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Abstract

Background—Craniofacial anomalies involve defective pharyngeal arch development and neural 

crest function. Copy number variation at 1p35, containing histone deacetylase 1 (Hdac1), or 

6q21-22, containing Hdac2, are implicated in patients with craniofacial defects, suggesting an 

important role in guiding neural crest development. However, the roles of Hdac1 and Hdac2 within 

neural crest cells remain unknown.

Results—The neural crest and its derivatives express both Hdac1 and Hdac2 during early murine 

development. Ablation of Hdac1 and Hdac2 within murine neural crest progenitor cells cause 

severe hemorrhage, atrophic pharyngeal arches, defective head morphogenesis, and complete 

embryonic lethality. Embryos lacking Hdac1 and Hdac2 in the neural crest exhibit decreased 

proliferation and increased apoptosis in both the neural tube and the first pharyngeal arch. 

Mechanistically, loss of Hdac1 and Hdac2 upregulates cyclin-dependent kinase inhibitors Cdkn1a, 

Cdkn1b, Cdkn1c, Cdkn2b, Cdkn2c, and Tp53 within the first pharyngeal arch.

Conclusions—Our results show that Hdac1 and Hdac2 function redundantly within the neural 

crest to regulate proliferation and the development of the pharyngeal arches via repression of 

cyclin-dependent kinase inhibitors.
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Introduction

The neural crest (NC) is a migratory cell population unique to vertebrates, which 

delaminates from the dorsal neural tube early in development (Huang and Saint-Jeannet, 
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2004; Helms et al., 2005; Cordero et al., 2011; Munoz and Trainor, 2015). The NC migrates 

along the length of the developing embryo, colonizes a wide array of critical structures, and 

contributes to the development of almost every tissue and organ (Jiang et al., 2000). NC cells 

(NCCs) give rise to epithelial structures and can undergo epithelial-to-mesenchymal 

transition in order to form mesenchymal structures (Jiang et al., 2000). In mammals, the NC 

is divided into several regional subpopulations including the cranial-NC, cardiac-NC, and 

trunk-NC (Crane and Trainor, 2006; Bhatt et al., 2013). Trunk NCCs form the majority of 

the peripheral nervous system, skin melanocytes, and endocrine cells (Le Lievre and Le 

Douarin, 1975; Rothman et al., 1993). Cranial NCCs migrates from the fore-, mid-, and 

hindbrain to colonize anterior portions of developing embryos including the frontal 

prominence and cranial pharyngeal arches (PhAs) early in development (Saint-Jeannet and 

Moody, 2014; Twigg and Wilkie, 2015). These cells will go on to form the craniofacial 

skeleton, smooth muscle of the head and neck, and certain specialized organs/structures 

(Twigg and Wilkie, 2015). Similarly, the cardiac NC travels from the dorsal portion of the 

embryo to populate the caudal PhAs and pharyngeal mesoderm (Kirby and Hutson, 2010). 

Under guidance from cardiac progenitors, cardiac NCCs populate the developing outflow 

tract (aorta and pulmonary artery) in mammalian embryos enabling rotation and septation 

(Kirby et al., 1983; Vincent and Buckingham, 2010).

The PhAs are bilaterally paired structures numbered from 1 to 6, which contain a nerve, 

artery and mesenchymal component (Hall, 2015). The first PhA, often termed the 

mandibular or maxillary arch, gives rise to the numerous structures including maxillary 

artery, trigeminal nerve, muscles of mastication, and a mix of skeletal components including 

the mandible and maxilla (Benson et al., 1992). The second, third, fourth, and sixth arch 

give rise to other nerves, muscles, and bones in the craniofacial region along with critical 

components of the cardiac outflow tract and aortic arch (Kirby and Waldo, 1995).

Mirroring the complex roles and derivatives of the NC, numerous congenital anomalies and 

syndromes have been mapped to defects in NCC function (Firulli and Conway, 2004; Verzi 

et al., 2007; Conway and Kaartinen, 2011; Bonilla-Claudio et al., 2012). Cranial NC 

abnormalities have been identified in patients with thymic aplasia (Ohnemus et al., 2002), 

palate defects (van Limborgh et al., 1983), and craniofacial malformations (Conway and 

Kaartinen, 2011). Trunk NC defects have been implicated in pigment abnormalities and 

abnormal enteric innervation (Southard-Smith et al., 1998). Additionally, cardiac NC defects 

are found in patients with outflow tract septation defects (Chin et al., 2012), aortic arch 

anomalies (Theveniau-Ruissy et al., 2008), and cardiac conduction defects (Nakamura et al., 

2006). These defects often present together and are grouped clinically into syndromes such 

as DiGeorge Syndrome (22q11.2) (McDonald-McGinn et al., 2015), Treacher-Collins 

Syndrome (Trainor, 2010), or CHARGE Syndrome (Siebert et al., 1985). Despite evolving 

understanding of the NC in mammalian development, epigenetic factors regulating its 

behavior remain largely unknown.

Studies of patients with craniofacial abnormalities of unknown origin identified ranges of 

chromosomal regions and histone-modifying genes that may be involved (Wilkie and 

Morriss-Kay, 2001). For instance, copy number variations at 1p35, a region including the 

class I histone deacetylase (HDAC) HDAC1, and 6q21-22, containing HDAC2 were found 
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in patients with craniofacial abnormalities, suggesting that dose-dependent disruptions in 

epigenome homeostasis may influence NC behavior (Hudson et al., 2014; de Souza et al., 

2015). HDACs, classified into five subfamilies based on their phylogenetic analysis and 

sequence homology, are a major family of histone modifying enzymes with roles in 

numerous biologic processes, including craniofacial development. A long-held assumption 

about HDACs is that they are ubiquitously expressed. However, recent studies demonstrate 

that HDACs are expressed in tissue and temporal specific manner during development. For 

instance, Hdac7 is endothelial specific and loss results in vascular defects (Chang et al., 

2006). Hdac8, specifically expressed in fore and midbrain regions at E10 and E11.5, is 

critical for skull development (Haberland et al., 2009a; Murko et al., 2010). Similarly, 

murine embryos show restricted, distinct, and non-overlapping Hdac1 and Hdac2 mRNA 

expression areas at E11.5 and E13 (Murko et al., 2010). However, endogenous Hdac1 

expression pattern during early murine development remains unknown. Hdac1 and Hdac2 

are closely related, ~80% homologous, enzymatically active class I histone deacetylases 

(Gregoretti et al., 2004; Brunmeir et al., 2009). Global ablation of Hdac1 is embryonically 

lethal early in development due to proliferation arrest caused by upregulation of P21 
(Cdkn1a) (Lagger et al., 2002). Hdac2-null mice show cardiac defects and variable levels of 

lethality at birth depending upon genetic background (Montgomery et al., 2007; Trivedi et 

al., 2007; Zimmermann et al., 2007; Guan et al., 2009; Hagelkruys et al., 2014). Hdac1 and 

Hdac2 function together in repressive complexes including Sin3a, NuRD, and Co-REST 

(Hassig et al., 1997; Laherty et al., 1997; Nagy et al., 1997; Zhang et al., 1999). 

Consequently, Hdac1 and Hdac2 are classically considered to have overlapping, redundant 

functions. Indeed, Hdac1 and Hdac2 redundantly regulate various cellular and 

developmental processes, including cardiac morphogenesis, adipogenesis, brain 

development, intestinal homeostasis, proliferation, and stem-cell self-renewal (Montgomery 

et al., 2007; Montgomery et al., 2009; Haberland et al., 2010; Jurkin et al., 2011; Jamaladdin 

et al., 2014; Zimberlin et al., 2015). In some cases, a single allele of Hdac1 or Hdac2 is 

enough to rescue the double knockout phenotype (Dovey et al., 2013; Winter et al., 2013; 

Hagelkruys et al., 2014). While the developmental roles of Hdac1 and Hdac2 are emerging, 

their function in NC progenitor cells remains unknown.

Using a novel conditional Hdac1Flox allele, a previously characterized conditional Hdac2Flox 

allele (Anokye-Danso et al., 2011), and Wnt1-Cre2 (Lewis et al., 2013), we genetically 

ablated Hdac1 and Hdac2 in NC progenitor cells. Loss of both Hdac1 and Hdac2 

(Wnt1;1KO2KO) resulted in embryonic lethality around E11.5 secondary to vascular defects 

and atrophic PhAs. Furthermore, Wnt1;1KO2KO embryos show reduced proliferation of NC 

progenitor cells within the neural tube and first PhA. Mechanistically, ablation of Hdac1 and 

Hdac2 causes upregulation of cyclin-dependent kinase inhibitors Cdkn2b, Cdkn2c, Cdkn1b, 

Cdkn1c, Cdkn1a, and Tp53 within first PhA at E9.5. Interestingly, we observed that a single 

copy of Hdac1 in an Hdac2 knockout background (Wnt1;1Het2KO) or a single copy of Hdac2 

in an Hdac1 knockout background (Wnt1;1KO2Het) was sufficient to rescue the craniofacial 

phenotype, first PhA phenotype, and embryonic lethality. These results reveal redundant and 

essential roles for Hdac1 and Hdac2 in the developing neural crest and its derivatives.
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Results

The neural crest and its derivatives express both Hdac1 and Hdac2 during early murine 
development

Hdac1 alleles were generated using a Knockout-first strategy (Skarnes et al., 2011) (Figs 1–

2). This strategy generates an Hdac1 knock-in reporter allele (Tm1a, Hdac1LacZ, Fig 1A), 

Hdac1 reporter knockout allele (Tm1b, not shown), and Hdac1 conditional-ready allele 

(Tm1c, Hdac1Flox, Fig 2A) following exposure to site-specific recombinases Cre and Flp in 

different orders. In this study, the Tm1a knockout-first allele is utilized as a knock-in 

reporter allele, but in many cases exposure to Cre-recombinase (without exposure to Flp-

recombinase) is necessary to generate a robust reporter allele (Skarnes et al., 2011). The 

flexibility of this allele is an advantage when compared to other published Hdac1 alleles; the 

reporter function enables tracking the spatiotemporal dynamics of in vivo Hdac1 during 

development (Fig 1A), while the conditional deletion of exon 3 completely abolishes Hdac1 

expression in a tissue-specific manner (Fig 2).

The insertion of a LacZ cassette between exons 2 and 3 (Fig 1A) results in the expression of 

β-galactosidase under the control of native Hdac1 promoter and enhancer elements which, in 

turn, causes blue staining following incubation with X-gal (Fig 1C, E, G) compared to 

controls (Fig 1B, D, F). X-Gal staining of Hdac1LacZ/+ and Hdac1+/+ embryos at E7.75 (Fig 

1B–C), E8.75 (Fig 1D–E), and E9.5 (Fig 1F–G) shows broad LacZ staining (blue) in 

Hdac1LacZ/+ embryos compared to Hdac1+/+ controls. To further investigate the specificity 

of the Hdac1LacZ knock-in allele and the overlapping spatiotemporal expression pattern of 

Hdac1 and Hdac2 during development, we sectioned E9.5 Hdac1LacZ/+ embryos and 

performed immunostaining using a C-terminal Hdac1 antibody (Hdac1) (Fig 1H–M) and 

Hdac2 antibody (Fig 1N–S). Hdac1 staining (brown) and Hdac1LacZ staining (blue) 

overlapped in all examined developmental structures including the outflow tract (OFT, Fig 

1H), primitive ventricle (PRV, Fig 1I), atrioventricular canal (AVC, Fig 1J), midbrain & 

telencephalic vesicle (MB & TV, Fig 1K), otic pit (OtP, Fig 1L), and caudal somites (So, Fig 

1M). Similarly, immunostaining for Hdac2 (brown) and Hdac1LacZ staining (blue) 

overlapped in all examined developmental structures including the outflow tract (Fig 1N), 

primitive ventricle (Fig 1O), atrioventricular canal (Fig 1P), midbrain & telencephalic 

vesicle (Fig 1Q), otic pit (Fig 1R), and caudal somites (Fig 1S).

Hdac1 and Hdac2 function redundantly within the neural crest progenitor cells

While the genetic underpinnings of NC derived congenital defects are emerging, the role of 

Hdac1 and Hdac2 in this process is unknown. To investigate roles of Hdac1 and Hdac2 

during craniofacial and cardiac outflow tract (OFT) development, we first validated the 

conditional Hdac1 and Hdac2 alleles used in this study (Fig 2A–J) before ablating Hdac1 

and Hdac2 in the NC progenitor cells using Wnt1-Cre2 (Lewis et al., 2013) (Fig 2K–AI). 

Hdac1 conditional allele (Tm1c, Hdac1Flox) was generated from the Tm1a (Hdac1LacZ) 

allele by exposure to Flp-recombinase, with LoxP sites flanking exon 3 (Fig 2A). Exposure 

of Hdac1Flox to Cre-recombinase results in excision of exon 3, introducing a frameshift 

mutation and premature stop codon early in the Hdac1 deacetylase domain (Hdac1KO) (Fig 

2B). To verify conditional allele performance, we used Mesp1-Cre (Saga et al., 1999), a 
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marker of the cardiogenic mesoderm that contributes to the majority of the developing 

mammalian heart, to delete Hdac1 or Hdac2 (Fig 2C–J). To query whether excision of exon 

3 may generate semi-functional Hdac1 protein fragments, we performed Hdac1 

immunostaining and Western blot with C-terminal (Hdac1C) and N-terminal (Hdac1N) 

antibodies (Fig 2C–E, G–J). Western blot analysis of Mesp1-Cre;Hdac1F/+ (Mesp1;1Het) and 

Mesp1-Cre;Hdac1F/F (Mesp1;1KO) P0 heart lysate shows loss of Hdac1 protein levels 

assessed with both Hdac1N and Hdac1C antibodies (Fig 2C–E). Additionally, Mesp1-Cre 
efficiently mediated ablation of the already-established Hdac2 allele (Anokye-Danso et al., 

2011) utilized in this study (Fig 2F). Hdac1 protein expression (black arrows) is lost (white 

arrows) in the left ventricle (within the Mesp1-Cre domain) by P0 following excision of 

exon 3 by Cre-recombinase using both Hdac1C and Hdac1N antibodies when compared to 

controls (Fig 2G–J). Next, we queried the efficacy of ablation by Wnt1-Cre2. To help 

understand the spatiotemporal dynamics of Wnt1-Cre2 expressing neural crest progenitor 

cells and their derivatives, a R26R-LacZ allele (Soriano, 1999) was included and X-gal 

staining was performed. The result of this staining is to mark any Wnt1-Cre2 expressing 

cells (and their descendants) as blue. Immunostaining analysis reveals loss of Hdac1 (Fig 

2M) and Hdac2 (Fig 2N) in Wnt1;1KO2KO;R26R-LacZ−/+ neural tube compared to 

Wnt1;1Het2Het;R26R-LacZ−/+ neural tube (Fig 2K, L) at E9.5. Wnt1-Cre2; Hdac1F/F, 
Hdac2F/F mice (Wnt1;1KO2KO) displayed complete embryonic lethality while single-allele 

mice (Wnt1-Cre2; Hdac1F/F, Hdac2F/+, Wnt1;1KO2Het & Wnt1-Cre2; Hdac1F/+, Hdac2F/F, 
Wnt1;1Het2KO) were recovered in expected ratios at birth but were found to die by P21 

(Table 1). The single-allele mice recovered at birth were found with varying perinatal defects 

ranging from cyanosis, distended abdomen, and neonatal lethality (Table 1, Fig 2O–Q). 

Wnt1;1KO2Het and Wnt1;1Het2KO mice were recovered without an observable milk spot 

compared to controls, indicating inability to feed (Fig 2O–Q). Additionally, some 

Wnt1;1Het2KO mice were recovered with a readily observable distended abdomen (Fig 2P) 

and dissection revealed trapped air in a distended stomach. Often, an absent milk spot 

indicates a craniofacial and/or palate defect; however, no craniofacial or palate defect was 

observed in the single-allele mice (Fig 2O–T). The NC also contributes to the thymus, the 

cardiac outflow tract vessels (aorta and pulmonary artery) and valves (aortic valve and 

pulmonary valve). Wnt1;1KO2Het and Wnt1;1Het2KO mice show normal thymic structure 

(Fig 2U, W, Y), outflow tract course and caliber (Fig 2V, X, Z), and valve morphology (Fig 

2AA–AF). NC progenitor cells also make major contributions to arterial smooth muscle in 

the head, neck, and heart (Jiang et al., 2000; Crane and Trainor, 2006). Peri-arterial outflow 

tract morphology in Wnt1;1KO2Het and Wnt1;1Het2KO appeared similar to controls (Fig 

2AG–AI).

Wnt1;1KO2KO embryos were recovered in expected Mendelian ratios at E9.5, E10.5, and 

E11.5 (Table 1). However, Wnt1;1KO2KO pups were not recovered at P0, indicating that they 

suffer complete embryonic lethality (Table 1). The Wnt1;1KO2KO embryos recovered at 

E11.5 appeared grossly hemorrhagic with blood pooling in the cranial vesicles (orange) and 

primitive gut (blue), indicating recent fetal demise compared to Hdac1F/F, Hdac2F/F controls 

(Fig 3A–D) and suggesting defects in PhA-derived artery development. 

Wnt1;1KO2KO;R26R-LacZ−/+ embryos appeared smaller, with reduced LacZ staining 

intensity (orange) (Fig 3G, H, K, L) compared to Wnt1-Cre2;Hdac1F/+,Hdac2F/+;R26R-

Milstone et al. Page 5

Dev Dyn. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LacZ−/+ (Wnt1;1Het;2Het;R26R-LacZ−/+) controls at E10.5 (Fig 3E, F, I, J). Differential 

LacZ staining appears to be restricted to the developing head and PhAs, with LacZ staining 

intensity and distribution being similar in the developing torso and tail between 

Wnt1;1KO2KO;R26R-LacZ−/+ embryos (Fig 3G, H, K, L) and Wnt1;1Het2Het;R26R-LacZ−/+ 

controls (Fig 3E, F, I, J). Additionally, Wnt1;1KO2KO;R26R-LacZ−/+ embryos presented 

with abnormal craniofacial anatomy, an attenuated posterior nuchal angle (red), reduced 

frontal swelling (black), and focally decreased LacZ staining intensity (orange) (Fig 3G, H, 

K, L) when compared to Wnt1;1Het2Het;R26R-LacZ−/+ controls (Fig 3E, F, I, J). 

Wnt1;1KO2KO;R26R-LacZ−/+ first (green) and second (purple) PhAs appeared atrophic 

when compared with controls seen by a decrease in size, definition, and LacZ staining 

intensity (blue, inset) (Fig 3G, H, K, L). A significant reduction of LacZ staining at the 

location of the third PhA (magenta) was seen in Wnt1;1KO2KO;R26R-LacZ−/+ embryos (Fig 

3G, H, K, L) compared to controls (Fig 3E, F, I, J). Quantification of the first PhA area 

(normalized to primitive heart tube length) and cranial length (normalized to primitive heart 

tube length) at E9.5 showed significant reduction (***, p=0.0001 & **, p=0.0076) in the 

normalized area and normalized length in Wnt1;1KO2KO;R26R-LacZ−/+ embryos compared 

to Wnt1;1Het2Het;R26R-LacZ−/+ controls (Fig 3M–O). Additionally, frontal sections of E9.5 

Wnt1;1KO2KO;R26R-LacZ−/+ and Wnt1;1Het2Het;R26R-LacZ−/+ embryos revealed abnormal 

telencephalic vesicle (TV) morphology in experimental embryos (Fig. 3Q, S) compared to 

controls (Fig 3P, R), confirming the gross observations of craniofacial defects.

Eosin-stained frontal sections of the PhAs and PhA arteries (PhAAs) revealed that the sixth 

PhA and PhAA are missing in Wnt1;1KO2KO;R26R-LacZ−/+ embryos (Fig 3U, W) 

compared to controls (Fig 3T, V). The second PhA was visualized in a different section of 

Wnt1;1KO2KO;R26R-LacZ−/+ embryos (not shown). All other arches were found to be 

present, albeit smaller in double knockouts (Fig 3U, W) than controls (Fig 3T, V). Peri-

arterial α-smooth muscle staining appears similar in both Wnt1;1KO2KO;R26R-LacZ−/+ and 

Wnt1;1Het2Het;R26R-LacZ−/+ embryos at E9.5 (Fig 3V–W).

Hdac1 and Hdac2 regulate proliferation in the neural tube and first pharyngeal arch by 
repressing cyclin-dependent kinase inhibitors

To investigate the cellular and molecular basis of defective neural crest and PhA 

development in Wnt1;1KO2KO embryos at E9.5, we performed phospho-histone H3 (PHH3, 

a marker of cellular proliferation) immunostaining on the first pharyngeal arch and the 

neural tube lacking both Hdac1 and Hdac2 (Fig 4A–B, D–E). Wnt1;1KO2KO;R26R-LacZ−/+ 

embryos exhibited reduced number of PHH3+ nuclei within the first PhA (Fig 4B, B′, C) 

and the neural tube (Fig 4E, E′, F) compared to controls (Fig 4A, A′, C, D, D′, F). 

Quantification of the number of PHH3-positive nuclei per one hundred total nuclei 

(proliferative index) is significantly reduced in both the first PhA (*, p=0.022; Fig 4C) and 

the neural tube (*, p=0.043; Fig 4F) of Wnt1;1KO2KO;R26R-LacZ−/+ embryos at E9.5.

Furthermore, Wnt1;1KO2KO;R26R-LacZ−/+ embryos show increased number of cleaved 

caspase 3 (CC3, a marker of apoptosis)-positive nuclei within the first PhA (Fig 4H, H′, I) 
and the neural tube (Fig 4K, K′, L) compared to controls (Fig 4G, G′, I, J, J′, L). 

Quantification of the number of CC3-positive nuclei per one hundred total nuclei (apoptotic 
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index) is significantly increased in both the first PhA (**, p=0.0038; Fig 4I) and the neural 

tube (*, p=0.028; Fig 4L).

Given that there is a shift away from proliferation towards apoptosis in Wnt1;1KO2KO 

neural-crest enriched areas at E9.5, we wanted to characterize the molecular changes 

underlying this shift. Hence, we performed qPCR on an array of cyclin-dependent kinases, 

using the neural-crest derived first PhAs dissected from Wnt1;1KO2KO and Wnt1;1Het2Het 

embryos at E9.5. Our analysis revealed significant upregulation of Cdkn2b (Fig 4M, *, 

p=0.043), Cdkn2c (Fig 4N, *, p=0.032), Cdkn1a (Fig 4O, ***, p=0.0008), Cdkn1b (Fig 4P, 

*, p=0.035), Tp53 (Fig 4Q, ***, p=0.0001), and Cdkn1c (Fig 4R, **, p=0.0073) within 

Wnt1;1KO2KO;R26R-LacZ−/+ first PhAs compared to controls.

Discussion

Disruption of the pharyngeal arches and their corresponding arteries are a common source of 

congenital defects and syndromes with a multitude of etiologies and clinical courses (Siebert 

et al., 1985; Wilkie and Morriss-Kay, 2001; Trainor, 2010; McDonald-McGinn et al., 2015). 

While much of the cellular, molecular, and genetic basis of these defects is understood, the 

role of epigenetic regulators in development and congenital disease is just starting to be 

elucidated (Butler et al., 2012). HDACs are a group of enzymes that regulate the epigenome 

(Haberland et al., 2009b). HDACs are divided into five classes with class I HDACs 

(HDAC1, 2, 3, and 8) being structurally similar and having the most intrinsically active 

enzymatic domains (Brunmeir et al., 2009; Reichert et al., 2012). Hdac1 and Hdac2 have 

already been implicated in congenital craniofacial defects seen in humans (Hudson et al., 

2014; de Souza et al., 2015; Matsumoto et al., 2015), yet no causal link has been drawn. 

Here we show that Hdac1 and Hdac2 regulate neural crest progenitor cell pluripotency, 

pharyngeal arch development, and craniofacial morphogenesis during earliest stages of 

development, which strengthens the association between these critical enzymes and human 

congenital defects. In contrast, Hdac3 and Hdac8, other class I HDACs, regulate neural 

crest-derived skull morphogenesis during late-gestation (Haberland et al., 2009a; Singh et 

al., 2011), suggesting a unique role of Hdac1 and Hdac2 within neural crest progenitor cells.

The cephalic neural crest has an established role in brain development, in addition to its 

critical role in craniofacial morphogenesis (Le Douarin et al., 2007). Interestingly, Hdac1 

and Hdac2 have also been found to regulate brain development and function (Guan et al., 

2009; Montgomery et al., 2009; Hagelkruys et al., 2014; Volmar and Wahlestedt, 2015). 

Specifically, Hdac1 and Hdac2 were found to regulate cerebellar foliation and cortical 

neuron organization in GFAP-Cre+ neuronal progenitor cells during development with loss 

of Hdac1 and Hdac2 resulting in postnatal lethality (Montgomery et al., 2009). While PhA 

defects in Wnt1;1KO2KO embryos suggest disrupted craniofacial development, defects in the 

formation of neuronal structures, such as the telencephalic vesicle, suggest that brain 

development may also be affected, which is an exciting area for future investigation.

Proliferation and self-renewal are essential to any progenitor cell population and when 

genetic or epigenetic insult disrupts these processes, progenitor cells have a choice: 

differentiate into an end-linage or undergo apoptosis. In this case, we observed that neural 
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crest progenitor cells lacking Hdac1 and Hdac2 experienced arrested proliferation and 

apoptosis, indicating a depletion of this critical population. Working through what seems to 

be emerging as a common mechanism across multiple progenitor cell populations (Lagger et 

al., 2002; Brunmeir et al., 2009; Reichert et al., 2012; Hagelkruys et al., 2014; Moser et al., 

2014), Hdac1 and Hdac2 are responsible for repressing cyclin-dependent kinase inhibitors in 

neural crest progenitor cells. Increased expression of cyclin-dependent kinase inhibitors 

places a brake on the cell cycle while decrease expression induces proliferation (Okamoto et 

al., 1995; Waldman et al., 1995; Chiarugi and Ruggiero, 1996; Shin et al., 2000; Swellam et 

al., 2004; Chu et al., 2008). Numerous reports have shown that Tp53 mediates cell cycle 

arrest and apoptosis through a variety of pathways (Polyak et al., 1997; Fridman and Lowe, 

2003; Amaral et al., 2010; Mollereau and Ma, 2014; Chen, 2016). The significant 

upregulation of Tp53 in Wnt1;1KO2KO embryos, increased apoptosis, and resultant depletion 

of NC progenitor cells align with these reports. There is also evidence that inhibition of 

HDACs can result in increased p53 activity, resulting in elevated p21 (leading to cell cycle 

arrest) and Bax translocation and activation of apoptotic pathways (Roy et al., 2005). These 

results integrate the significant upregulation of Tp53 observed in Wnt1;1KO2KO embryos, 

decreased proliferation, and increased apoptosis. Hdac1 and Hdac2 function in NC 

progenitor cells to suppress Tp53 and other cyclin dependent kinase inhibitors, maintain a 

proliferative progenitor cell phenotype, and moderate NC progenitor contribution to 

craniofacial and PhA development.

A long-held assumption about HDACs, including Hdac1, is that they are ubiquitously 

expressed. However, recent studies demonstrate that HDACs are expressed in tissue and 

temporal specific manner during development. Hdac7, a class II HDAC, is endothelial 

specific and loss results in vascular defects (Chang et al., 2006). Hdac8, specifically 

expressed in fore and midbrain regions at E10 and E11.5, is critical for skull development 

(Haberland et al., 2009a). Similarly, murine embryos show restricted, distinct, and non-

overlapping Hdac1 mRNA expression areas between E10 and E13 (Murko et al., 2010). For 

instance, Hdac1 mRNA is expressed in telencephalic vesicles but not in the spinal cord of 

E10 murine embryos. Similarly, rhombic fossa expresses Hdac1 mRNA at E10, but not at 

E13, suggesting spatiotemporal regulation of Hdac1 expression during murine development. 

Hence, the expression pattern of Hdac1, at both the gene-level and protein-level, is crucial to 

understanding how this highly conserved class I HDAC functions during mammalian 

development. To date, there are no models or reports that use a genetic approach to evaluate 

the endogenous Hdac1 expression under the control of native Hdac1 promoter and enhancer 

elements at the earliest stages of neural crest development. Using the Hdac1LacZ knock-in 

allele (Fig 1A), we show that Hdac1 is broadly expressed in all embryonic lineages at E7.5, 

E8.5, and E9.5 (Fig 1B–D). Additionally, overlapping Hdac1LacZ and Hdac1 protein 

expression confirmed the specificity of the Hdac1LacZ knock-in allele. This allele will enable 

dissection of the spatiotemporally specific expression patterning of Hdac1 in development 

and disease. HDAC1 expression variance is important in a number of human diseases, 

including several cancers (Kawai et al., 2003; Halkidou et al., 2004; Willis-Martinez et al., 

2010). With this allele, the spatiotemporal expression dynamics of Hdac1 can be explored in 

mouse models of these diseases. Additionally, whether the expression pattern of Hdac1 
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changes later in development or beyond the neonatal period remains unknown and a topic 

for future investigation using the Hdac1LacZ knock-in allele.

Wnt1;1KO2KO embryos exhibited areas of extravascular pooling of blood in the cranial 

vesicles and primitive gut suggesting defective formation of NC derived PhAs and PhAAs. 

At E9.5 and E10.5, these embryos displayed reduced LacZ staining intensity in developing 

craniofacial structures. Additionally, there was decreased LacZ staining intensity within the 

first and second PhAs and absent LacZ staining within the third PhA at both E9.5 and E10.5. 

At E9.5, the first PhA was significantly smaller in the double knockouts than its counterpart 

in controls. Despite the reduced intensity in the cranial and pharyngeal regions, there was no 

observed change in the craniocaudal migration of neural crest cells, seen by comparable 

LacZ staining patterns in the primitive gut and developing tail region. These results suggest 

that loss of Hdac1 and Hdac2 in the neural crest reduced the proliferation or increase 

apoptosis of neural crest cells after they migrate along the craniocaudal axis. Further 

morphologic evaluation identified that the developing network of cranial vesicles is 

abnormal in Wnt1;1KO2KO samples when compared to controls (Fig 3D). The telencephalic 

vesicle is misshapen, narrow, and exhibits a disconnect between its cranial and caudal 

components, reinforcing the observation of disrupted craniofacial development in these 

samples. Additionally, we were unable to locate a sixth pharyngeal arch or PhAA in 

Wnt1;1KO2KO embryos (Fig 3E). The remaining PhAs and their corresponding arteries were 

visualized in double knockout embryos and, despite being smaller than comparable 

structures in controls, have similar early pockets of α-smooth muscle actin staining 

suggesting that at least initial specification of these structures proceeded normally. Whether 

the sixth arch never forms, is so small it is unrecognizable, or forms and then regresses 

cannot be determined yet the result is same – absence of this critical structure. The loss of 

the sixth arch combined with the other frank craniofacial and pharyngeal abnormalities 

(mainly the atrophic first and second PhAAs) would lead to defective formation of the 

maxillary artery and stapedial artery and is a likely cause of the pooling blood observed at 

E11.5. Our findings demonstrate that Hdac1 and Hdac2 function within the neural crest to 

support craniofacial and PhA development necessary to sustain mammalian embryonic 

development past E11.5.

Reinforcing the idea that epigenetic homeostasis is critical to developing cell populations, a 

single allele of either Hdac1 or Hdac2 was able to rescue Wnt1;1KO2KO embryos to birth, 

but was not sufficient to sustain them much further. There are several other reports of either 

partial or complete rescue of an Hdac1 and Hdac2 double knockout phenotype with the 

reintroduction of a single allele of either Hdac1 or Hdac2. In both the epidermis and in T-

cells a single copy of Hdac1 was sufficient to rescue (fully or partially) the double knockout 

phenotype (Dovey et al., 2013; Winter et al., 2013) while Hdac2 was not. In contrast, a 

single copy of Hdac2 was sufficient to rescue the Hdac1/2 double knockout phenotype in the 

brain (Hagelkruys et al., 2014) yet Hdac1 was unable to rescue. In addition, Hdac1 and 

Hdac2 redundantly regulate cardiac morphogenesis, neuron development, oligodendrocyte 

differentiation, adipogenesis, and skeletal muscle homeostasis (Montgomery et al., 2007; Li 

and Richardson, 2009; Montgomery et al., 2009; Haberland et al., 2010; Moresi et al., 

2012). These results suggest that Hdac1 and Hdac2 have a complex array of co-dependent, 

semi-independent, and truly independent roles during development (Kelly and Cowley, 
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2013). In this case, it appears that Hdac1 and Hdac2 are both able to partially rescue the 

double knockout phenotype. Single allele pups were found with a mix of abdominal 

distension, cyanosis, pulmonary distress (demonstrated by increased work of breathing and 

intercostal retractions), or perinatal lethality (Table 1, Fig 2O–Q). Interestingly, all examined 

neural-crest derived structures appeared normal including the palate (Fig 2R–T), cardiac 

outflow tract and thymus (Fig 2U–Z), aortic valve (Fig 2AA,AC,AE), pulmonic valve (Fig 

2AB,AD,AF), and peri-arterial morphology in the outflow tract (Fig 2AG–AI). Hence, the 

dose-sensitive nature of Hdac1 and Hdac2 coupled with their potent ability to modulate 

progenitor cell behavior aligns them at a crossroads from which they may play a causal or 

contributory role in a variety of human congenital defects, including those arising from 

defective neural crest function and pharyngeal arch disruption. Work understanding the 

genetic basis of congenital defects in humans is only just now maturing and in the coming 

years we can expect to see a rapid expansion of our understanding of such developmental 

defects.

Experimental Procedures

Mice

Wnt1-Cre2 (Jackson Laboratory, 022137)(Lewis et al., 2013), Mesp1-Cre (Saga et al., 

1999), R26R-LacZ (Soriano, 1999), and Hdac2Flox (Anokye-Danso et al., 2011) mice have 

been previously described. Frozen embryos of Hdac1tm1a(EUCOMM)Wtsi (strain EM:04097) 

were obtained from the European Mouse Mutant Archive (EMMA). The University of 

Massachusetts Medical School Transgenic Animal Facility regenerated cryopreserved 

embryos. The knockout-first allele, Hdac1tm1a(EUCOMM)Wtsi, mice were bred with wild type 

mice and are annotated Hdac1LacZ/+. Hdac1tm1a(EUCOMM)Wtsi (Hdac1LacZ) mice were bed 

with ACTB-FLPe (Jackson Laboratory, 003800) to generate Hdac1Flox mice. Hdac1Flox 

mice were bred with Hdac2Flox, R26R-LacZ, and Wnt1-Cre2 mice to generate mice for 

analysis. All animal protocols were approved by the University of Massachusetts Medical 

School Institutional Animal Care and Use Committee (IACUC).

Histology

Collected tissues were fixed in 2–4% paraformaldehyde in PBS at 4ºC overnight, ethanol 

dehydrated, embedded in paraffin, and section at 8μm thickness via microtome.

Antibodies and Reagents

The following antibodies were utilized in this study: Hdac1C (Abcam), Hdac1N (Sigma), 

Hdac2 (Invitrogen), α-tubulin (Sigma), PHH3 (Cell Signaling), SMA (Abcam), CC3 (Cell 

Signaling). Eosin Y and Harris modified hematoxylin were purchased from Fisher while X-

gal was purchased from 5 Prime. Vectashield mounting medium, Vectastain Elite ABC 

reagent kit, and DAB Peroxidase Substrate kit were purchased from Vector Labs

Hematoxylin and Eosin Staining

Staining was performed through deparaffinizing sections in xylenes, rehydrating through an 

ethanol gradient, 30sec stain with 30% Harris modified hematoxylin (in diH2O), followed by 

30sec counterstain with eosin Y. Slides were then rinsed and dehydrated through an ethanol 
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gradient, cleared with xylenes, and mounted using Vectashield permanent mounting 

medium.

LacZ Staining

Tissue samples were dissected in cold PBS and quickly fixed in 2% paraformaldehyde in 

PBS for 30min at 4ºC. They were then washed in PBS at room temperature and stained over 

night in LacZ staining solution (5mM potassium ferricyanide, 5mM potassium ferrocyanide, 

2mM MgCl2, 0.01% deoxycholic acid, 0.04% Nonidet P 40, 0.1% X-Gal, in 1X PBS) in the 

dark at 37ºC until blue (LacZ) staining developed. Following this, samples were washed in 

1X PBS and fixed overnight in 4% paraformaldehyde in PBS at 4ºC.

Immunohistochemistry

Selected sections were deparaffinized in xylenes, pretreated using the Aptum Antigen 

Retriever 2100 and Aptum R-Buffer A or Sodium Citrate Buffer (pH 6.0). 

Immunohistochemistry was conducted with the Vectastain Elite ABC kit and DAB 

Peroxidase Substrate kit following manufacturer guidelines. Sections were incubated with 

primary antibody (Hdac1 1:100; Hdac2 1:100; PHH3 1:100, SMA 1:100, CC3 1:100, P21 

1:100) overnight at 4ºC. If performed, counterstaining consisted of 30 sec incubation with 

30% Harris modified hematoxylin (in diH2O) after 3,3′-diaminobenzidine development. All 

slides were ethanol-dehydrated, cleared with xylenes, and mounted using Vectashield 

permanent mounting medium.

Western Blotting

Tissue lysates were prepared in lysis buffer (20mM Tris-HCl pH 7.5, 15mM NaCl, 1mM 

Na2EDTA, 1mM EGTA, 1% Triton X-100, 1μg/mL leupeptin, 2.5mM sodium 

pyrophosphate, 1mM Na3VO4, and 1mM beta-glycerolphosphate; 1mM 

phenylmethylsulfonyl fluoride was added before use). Protein samples were resolved on a 4–

12% SDS-Page acrylamide gel before transfer to a PVDF membrane. Primary antibodies 

against Hdac1C (1:1000), Hdac1N (1:1000), and Hdac2 (1:1000) were used. Primary 

antibodies were visualized with HRP-conjugated secondary antibodies. Blots were probed 

with α-tubulin (1:1000 or 1:2500) for loading control.

Morphometric Analysis

Quantitative morphologic analysis was performed using ImageJ software to measure and 

record anatomical features of interest. These measurements were normalized to the primitive 

heart tube length to control for any variability in embryo size and are presented as mean 

(SD).

Real Time quantitative PCR

Total RNA was extracted from microdissected first pharyngeal arches using the Qiagen Plus 

Micro RNeasy Kit according to the manufacturer guidelines. cDNA was reverse transcribed 

using iScript Reverse Transcription Supermix (BioRad) according to the manufacturer 

guidelines. Transcript expression was measured by qRT-PCR using SYBR Green PCR 

Master Mix (ThermoFisher). Signals were normalized to Gapdh controls and represented as 

Milstone et al. Page 11

Dev Dyn. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative expression ratios of experimental samples relative to Wnt1;1Het2Het controls using 

the ΔΔCt method. Primer sequences available upon request.

Statistical Analysis

Statistical significance between groups was determined using an unpaired two-tailed 

Student’s t-tests or a χ2 test. The level of significance (α) was set as 0.05 for all analyses.
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Figure 1. 
(A) Hdac1LacZ knock-in allele targeting map and generation scheme. (B–G) Whole-mount 

X-Gal staining for β-galactosidase (blue, LacZ) of Hdac1LacZ/+ and Hdac1+/+ at various 

developmental stages. B, ventral view of Hdac1+/+ at E7.75. C, ventral view of Hdac1LacZ/+ 

at E7.75. D, right lateral view of Hdac1+/+ embryo at E8.75. E, right lateral view of 

Hdac1LacZ/+ embryo at E8.75. F, right lateral view of Hdac1+/+ embryo at E9.5. G, right 

lateral view of Hdac1LacZ/+ embryo at E9.5.. (H–M) C-terminal Hdac1 (Hdac1) 

immunostaining (brown) on whole-mount X-Gal stained (LacZ, blue) E9.5 Hdac1Lacz/+ 

sagittal sections including the outflow tract (OFT, H), primitive ventricle (PrV, I), 

atrioventricular canal (AVC, J), midbrain and telencephalic vesicle (MB & TV, K), otic pit 

(OtP, L), and caudal somites (So, M) (N–S) Hdac2 immunostaining (brown) on whole-

mount X-Gal stained (LacZ, blue) E9.5 Hdac1LacZ/+ sagittal sections including the OFT (N), 

PrV (O), AVC (P), MB & TV (Q), OtP (R), and So (S). Scale bars 50μm.
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Figure 2. 
(A) Hdac1Flox conditional allele targeting vector map and generation scheme. (B) Predicted 

aligned amino acid sequence for Hdac1WT and recombined Hdac1Flox (Hdac1KO) alleles 

consensus-determining sequences (CDS). (Blue, WT; Green, unchanged; Purple, frameshift 

mutation; Red, stop codon) (C–F) Western blot analysis of control (Mesp1;1Het, Hdac2+/+) 

and knockout (Mesp1;1KO, Mesp1;2KO) P0 heart lysate for Hdac1C (C), Hdac1N (E), and 

Hdac2 (F). Hdac1C was quantified and normalized to total input α-Tubulin and is presented 

as mean (SD) (**, p=0.007) (G–J) Hdac1C and Hdac1N immunostaining of Mesp1;1KO and 

Mesp1;1Het frontal heart sections at P0 (Black – present; White – absent). (K–N) Hdac1C 

(K,M) and Hdac2 (L,N) immunostaining of Wnt1;1Het2Het;R26R-LacZ−/+ and 
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Wnt1;1KO2KO;R26R-LacZ−/+ neural tubes (NT) at E9.5 (Black, present; White, absent). (O–
Q) Left lateral (main) and right lateral (inset) images of Hdac1F/F;Hdac2F/F (O), 

Wnt1;1Het2KO (P), and Wnt1;1KO2Het (Q) pups at birth (White, milk spot; Black, absent 

milk spot; Red, distended abdomen; Orange, neonatal distress). (R–T) Dissected/fixed P0 

Hdac1F/F;Hdac2F/F (R), Wnt1;1Het2KO (S), and Wnt1;1KO2Het (T) palates (PAL). (U–Z) 
Dissected/fixed P0 Hdac1F/F;Hdac2F/F (U–V), Wnt1;1Het2KO (W–X), and Wnt1;1KO2Het 

(Y–Z) thymus (TY; U,W,Y) and outflow tract (OFT; V,X,Z). (AA–AF) Hematoxylin and 

Eosin P0 frontal sections of Hdac1F/F;Hdac2F/F (AA–AB), Wnt1;1Het2KO (AC–AD), and 

Wnt1;1KO2Het (AE–AF) aortic valves (AA,AC,AE) and pulmonic valves (AB,AD,AF). 

(AG–AI) Hematoxylin and Eosin staining of Hdac1F/F;Hdac2F/F (AG), Wnt1;1Het2KO (AH), 

and Wnt1;1KO2Het (AI) P0 hearts shows peri-arterial morphology in the aorta/pulmonary 

artery. Nuclear hematoxylin counterstain is present. Scale bars 100μM. AO, aorta; PA, 

pulmonary artery; PAL, palate; TY, thymus; BA, brachiocephalic artery; LCC, left common 

carotid artery; LS, left subclavian artery; RA, right atria; LA, left atria; RV, right ventricle; 

LV, left ventricle; PV, pulmonic valve; AV, aortic valve.
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Figure 3. 
(A–D) Wnt1;1KO2KO (C–D) and Hdac1F/F;Hdac2F/F (A–B) embryos at E11.5 (Orange – 

cranial blood; Blue – gut blood). (E–H) LacZ-stained Wnt1;1KO2KO;R26R-LacZ−/+ (G–H) 

and Wnt1;1Het2Het;R26R-LacZ−/+ (E–F) embryos at E10.5 (Red –nuchal angle; Blue, first 

pharyngeal arch; Orange, differential LacZ staining). (I–L) LacZ-stained 

Wnt1;1KO2KO;R26R-LacZ−/+ (K–L) and Wnt1;1Het2Het;R26R-LacZ−/+ (I–J) embryos at 

E9.5 (Red, posterior nuchal angle; Black, frontal swelling; Blue, first pharyngeal arch; 

Orange, differential LacZ staining). (M–O) First pharyngeal arch area (normalized to PHT 

length; M) and cranial length (normalized to PHT length; N) at E9.5 in 

Wnt1;1Het2Het;R26R-LacZ−/+ and Wnt1;1KO2KO;R26R-LacZ−/+. Presented as mean (SD) 

(***, p=0.0001; **, p=0.0076)(Schematic diagram, O). (P–S) Eosin and LacZ stained E9.5 

Frontal sections of Wnt1;1Het2Het;R26R-LacZ−/+ (P,R) and Wnt1;1KO2KO;R26R-LacZ−/+ 

(Q,S) craniofacial morphology at two levels. (T–W) Eosin/LacZ stained (T–U) or α-smooth 

muscle actin (V–W, SMA) immunofluorescence of Wnt1;1Het2Het;R26R-LacZ−/+ (T,V) and 

Wnt1;1KO2KO;R26R-LacZ−/+ (U,W) E9.5 posterior pharyngeal arch arteries (2/3/4/6, 
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Second/Third/Fourth/Sixth arch arteries; White arrows, SMA). Scale bars 100μM. PhA, 

pharyngeal arch; PHT, primitive heart tube; NT, neural tube; SMA, α-smooth muscle actin.

Milstone et al. Page 21

Dev Dyn. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(A–B) Phospho-histone H3 (PHH3) immunostaining within the first pharyngeal arch in 

Wnt1;1Het2Het;R26R-LacZ−/+ (Ai, Ai′) and Wnt1;1KO2KO;R26R-LacZ−/+ (B, B′) at E9.5 

(Black, PHH3+). (C) Quantification of PHH3 positive nuclei per 100 nuclei (proliferative 

index; presented as mean (SD); *, p=0.022). (D–E) PHH3 immunostaining within the neural 

tube (NT) in Wnt1;1Het2Het;R26R-LacZ−/+ (D, D′) and Wnt1;1KO2KO;R26R-LacZ−/+ (E, E

′) embryos at E9.5 (Black, PHH3+). (F) Quantification of PHH3 positive nuclei per 100 

nuclei (proliferative index; presented as mean(SD); *, p=0.043). (G–H) Cleaved caspase 3 

(CC3) immunostaining within the first pharyngeal arch in Wnt1;1Het2Het;R26R-LacZ−/+ (G, 

G′) and Wnt1;1KO2KO;R26R-LacZ−/+ (H, H′) at E9.5 (Black, CC3+). (I) Quantification of 

CC3 positive nuclei per 100 nuclei (apoptotic index; presented as mean (SD); **, p=0.0038). 

(J–K) CC3 immunostaining within the NT in Wnt1;1Het2Het;R26R-LacZ−/+ (J, J′) and 
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Wnt1;1KO2KO;R26R-LacZ−/+ (K, K′) at E9.5 (Black, CC3+). (L) Quantification of CC3 

positive nuclei per 100 nuclei (apoptotic index; presented as mean (SD); *, p=0.028). (M–R) 
Relative mRNA levels of in E9.5 Wnt1;1Het2Het and Wnt1;1KO2KO microdissected first 

pharyngeal arches of Cdkn2b (M, *, p=0.042), Cdkn2c (N, *, p=0.032), Cdkn1a (O, ***, 

p=0.0008), Cdkn1b (P, *, p=0.035), Tp53 (Q, ***, p=0.0001), and Cdkn1c (R, **, 

p=0.0073). NT, neural tube.

Milstone et al. Page 23

Dev Dyn. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Milstone et al. Page 24

Ta
b

le
 1

G
en

ot
yp

es
 o

f 
sa

m
pl

es
 a

t v
ar

io
us

 d
ev

el
op

m
en

ta
l s

ta
ge

s.

G
en

ot
yp

e

O
bs

er
ve

d 
(E

xp
ec

te
d)

P
21

P
0

E
11

.5
E

10
.5

E
9.

5

H
da

c1
F/

+ ,
 H

da
c2

F/
+

4 
(5

)
13

 (
8)

3 
(4

.6
25

)
7 

(5
.8

75
)

8 
(8

.7
5)

H
da

c1
F/

+ ,
 H

da
c2

F/
F

7 
(5

)
7 

(8
)

3 
(4

.6
25

)
7 

(5
.8

75
)

8 
(8

.7
5)

H
da

c1
F/

F ,
 H

da
c2

F/
+

10
 (

5)
15

 (
8)

1 
(4

.6
25

)
3 

(5
.8

75
)

5 
(8

.7
5)

H
da

c1
F/

F ,
 H

da
c2

F/
F

8 
(5

)
10

 (
8)

13
 (

4.
62

5)
5 

(5
.8

75
)

14
 (

8.
75

)

W
nt

1-
C

re
2;

 H
da

c1
F/

+ ,
 H

da
c2

F/
+

11
 (

5)
9 

(8
)

6 
(4

.6
25

)
4 

(5
.8

75
)

10
 (

8.
75

)

W
nt

1-
C

re
2;

 H
da

c1
F/

+ ,
 H

da
c2

F/
F

0 
(5

)
6a

,b
 (

8)
4 

(4
.6

25
)

7 
(5

.8
75

)
13

 (
8.

75
)

W
nt

1-
C

re
2;

 H
da

c1
F/

F ,
 H

da
c2

F/
+

0 
(5

)
4c

,d
 (

8)
2 

(4
.6

25
)

5 
(5

.8
75

)
5 

(8
.7

5)

W
nt

1-
C

re
2;

 H
da

c1
F/

F ,
 H

da
c2

F/
F

0 
(5

)
0 

(8
)

5e
 (

4.
62

5)
9 

(5
.8

75
)

7 
(8

.7
5)

 
To

ta
l (

p 
va

lu
e)

:
40

 (
p<

0.
00

1)
51

 (
p=

0.
00

4)
37

 (
p=

0.
00

3)
42

 (
p=

0.
71

)
70

 (
p=

0.
25

)

W
nt

1-
C

re
2;

 H
da

c1
F/

+ ;
 H

da
c1

F/
+  

m
ic

e 
w

er
e 

cr
os

se
d 

w
ith

 H
da

c1
F/

F ;
 H

da
c2

F/
F  

m
ic

e 
an

d 
sa

m
pl

es
 w

er
e 

co
lle

ct
ed

 a
t t

he
 d

es
ig

na
te

d 
tim

e 
po

in
t.

a 2 
pu

ps
 f

ou
nd

 c
ya

no
tic

 w
ith

 d
is

te
nd

ed
 a

bd
om

en
/p

ul
m

on
ar

y 
di

st
re

ss
.

b 3 
pu

ps
 r

ec
ov

er
ed

 d
ea

d.

c 2 
pu

ps
 r

ec
ov

er
ed

 d
ea

d.

d 1 
pu

p 
fo

un
d 

cy
an

ot
ic

 in
 p

ul
m

on
ar

y 
di

st
re

ss
.

e 5 
em

br
yo

s 
fo

un
d 

re
ab

so
rb

in
g 

w
ith

 h
em

or
rh

ag
e.

Dev Dyn. Author manuscript; available in PMC 2018 December 01.


	Abstract
	Introduction
	Results
	The neural crest and its derivatives express both Hdac1 and Hdac2 during early murine development
	Hdac1 and Hdac2 function redundantly within the neural crest progenitor cells
	Hdac1 and Hdac2 regulate proliferation in the neural tube and first pharyngeal arch by repressing cyclin-dependent kinase inhibitors

	Discussion
	Experimental Procedures
	Mice
	Histology
	Antibodies and Reagents
	Hematoxylin and Eosin Staining
	LacZ Staining
	Immunohistochemistry
	Western Blotting
	Morphometric Analysis
	Real Time quantitative PCR
	Statistical Analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

