Jacob et al., 1999; Merrill et al., 2004; Lalevée et al., 2011) that are
expressed in the forebrain and can be used as proxies of active RA
signaling (Yamagata et al., 1994; Besnard et al., 2004; Mavro-
matakis et al., 2011) showed a significant reduction in RA-

Figure 4. GCN5 acetyltransferase activity is required for RA signaling in the developing forebrain. A, Wild-type E10.5 RAREhsplacZ embryos show strong �-gal staining in the telencephalon, eye,
and facial prominence, as well as in two distinct regions of the dorsal diencephalon that flank the alar plate (arrows). E10.5 (Gcn5hat/hat);RAREhsplacZ embryos maintain RA signaling in the
telencephalon, facial prominence, and eye but lack RA signaling in the dorsal diencephalon. Dotted line indicates dorsal limit of open neural tissue (N � 6 embryos). B, Overlay of an E10.5
Gcn5�/�;RAREhsplacZ embryo stained for lacZ onto a somite-matched Gcn5�/� embryo that has undergone whole-mount in situ hybridization for Shh indicates that the regions of active RA
signaling in the diencephalon (arrows) flank the ZLI along the rostral-caudal axis (asterisk). Furthermore, the rostral site of active RA signaling (red arrow) is positioned in line with the orientation
of the extending ZLI. C, qRT-PCR using RNA isolated from NE-4C cells treated with 0.1 �M RA for 16 h shows robust expression of Rarb, Foxa1, and Hoxb1, all of which are significantly downregulated
by inhibition of GCN5 enzymatic activity with 100 �M MB-3 (N � 4 wells per condition). D, qRT-PCR using RNA isolated from wild-type and (Gcn5hat/hat) forebrain tissue at E10.5 indicates significant
downregulation of multiple RA target genes (N � 4 embryos per genotype). E, qRT-PCR using RNA isolated from wild-type and (Gcn5hat/hat) forebrain tissue at E9.5 indicates significant
downregulation of Rarb, Ptch1, and Foxa1 (N � 4 embryos). *p 	 0.05. **p 	 0.01. ***p 	 0.001. ****p 	 0.0001.
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mediated transcription upon treatment with 100 �M MB-3 (Fig.
4C; Rarb expression in RA vs RA � MB-3 95% CI of difference �
23.46 to 31.06, two-way ANOVA, Tukey’s multiple-comparisons
test, adjusted p 	 0.0001; Foxa1 RA vs RA � MB-3 95% CI of
difference � 2.573 to 10.180, adjusted p � 0.0003). We also ob-
served a statistically significant decrease in expression of the Shh
repressor Ptch1 (Fig. 4C; RA vs RA � MB-3 95% CI of differ-
ence � 0.5302 to 5.910, adjusted p � 0.013) Although Ptch1 is a
target of SHH signaling, the Ptch1 locus contains an RARE that is
regulated by RA and Ptch1 induction can occur independently of
HH or Smoothened (Busch et al., 2014). These changes in RA
target gene expression were also reflected in vivo, as forebrain
tissue of E10.5 (Gcn5hat/hat) mutants subjected to qRT-PCR re-
vealed decreased expression of Rarb, Foxa1, and Ptch1 (Fig. 4D;
N � 4 for both genotypes, unpaired t test, Rarb Gcn5�/�, 1.00 �
0.0754; (Gcn5hat/hat), 0.4568 � 0.0492, p � 1.97 � 10�5; Foxa1
Gcn5�/�, 1.00 � 0.0751; (Gcn5hat/hat), 0.7645 � 0.0836, p �
0.006; Ptch1 Gcn5�/�, 1.00 � 0.0574; (Gcn5hat/hat), 0.7799 �
0.0895, p � 0.006). However, mutants did not show a significant
decrease in Nes expression (Fig. 4D; Gcn5�/�, 1.00 � 0.225;
(Gcn5hat/hat), 0.7504 � 0.1868, p � 0.139), which also contains a
putative RARE in its promoter (Balmer and Blomhoff, 2002;
Lalevée et al., 2011), suggesting that a subset of RA-responsive
genes and/or RAREs are not under GCN5-mediated control. This
point is further supported by the persistence of lacZ staining in
the telencephalic regions of (Gcn5hat/hat) mutants (Fig. 4A). Be-
cause we observed increased WNT signaling in mutants at E9.5,
we then asked whether (Gcn5hat/hat) embryos exhibit disrupted
RA signaling at the same developmental time point. Indeed, there
was significant downregulation of the RA target genes Rarb,
Ptch1, and Foxa1 (Fig. 4E; N � 4 for both genotypes, unpaired t
test, Rarb Gcn5�/�, 1.00 � 0.0304; (Gcn5hat/hat), 0.6247 � 0.0202,
p � 2.55 � 10�8; Ptch1 Gcn5�/�, 1.00 � 0.106; (Gcn5hat/hat),
0.8063 � 0.110, p � 0.044; Foxa1 Gcn5�/�, 1.00 � 0.111;
(Gcn5hat/hat), 0.8286 � 0.0724, p � 0.042). Together, these data
demonstrate that GCN5 enzymatic activity is required for dien-
cephalic RA signaling and robust transcription of RA target
genes. Furthermore, the diencephalic expansion and telence-
phalic compression observed in (Gcn5hat/hat) embryos is strik-
ingly similar to that seen in Rara�/�;Rarg�/� embryos (Lohnes et
al., 1994), suggesting that RA-mediated signaling acts in conjunc-
tion with GCN5 enzymatic activity to restrict the size of the di-
encephalon and maintain its morphology. Last, loss of GCN5
enzymatic activity results in decreased forebrain RA signaling by
E9.5, which coincides with increased WNT signaling and pre-
cedes noticeable changes in SHH signaling and diencephalic size.

GCN5-mediated acetylation of TACC1 regulates an RAR�/
GCN5/TACC1 complex
We next addressed the mechanism by which GCN5 regulates RA
signaling in the forebrain. While GCN5 is best characterized as a
histone acetyltransferase, numerous studies have suggested that
many tissue-specific functions of GCN5 are performed through
acetylation of nonhistone proteins (Jacob et al., 2001; Lerin et al.,
2006; Conacci-Sorrell et al., 2010; Carradori et al., 2011; Zelin et al.,
2012; L. Li et al., 2015). Mining of the literature for potential nonhis-
tone targets of GCN5 that are expressed in the forebrain and in-
volved in RA signaling identified the poorly characterized protein
TACC1 (Gabillard et al., 2011). GCN5 and TACC1 can physically
interact (Gangisetty et al., 2004), but the functional basis of this
interaction is unclear. TACC1 is strongly expressed in the developing
forebrain neuroepithelium at E10.5 (Lauffart et al., 2006) and has
also been shown to physically interact with RAR� and play a role in

RAR�-mediated signaling (Guyot et al., 2010). We therefore hy-
pothesized that GCN5 regulates RA signaling in the diencephalon
through a mechanism involving direct acetylation of TACC1. Using
NE-4C cells treated with RA, we assayed TACC1 acetylation in cyto-
plasmic and nuclear fractions via immunoprecipitation using an an-
tiacetylated lysine antibody and subsequent Western blotting for
TACC1. Acetylated TACC1 levels were then normalized to total
TACC1 levels. Control and MB-3-treated NE-4C cells showed al-
most undetectable levels of acetylated TACC1 in both cellular frac-
tions, but treatment of the cells with RA induced robust TACC1
acetylation, specifically in the nuclear fraction (Fig. 5A; nuclear and
cytoplasmic controls represented by POLII and �-TUB, respec-
tively). Consistent with our hypothesis, concurrent treatment of
NE-4C cells with RA and MB-3 inhibited acetylation of TACC1,
suggesting that GCN5 acetyltransferase activity is required for RA-
mediated acetylation of TACC1 (Fig. 5A). These results were further
confirmed using protein extracted from forebrain tissue of E10.5
embryos, which consistently showed decreased levels of acetylated
TACC1 in (Gcn5hat/hat) mutants compared with wild-type (Fig. 5B;
(Gcn5hat/hat) ac-TACC1 normalized to total TACC1 and relative to
wild-type is 0.454 � 0.067, N � 3 embryos per genotype, unpaired t
test, p � 0.015).

It has been suggested that activation of RA target genes by RAR�
can occur in the absence of ligand under certain circumstances but
that this ligand-independent signaling is negatively regulated by cell
type-specific mechanisms (Park et al., 2010). This made us question
whether a tissue-specific regulatory mechanism exists in the devel-
oping forebrain, perhaps reflected by poised RAR�-GCN5-TACC1
complexes that localize to RA-responsive genes in the absence of RA
as a means to increase transcriptional efficiency upon ligand bind-
ing. To test the existence of such a complex, we first performed
immunoprecipitation of RAR� on protein extracts from wild-type
E10.5 forebrain tissue, which confirmed robust interactions between
RAR�, GCN5, and TACC1 (Fig. 5C). We then performed a series of
coimmunoprecipitation experiments on nuclear fractions of NE-4C
cells under varying conditions. Pull-down of RAR� revealed inter-
action with both GCN5 and TACC1 in the absence of RA that was
unaffected by inhibition of GCN5 activity (Fig. 5D, lanes 8–10).
Induction of neuronal differentiation with RA resulted in specific
dissociation of TACC1 from the complex (Fig. 5D, lane 11). Inter-
estingly, inhibition of GCN5 enzymatic activity with MB-3 during
RA treatment stabilized this interaction (Fig. 5D, lanes 12–13),
strongly suggesting that GCN5-mediated acetylation of TACC1 de-
stabilizes the interaction of TACC1 with the RAR�-GCN5 complex.

To investigate this complex further, we interrogated the
genomic localization of RAR�, GCN5, and TACC1 in NE-4C
cells before and after RA treatment via ChIP. Using primers
flanking RAREs associated with Rarb and Foxa1, we performed
quantitative PCR of DNA immunoprecipitated with antibodies
against RAR�, GCN5, and TACC1. In the absence of RA, we
found significant localization of all three proteins at both RAREs
(Fig. 5E). Upon addition of RA, both RAR� and GCN5 were
bound at the RAREs of both genes, but TACC1 was absent (Fig.
5E; Rarb RARE IgG vs TACC1 95% CI of difference �3.513 to
1.295, adjusted p � 0.605; Foxa1 RARE IgG vs TACC1 95% CI of
difference �8.355 to 0.6226, adjusted p � 0.112; N � 4 per con-
dition, two-way ANOVA, Tukey’s multiple-comparisons test).
Inhibition of GCN5 activity with MB-3 significantly stabilized
the interaction of TACC1 at both RAREs (Fig. 5E; Rarb RARE IgG
vs TACC1 95% CI of difference �11.63 to �6.826, adjusted p 	
0.0001; Foxa1 RARE IgG vs TACC1 95% CI of difference �30.52
to �21.54, adjusted p 	 0.0001; N � 4 per condition, two-way
ANOVA, Tukey’s multiple-comparisons test), suggesting that
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GCN5 acetyltransferase activity is required for the dissociation of
TACC1 from target RAREs. In accordance with our previous
conclusion that GCN5 only regulates a subset of RAREs, we did
not observe binding of GCN5 and TACC1 at a second RARE
associated with Rarb (Fig. 5E). Collectively, these data describe a
novel mechanism of RA signaling in forebrain-derived neuroep-
ithelial cells that is regulated by GCN5-mediated acetylation of
TACC1.

Rescue of (Gcn5hat/hat) phenotype by gestational
RA supplementation
Our data supporting a role for RA signaling in the restriction of
diencephalic expansion led to the hypothesis that it may be pos-
sible to rescue the embryonic defects seen in (Gcn5hat/hat) em-
bryos with RA supplementation. However, this would require
some RAR activity to mediate the RA effect. Whereas Rara�/�;
Rarg�/� embryos display forebrain defects reminiscent of those
seen in (Gcn5hat/hat) embryos, Rara�/�;Rarb�/� and Rarg�/�;
Rarb�/� embryos do not show forebrain defects (Lohnes et al.,

1994). These data suggest that RAR� may be subject to distinct
regulatory mechanisms from those of RAR� and RAR�. To test
this, we first performed coimmunoprecipitation experiments to
determine whether RAR� and RAR� interact with GCN5 and
TACC1 in mouse forebrain tissue at E10.5. As suggested by the
genetic data, RAR� coimmunoprecipitated both GCN5 and
TACC1, but RAR� did not (Fig. 6A). Thus, RAR� may act inde-
pendently of GCN5 and RAR� may mediate some of the RA
transcriptional response seen even when GCN5 activity is inhib-
ited or absent (Fig. 4D,E). To test these ideas further, we knocked
down RAR� in NE-4C cells using a combination of two shRNAs
(shRarb, Fig. 6B, right) and then treated the cells with 100 �M

MB-3 and increasing concentrations of RA. We then performed
qRT-PCR using Foxa1 as a proxy for RA signaling based on our
previous experiments (Fig. 4D). Cells treated with shCtrl exhib-
ited increased levels of Foxa1 expression in response to higher
levels of RA, suggesting that increased RA can overcome the RA
signaling deficits caused by MB-3-mediated GCN5 inhibition
(Fig. 6B; MB-3 � shCtrl 0.01 �M RA vs 1.0 �M RA 95% CI of

Figure 5. GCN5, RAR�, and TACC1 form an assembled RA-responsive complex on RAREs. A, Treatment of NE-4C cells with 0.1 �M RA for 16 h induces robust acetylation of nuclear TACC1 in a
GCN5-dependent manner. POLII and �-TUB are shown as fractionation controls. POLII also serves as a positive control for immunoprecipitation, as a fraction of POLII is acetylated (N, Nuclear; C,
cytoplasmic; N � 3). B, Forebrain lysates of E10.5 (Gcn5hat/hat) embryos compared with wild-type embryos immunoprecipitated for acetylated lysine residues, followed by Western blotting for
TACC1, POLII (positive IP control), and �-tubulin (negative IP control) indicates significantly decreased acetylation of TACC1 (N � 3 per genotype). C, Immunoprecipitation of RAR� from E10.5
forebrain extracts indicates interactions with both GCN5 and TACC1 in vivo. D, Immunoprecipitation with anti-RAR� antibody shows association with GCN5 and TACC1 in nuclear extracts of NE-4C
cells. Treatment of NE-4C cells with 0.1 �M RA disrupts association of TACC1, but not GCN5, with RAR�. Inhibition of GCN5 catalytic activity stabilizes the TACC1-RAR� interaction in a dose-
dependent manner. Densitometry values indicated below the protein bands are normalized to input levels. �-Tubulin coimmunoprecipitation is displayed as a negative control (N � 3). E, ChIP
demonstrates that RAR�, GCN5, and TACC1 are already associated with Rarb and Foxa1 RAREs before RA ligand treatment of NE-4C cells (control media with DMSO). Treatment with 0.1 �M RA for
16 h causes specific dissociation of TACC1 from the RAREs, but this dissociation is blocked by inhibition of GCN5 enzymatic activity with 100 �M MB-3. ChIP for a second RARE associated with Rarb
indicates a lack of GCN5 and TACC1 binding (N � 4 wells per condition). *p 	 0.05. **p 	 0.01. ****p 	 0.0001. n.s., p 
 0.05.
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difference �2.087 to �0.5599, adjusted p � 0.0004; MB-3 �
shCtrl 0.01 �M RA vs 10 �M RA 95% CI of difference �3.527 to
�2.000, adjusted p 	 0.0001; N � 3 wells per condition, two-way
ANOVA, Tukey’s multiple-comparisons test). Knockdown of

RAR�, however, significantly decreased this RA concentration-
dependent transcriptional response (Fig. 6B, 1.0 �M RA � MB-3
shCtrl vs shRarb 95% CI of difference 0.4544 to 1.981, adjusted
p � 0.0009; 10 �M RA � MB-3 shCtrl vs shRarb 95% CI of

Figure 6. Gestational RA supplementation rescues diencephalic expansion in (Gcn5hat/hat) embryos. A, Coimmunoprecipitation for RAR� indicates association with both TACC1 and GCN5 in E10.5
forebrain tissue. Coimmunoprecipitation with anti-RAR� antibody shows that RAR� does not associate with GCN5 or TACC1 in E10.5 forebrain tissue (N � 3). B, Knockdown of Rarb (shRarb) in
NE-4C cells treated with 100 �M MB-3 and increasing concentrations of RA followed by qRT-PCR indicates that RAR� is required for RA concentration-dependent expression of Foxa1 when GCN5
activity is lost (N � 4 per condition). C, Treatment of NE-4C cells with varying combinations of RA, MB-3, BMS 753 (a selective RAR� agonist), CD 2314 (a selective RAR� agonist), and CD 437 (a
selective RAR� agonist) for 24 h indicates that only RAR�-mediated target gene expression is independent of GCN5 enzymatic activity (N � 4 replicates per condition). D, �-Galactosidase staining
shows that gestational RA supplementation of RAREhsplacZ mice results in widespread expansion of lacZ expression, a proxy of RA signaling, in the developing brain at E10.5. E, qRT-PCR for Rarb,
Foxa1, and Ptch1 in forebrain tissue collected from wild-type and mutant E10.5 embryos on control and high-RA diet shows a significant upregulation of expression in response to the high-RA diet
in mutant embryos to expression levels that are indistinguishable from wild-type levels on control diet (N � 3 embryos per genotype per diet). F, Dietary RA supplementation starting at gestational
age E8.5 prevents diencephalic expansion in E10.5 (Gcn5hat/hat) embryos but does not rescue NTD. RA supplementation normalizes LEF1 and PAX6 in (Gcn5hat/hat) embryos such that LEF1 is restricted
to the dorsal-most region of the pallium and PAX6 expression begins at the pallial-subpallial border and extends to the dorsal margin of the open neural tissue. These expression patterns are similar
to wild-type embryos at this dose of RA that does not disrupt wild-type patterning (N � 5 RA treated embryos per genotype). G, Measurement of the dorsal-ventral neuroepithelial length in the
telencephalic region of wild-type and (Gcn5hat/hat) embryos on control and high-RA diets demonstrates that gestational RA supplementation is sufficient to rescue the overgrowth of the diencephalic
tissue seen in (Gcn5hat/hat) mutants on regular diet. (Gcn5hat/hat) embryos from RA-supplemented dams no longer show any tissue beyond the dorsal limit of LEF1 expression and maintain normal
telencephalic length (N � 4 per genotype/condition). H, Dietary RA supplementation restores the length of the diencephalic neuroepithelium (NE) of (Gcn5hat/hat) embryos to normal wild-type
length (N � 5 animals per genotype). I, Nuclear staining of wild-type and (Gcn5hat/hat) embryos in the region of the diencephalon demonstrates that gestational RA supplementation is capable of
rescuing the significant diencephalic expansion observed in (Gcn5hat/hat) mutants (N � 5 per genotype/condition). Scale bars, 150 �m. J, Gestational RA supplementation rescues expression of Shh,
Gli3, Axin2, and Wnt8b to wild-type levels (N � 4 animals per genotype). *p 	 0.05. **p 	 0.01. ***p 	 0.001. ****p 	 0.0001. n.s., p 
 0.05.
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difference 0.5999 to 2.127, adjusted p � 0.0003; N � 3 wells per
condition, two-way ANOVA, Tukey’s multiple-comparisons
test), indicating that RAR� is required for RA-mediated rescue of
Foxa1 expression upon inhibition of GCN5 enzymatic activity.
We further assayed this by treating NE-4C cells with MB-3 and a
combination of selective RAR agonists, which revealed that
GCN5 activity is required for robust RAR�- and RAR�-mediated
gene expression, but not RAR� agonist-mediated expression
(Fig. 6C; N � 4 wells per condition, unpaired t test). Together,
these experiments indicate that increasing RA concentrations can
overcome the RA signaling deficiency caused by GCN5 inhibition
and that this rescue of gene expression requires the activity of
RAR�.

Rarb is expressed in the forebrain and reduced by �50% upon
loss of GCN5 activity (Fig. 4D). This led us to test in vivo whether
it may be possible to rescue the diencephalic expansion in
(Gcn5hat/hat) embryos by increasing RA signaling in the embryo,
perhaps through the RAR�-dependent mechanism described in
Figure 6C. To test this hypothesis, we performed timed matings
of Gcn5hat/� animals and administered 175 mg RA/kg food to
pregnant dams from gestational day 8.5 until embryo harvest at
E10.5, followed by analysis for changes in the forebrain pheno-
type. This diet has been used in published experiments and is
sufficient to drive widespread increases in RA signaling in the
murine embryo (Fig. 6D) (Harrison-Uy et al., 2013). Wild-type
embryos collected from pregnant dams on diet had normal mor-
phology and forebrain patterning (Fig. 6D,F), suggesting that
the level of RA provided to the pregnant dams was within a safe
range for the embryos. qRT-PCR using forebrain tissue from
E10.5 wild-type and mutant embryos on control and high-RA
diet showed significant upregulation of Rarb, Foxa1, and Ptch1 in
response to the RA supplementation (Fig. 6E). Importantly,
(Gcn5hat/hat) embryos from dams on the high-RA diet displayed
levels of these transcripts that were indistinguishable from those
in wild-type embryos recovered from dams on control diet
(N � 3 embryos per genotype per diet, two-way ANOVA,
Tukey’s multiple-comparisons test, p 
 0.05). (Gcn5hat/hat) em-
bryos from RA-supplemented dams still displayed NTDs, sug-
gesting that the level of RA administered was not sufficient to
rescue the NTD or that NTDs occur in (Gcn5hat/hat) embryos due
to an RA-independent mechanism. Strikingly, however, gesta-
tional RA supplementation was sufficient to rescue the forebrain
patterning defects described in Figure 1, as indicated by a rever-
sion of LEF1 and PAX6 staining to their normal, dorsally re-
stricted domains of the neuroepithelium (Fig. 6F). Importantly,
there was no longer ectopic DE tissue observed beyond the dorsal
limits of the LEF1 and PAX6 domains (Fig. 6F,G). Despite the
persistent open neural tube, measurement of the dorsal-ventral
neuroepithelial length in the TE region of the embryos from dams
on RA diet revealed a complete rescue of the ectopic DE, with no
changes in telencephalic length due to dietary RA supplementa-
tion (Fig. 6G; N � 6 Gcn5�/� control diet, 4 Gcn5�/� high-RA
diet, and 4 (Gcn5hat/hat) high-RA diet, two-way ANOVA, Tukey’s
multiple-comparisons test, p 
 0.05). Furthermore, there was no
statistically significant difference in length of the diencephalic
neuroepithelium in RA-treated (Gcn5hat/hat) mutant embryos
compared with RA-treated wild-type (Fig. 6H, I, 95% CI of dif-
ference �659.4 to 263.3, adjusted p � 0.627), indicating that RA
supplementation is capable of rescuing expansion of the dien-
cephalon and restricting the diencephalon to its normal size and
domain. Last, in support of this rescue occurring through the
signaling pathways assayed in Figure 2, we observed a rescue of
the expression levels of Shh, Gli3, Axin2, and Wnt8b in forebrain

tissue collected from RA-supplemented (Gcn5hat/hat) embryos
(Fig. 6J, N � 4 embryos per genotype per diet, two-way ANOVA,
Tukey’s multiple-comparisons test, p 
 0.05). Thus, RA supple-
mentation can rescue the diencephalic expansion caused by loss
of GCN5 enzymatic activity through the modulation of normal
signaling pathways in the diencephalon.

Discussion
Our studies identify a novel, non– chromatin-related function of
GCN5 that is required to restrict diencephalic expansion during
early forebrain development via facilitation of RA signaling.
(Gcn5hat/hat) embryos, in which GCN5 protein is present but en-
zymatically inactive, show a significantly expanded diencepha-
lon and compression of the telencephalon. We mechanistically
linked this to diencephalon-specific loss of RA signaling that
leads to increased WNT activity, decreased Gli3 expression, and
increased Shh expression in the diencephalic organizing center
known as the ZLI. We then identified a physical interaction be-
tween GCN5, RAR�, and TACC1 showed that this complex is
enriched at certain RARE sites and demonstrated that GCN5 acts
to acetylate TACC1, causing dissociation of TACC1 from the
complex and target RAREs to promote RA-mediated transcrip-
tion. Finally, we confirmed the link between GCN5 activity and
regulation of RA signaling in vivo by rescuing the diencephalic
expansion in mutants with RA supplementation of pregnant
dams. Together, these studies indicate that GCN5 is a key inte-
grator of negative regulatory mechanisms of diencephalic growth
during early neural development.

Although several previous studies concluded that RA signal-
ing is dispensable for gross morphological development of fore-
brain structures (Lohnes et al., 1994; Molotkova et al., 2007), our
data clearly indicate that RA signaling and GCN5 function is
required in the dorsal diencephalon between E9.5 and E10.5
to prevent severe expansion of diencephalic tissue. Rara�/�;
Rarg�/� embryos at E10.5 show similar forebrain morphology
defects as (Gcn5hat/hat) embryos, and even though only a small
proportion of Rara�/�;Rarg�/� embryos have hindbrain exen-
cephaly, the authors hypothesized that the observed forebrain
defects were due to changes in ventricular pressure (Lohnes et al.,
1994). Our data, however, strongly support an alternative hy-
pothesis: that the neuroepithelial expansion and telencephalic
compression observed in the absence of proper RA signaling in
the forebrains of these embryos are due to SHH-induced over-
growth of the diencephalon. The lack of forebrain exencephaly in
Rara�/�;Rarg�/� mutants combined with the inability of RA
supplementation to rescue the NTDs observed in (Gcn5hat/hat)
embryos suggests that RA signaling is not essential for neural tube
closure in the forebrain and that GCN5 controls other non-RA
targets during neural tube formation, an area of research for future
study. These conclusions are further supported by diencephalic ex-
pansion observed in Raldh3�/� embryos in the absence of any fore-
brain neural tube defects (Molotkova et al., 2007).

Specification and patterning of the diencephalon have been ex-
tensively studied, but the hierarchy of necessary signaling molecules
has remained unresolved. One line of study supports a model
whereby WNT signaling inhibits Gli3 expression in the alar plate,
rendering this region competent to express SHH and become the
ZLI (Martinez-Ferre et al., 2013). Other studies contest that the mas-
ter regulator of diencephalic specification is SHH, with GLI3 playing
a necessary role in shaping the ZLI (Rash and Grove, 2011). Mean-
while, it has remained unclear what role, if any, RA signaling plays. In
chick and quail, the RA-synthesizing enzyme CYP1B1 is expressed in
the dorsal-most region of the diencephalon where SHH expression is
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suppressed (Chambers et al., 2007; Guinazu et al., 2007). Dien-
cephalic explant experiments demonstrated that regions flanking the
ZLI are required to shape the domain of Shh expression (Guinazu et
al., 2007), and these regions correspond to the diencephalic expres-
sion domains of the RA synthesizing enzyme RALDH3 (Molotkova
et al., 2007). Our finding that the regions flanking the ZLI are sites of
active RA signaling (Fig. 4C) and that the absence of this RA signal-
ing in (Gcn5hat/hat) embryos correlates with increased WNT signal-
ing, decreased Gli3 expression, and increased Shh expression
supports a key role of RA in shaping the developing diencephalon.
RA can directly inhibit WNT signaling in multiple contexts (Eas-
waran et al., 1999; Shah et al., 2003; S. Li et al., 2008), and our data
suggest that RA is the most upstream factor in determining dien-
cephalic size through inhibition of WNT. Supporting this hypothe-
sis, qRT-PCR experiments using RNA from E9.5 embryos that do
not yet display diencephalic expansion revealed significant dysregu-
lation of WNT pathway genes and Rarb, but not Gli3 and Shh, sug-
gesting that GCN5 and RA lie upstream of WNT, which then acts to
regulate diencephalic SHH signaling and diencephalic proliferation.
Together, our work supports a model in which GCN5, RA, WNT,
GLI3, and SHH are tightly interrelated and function together to
create a fine balance that controls diencephalic size and border spec-
ification between forebrain structures.

GCN5 has been implicated in RA signaling, although its hypoth-

esized role has been restricted to promotion
of transcription through histone acetylation
(Brown et al., 2003). While the direct asso-
ciation of SAGA complex member ADA3
with RAR� supports this hypothesis (C. W.
Li et al., 2010), functional studies investigat-
ing the direct role of GCN5-mediated his-
tone acetylation in RA signaling are lacking.
Furthermore, recent studies indicate that
GCN5 elicits numerous tissue-specific func-
tions through direct acetylation of nonhis-
tone proteins, including �-tubulin
(Conacci-Sorrell et al., 2010; L. Li et al.,
2015), transcription factors (Jacob et al.,
2001; Zelin et al., 2012), and the transcrip-
tional coactivator PGC1� (Sakai et al.,
2012). Our findings identify a new tissue-
specific regulatory role for GCN5-catalyzed
acetylation that involves the substrate
TACC1, which we find acts as a negative reg-
ulator of RA signaling in the diencephalon
(model in Fig. 7). Although TACC1 interac-
tion with hormone receptors has been de-
scribed and TACC1 nuclear localization
highlighted (Lauffart et al., 2006; Vettaikko-
rumakankauv et al., 2008; Guyot et al.,
2010), previous studies of the TACC family
of proteins have only focused on their regu-
lation of the cytoskeleton through interac-
tions with Ch-TOG and Aurora A/B/C
(Peset and Vernos, 2008; Gabillard et al.,
2011). Interestingly, the same domain of
TACC1 can be bound by either GCN5 or
Ch-TOG, suggesting that this domain’s
function is dependent upon subcellular lo-
cation. The TACC family of proteins can
stabilize microtubules during mitosis
through recruitment of proteins to centro-
somes, suggesting that TACC1 functions as

a scaffold for the assembly of protein complexes (Peset and Vernos,
2008; Thakur et al., 2014). Interestingly, previous work showing that
knockdown of Tacc1 results in decreased RA target gene expression
(Guyot et al., 2010) suggests that TACC1 may serve a dual role as
both an adaptor protein necessary for assembly of “poised” RA reg-
ulatory complexes on RAREs and a transcriptional repressor that
blocks transcription in the absence of ligand (RA).

Our data indicate that RAR�/RAR�, GCN5, and TACC1 are
poised on RAREs in neuroepithelial cells before ligand binding.
Upon RA binding, GCN5-mediated acetylation of TACC1 causes
dissociation of TACC1 from the RA transcriptional complex, al-
lowing rapid and precise transcriptional activation of RA-
responsive genes in the diencephalon. Moreover, GCN5 could
play multiple roles in RA signaling: functioning both to remove
TACC1-mediated transcriptional repression and to increase
transcriptional efficiency via histone acetylation and subsequent
opening of the local chromatin structure. The studies of ADA3
interaction with RAR� show interaction in the absence of RA that
is greatly enhanced by ligand binding (C. W. Li et al., 2010),
similar to the results observed in our ChIP assays (Fig. 5E). These
results indicate that GCN5-mediated acetylation of TACC1 could
alleviate transcriptional repression while allowing recruitment
and/or activation of other SAGA complex members as a means of

Figure 7. A proposed model for GCN5-mediated regulation of diencephalic size. In the absence of RA, a poised transcriptional
complex containing RAR� or RAR�, GCN5/SAGA, and TACC1 localizes to the RAREs of some RA-responsive genes, with TACC1
acting as a negative regulator of transcription in the absence of ligand. Upon RA binding to the RAR, GCN5-mediated acetylation of
TACC1 causes dissociation of TACC1 from the complex, allowing transcription of downstream RA target genes. RA signaling in the
dorsal p3 and p2 domains of the developing diencephalon inhibits WNT signaling, which is a positive regulator of Shh expression
in the alar plate through its inhibition of Gli3 expression. Loss of GCN5 activity results in decreased RA signaling, which causes
widespread upregulation of WNT and SHH through increased repression of Gli3 expression and expansion of the ZLI.
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driving RA target gene transcription through chromatin modifi-
cation and recruitment of the transcriptional machinery.

The mechanistic work and rescue experiments that are de-
scribed in Figures 5 and 6 illustrate several key points about RA
signaling and its role in forebrain development. First, they sup-
port previously published results indicating that RA signaling in
the developing forebrain is highly redundant. While several lines
of research have argued that RA signaling is largely dispensable
for gross development of forebrain structures, our studies sup-
port previous data suggesting that this is largely due to compen-
satory mechanisms between the RAR family members and that
disruption of the activities of multiple RARs due to loss of GCN5
function causes severe neurodevelopmental defects. Normally,
GCN5 does not function through RAR� and RAR� is typic-
ally expressed at low levels in the developing diencephalon
(Yamagata et al., 1994). However, analysis of embryos whose
mothers were treated with a high-RA diet indicates significant
upregulation of Rarb expression in forebrain tissue and wide-
spread upregulation of RA signaling throughout the embryo.
This suggests that the phenotypic rescue observed in response to
the high-RA diet in (Gcn5hat/hat) embryos results from increased
RA signaling in the diencephalon through a feedforward mecha-
nism of Rarb expression and subsequent RAR�-mediated tran-
scriptional activation of essential diencephalic RA target genes.
We cannot exclude that this rescue occurs through different tar-
gets than those normally regulated by GCN5-TACC1-RAR�/
RAR� complexes or RAR�, but the normalization of forebrain
patterning and growth, as well as the rescue of Shh, Gli3, Axin2,
and Wnt8b transcript levels suggests the involvement of at least
some of the normal regulators of diencephalic development. Fu-
ture studies using a combination of ChIP-seq and RNA-seq ap-
proaches in wild-type and mutant embryos on both control and
RA-supplemented diets are needed to elucidate these important
targets of RA signaling in the diencephalon. Together, our find-
ings describe a novel function of the acetyltransferase GCN5 and
a novel regulatory mechanism of RA signaling that are both crit-
ical for gross morphological development of the diencephalon.
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