
R E S E A R CH A R T I C L E

Function of chromatin modifier Hmgn1 during neural crest and
craniofacial development

Chibuike Ihewulezi | Jean-Pierre Saint-Jeannet

Department of Molecular Pathobiology,

College of Dentistry, New York University,

New York, New York, USA

Correspondence

Jean-Pierre Saint-Jeannet, Department of

Molecular Pathobiology, College of Dentistry,

New York University, 345 East 24th Street,

New York, NY 10010, USA.

Email: jsj4@nyu.edu

Funding information

National Institute of Dental and Craniofacial

Research, Grant/Award Number:

R01DE025468

Summary

The neural crest is a dynamic embryonic structure that plays a major role in the for-

mation of the vertebrate craniofacial skeleton. Neural crest formation is regulated by

a complex sequence of events directed by a network of transcription factors working

in concert with chromatin modifiers. The high mobility group nucleosome binding

protein 1 (Hmgn1) is a nonhistone chromatin architectural protein, associated with

transcriptionally active chromatin. Here we report the expression and function of

Hmgn1 during Xenopus neural crest and craniofacial development. Hmgn1 is broadly

expressed at the gastrula and neurula stages, and is enriched in the head region at

the tailbud stage, especially in the eyes and the pharyngeal arches. Hmgn1 knock-

down affected the expression of several neural crest specifiers, including sox8, sox10,

foxd3, and twist1, while other genes (sox9 and snai2) were only marginally affected.

The specificity of this phenotype was confirmed by rescue, where injection of Hmgn1

mRNA was able to restore sox10 expression in morphant embryos. The reduction in

neural crest gene expression at the neurula stage in Hmgn1 morphant embryos cor-

related with a decreased number of sox10- and twist1-positive cells in the pharyngeal

arches at the tailbud stage, and hypoplastic craniofacial cartilages at the tadpole

stage. These results point to a novel role for Hmgn1 in the control of gene expression

essential for neural crest and craniofacial development. Future work will investigate

the precise mode of action of Hmgn1 in this context.
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1 | INTRODUCTION

The neural crest is a population of multipotent and motile cells

derived from the embryonic ectoderm and unique to vertebrates.

Neural crest progenitors are specified at the neural border zone at the

end of gastrulation, and upon completion of neurulation these cells

delaminate from the neural tube, migrate throughout the embryo and

give rise to multiple cell lineages contributing to the formation of most

organs of the adult. In the head region, the cranial neural crest cells

migrate into the pharyngeal arches where they will form most cranio-

facial skeletal elements of the face and neck (Minoux & Rijli, 2010).

Abnormal development of the cranial neural crest can result in severe

defects affecting the orofacial complex as exemplified by man-

dibulofacial dysostosis (MFD) and other related craniofacial congenital

disorders (Trainor & Andrews, 2013). Animal models of MFD indicate

that this condition is due to defects in neural crest progenitors forma-

tion (Beauchamp et al., 2021; Devotta, Juraver-Geslin, Gonzalez,

Hong, & Saint-Jeannet, 2016; Dixon et al., 2006; Lei et al., 2017).

Neural crest cells are generated through a well-orchestrated

sequence of events directed by a complex network of transcription

factors often working in conjunction with chromatin modifiers to acti-

vate and repress gene expression over time (Hu, Strobl-Mazzulla, &

Bronner, 2014; Rogers & Nie, 2018; Simões-Costa & Bronner, 2015).

The high mobility group nucleosome-binding protein 1 (Hmgn1)
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belongs to a family of five nonhistone chromatin remodelers

(Hmgn1-5; Hock, Furusawa, Ueda & Bustin, 2007). These factors pref-

erentially bind to enhancers and promoters, thereby regulating tran-

scription (Kugler, Deng, & Bustin, 2012; Naduri, Furusawa, &

Bustin, 2020). Hmgn proteins are vertebrate-specific and mostly ubiq-

uitously expressed (Naduri et al., 2020; Postnikov & Bustin, 2010).

Hmgn1 and Hmgn2 are especially highly expressed during early

embryogenesis suggesting that they may have an important role in lin-

eage decision and differentiation (Naduri, Furusawa, & Bustin, 2020).

Hmgn1�/� mouse embryos are relatively normal, with impaired

response to stress, and increased sensitivity to ultraviolet (UV)-

induced DNA damage (Abuhatzira, Shamir, Schones, Schaffer, &

Bustin, 2011; Birger et al., 2005). The lack of a more severe embryonic

phenotype in these animals is likely due to functional redundancy

between Hmgn1 and Hmgn2 (Martinez de Paz & Ausio, 2016; Naduri

et al., 2020).

Here, we describe the expression and function of Hmgn1 during

Xenopus craniofacial development. Hmgn1 is initially broadly

expressed in the embryo and then becomes progressively enriched in

the head region. Morpholino-mediated knockdown of Hmgn1

affected the expression of several early neural crest genes including

sox8, sox10, foxd3, and twist1. Later in development, these embryos

had a decreased number of sox10- and twist1-positive cells in the pha-

ryngeal arches, and hypoplastic craniofacial cartilages at the tadpole

stage. We propose that Hmgn1 is regulating the transcription of a

subset of genes essential for neural crest and craniofacial develop-

ment, and in its absence neural progenitors fail to activate or maintain

a neural crest developmental program.

2 | MATERIALS AND METHODS

2.1 | Plasmids constructs and morpholino
antisense oligonucleotides

Xenopus laevis Hmgn1.L complete coding sequence was generated by

polymerase chain reaction (PCR) using the following primers: forward;

50-ATCGATGCCACCATGCCTAAGAGAAAGCAGGTGAA-30 and reve-

rse; 50- TCTAGATTATTCAGACTTGGATTCCTTGT-30 and NF stage 11.5

cDNA using Pure Taq Ready-to-go PCR beads (ThermoFisher Scientific;

Waltham, MA). The PCR product was cloned into pGEMT Easy and sub-

sequently ligated into pCS2+ vector, using the restriction sites ClaI and

XbaI. Hmgn1 translation blocking morpholino antisense oligonucleotide

(Hmgn1MO; 50-CTTTCTCTTAGGCATGGCTGCAC-30) and control

morpholino (CoMO) were purchased from GeneTools (Philomath, OR).

Hmgn1MO targets both Hmgn1.L and Hmgn1.S allo-alleles. The specific-

ity of Hmgn1MO was tested on a pCS2+ myc-tagged version of Hmgn1

containing the full Hmgn1MO target site (including 8 bp upstream to the

ATG), generated using the following primers forward;

50-GGATCCGTGCAGCCATGCCTAAGAGAA-30 and reverse

50-ATCGATTTCAGACTTGGATTCCTTGTCA-30. The amplified regions

were ligated into pCS2 + myc-tag plasmid, using the restriction sites

BamHI and ClaI.

2.2 | Xenopus embryos and microinjections

X. laevis embryos were staged according to Nieuwkoop and Faber (1956)

and raised in 0.1X NAM (Normal Amphibian Medium; Slack &

Forman, 1980). The use of animals was approved by New York University

Institutional Animal Care and Use Committee (protocol #IA16-00052).

Hmgn1, and β-galactosidase (LacZ)mRNAs were synthesized in vitro using

the Message Machine kit (Ambion, Austin, TX). CoMO, Hmgn1 MO, and

Hmgn1mRNAwere injected in one blastomere at the 2-cell stage and the

injected embryos were analyzed by in situ hybridization (ISH) at the neu-

rula (NF stage 15) or tailbud (NF stage 25) stages. To identify the injected

side, 500 pg of LacZ mRNA was co-injected as a lineage tracer. Only

embryos showing co-localized expression of the lineage tracer with the

marker of interest were considered for analysis.

2.3 | Whole-mount ISH

Embryos were fixed in MEMFA and stained for Red-Gal (Research

Organics; Cleveland, OH) to visualize the lineage tracer (LacZ mRNA) and

processed for ISH. Antisense digoxigenin-labeled probes (Genius kit;

Roche, Indianapolis, IN) were synthesized using template cDNA

encoding hmgn1, snai2 (Mayor, Morgan, & Sargent, 1995), sox8

(O'Donnell, Hong, Huang, Delnicki, & Saint-Jeannet, 2006), sox9

(Spokony, Aoki, Saint-Germain, Magner-Fink, & Saint-Jeannet, 2002),

sox10 (Aoki et al., 2003), foxd3 (Sasai, Mizuseki, & Sasai, 2001), dmrta1

(Huang, Hong, O'Donnell, & Saint-Jeannet, 2005), sox2 (Mizuseki, Kishi,

Matsui, Nakanishi, & Sasai, 1998), twist1 (Hopwood, Pluck, &

Gurdon, 1989), foxi4.1 (Pohl, Knochel, Dillinger, & Knochel, 2002) pax6

(Hirsch & Harris, 1997), and foxe3 (Kenyon, Moody, & Jamrich, 1999).

Whole-mount ISH was performed as described (Harland, 1991; Saint-

Jeannet, 2017), and the embryos imaged on a Leica M165 Stereomicro-

scope (Leica Microsystems Inc., Buffalo Grove, IL). For histology, NF

stage 33 stained embryos were embedded in Paraplast+, sectioned on a

rotary microtome (Olympus, Center Valley, PA), and briefly counter-

stained with Eosin Y.

2.4 | Western blot analysis

Embryos were injected at the 2-cell stage with 10 pg of Xenopus

Hmgn1 mRNA alone or in combination with increasing doses of

Hmgn1MO, and cultured to NF stage 10–15. Pools of 10 embryos

were homogenized in lysis buffer (0.5% Triton X-100, 10 mM

Tris–HCI at pH 7.5, 50 mM NaCl, 1 mM EDTA), containing HaltTM

Protease Inhibitor Cocktail (ThermoFisher Scientific; Waltham, MA).

After two successive centrifugations to eliminate lipids, the lysate was

concentrated on an Amicon Ultra Centrifugal Filter (Merck Millipore;

Billerica, MA), 5 μl of the lysate was resolved on a 10% NuPAGE Bis-

Tris gel and transferred onto a PVDF membrane using the iBlot sys-

tem (Invitrogen). The blots were incubated overnight with a monoclo-

nal anti-myc antibody (Santa Cruz Biotechnology, Dallas, TX; 1:1000

dilution) or anti α-tubulin antibody (Sigma Aldrich, St Louis, MO;
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1:500 dilution). The blots were washed and incubated with anti-

mouse IgG coupled to horseradish peroxidase (Santa Cruz Biotechnol-

ogy, Dallas, TX; 1:10,000 dilution). Peroxidase activity was detected

with the Western Blotting Luminol Reagent (Santa Cruz Biotechnol-

ogy, Dallas, TX) and imaged on a ChemiDoc MP gel documentation

system (Biorad, Hercules, CA). Membranes were stripped using

Restore Western Blot Stripping Buffer (ThermoFisher Scientific, Wal-

tham, MA) according to the manufacturer recommendations.

2.5 | TUNEL and proliferation assays

TUNEL staining was conducted as described (Hensey & Gautier, 1998).

Hmgn1MO- and Sf3B4MO-injected albinos embryos at stage 15 or

stage 12 were fixed in MEMFA, rehydrated in PBT and washed in TdT

buffer (Roche, Indianapolis, IN) for 30 min. End labeling was carried out

overnight at room temperature in TdT buffer containing 0.5 mM DIG-

dUTP and 150 U/ml TdT (Roche, Indianapolis, IN). Embryos were

washed for 2 hr at 65�C in PBS/1 mM EDTA. DIG was detected with

anti-DIG Fab fragments conjugated to alkaline phosphatase (Roche,

Indianapolis, IN; 1:2000 dilution) and the chromogenic reaction per-

formed using NBT/BCIP (Roche, Indianapolis, IN). For phosphohistone

H3 (pHH3) detection (Saka & Smith, 2001), fixed albinos embryos were

incubated successively in anti-phosphohistone H3 antibody (Upstate

Biotechnology, Lake Placid, NY; 1 mg/ml) and an anti-rabbit IgG sec-

ondary antibody conjugated to alkaline phosphatase (ThermoFisher Sci-

entific, Waltham, MA; 1:1000). Alkaline phosphatase activity was

revealed using NBT/BCIP (Roche, Indianapolis, IN). To quantify changes

in cell death and proliferation, embryos were individually photographed

and the number of TUNEL- and pHH3-positive cells in the dorsal ecto-

derm counted manually on control and injected sides.

2.6 | Cartilage staining

Hmgn1MO-injected embryos were cultured to NF stage 45 for carti-

lage analysis. Alcian blue staining of stage 45 tadpoles was performed

as described (Berry, Rose, Remo, & Brown, 1998). Tadpoles were fixed

overnight in 10% formaldehyde, rinsed in tap water, skinned, and evis-

cerated. The tadpoles were dehydrated and stained in Alcian blue

(Sigma-Aldrich; St. Louis, MO) for 12 hr. After multiple rinses in 95%

ethanol, tadpoles were rehydrated and macerated in 2% potassium

hydroxide. Specimens were then transferred successively in 20%,

40%, 60%, and 80% glycerol in 2% potassium hydroxide. The ethmoid

plate was dissected out and specimens mounted flat under a coverslip

in 80% glycerol, and individually imaged on a Leica M165 Stereomi-

croscope (Leica Microsystems Inc., Buffalo Grove, IL).

2.7 | Neural crest cell migration quantification

The net distance on neural crest cells migration was measured in

sox10 and twist1 stained stage 23–25 embryos using FIJI/Image J by

drawing a straight line from the dorsal midline to the ventral-most

edge of neural crest streams 1–3 (the fourth stream is often fused

with the third stream at these stages). The mean length of dorso-

ventral extension was calculated per embryo for each side (injected

side vs. control side). The ratio of the mean dorsoventral extension is

plotted after normalization to the control condition. A value of 1 repre-

sents normal dorsoventral extension.

2.8 | Statistical method

Each experiment was performed on at least three different batches of

embryos obtained from different females. In MO-injected embryos

we compared gene expression on the injected side to the contralateral

uninjected side, and to CoMO-injected embryos. For TUNEL and

pHH3 staining analyses were performed with GraphPad Prism 8 (Gra-

phPad Software, San Diego, CA) using unpaired t-test with Welch's

correction. p-value <.05 was considered significant.

3 | RESULTS

3.1 | Developmental expression of hmgn1

To analyze the expression pattern of hmgn1 during X. laevis develop-

ment, we performed ISH on embryos at different stages. Sense (nega-

tive control) and antisense probes were used to evaluate hmgn1

expression. Hmgn1 transcripts are detected in the embryonic ecto-

derm at early (NF stage 10) and late (NF stage 12) gastrula stages, and

appear to be ubiquitously expressed at these stages (Figure 1a). At

early neurula stage (NF stage 15), hmgn1 is still broadly expressed

throughout the ectoderm. As neurulation proceeds (NF stage 18),

hmgn1 expression appears to be enriched dorsally, in the prospective

neural plate and neural crest territories (Figure 1a). By tailbud stages

(NF stages 23 and 33), stronger signal was detected in the developing

eyes, otic vesicles, and the posterior pharyngeal arches (Figure 1a). To

further document hmgn1 expression we sectioned stage 33 embryos,

and confirmed that hmgn1 is expressed in the skin, brain, developing

retina, and to a lesser extent in the developing otic vesicle (Figure 1b).

Hmgn1 is therefore broadly expressed during Xenopus development

consistent with a previous report (Korner, Bustin, Scheer, &

Hock, 2003), and its predicted function as a general regulator of chro-

matin remodeling (Naduri et al., 2020).

3.2 | Hmgn1 regulates the expression of a subset
of neural crest genes

Because hmgn1 is enriched dorsally and in the head region, we evalu-

ated its role during neural crest formation, a cell population that

makes a major contribution to the orofacial complex. We used a trans-

lation blocking morpholino antisense oligonucleotide (Hmgn1MO;

Figure 2a) to interfere with its function. Validation of the MO was
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conducted by Western blot on embryos injected with mRNA

encoding a tagged version of Hmgn1 (Hmgn1-Myc) alone, or in

combination with increasing doses of Hmgn1MO. In these embryos,

co-injection of Hmgn1MO blocked accumulation of Hmgn1 protein

directed by Hmgn1-Myc mRNA (Figure 2b). We first analyzed the

expression of sox10, a gene expressed in neural crest progenitors at

the neurula stage (Aoki et al., 2003). Unilateral injection of

Hmgn1MO in embryos at the 2-cell stage caused a marked reduc-

tion of sox10 expression in 78% of analyzed embryos (Figure 2c,d).

To confirm the specificity of the phenotype, we performed rescue

experiments by injection of a wild-type hmgn1 mRNA (Hmgn1WT)

resistant to Hmgn1MO. Expression of Hmgn1WT was sufficient to

restore sox10 expression in Hmgn1 morphant embryos (Figure 2c,d),

while overexpression of Hmgn1WT had little to no effect on sox10

expression at this stage (Figure 2c,d). Altogether these results

indicate that Hmgn1 function is required for sox10 expression,

and demonstrate the specificity of the Hmgn1 knockdown

phenotype.

F IGURE 1 Developmental expression of hmgn1 in Xenopus laevis embryos. (a) At gastrula stages (NF stage 10–12), hmgn1 transcripts
(hmgn1-as; upper panels) are detected throughout the embryonic ectoderm. At neurula stages (NF stage 15–18) hmgn1 appears to be enriched at
the neural plate and the neural plate border (stage 18; arrowheads). At stage 23 and 33, hmgn1 is still broadly expressed with stronger expression
in the pharyngeal arches (brackets) and the developing eyes (arrows). Stages 10–18 are dorsal views, anterior to top. Stages 23–33 are lateral
views, dorsal to top, anterior to right. Staining with a control sense probe (hmgn1-s; lower panels) is shown for comparison. (b) Transverse
sections of a stage 33 embryo at the forebrain (f; left panel) and hindbrain (h; right panel) levels, highlight hmgn1 expression in the skin (arrows),
brain, retina of the eye (r) and to a lesser extent in the otic vesicle (o)

F IGURE 2 Hmgn1 knockdown affects sox10 expression. (a) The sequence targeted by the Hmgn1 translation blocking morpholino antisense
oligonucleotide (Hmgn1MO) is depicted in red. Hmgn1MO targets the ATG start site (blue) of both hmgn1.S and hmgn1.L. The start sequence of
the rescuing hmgn1 mRNA is shown for comparison, it lacks the 8 bp upstream of the ATG targeted by Hmgn1MO. (b) Western blot analysis from
lysates of embryos injected with hmgn1-Myc mRNA (100 pg) alone, or in combination with increasing doses of Hmgn1MO, 10 ng (+) and 100 ng
(++). α-tubulin is shown as a loading control. (c) Unilateral injection of wild-type hmgn1 mRNA (Hmgn1WT; 10 pg) restores sox10 expression in
Hmgn1-depleted embryos (Hmgn1MO; 20 ng). The injected side is indicated by an asterisk. (d) Quantification of the phenotypes from four
independent experiments. The number of embryos showing a given phenotype is indicated in each bar
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We expanded our analysis of the Hmgn1 morphant pheno-

type by exploring the impact of Hmgn1 knockdown on other neu-

ral crest genes (sox8, sox9, foxd3, snai2, and twist1), as well as

genes expressed in other derivatives of the ectoderm including

cranial placode (six1, dmrt1a, foxi4.1, and sox9) and neural plate

(sox2) lineages. Interestingly, we found that only a subset of neu-

ral crest genes were affected upon Hmgn1 knockdown, while the

expression of sox8, foxd3, and twist1 was reduced in a majority of

the embryos, sox9 and snai2 were largely unaffected (Figure 3a,b).

The pan-placodal genes foxi4.1 and six1 were only marginally

affected in 11% and 26% of the embryos, respectively, whereas

dmrta1, which is expressed in the prospective olfactory epithe-

lium (Huang et al., 2005), was significantly reduced in 76% of

embryos. The otic expression domain of sox9, and the neural

plate and placode expression domains of sox2 were largely

unperturbed in morphant embryos (Figure 3a,b). Because hgmn1

is strongly expressed in the developing eye (Figure 1) we also

analyzed the expression of pax6 (prospective eye and lens) and

foxe3 (lens vesicle) in morphant embryos at NF stage 23 and

30, respectively. We found that both genes were largely unaf-

fected in these embryos (Figure 4a–c). These results indicate that

Hmgn1 is necessary for the expression of a subset of neural crest

genes, suggesting that it may regulate the development of these

progenitors and their derivatives.

3.3 | Hmgn1 depletion does not affect cell death
or proliferation in the ectoderm

To determine the mechanism underlying the reduction of neural crest

gene expression in Hmgn1-depleted embryos we analyzed cell death

in the ectoderm of Hmgn1 morphant embryos at the neurula stage

(NF stage 15) by TUNEL staining. We observed no significant change

in the number of TUNEL-positive cells in the ectoderm of

Hmgn1-depleted embryos (Figure 5a,b). By comparison injection of

Sf3b4MO resulted in increased TUNEL positivity, as previously

reported (Devotta et al., 2016). We next examined whether changes

in neural crest gene expression could be the result of a defect in neu-

ral crest progenitor proliferation rate by performing phospho-histone

H3 (pHH3) immunostaining at neurula stage (NF stage 15). We found

that the number of pHH3-positive cells was not significantly affected

in Hmgn1MO-injected embryos as compared to controls (Figure 5c,d).

To ascertain that defects in cell death and proliferation did not occur

at an earlier time point (prior to neurula stage), we also performed

TUNEL and pHH3 staining in late gastrula stage embryos (NF stage

12), and observed no significant differences (Figure S1; not shown).

Based on these observations we can speculate that reduced neural

crest gene expression in Hmgn1-depleted embryos may indicate that

these cells fail to differentiate and/or maintain an undifferentiated/

pluripotent state.

F IGURE 3 Hmgn1
knockdown affects neural crest
formation. (a) Phenotype of
Hmgn1MO-injected embryos
(20 ng) on neural crest (upper
row) and placode (lower row)
gene expression at stage 15. The
injected side is indicated by an
asterisk. Dorsal views, anterior to
top, except for dmrta1 and foxi4.1
for which anterior views are
shown. (b) Quantification of the
phenotypes. The number of
embryos showing a given
phenotype is indicated in
each bar
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3.4 | Hmgn1 is necessary for cranial neural crest
cells migration

At the tailbud stage, cranial neural crest cells migrate ventrally as indi-

vidual streams toward the pharyngeal arches. We next analyzed the

dorsoventral extension of neural crest streams using ISH for twist1

and sox10, two genes expressed in migratory neural crest cells. We

found that in both cases the vast majority of the Hmgn1 morphant

embryos had defects in neural crest streams formation as compared

to CoMO-injected embryos (Figure 6a; Figure S2). To further quantify

this defect we measured the dorsoventral extension of the first three

neural crest streams (Figure 6b) of CoMO- and Hmgn1MO-injected

embryos after ISH with sox10 and twist1. We observed a severe

reduction of the net distance migrated in the posterior cranial neural

crest streams (second and third) while the first stream was only mar-

ginally affected (Figure 6c,d).

3.5 | Hmgn1-depleted embryos display abnormal
craniofacial cartilages

To evaluate the long-term effects of Hmgn1 depletion on neural

crest-derived craniofacial structures, embryos with unilateral injection

of Hmgn1MO were cultured to the tadpole stage (NF stage 45) to

analyze craniofacial cartilage formation using alcian blue staining.

Morphant tadpoles exhibited size reduction of craniofacial cartilage,

with the posterior cartilages being the most consistently affected

when compared to the uninjected side (Figure 7a,b). This is consistent

with the observation that the extent of dorsoventral cranial neural

crest cells migration is more severely affected in the posterior pharyn-

geal arches (second and third streams; Figure 6).

4 | DISCUSSION

In recent years, important advances have been made in the characteri-

zation of the gene regulatory network (GRN) underlying cranial neural

crest formation (Chong-Morrison & Sauka-Spengler, 2021; Simões-

Costa & Bronner, 2015). Here, we describe the role of Hmgn1, a novel

player in the neural crest GRN, and its requirement during neural crest

and craniofacial development in Xenopus. Hmgn1 is a ubiquitously

expressed protein unique to vertebrates that binds specifically to

chromatin nucleosome core particles. The interaction of Hmgn1 with

nucleosomes modulates the organization of the chromatin and histone

modifications, and as such Hmgn1 is considered an epigenetic regulator

of transcription (Kugler et al., 2012; Martinez de Paz & Ausio, 2016;

F IGURE 4 Hmgn1 depletion does not
affect eye and lens development.
(a) Hmgn1 knockdown does not affect the
expression of pax6 in the developing eye,
prospective lens and forebrain at NF
stage 23. Injected side (asterisk) is
showing the lineage tracer Red-Gal.
Frontal view, dorsal to top. (b) The
expression of foxe3 in the lens vesicle is

not affected in Hmgn1 morphant embryos
at NF stage 30. Injected side is showing
the lineage tracer Red-Gal. Lateral views,
dorsal to top, anterior to left.
(c) Quantification of the phenotypes. The
number of embryos showing a given
phenotype is indicated in each bar
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Naduri et al., 2020). Other reported functions of Hmgn1 include DNA

replication and repair (Birger et al., 2003; Vestner, Bustin, &

Gruss, 1998).

We confirmed that hmgn1 is broadly expressed during Xenopus

early embryogenesis (Gawantka et al., 1998; Korner et al., 2003);

however, we also found that hmgn1 transcripts were enriched in the

pharyngeal arches and developing eyes. This expression in the head

region propounded a possible role for Hmgn1 in the regulation of

craniofacial development. Hmgn1 morpholino-mediated knockdown

resulted in decreased expression of a subset of neural crest specifier

genes (sox8, sox10, foxd3, and twist1). Importantly, this phenotype

could be rescued by restoring Hmgn1 expression in morphant

embryos, demonstrating the specificity of the knockdown pheno-

type. At the tailbud stage, cranial neural crest cells migrate as

streams in a stereotypical manner toward the pharyngeal arches

where they will eventually differentiate into the unique skeletal ele-

ments of the face (Minoux & Rijli, 2010; Sadaghiani &

Thiebaud, 1987). At this stage, the dorsoventral extension of neural

crest streams was significantly reduced in Hmgn1 morphant as com-

pared to control embryos, resulting in severe craniofacial cartilage

defects at the tadpole stage. We propose that the craniofacial phe-

notype observed at these tadpoles is likely due to the inability of

neural crest cells to reach the pharyngeal arches in sufficient num-

bers to generate full size cartilages.

In our hands, Hmgn1 overexpression did not significantly affect

sox10 expression at the neurula stage. However a previous study has

shown that injection in Xenopus embryos of Hmgn1 proteins, or its

related factor Hmgn2, caused malformations affecting primarily the

head region and the body axis, a phenotype that was not observed in

embryos overexpressing a mutant form of Hmgn2 lacking a functional

nucleosomal binding domain (Korner et al., 2003). Hmgn2 knockdown

had a very similar phenotype to the gain of function phenotype,

suggesting that changes in Hmgn protein levels are broadly detrimen-

tal to embryonic development. The phenotype of Hmgn1 knockdown

has not been reported by Korner et al. (2003).

Unlike other genes that have been linked to increased apoptosis

and craniofacial defect, such as Sf3b4 in Nager syndrome (Devotta

et al., 2016), Eftud2 in MFD with microcephaly (Beauchamp

et al., 2021; Lei et al., 2017) or Tcof1 in Treacher Collins syndrome

(Dixon et al., 2006), we did not observed any changes in the rate of

cell death or proliferation in the embryonic ectoderm at the late gas-

trula or neurula stage upon Hmgn1 knockdown. This result signifies

that reduced neural crest gene expression cannot be explained by a

targeted depletion of neural crest progenitors through apoptosis or by

a reduction in the proliferative capacity of these progenitors. One

possibility is that these cells may have adopted another fate, however

this is not supported by our results showing that neural plate (sox2)

and placode (six1 and foxi4.1) genes expression were largely

F IGURE 5 Hmgn1 knockdown does not affect cell death or proliferation in the ectoderm. (a) TUNEL staining of representative Hmgn1 and
Sf3b4 morphant embryos at stage 15. The injected side is indicated by an asterisk. Dorsal view, anterior to top. (b) Quantification of the number
of TUNEL-positive cells in control and injected sides of Hmgn1MO (n = 40; left graph) and Sf3b4MO (n = 47; right graph) injected embryos at
stage15. (c) pHH3 immunostaining of a representative Hmgn1 morphant embryos at stage 15. (d) Quantification of the number of pHH3-positive
cells in control and injected sides of Hmgn1MO-injected embryos (n = 26). (b, d) Each dot represents one embryo. p-values were calculated using
unpaired t-test with Welch's correction, **** p < .0001; ns: not significant
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F IGURE 6 Hmgn1 knockdown affects neural crest streams formation. (a) Phenotype of CoMO (20 ng) and Hmgn1MO (20 ng) injected
embryos at NF stage 23–25 analyzed for sox10 and twist1 expression. The red brackets indicate the extent of dorso-ventral extension of neural
crest streams in control and MO-injected sides. (b) Higher magnification of an embryo stained with sox10 showing the position of the three
neural crest streams. Lateral view, dorsal to top, anterior to left. (c,d) Graph plotting the distance migrated by neural crest cells in stream 1, 2, and
3 of CoMO- and Hmgn1MO-injected embryos stained by sox10 (c) or twist1 (d). A similar number of embryos were analyzed for each gene
(CoMO, n = 21 and Hmgn1MO, n = 30). Brown–Forsyth and welch analysis of variance test, with multiple comparisons test (Dunnett) with
individual variances computed for each comparison. *, p = .0141; **, p = .0013; ***, p = .0003; **** p < .0001; ns: not significant

F IGURE 7 Hmgn1 knockdown affects craniofacial cartilage formation. (a) Schematic representation of neural crest derived cranial cartilages at
the tailbud stage (modified from Sadaghiani & Thiebaud, 1987). Neural crest cells in stream 1 contribute to Meckel's cartilage (M), in stream 2 they
contribute to ceratohyal cartilage (C), and in streams 3 and 4 they contribute to the anterior (AG) and posterior (PG) gill cartilages, respectively.
(b) Alcian blue staining of dissected craniofacial cartilages of control and Hmgn1MO (20 ng), injected tadpoles at NF stage 45. The injected side is
indicated by an asterisk. (c) Quantification of the phenotypes. The number of embryos showing a given phenotype is indicated in each bar
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unaffected or reduced (dmrta1) in Hmgn1 morphant embryos. An

alternative interpretation is that these cells in the absence of Hmgn1

function may lose the ability to differentiate and rather maintain an

undifferentiated/multipotent state. Consistent with this possibility, a

recent study using reprogrammed mouse embryonic fibroblasts has

shown that HMGN proteins are required at cell-type-specific regula-

tory regions to maintain cell fate, by optimizing and stabilizing the epi-

genetic landscape that ensures maintenance of cell identity (He

et al., 2018). HMGN proteins have been shown to regulate the

expression of cell-type-specific genes in other contexts as well. For

example, mouse embryonic stem cells lacking both HMGN1 and

HMGN2 downregulate the expression of genes involved in oligo-

dendrocyte differentiation (OLIG1 and OLIG2). In vivo, mouse lacking

HMGN1 and HMGN2 have a reduced number of oligodendrocytes in

the spinal cord, impaired myelination and exhibit neurological defects

(Deng et al., 2017). Therefore the presence of HMGN proteins is

essential for the expression of differentiation genes. Future studies

will determine whether this is also the case in the context of the neu-

ral crest.

In conclusion, we present evidence of a novel role of Hmgn1 in

the regulation of neural crest and craniofacial development in

Xenopus. While Hmgn proteins regulate global transcription, there is

evidence that these proteins can regulate the expression of cell-type-

specific genes either directly (Rubinstein et al., 2005; West, Castellini,

Duncan, & Bustin, 2004) or indirectly by modulating the binding of

accessory transcription factors at the cis-regulatory regions of these

genes (Amen et al., 2008; Ueda, Furusawa, Kurahashi, Tessarollo, &

Bustin, 2009). Future lines of investigation will address the precise

molecular mechanisms underlying Hmgn1 function that ensure proper

development of the cranial neural crest and its derivatives.
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