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Abstract

Cdc42, a Rho family small GTPase, regulates cytoskeleton organization, vesicle trafficking, and other cellular processes in development
and homeostasis. However, Cdc42’s roles in prenatal tooth development remain elusive. Here, we investigated Cdc42 functions in mouse
enamel organ. Cdc42 showed highly dynamic temporospatial patterns in the developing enamel organ, with robust expression in the
outer enamel epithelium, stellate reticulum (SR), and stratum intermedium layers. Strikingly, epithelium-specific Cdc42 deletion resulted
in cystic lesions in the enamel organ. Cystic lesions were first noted at embryonic day |5.5 and progressively enlarged during gestation. At
birth, cystic lesions occupied the bulk of the entire enamel organ, with intracystic erythrocyte accumulation. Ameloblast differentiation
was retarded upon epithelial Cdc42 deletion. Apoptosis occurred in the Cdc42 mutant enamel organ prior to and synchronously with
cystogenesis. Transmission electron microscopy examination showed disrupted actin assemblies, aberrant desmosomes, and significantly
fewer cell junctions in the SR cells of Cdc42 mutants than littermate controls. Autophagosomes were present in the SR cells of Cdc42
mutants relative to the virtual absence of autophagosome in the SR cells of littermate controls. Epithelium-specific Cdc42 deletion
attenuated Wnt/B-catenin and Shh signaling in dental epithelium and induced aberrant Sox2 expression in the secondary enamel knot.
These findings suggest that excessive cell death and disrupted cell-cell connections may be among multiple factors responsible for the
observed cystic lesions in Cdc42 mutant enamel organs. Taken together, Cdc42 exerts multidimensional and pivotal roles in enamel organ

development and is particularly required for cell survival and tooth morphogenesis.
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Introduction

Tooth development is initiated by the formation of the dental
placode, which is an epithelial thickening that interacts with
neural crest—derived dental mesenchyme to form a tooth organ.
Epithelium-mesenchyme interactions are crucial for tooth
morphogenesis (Mao and Prockop 2012; Thesleff 2014; Jiang
et al. 2017). Specifically for the developing enamel organ, a
single-layer epithelium develops into not only the outer enamel
epithelium and inner enamel epithelium (IEE) but also the cen-
trally located cells, including cells of the stellate reticulum
(SR) and stratum intermedium (SI; Thesleff and Tummers
2008). Much attention has been appropriately paid toward the
development of IEE, which borders and interacts with the con-
densing mesenchyme and differentiates into enamel-forming
ameloblasts (Peters and Balling 1999). However, the SR and SI
cells, which are commonly viewed as supporting cells for the
developing dental epithelium, have been less frequently stud-
ied (Thesleff and Tummers 2008; Liu et al. 2016; Regezi et al.
2016).

The Rho GTPase family plays increasingly recognized
roles in tooth development (Li et al. 2016). Rho family
GTPases, including RhoA, Racl, and Cdc42, are expressed in
the developing tooth organ and mediate the differentiation of
ameloblasts and odontoblasts (Biz et al. 2010). Compared with
RhoA and Racl, Cdc42 functions in tooth development are

poorly understood. In homeostasis, Cdc42 mediates signals of
tyrosine kinase receptors, G protein—coupled receptors, and
integrins through multiple signaling pathways and in multiple
organ systems (Rul et al. 2002; Brunton et al. 2004). Cdc42
regulates multiple cellular processes, including cytoskeleton
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dynamics, vesicle trafficking, and cell survival (Olson et al.
1995; Melendez et al. 2011). Global Cdc42-knockout mice die
around embryonic day 5.5 (E5.5) (Chen et al. 2000). Tissue-
specific Cdc42 knockout in the heart, nervous system, liver,
eyes, and other organs disrupts multiple developmental pro-
cesses and organ functions (Melendez et al. 2011). In a recent
report, inducible epithelium-specific Cdc42 deletion was
shown to disrupt YAP transnucleation in the incisor cervical
loop of postnatal mice (Hu et al. 2017). However, Cdc42 func-
tions for prenatal tooth development remain elusive. Here, we
demonstrate that epithelium-specific Cdc42 deletion induced
excessive apoptosis and cystic lesions in the enamel organ,
suggesting its vital roles in tooth development.

Materials and Methods

Generation of Epithelium-Specific
Cdc42-Knockout Mice

Animal research was approved by Columbia University
Institutional Animal Care and Use Committee. K/4-cre and
Cdc42""" mice were acquired from the Jackson Laboratory
(Dassule et al. 2000; Chen et al. 2006). KI4-cre; Cdc42""*
mice were established by crossing K/4-cre mice with Cdc42">"
mice. The compound heterozygous mice were healthy and sur-
vived. K14-cre; Cde42?"? (Cde42°°) mutant mice were gen-
erated by crossing K14-cre; Cdc42'"* mice with Cdc42'?"%
mice. Mouse genotyping was performed by general poly-
merase chain reaction (PCR) with the Cdc42 primer (F5'-AG
ACAAAACAACAAGGTCCAGA-3'; R5'-GCACCATCACC
AACAACAAC-3') per genotyping protocol from the Jackson
Laboratory.

Gross Examination, Histology,
Immunofluorescence, and Confocal Microscopy

Gross examination was performed under a stereomicroscope
(SMZ800; Nikon). Tooth organs were decalcified with 0.5M
ethylenediaminetetraacetic acid (EDTA) as needed, with paraf-
fin blocks sectioned at 5-um thickness. Frontal sections were
used unless otherwise stated. For immunofluorescence, heat-
based antigen retrieval was applied. The following antibodies
were used: Cdc42 (ab187643; Abcam), pan-keratin (ab8068;
Abcam), laminin (ab11575; Abcam), B-catenin (ab32572;
Abcam), ZO-1 (61-7300; Life Technologies), E-cadherin
(ab76055; Abcam), Sox2 (ab97959; Abcam), amelogenin
(sc365284; Santa Cruz), and ameloblastin (sc50534; Santa
Cruz). Alexa Fluor secondary antibodies (A32732 or A32723;
Invitrogen) were used for signal detection. Sections were exam-
ined with a Leica microscope (DM5000 B) and a Nikon confo-
cal microscope (Orange AIRMP).

Organ Culture and Trichrome Staining

E14.5 mandibular first molar tooth germs were isolated and
cultured in Transwell inserts in 12-well plates per our prior
methods (Jiang et al. 2017) with Dulbecco’s modified Eagle

medium (DMEM) containing 10% heat-activated fetal bovine
serum, 1% antibiotics, 1% GlutaMax, and 100uM ascorbic acid,
and media were changed every other day. Tooth germs were
processed for quantitative real-time PCR (qRT-PCR) and tri-
chrome staining following 7- and 21-d culture.

Apoptosis and Proliferation Assays

TUNEL staining was performed with the DeadEnd TUNEL
System (Promega) per the manufacturer’s protocol. Immuno-
fluorescence for phospho histone H3 (Millipore) was used for
cell proliferation assay. Sections were cut per published proto-
cols (Peterkova et al. 1996). We used serial sections of 3 inde-
pendent samples at 10-um intervals for E13.5, 20 pm for
E14.5, and 30 um for E15.5 tooth organs to quantify apoptosis
and mitosis in the enamel organ (Imagel).

Western Blot

Tissue lysates were prepared from isolated E15.5 tooth germs.
Dental epithelium was separated from dental mesenchyme by
Dispase 1 (Gibco) digestion, followed by dental epithelium
homogenizing and lysing with radioimmunoprecipitation
assay (RIPA) buffer for 30 min on ice, and centrifugation at
12,000 rpm for 20 min. Supernatants were used for Western
blot, with protein concentrations determined by BCA kit
(23225; Thermo Fisher Scientific). Approximately 10-ug pro-
teins were loaded per lane. Cdc42 (ab187643; Abcam) and
Gapdh (sc25778; Santa Cruz) antibodies were used. Secondary
antibodies were dye labeled and detected with the Odyssey
Infrared Imager system.

qRT-PCR

Total RNA was extracted by the RNeasy Microarray Tissue
Mini Kit (QIAGEN) per the manufacturer’s protocol. Dental
epithelia isolated from E13.5, E14.5, E15.5, and postnatal day
0 (P0) and cultured tooth germs were treated with Dispase 1.
cDNA was synthesized with iScript cDNA Synthesis Kit (Bio-
Rad). All primers were listed in Appendix Table. qRT-PCR was
performed with the SYBR system (Bio-Rad). The 27 method
was used to measure the fold changes of Cdc42, Lc3b, Lefl,
amelogenin (Amelx), and ameloblastin (4mbn), with Gapdh as
a control.

Transmission Electron Microscopy

Tooth germs were isolated from E14.5 embryos, fixed with
2.5% glutaraldehyde for 2 h, and treated with 1% OsO4 in
cacodylate buffer for 1 h. Following dehydration, tooth germs
were embedded in Lx-112 (Ladd Research Industries). Thin
sections were cut on the PT-XL ultramicrotome at 60-nm thick-
ness and stained with uranyl acetate and lead citrate. Sections
were examined with a JEOL JEM-1200 EXII transmission
electron microscope. Images were captured with an ORCA-HR
digital camera (Hamamatsu) and recorded with an AMT Image
Capture Engine.
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Figure I. Cdc42 expression in developing tooth organ and generation of epithelium-specific Cdc42 deletion mice. (A=E) Immunofluorescence of
Cdc42 (red) at embryonic day |1.5 (EI.5), EI3.5, EI5.5, EI7.5, and postnatal day 0 (P0). (A'=E’): Immunofluorescence of Cdc42 (red) overlaid with
DAPI (blue). (F-I) Confocal microcopy images of control versus K/4-cre; Cdc42"*"™® at E13.5 and E|5.5. (A-l) Dotted lines indicate the epithelial
compartment of the tooth germ. (J) Quantitative real-time polymerase chain reaction of Cdc42 expression in the control and K/ 4-cre; Cdc42?"*
enamel organs at E13.5 and E|5.5. Values are presented as mean * SD. **P < 0.001. (K) Western blot of Cdc42 expression in the control and K/ 4-cre;
Cdc42"*"™ enamel organs at E15.5. DE, dental epithelium; DL, dental lamina; DM, dental mesenchyme; DP, dental papilla; EO, enamel organ; IEE, inner
enamel epithelium; LM, lower first molar; OC, oral cavity; OEE, outer enamel epithelium; SR, stellate reticulum; UM, upper first molar. Scale bars:

100 pm (A-D’, F-1), 200 pm (E, E').

In Situ Hybridization

Sectional in situ hybridization was performed according to a
predescribed method (Zhou et al. 2015). The Shh probe was
generated by in vitro transcription of a plasmid construct
(Gritli-Linde et al. 2002), with an in vitro transcription kit
(MAXIscript T3/T7; Ambion).

Statistical Analysis

All experiments were performed in biological triplicates. All
quantitative data were expressed as mean + SD and analyzed
by Student’s 7 test or analysis of variance with Bonferroni tests
upon confirmation of normal data distribution, with signifi-
cance of P <0.05.

Results

Cdc42 Expression in Tooth Development

We first mapped Cdc42 expression from E11.5 to PO by immu-
nofluorescence. Cdc42 was rather modest in the dental placode

at E11.5 (Fig. 1A, A’). From E13.5 to E15.5, Cdc42 began
robust expression in dental epithelium, including the IEE and
newly formed SR layers (Fig. 1B—C’). Cdc42 further sustained
a high level in the IEE and relatively weak expression in the
SR and SI cells at E17.5 (Fig. 1D, D’). By PO, the Cdc42 level
was substantially reduced (Fig. 1E, E'). In contrast, Cdc42
expression in dental mesenchyme was modest throughout the
observed E11.5 and PO.

Epithelium-Specific Cdc42 Deletion Yielded
Cystic Lesions in the Enamel Organ

Given Cdc42’s remarkable expression pattern primarily in the
developing dental epithelium, we generated K14-cre; Cdc42?"™?
mice to interrogate its putative functional roles in the develop-
ing enamel organ. The K/4-cre mouse is a widely used cre
strain with a high recombination efficiency (Dassule et al.
2000). To confirm that K/4-cre induced epithelium-specific
Cdc42 deletion, we demonstrated diminished Cdc42 expres-
sion in E13.5 and E15.5 dental epithelia (Fig. 1G, I), relative to
robust Cdc42 expression in the control tooth organs (Fig. 1F,
H). qRT-PCR showed significantly less Cdc42 mRNA in the
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isolated dental epithelia of KI4-cre; Cdcd2P" mice at
E13.5 and E15.5 than littermate controls did (Fig. 1J), indicat-
ing successful Cdc42 deletion. Western blot showed dimin-
ished Cdc42 in dental epithelia of tissue-specific Cdc42
mutants at E15.5 as compared with littermate controls (Fig.
1K), indicating Cdc42 deficiency at the protein level. K14-cre;
Cdc42"% mice died at PO, likely due to lethality of
epithelium-specific Cdc42 deletion, contrasting the death of
global Cdc42 mutant mice at ES.5 (Chen et al. 2000).

Importantly, Cdc42 deletion caused cystic changes in the
developing enamel organ. We first noted small empty cavities
devoid of cells in the E15.5 enamel organ of Cdc42 mutant mice
as compared with controls (Fig. 2A, B). Immunofluorescence
of laminin and pan-keratin showed a well-defined basement
membrane and dental epithelium, within which small empty
cavities formed with epithelium-specific Cdc42 deletion (Fig.
2D) relative to controls (Fig. 2C). By E17.5, acellular cavities
enlarged in the SR of Cdc42-deficient mice (Fig. 2F, H) rela-
tive to controls (Fig. 2E, G).

At PO, cystic lesions occupied the entire enamel organ,
including the cervical loop, and were lined by flat epithelial
cells with clear basement membranes, as indicated by laminin
staining (Appendix Fig. 1, Fig. 2J), which are reminiscent of
odontogenic cysts (Regezi et al. 2016). Gross examination of a
representative developing molar sample at PO showed substan-
tially reduced crown size and diminished cusps in epithelium-
specific Cdc42 mutants (Fig. 2L, M) relative to a representative
littermate control sample (Fig. 2K). Blood cells, likely derived
from hemorrhage, filled in cyst cavities (Fig. 2M, O, O"),
whereas no pathologic bleeding and irregular cystic lesions
could be seen in the littermate control (Fig. 2K, N, N’, N").

Impaired Ameloblast Differentiation
upon Epithelium-Specific Cdc42 Deletion

Given the presence of cystic lesions in the developing enamel
organ and direct expression of Cdc42 in the IEE, we further
explored whether amelogenesis was negatively affected. We
measured the thickness of the ameloblast layer per previously
established methods (Jalali et al. 2017) and found that Cdc42-
deficient mice showed significantly shorter ameloblast length
than that of littermate controls (Fig. 2P). Furthermore, Amelx
and Ambn as 2 key amelogenesis extracellular matrix proteins
were decreased in Cdc42 mutants at PO as compared with con-
trols (Fig. 2Q-T). qRT-PCR showed significantly reduced
Amelx and Ambn mRNAs in Cdc42 mutants than in controls
(Fig. 2U).

To further appreciate amelogenesis, we isolated and cul-
tured E14.5 tooth germs for up to 3 wk, also in consideration
that epithelium-specific Cdc42 deletion led to lethality at PO.
In contrast to the continued development of control tooth
germs in organ culture (Fig. 2V, X), Cdc42 mutant tooth germs
showed less pronounced enamel formation, as revealed by tri-
chrome staining (Fig. 2W, Y). gqRT-PCR of tooth germs, which
were cultured for 7 d, revealed significantly reduced levels of
Amelx and Ambn, suggesting that ameloblast differentiation
defect was directly regulated by Cdc42 disruption (Fig. 2Z).

However, cystic changes may have contributed to defective
ameloblast differentiation in mutants. In addition, the SI layer
in Cdc42 mutants was discontinuous and less abundant, as seen
in hematoxylin and eosin sections (Fig. 2N’, O’) and pan-kera-
tin-stained sections (Fig. 21, J; Appendix Fig. 2).

Cdc42 Deletion Induced Excessive
Apoptosis in the Enamel Organ

Given the formation of cystic lesions in Cdc42 mutants, we
assayed apoptosis of the developing tooth organs (Fig. 3,
Appendix Fig. 3). TUNEL staining revealed an excessive num-
ber of apoptotic cells in mutant tooth bud starting from E13.5
(Fig. 3B), relative to the control (Fig. 3A, I). By E14.5, we
consistently detected more vigorous apoptosis in the SR layer
and the primary enamel knot (PEK) of the mutant than in the
control (Fig. 3D, I; Appendix Fig. 3G-L). Remarkably, a dra-
matically increased number of apoptotic cells was seen in
mutant PEKs as compared with stage-matched controls, sug-
gesting excessive cell death in mutant PEKs. At E15.5, how-
ever, apoptosis in PEKs was no longer detectable in mutants,
suggesting that excessive apoptosis had eliminated the major-
ity of the PEK cells, if not all (Fig. 3F, I, red arrow; Appendix
Fig. 1B3), as compared with the control (Fig. 3E, I, white
arrow; Appendix Fig. 1A3). By E17.5 when empty cavities
formed throughout the enamel organ, there was no longer pro-
nounced cell death in the developing enamel organs of Cdc42
mutants as opposed to controls (Fig. 3G-1I).

To ensure that formation of cystic lesions in Cdc42 mutants
was not due to a hypothetical deficit in cell proliferation, we
assayed mitosis by phospho histone H3 staining and found
comparable cell proliferation ratios between Cdc42-knockout
and control groups from E13.5 to E17.5 (Fig. 3J-P), suggest-
ing that cell death, rather than cell proliferation deficit, was
among probable causes of cystic change.

Epithelium-Specific Cdc42 Deletion Disrupted
Cell Junctions and Cytoskeleton Integrity
and Activated Autophagy

Given excessive cell death and the formation of cystic lesions
in Cdc42 mutants, we suspected that Cdc42 deletion might
have disrupted cell junctions and/or cytoskeleton. Transmission
electron microscopy showed that SR cells were deficient of
cell extensions in E14.5 enamel organs of Cdc42 mutants, as
compared with clearly identifiable cell extensions in controls
(Fig. 4A, B). SR cells of Cdc42 mutant enamel organs showed
less abundant desmosomes and aberrant structures relative to
controls (Fig. 4C, D). Quantitatively, cell junctions in the SR
layer of Cdc42 mutants were significantly fewer than controls
(Fig. 41). This observation was confirmed by reduced ZO-1
staining in mutants (Fig. 4E-H).

Actin filaments in Cdc42 mutant desmosomes showed dis-
rupted orientation relative to typical perpendicular patterns in
controls (Fig. 4C, D). Aberrant actin filament assemblies were
common in Cdc42 mutant SR cells (Fig. 4)), suggesting defects
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Figure 2. Epithelium-specific Cdc42 deletion yielded cystic change and impaired ameloblast differentiation. (A-D) Hematoxylin and eosin (H&E)
images of embryonic day 15.5 (EI5.5) enamel organ and immunofluorescence of laminin (red) and pan-keratin (pan-k; green). Black asterisk in panel

B indicates an emerging cavity in enamel organ. (E-H) H&E images of E17.5 enamel organ and immunofluorescence of laminin and pan-k. Asterisks in
panels F and H indicate expanding cavity. (I, J) Immunofluorescence images of laminin and pan-k of postnatal day 0 (PO) enamel organs. White arrows
show Sl layers. (K-M) Dissection microscope images of molar tooth germs of control and K/ 4-cre; Cdc42"*"™® (Cdc42%°) mutant. Yellow arrowheads
indicate aberrant cusps; black arrowheads indicate cyst and hemorrhage. (N, O) H&E staining of the first molar tooth germ of control and Cdc42°
mice at PO. Fluid-filled cystic lesion (asterisk) with hemorrhage in panel O. (N’, N", O’, O"') Magnified images from black and yellow frames in N and
O; asterisks showing cystic changes, orange arrowheads showing disorganized Sl cells and ameloblasts. (P) Quantification of ameloblast layer thickness
at PO. Values are presented as mean + SD. ***P < 0.0001. (Q-T) Immunofluorescence images of ameloblastin (Ambn; red), amelogenin (Amelx; green)
and DAPI (blue) of control and Cdc42%° first molar tooth germs in the sagittal plane at PO. White arrowheads indicate positive expression in control
samples. Inserts show positive staining in panels Q and S. (U) Quantitative real-time polymerase chain reaction (QRT-PCR) of Ambn and Amelx of dental
epithelium isolated from control and Cdc42° first molar tooth germs at PO. Values are presented as mean + SD. ¥*P < 0.001. (V, W) H&E of tooth
germs isolated from E14.5, followed by 21-d culture. (X, Y) Trichrome staining of tooth germs isolated from E14.5, followed by 21-d culture. Dashed-
line areas indicate newly formed enamel in panel X; black arrowheads indicate newly formed enamel in panel Y. (Z) qRT-PCR of Ambn and Amelx of
dental epithelium isolated from control and mutant EI4.5 tooth germs, followed by 7-d culture. Values are presented as mean * SD. **P < 0.01. AB,
ameloblast; CL, cervical loop; DP, dental papilla; EO, enamel organ; OD, odontoblast; Sl, stratum intermedium; SR, stellate reticulum. Scale bar: 100 um
(A-H, N-O"", Q-T, V-Y), 200 pm (|, )).

in cytoskeleton organization. However, E-cadherin immuno- marker for autophagosomes, in the enamel organs of Cdc42
fluorescence showed little difference between Cdc42 mutants mutants than controls (Fig. 4N), suggesting that Cdc42 dele-
and controls (Appendix Fig. 2). Importantly, autophagosomes tion activated autophagy as another putative cause for exces-
were present in the SR cells of Cdc42 mutant enamel organs sive cell death. Additionally, Cdc42 mutant IEE showed
(Fig. 4K) relative to scarce autophagosomes in controls (Fig. disarrayed cell orientations and increased cell-cell spaces
4A). gRT-PCR showed significantly higher levels of Lc3b, a (Figs. IN’, O’ and 4L, M). Cdc42 mutant mice further displayed
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malformed basement membranes between
ameloblasts and odontoblasts relative to
controls (Fig. 4L, M).

Altered Molecular Signaling in
Cdc42 Mutant Enamel Organs

Control

To begin exploring molecular signaling
pathways that might account for the
observed dysmorphogenesis, autophagy,
and cell death due to Cdc42 deletion, we
probed Wnt signaling for its previously
demonstrated roles in cell survival and
tooth morphogenesis (Liu and Millar 2010;
O’Connell et al. 2012). There was marked 1
attenuation of PB-catenin, an intracellular
mediator for canonical Wnt signaling, in
mutant IEE and SR cells at E13.5, E15.5,
and E17.5 (Fig. 5B, D, F) relative to con-
trols (Fig. 5A, C, E). qRT-PCR showed
that Lef1, a key mediator of canonical Wnt
signaling, was significantly reduced in
Cdc42 mutants as compared with controls
(Fig. 5G).

Sox2 is a progenitor cell marker in
mouse molar development (Li et al. 2015)

Cdc42cko

TUNEL+ cells (%)
i

and regulates Wnt signaling during tooth %
development (Lee et al. 2016). Sox2 pro- 8
tein marked oral epithelium, lingual outer
enamel epithelium, some SR and SI cells,
and cells in the cervical loop, excluding
secondary enamel knot (SEK) in the con- o
trol enamel organ (Fig. 5H), consistent S
with previous studies (Zhang et al. 2012). é‘

Sox2 was consistently detected at mutant
SEK at E17.5 (Fig. 51), suggesting malfor-

E13.5

E14.5 E17.5

E15.5

= @ 3

PHH+ cells (%)
»

mation of the SEK. In further support of
this observation, levels of Shh, a critical
signaling molecule for tooth morphogene-
sis (Dassule et al. 2000), was significantly
reduced from SEK by in situ hybridization
(Fig. 5J, K). Altogether, altered signaling
and malformed SEK might explain the
morphologic changes in mutants.

100 pm.

Discussion

Cdc42 plays vital roles for enamel organ development. Cdc42
deletion disrupts multiple cellular processes and induces cystic
lesions in the developing enamel organ. Interestingly, cyst-like
structures are present in the SR layer of the cervical loop in the
incisor of 8-wk-old inducible Y4P/TAZ mutant mice (Hu et al.
2017). Association of Cdc42 mutations or abnormal activation
with cystogenesis or other diseases was revealed in multiple
organ systems (Modolo et al. 2012; Choi et al. 2013; Liu et al.
2013). Whether these cystic lesions are indeed odontogenic

Figure 3. Epithelium-specific Cdc42 deletion yielded excessive cell death in the developing
enamel organ. (A-H) Representative TUNEL (green) images at embryonic day 13.5 (E13.5),
El4.5, EI5.5, and E17.5 tooth germs, overlaid with DAPI (blue). White arrows indicate primary
enamel knot; red arrow indicates disappearance of primary enamel knot. Quantification of (I)
TUNEL-positive cells and (J) phospho histone 3 (PHH3)—positive cells. Values are presented as
mean + SD. **P < 0.01. ***P < 0.0001. (K-P) Representative PHH3 (red) immunofluorescence
images of control and Cdc42%° enamel organs at E13.5, E15.5, and E17.5. (A—H, K—P) Dotted
lines indicate the epithelial compartment of the tooth germ. DE, dental epithelium; DM, dental
mesenchyme; DP, dental papilla; EO, enamel organ; ns, no significant difference. Scale bars:

cysts requires additional studies. Our findings demonstrate that
cyctic lesions in Cdc42 mutant enamel organs are fluid-filled
cavities with epithelium lining and a laminin-rich basement
membrane. Actin disorganization in mutant SR cells suggests
that Cdc42 regulates cytoskeleton integrity (Chen et al. 2000).
Newly generated SR cells become star-shaped and form a net-
work structure in the enamel organ through establishing cell
junctions (Kallenbach 1978). Dysregulation of cytoskeleton in
Cdc42 mutants impairs cell-cell junctions and communications,
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Figure 4. Epithelium-specific Cdc42 deletion disrupted cell junctions and cytoskeleton and activated autophagy. Transmission electron microscope
images of stellate reticulum (SR) cells at embryonic day 14.5 (E14.5) enamel organs in (A, C, M) controls and (B, D, J-L) Cdc42 mutants. (A, B) Cell
extension of SR cells. White arrowheads indicate cell extensions in E14.5 enamel organs. (C, D) Desmosomes in control and Cdc42 mutant SR cells

in EI4.5 enamel organs. Black-border arrowheads indicate desmosomes. (E=H) ZO-1| (red) immunofluorescence in EI3.5 and EI5.5 enamel organs in
control and Cdc42 mutants. Dotted lines indicate the epithelial compartment of the tooth germ. (I) Quantification of cell-cell junction numbers per SR
cell. Values are presented as mean + SD. (J) Mutant SR cell. Black arrowheads indicate assemble actin filaments. (K) Autophagosomes in the SR cells

in E14.5 enamel organs of the Cdc42 mutant mice. White insert: magnified images of white squares. Inner enamel epithelium (IEE) in the (L) control

and (M) Cdc42 mutant mice. White asterisk indicates increasing cell-cell spaces among IEE. Black arrowheads indicate basement membrane. (N)
Quantitative real-time polymerase chain reaction of Cdc42 and Lc3b in EI4.5 enamel organs. Values are presented as mean + SD. DE, dental epithelium;
DM, dental mesenchyme; DP, dental papilla; ME, mesenchyme; NU, nuclei. Scale bar: 2 um (A, B, K, L, M), 500 nm (C, D; inset in K), 100 um (E-H), 50

nm (J), 100 nm (insert in J). *P < 0.05. *¥P < 0.01. ***P < 0.001.

which may be among multiple causes for the observed cystic
lesions.

Pronounced apoptosis in the PEK is considered necessary
for the required disappearance of PEK at the late cap stage and
early bell stage (Lesot et al. 1996; Shigemura et al. 2001). Here,
we demonstrate Cdc42’s prosurvival roles in the enamel organ,
as evidenced by excessive apoptosis in the mutants at the bud
stage and early cap stage. Cdc42 is important for cell survival in
multiple cell types and tissues, and its cleavage is likely a cause
for apoptosis (Coleman and Olson 2002; Choi et al. 2013;
Huang et al. 2016). The potential mechanisms for the apoptosis
of SR cells in mutants are likely due to the defect in establishing
cell-cell connections and actin dynamics, which produced sur-
vival signaling for the SR cells (Liu et al. 2016). However, the
mechanisms by which Cdc42 regulates PEK cells remain elu-
sive. We speculate that excessive apoptosis in the Cdc42 mutant
enamel organ partially accounts for dysmorphogenesis and cys-
togenesis. Moreover, Cdc42 deletion induces excessive autoph-
agy (Yang et al. 2013; Booth et al. 2014). Putative connections,
or the lack thereof, between autophagy and apoptosis warrants
additional specific investigations.

In addition to the SR cells, ameloblast development is
severely impaired by epithelium-specific Cdc42 deletion, as
evidenced by attenuated expression of ameloblastin and ame-
logenin, as well as reduced enamel formation by mutant ame-
loblasts in an organ culture system. This is consistent with the
disrupted dental epithelium and ameloblast functions induced
by other Rho GTPase inhibitors (Biz et al. 2010). The molecu-
lar mechanism of direct requirement of Cdc42 for ameloblast
differentiation remains to be elucidated. Reduced expression
levels of B-catenin and Lef7 in the IEE layer of mutant enamel
organ suggest the impairment of the Wnt signaling pathway by Cdc42
deletion and may explain abnormal ameloblast development.
B-catenin augments Wnt signaling target genes by forming a
transcription complex with Lef1 or by interaction with Tcf3 or
Tcf4 (Cadigan and Waterman 2012). Attenuation of Shh sig-
naling and aberrant Sox2 expression in the enamel organ of
Cdc42 mutants provide initial clues of complex molecular net-
works that are likely in place for Cdc42 to regulate tooth organ
development. Wnt and Shh signals are crucial for the survival
of multiple cell types (Cobourne et al. 2001; Yang et al. 2006).
Disruption of Wnt causes tooth development arrest at a very
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Figure 5. Disrupted signaling pathways in Cdc42 mutant enamel organs. (A=F) Immunofluorescence of f-catenin (red), pan-keratin (green), and DAPI
(blue) in embryonic day 13.5 (E13.5), EI5.5, and EI7.5 enamel organs. (Cl, C2, DI, D2) Magnification of boxed areas in panels C and D, respectively.
(El, E2, F1, F2): Magnification of boxed areas in panels E and F, respectively. (G) Quantitative real-time polymerase chain reaction of Lef/ in EI5.5
enamel organs in control and Cdc42 mutants. Values are presented as mean * SD. *P < 0.05. (H, I) Inmunofluorescence of Sox2 (red) overlaid with
DAPI (blue) at E17.5 control and Cdc42 mutant enamel organs. White arrows indicate distribution of Sox2-positive cells. Yellow arrows indicate Sox2-
positive cells in the secondary enamel knot in the mutant enamel organ. Dotted lines indicate the epithelial compartment of the tooth germ. (J, K)

In situ hybridization of shh in E16.5 control and mutant enamel organs. Black arrows indicate secondary enamel knots. DP, dental papilla; EO, enamel
organ; IEE, inner enamel epithelium; OEE, outer enamel epithelium; SI, stratum intermedium; SR, stellate reticulum. Scale bar: 10 pm (A, Cl, C2, DI,

D2, El, E2, FI, F2), 100 um (C, D, E, F, H-K).

early stage of tooth morphogenesis (Liu and Millar 2010). Shh
is required for tooth growth and determines tooth morphology
(Dassule et al. 2000). Attenuation of these critical signals
might, at least in part, account for the differentiation defects
and altered tooth morphogenesis in mutants. Additionally,
ameloblast defects caused by Cdc42 deletion could affect
odontoblast development, which might further exaggerate
ameloblast differentiation via impaired epithelial-mesenchy-
mal interactions. Taken together, our findings suggest Cdc42’s
crucial roles in enamel organ development. Cdc42 is required
for cytoskeleton dynamics, cell junction establishment, sur-
vival of SR cells, and proper differentiation of ameloblasts.
Disruption of Cdc42 may induce cystogenesis in the enamel
organ and tooth malformation.
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