www.nature.com/scientificreports

scientific reports

W) Check for updates

Ildentification of the C-terminal
region in Amelogenesis Imperfecta
causative protein WDR72 required
for Golgi localization
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Yoshiyuki Mochida®™*

Amelogenesis Imperfecta (Al) represents a group of hereditary conditions that manifest tooth
enamel defects. Several causative mutations in the WDR72 gene have been identified and patients
with WDR72 mutations have brown (or orange-brown) discolored enamel, rough enamel surface,
early loss of enamel after tooth eruption, and severe attrition. Although the molecular function of
WDR?72 is not yet fully understood, a recent study suggested that WDR72 could be a facilitator of
endocytic vesicle trafficking, which appears inconsistent with the previously reported cytoplasmic
localization of WDR72. Therefore, the aims of our study were to investigate the tissues and cell lines
in which WDR72 was expressed and to further determine the sub-cellular localization of WDR72.

The expression of Wdr72 gene was investigated in mouse tissues and cell lines. Endogenous WDR72
protein was detected in the membranous fraction of ameloblast cell lines in addition to the cytosolic
fraction. Sub-cellular localization studies supported our fractionation data, showing WDR72 at the
Golgi apparatus, and to a lesser extent, in the cytoplasmic area. In contrast, a WDR72 Al mutant form
that lacks its C-terminal region was exclusively detected in the cytoplasm. In addition, our studies
identified a putative prenylation/CAAX motif within the last four amino acids of human WDR72 and
generated a WDR72 variant, called CS mutant, in which the putative motif was ablated by a point
mutation. Interestingly, mutation of the putative CAAX motif impaired WDR72 recruitment to the
Golgi. Cell fractionation assays confirmed subcellular distribution of wild-type WDR72 in both cytosolic
and membranous fractions, while the WDR72 Al mutant and CS mutant forms were predominantly
detected in the cytosolic fraction. Our studies provide new insights into the subcellular localization
of WDR72 and demonstrate a critical role for the C-terminal CAAX motif in regulating WDR72
recruitment to the Golgi. In accordance with structural modelling studies that classified WDR72 as a
potential vesicle transport protein, our findings suggest a role for WDR72 in vesicular Golgi transport
that may be key to understanding the underlying cause of Al.

Amelogenesis Imperfecta (Al) is traditionally defined as congenital enamel formation defects that are hereditary
but not accompanied by other morphologic or metabolic defects in the body'. Al can be classified according to
its mode of inheritance and/or according to the enamel phenotypes clinically and radiographically observed.
The abnormality in enamel formation can take place during the secretory stage resulting in hypoplastic Al or in
the maturation stage resulting in either hypocalcified or hypomaturation types of AI>. Hypoplastic Al may be
caused by a mutation in one of the genes responsible for one of the enamel proteins leading to the formation of
thin enamel that is fragile and prone to breakage. Hypocalcified and hypomaturation types of AI have normal
enamel thickness but the phenotype can be a result of impaired degradation of enamel proteins, which leads to
insufficient ions deposition and soft enamel that is easily eliminated®.

Mutations in several proteinases including MMP20 and KLK4 lead to the improper enamel matrix protein
processing and degradation and poor enamel mineralization seen in enamel hypomaturation phenotypes*. To
date, hypomaturation Al have been associated with mutations in at least four genes that do not encode enamel
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proteinases, such as pH-sensing G-protein-coupled receptor (GPR68)>%, potassium-dependent sodium/calcium
exchanger (SLC24A4)"#, enamel matrix protein phosphorylated by FAM20C (ODAPH)*!° and WDR72"'.

WDR?72 is a member of the WD40 repeat (WDR) domain-containing protein superfamily. WDR proteins
typically have recurring units of around 44-60 amino acids that end with tryptophan (W) and aspartic acid
(D) and form p sheets that assemble in multi-blade B propellers'>. WD proteins are often essential subunits of
multiprotein complexes involved in a wide range of cellular processes, such as protein-protein interactions, G
protein-coupled receptor (GPCR) signaling, DNA damage sensing and repair, the ubiquitin—proteasome system,
cell growth and division, epigenetic regulation of gene expression and chromatin organization, and the immune
system!®. The human WDR?72 protein is composed of 1102 amino acids with eight WD repeats located in the N
terminus part of the protein''. WDR72 does not contain a signal peptide, indicating an intracellular localization'*.
The closest homologue to WDR72, WDR?, also known as Rabconnectin-3p in rats, is composed of 1490 amino
acids with nine WD repeats. Rabconnectin-3p is involved in the regulation of vesicle mobilization and calcium
dependent exocytosis in neurotransmission'®. The sequence similarities between Rabconnectin-3p and WDR72
suggest that WDR72 may serve a similar function in calcium vesicle turnover'"'¢. A previous study modelling
the structure of WDR?72 classified WDR72 as a member of the membrane coating family'”, however, this notion
is seemingly inconsistent with the reported cytoplasmic distribution of GFP-tagged WDR72 in cells'.

We thus sought to closer examine WDR72 expression in tissues and to use structure—function analysis to
determine the subcellular localization of WDR72. Our data demonstrate that WDR72 is a membrane-associated
protein that co-localizes with trans-Golgi markers in the perinuclear region. We further identify a putative
CAAX motif at the WDR72 C-terminus that is essential for WDR72 recruitment to the Golgi. Together with the
proposed role in vesicles transport, our results suggest that the hypomaturation type of Al caused by WDR72
mutations may be a result of impaired intracellular regulation of proteins critical for correct enamel protein
production/formation. Our identification of WDR72 as a Golgi-associated protein opens up important new
avenues for understanding the molecular function of WDR72 in amelogenesis.

Results

Expression of Wdr72 in mouse tissues and cell lines. To investigate the gene expression of Wdr72 in
various mouse tissues, real-time PCR was performed (Fig. 1A). The results demonstrated that the expression
in the kidney was the highest (~ 35 fold of that in heart) among the samples tested. The expression levels in the
lung (~ 19 fold of that in the heart), teeth (~ 12 fold of that in the heart) and calvaria (~ sevenfold of that in the
heart) were also higher than the other tissues. Lower expression levels were found in brain, tongue and long
bone tissues.

We next investigated the gene expression profile of Wdr72 in six mouse cell lines (Fig. 1B). Since WDR72
mutation is associated with enamel defects, two ameloblast-like cell lines were chosen, i.e. ALC (mouse matura-
tion-stage ameloblasts) and LS8 (mouse secretory-stage ameloblasts) cells. NTH3T3 (mouse fibroblasts) was also
used as a non-odontogenic mouse cell line. As we observed the highest Wdr72 expression in the kidney (Fig. 1A),
IMCD3 (mouse kidney inner medullary collecting duct cells), NP1 (murine distal tubular epithelial cells) and
MCT (murine proximal tubular epithelial cells) cells were also analyzed. The expression of Wdr72 was found to
be the highest in IMCD3 cells (~ 12 fold of that in ALC) followed by NP1 cells (~ 1.4 fold of that in ALC). LS8,
NIH3T3 and MCT cells showed minimal expressions. The results are consistent with the Wdr72 tissue expression
pattern (Fig. 1A), i.e. cell lines derived from the kidney expressed higher expression levels of Wdr72.

RNA and protein expression of Wdr72 in ALCand LS8 cells. LS8 and ALC cells are two widely-stud-
ied ameloblast-like cell lines available in the enamel research community. LS8 cells are less differentiated than
ALC cells, indicating LS8 cells are more suitable for studies related to the secretory stage ameloblasts whereas
ALC cells are more suitable for maturation stage studies'®. As Al with WDR72 mutations presents a hypomatura-
tion phenotype, we tested for WDR72 expression in ALC cells.

We first investigated the RNA expression levels of amelogenesis gene markers including Wdr72 in LS8 and
ALC cells. Real-time PCR analysis showed that the expression levels of Wdr72, Odam (Odontogenic, ameloblast
associated) and Odaph (Odontogenesis associated phosphoprotein) were significantly higher in ALC cells than
those in LS8 cells (Fig. 2A). The expression levels of Mmp20 and Amelx were significantly higher in LS8 cells
than those in ALC cells (Fig. 2A), supporting the notion that LS8 cells express secretory stage amelogenesis gene
markers. The expression level of Enam appeared to be slightly higher in LS8 than in ALC cells, although there was
no statistical difference. The expression levels of KIk4 were unchanged between ALC and LS8 cells. Since Odam"’
and Odaph’ genes are maturation stage amelogenesis markers, our data indicated that Wdr72 also belongs to this
group. The expression levels of the maturation stage amelogenesis markers including Wdr72, Odam, Odaph and
Klk4 in ALC cells normalized to -actin were also compared, and the data showed that the Wdr72 demonstrated
the least expression level as compared to Odam, Odaph and Klk4 in ALC cells (Supplementary Fig. S1).

We next investigated the protein expression level of WDR72 by Western blot analysis using cell lysates
extracted from ALC and LS8 cells (Fig. 2B). NIH3T3 fibroblast cells, a non-odontogenic cell line, were used for
a control. The cell lysates from HEK293 cells transfected with Flag-tagged human WDR72 were used as a posi-
tive control, while those transfected with the empty vector were used as a negative control. Western blot analysis
of cells expressing Flag-tagged human WDR72 with anti-WDR?72 antibody detected a signal at the molecular
weight of around 120 kDa, the predicted size of WDR72 (Fig. 2B, upper panel, lane 4, indicated by an arrow-
head). Likewise, Western blot analysis using anti-Flag antibody also detected a 120 kDa band in the Flag-WDR72
transfected cells but not in the empty vector control cell (Fig. 2B, middle panel, lanes 4 and 5), demonstrating
that the anti-WDR?72 antibody recognizes WDR72. The weak immunoreactivity of the anti-WDR72 antibody
with HEK293 cell lysates transfected with the empty vector indicated low levels of endogenous WDR72 in
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Figure 1. Expression of Wdr72 in mouse tissues and cell lines. (A) The expression of Wdr72 gene was
investigated by quantitative real time-PCR using mouse tissues (heart, brain, calvaria, kidney, lung, long bone,
teeth and tongue). The mean fold change in the expression of Wdr72 was calculated based on the normalization
to that of glyceraldehyde 3-phosphate dehydrogenase (Gapdh) using the value of Wdr72 in heart as a calibrator.
The values are shown as the mean + SD based on the averages of three independent experiments with triplicates
in each. Wdr72 expression was found to be the highest in kidney followed by lung and teeth, and was found to
be the lowest in long bone. (B) The expression of Wdr72 gene was investigated by quantitative real time-PCR
using mouse cell lines. Mouse cell lines used included ALC (mouse maturation stage ameloblast-like cells),

LS8 (mouse secretory stage ameloblast-like cells), NTH3T3 (mouse embryonic fibroblasts), IMCD3 (mouse
kidney inner medullary collecting duct cells), NP1 (murine distal tubular epithelial cells) and MCT (murine
proximal tubular epithelial cells). The mean fold change in the expression of Wdr72 was calculated based on
the normalization to that of -actin using the value of Wdr72 in ALC as a calibrator. The values are shown as
the mean + SD based on the averages of three independent experiments with triplicates in each. The expression
of Wdr72 was found to be the highest in IMCD3 cells, followed by NP1 cells and maturation stage ameloblasts
ALC.
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Figure 2. Expression of Wdr72 in ALC and LS8 cells at RNA and protein levels. (A) Gene expression of Wdr72.
The expression levels of amelogenesis gene markers at maturation stage (Odam, Odaph and Klk4) and those at
secretory stage (Mmp20, Amelx and Enam) were measured, normalized to that of -actin and compared between
ALC and LS8 cells. The normalized value in ALC cells in each gene expression was used as a calibrator. The
values are shown as the mean + SD based on the averages of three independent experiments with triplicates in
each. The values in each marker were compared between ALC and LS8 and statistically analyzed by student
T-test. An asterisk represents a statistically significant difference between the values of ALC and LS8 in each
marker (p<0.01). (B) Protein expression of WDR72. Western blot analysis (WB) was performed using ALC,
LS8 and NIH3T3 cell extracts to investigate the expression of WDR72 protein by anti-WDR72 antibody. The
HEK293 cells were transiently transfected with Flag-tagged human WDR72 wild-type expression vector or

an empty vector, and the lysates were used as a positive control (Lane 4, Transfected WDR72) and a negative
control for transfection (Lane 5, Control). Western blot analysis by anti-Flag antibody was also performed to
confirm the presence of Flag-WDR?72 protein. The expression of f-actin was shown as a loading control. The
experiment was repeated three times and representative images are shown.
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HEK?293 cells (Fig. 2B, upper panel, lane 5, Control). In contrast, higher levels of endogenous WDR72 protein
were detected in LS8 cells (Fig. 2B, upper panel, lane 2) and to a lesser extent in NIH3T3 cells (Fig. 2B, upper
panel, lane 3) and ALC cells (Fig. 2B, upper panel, lane 1).

Our expression data at RNA and protein levels appeared conflicting as Wdr72 gene was highly expressed
in maturation-stage ameloblasts, ALC cells, while WDR72 protein expression was higher in secretory-stage
ameloblasts, LS8 than in ALC cells.

Expression of WDR72 in the cytosolic and membranous fractions of ameloblasts. The results
of our previous experiments showed higher gene expression of Wdr72, but lower protein expression in ALC
cells as compared to LS8 (Fig. 2). Ectopic expression of WDR?72, fused to a 26 kDa GFP tag, revealed s cytoplas-
mic expression pattern'®. We, therefore, sought to determine whether endogenous WDR72 protein also local-
izes in the cytosol of the ameloblast-like cell lines. Both ALC and LS8 cell lysates were fractioned into a total
cell homogenate (Total), a cytosolic fraction (Cyt) and a membranous fraction (Mem). Western blot analysis
with anti-WDR?72 antibody detected a band at the expected molecular weight (~ 120 kDa) in ALC cells in all
three fractions (Fig. 3A, upper left panel, lanes 1-3). An immunoreactive band was also detected in LS8 cells in
all three fractions (Fig. 3A, upper right panel, lanes 4-6). Western blot analysis using anti-Calnexin antibody
detected Calnexin in the membranous fraction (Fig. 3A, lower panels, lanes 3 and 6) and the total cell homogen-
ate (Fig. 3A, lower panels, lanes 1 and 4), but not in the cytosolic fraction (Fig. 3A, lower panels, lanes 2 and 5),
demonstrating a successful cell fractionation. Equal quantities of protein samples from each fraction were also
prepared, applied to 4-12% SDS-PAGE, and the gel was stained with Coomassie Brilliant Blue R-250 (CBB),
confirming the presence of protein in each fraction (Fig. 3B). WDR72 was readily detectable in the membranous
fraction (Fig. 3A, upper left panel, lane 3) and, to a lesser extent, in the cytosolic fraction (Fig. 3A, upper left
panel, lane 2) of the ALC cells. On the other hand, the expression of WDR72 protein was higher in the cytosolic
fraction (Fig. 3A, upper right panel, lane 5) and, to a lesser extent, in the membranous fraction (Fig. 3A, upper
right panel, lane 6) of the LS8 cells.

Quantification of WDR?72 levels in the different fractions from three independent experiments confirmed that
in ALC cells, WDR72 levels in the membranous fraction were significantly higher than in the cytosolic fraction
(Fig. 3C, left, ALC). On the other hand, in LS8 cells, WDR?72 levels in the membranous fraction was significantly
lower than in the cytosolic fraction (Fig. 3C, right, LS8).

WDR?72 localizes at the Golgi apparatus. Our data showed that the endogenous WDR72 was detected
in the membranous fraction (Fig. 3), however, WDR72 does not have signal peptide sequence, and thus is not
a transmembrane protein'®. Furthermore, structural modeling suggested that WDR72 resembles vesicle coat
proteins'”. Therefore, we next investigated the sub-cellular localization of WDR72. During the course of our anti-
WDR?72 antibody characterization, the antibody used in this study clearly showed the approximately ~ 120 kDa
band as compared to other anti-WDR72 antibodies tested, which corresponds to the predicted molecular weight
of the endogenous WDR72 protein (Figs. 2B and 3A). However, as shown in the supplementary materials, the
uncropped Western blot data (for Fig. 2B) showed not only the WDR?72 band but also additional bands. There-
fore, unfortunately the immunofluorescence against endogenous WDR72 in ALC and LS8 cells was not possible
as any signal detected would also contain signals from other proteins, and we selected COS-7 cells, which have
a well-spread and flat morphology that allows for high spatial resolution in microscopy imaging, with Flag-
WDR72 transient transfection.

Flag-tagged WDR72 showed perinuclear accumulation in addition to cytoplasmic immunoreactivity (Fig. 4,
upper panels, right middle, indicated by Flag-WDR72 wt). We then investigated whether WDR?72 is co-localized
with TGN46, an integral membrane marker for the trans-Golgi network (Fig. 4, upper panels, right, indicated
by TGN46). The results demonstrated that the localization of WDR?72 perinuclear accumulation is overlapped
with that of TGN46 (Fig. 4, upper panels, left middle, indicated by Flag-WDR72 wt TGN46), indicating that
WDR?72 is recruited to the Golgi apparatus.

To further verify the localization of WDR72 presumably at Golgi, WDR72 transfected cells were treated
with brefeldin A (Fig. 4, middle panels indicated by brefeldin A), which inactivates the small GTPase Arf1?°,
thereby blocking AP-1 recruitment to the membrane and blocking clathrin vesicle formation at the Golgi. Our
brefeldin A treatment was successful as AP-1 recruitment at the Golgi (Fig. 4, upper panel, left, no treatment) was
impaired (Fig. 4, middle panel, left, brefeldin A). Upon brefeldin A treatment, WDR72 WT was re-distributed in
the perinuclear region (Fig. 4, middle panels, right middle indicated by Flag-WDR72 wt), similar to the changes
seen for TGN46 (Fig. 4, middle panels, right indicated by TGN46) and maintaining the partial co-localization of
both proteins (Fig. 4, middle panels, left middle indicated by Flag-WDR?72 wt TGN46), suggesting that WDR72
is associated with the TGN.

Nocodazole treatment leads to the formation of Golgi mini stacks, which remain functional but are dispersed
in the cytoplasm instead of concentrating in the perinuclear region?'. Relocalization of the trans-Golgi clathrin
adaptor AP-1 demonstrated that the treatment successfully dispersed the Golgi into mini stacks (Fig. 4, left
panels, upper-no treatment vs lower-nocodazole). Notably, both TGN46 and WDR?72 redistributed in response
to nocodazole while maintaining their co-localization (Fig. 4, lower panels, right indicated by TGN46 vs right
middle indicated by Flag-WDR72 wt). These data demonstrate that WDR72 is associated with the Golgi mem-
branes and confirm the subcellular cell fractionation results showing WDR72 in the membranous fractions by
Western blot analysis.

Amelogenesis Imperfecta mutant W978X form abrogates WDR72 recruitment to the
Golgi. WD40 repeat (WDR) domain proteins utilize WD 40 repeat motifs for protein-protein interaction®.

Scientific Reports |

(2022) 12:4640 | https://doi.org/10.1038/s41598-022-08719-7 nature portfolio



www.nature.com/scientificreports/

A ALC LS8
(kDa) Total Cyt Mem Total Cyt Mem
1307 — S — WB: WDR72
95 - — || — —— S [ WB: Calnexin
1 2 3 4 5 6
B ALC LS8
(kDa) Total Cyt Mem Total Cyt Mem
130+
951
72{ - . —
Sy —
55- . S -
o —_—
43+
344

C *
1
200 200
150 150 *
el o
S 100 © 100
) I ) I
50 50 .
0 0
Cyt Mem Cyt Mem
ALC LS8

Figure 3. Expression of WDR72 at the cytosolic and membranous fractions in ameloblasts. (A) ALC and

LS8 cell lysates were fractionated into total cell homogenate (Total), cytosolic fraction (Cyt) and membranous
fraction (Mem). Western blot analysis was performed and the expression of WDR72 using these fractions was
investigated in both ALC and LS8 cells (upper panels). The successful separation of the membranous fraction
from the cytosolic fraction was verified by Western blot analysis with anti-Calnexin antibody (lower panels).
The experiment was repeated three times and representative images are shown. (B) The equal quantity of
extracted protein extracts from each fraction in both ALC and LS8 cells were resolved by 4-12% SDS-PAGE and
subjected to Coomassie Brilliant Blue staining. (C) The band intensities of cytosolic and membranous fractions
immunoreactive to anti-WDR72 antibody in ALC and LS8 cells were measured. The % ratio of the intensities
from three different experiments was calculated and the mean values with + SD are shown. The asterisks show
that there was a statistically significant difference between WDR72 protein expression in the cytosolic and

membranous fractions (p <0.01).

The WDR region of WDR72 shares 58% sequence similarity with its closest homolog, WDR?7, the human coun-
terpart of Rabconnectin-3p"?, suggesting that the less conserved C-terminal region may serve a different molec-
ular function. To better understand the role of C-terminal region in WDR?72, we decided to analyze the subcellu-
lar localization of the AI-linked form of WDR72, the ¢.2934G>A mutation that results in the nonsense mutation
at tryptophan residue at position 978 (p.W978X)"!. As this Al mutation is located outside the WDR-region, the

mutant protein retains all WD repeat motifs (Fig. 5A).
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Figure 4. WDR72 localizes at Golgi. COS-7 cells were transiently transfected with Flag-tagged WDR72 wild-
type (wt) and the immunolocalization of WDR72 was investigated using anti-Flag antibody together with the
endogenous Golgi marker TGN46. Brefeldin A and nocodazole were used to change the morphology of the
Golgi whether these drugs affect WDR?72 localization. The transfected cells with Flag-WDR72 wt showed the
punctate patterns with perinuclear accumulation, co-immunostained with anti-TGN46 antibody, demonstrating
that WDR?72 localizes at the Golgi. Scale bar represents 25 pm.

nocodazole

While the full-length Flag-tagged WDR?72 protein was enriched in the perinuclear region and co-localized
with TGN46 (Fig. 5B, left panels, top and upper middle, indicated by Flag-WDR72 TGN46, wild-type), the
truncated W978X mutant showed a cytoplasmic distribution with no accumulation at the TGN (Fig. 5B, left
panels, lower middle and bottom, indicated by Flag-WDR72 TGN46, 978%°P).

To quantitatively analyze the localization of Flag-WDR?72 wild-type and W978X proteins with co-staining
for TGN46, cells were randomly selected per each experiment and these co-localizations were evaluated. As
shown in Fig. 5C, the results clearly showed that W978X AI mutant form was not at all localized at the Golgi,
but appeared to be dispersed in the cytoplasmic areas.

The C-terminal CAAX motif is critical for WDR72 Golgi localization. The WDR72 W978X mutant
demonstrates that the C-terminal region after amino acid 978 is required for the Golgi localization. During
inspection of the protein sequence, we noted the presence of the CKVS sequence, a putative prenylation CAAX
motif (C: cysteine, A: aliphatic amino acid), at the very C-terminus (aa 1099-1102) of human WDR72. To test
whether the putative CAAX motif is important for WDR72 localization, we generated a Flag-tagged CAAX
mutant form (CS), in which the cysteine (C) at a position 1099 was mutated to serine (S). Immunofluores-
cence microscopy of transiently transfected COS-7 cells showed that as previously shown, wild-type WDR72
was enriched at the Golgi apparatus and co-localized with TGN46 (Fig. 6A, upper panels), while the Al-linked
mutant form WDR72 W978X showed a diffuse localization in the cytoplasm and no enrichment in the perinu-
clear region (Fig. 6A, middle panels), confirming our previous results. Notably, the CAAX mutant WDR72 CS
also showed a cytoplasmic distribution with no enrichment at the TGN46-marked TGN (Fig. 6A, lower panels).

Subcellular fractionation of HEK 293 cells transfected with the three Flag-tagged WDR?72 constructs showed
the enrichment of the integral cis-Golgi membrane protein, GM130 in the membranous fraction and the cyto-
solic Akt kinase in the cytosolic and membranous fractions, respectively, with both proteins present in the total
cell lysates (Fig. 6B). Clathrin, a multimeric protein complex formed by heavy and light chains, is the hallmark
component of clathrin-coated vesicles and known to cycle between a cytosolic pool and a membrane-bound
pool at the TGN, endosomes, and the plasma membrane. Western blotting using an antibody directed against
clathrin heavy chain to detect the complex confirmed the presence of endogenous clathrin in both the cytosolic
and membranous fractions (Fig. 6B, clathrin). Wild-type WDR?72 was present in the total cell Iysate, the cytosolic
and the membranous fractions (Fig. 6B, Flag-WDR72, WT). The W978X and CS mutant forms of WDR72 were
also detected in the total cell lysate at levels comparable to the wild-type proteins (Fig. 6B, Flag-WDR?72, 978
and CS). However, both mutant forms were only present in the cytosolic fraction and absent from the membra-
nous fraction (Fig. 6B), confirming that the WDR72 C-terminus and the CAAX motif are essential for WDR72
recruitment to trans-Golgi membranes.
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Figure 5. Wild-type WDR72, but not the Amelogenesis Imperfecta (AI) mutant WDR72 form, enriches in the
Golgi area. (A) Schematic presentation of WDR?72 protein with WD 40 repeat motif. The location of W978X
mutation is indicated by an arrow for the reference. (B) Co-immunofluorescence analysis in COS-7 cells of
Flag-WDR72 wild-type and the Amelogenesis Imperfecta (AI) mutant W978stop in comparison with the
TGN46 was performed. The lower panels for each WDR72 (wild-type or 978%°F) show a higher magnification
of the area boxed in the merged panel, and of the respective corresponding area in TGN46 and Flag-WDR72
panels shown at a lower magnification. Scale bar represents 25 um and 5 pm in the low and high magnification
images, respectively. (C) Quantification of wild-type and AT mutant WDR?72 forms localization to the Golgi.
To quantitatively analyze the localization of wild-type and Al WDR72 forms, cells were randomly selected per
each experiment and these co-localizations were evaluated. Inmunofluorescence imaging of co-staining for the
endogenously expressed trans-Golgi marker TGN46 was used to score recruitment of the WDR?72 forms to the
Golgi. The number of cells with a pool of WDR72 at the Golgi and the total number of cells analyzed for each
condition are shown for three independent repeats of the experiment (Set 1, Set 2 and Set 3).

Discussion

Previously, the gene expression pattern of Wdr72 in tissues was only described in a non-quantitative manner
using the expression sequence tag database where it was found to be the highest in bladder, kidney and mouth'.
Our results showed the highest expression of Wdr72 in the kidney and kidney cells such as IMCD3 and NP1. The
IMCD3 cells were originally derived from the inner medullary collecting duct of the SV40-transgenic mouse,
retaining many characteristics of this particular nephron segment®. NP1 cells were generated from freshly
isolated tubuli from a C57BL/6] mouse, representing a cell type of the distal tubular kidney epithelial cells*.
Our findings in WDR72 expression suggest a molecular connection between ectoderm-derived ameloblasts
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Figure 6. The C-terminal CAAX motif is required for WDR72 localization in the Golgi area. (A) The
immunolocalization of Flag-tagged WDR72 wild-type, Al WDR72 mutant form (978%°), and CAAX mutant
form (CS) was investigated using anti-Flag antibody together with the endogenous Golgi marker TGN46. The
immunolocalization of CS form was found to be in the cytoplasmic region similar to that of Al WDR72 mutant
form. Scale bar represents 25 um. (B) The CAAX mutant, WDR72 CS form, is predominantly detected in the
soluble cytosolic fraction. Cell fractionation assay was performed and the expression levels of WDR72 wild-type
(WT), Al mutant form (978) and CAAX mutant form (CS) were evaluated. WDR72 WT was detected in both
the cytosolic and membranous fractions with slight enrichment in the membranous fraction, while 978 and CS
were very predominantly soluble. Anti-clathrin, anti-Akt and anti-GM130 antibodies were used to verify the
successful separation of cytosolic and membranous fractions.

and kidney epithelial cells, supporting the recent reports that WDR72 mutations are associated with distal renal
tubular acidosis and Amelogenesis Imperfecta?-2%,

Amelogenesis is mainly composed of two stages; the secretory and maturation stages. Specific markers are
shown to be expressed at a certain time of the life of ameloblasts indicating the stage of amelogenesis. Secretory
ameloblasts transition into maturation ameloblasts to perform stage-specific functions with stage-specific gene
expressions®. The known maturation stage markers of ameloblasts include Odam'**°, Odaph®!? and K1k4*!, while
secretory stage markers are Mmp20°?, Amelogenin® and Enamelin®*. There are two major ameloblast-like cell
lines frequently used and characterized by the enamel research community. One is LS8, where cells from mouse
enamel organ epithelia were extracted. The expression of amelogenin was confirmed when the LS8 cell line was
created®. Another is ALC (ameloblast-like cells), which were prepared from the tooth germs of newly born mice
and after multiple isolations, a group of cells were maintained, then ALC cells were established. Moreover, these
cells were capable of producing calcified nodules®. As a result, LS8 cells tended to express sets of enamel genes
and gene products at the secretory stage of amelogenesis, whereas ALC cells expressed those at the maturation
stage of amelogenesis'®. Our results in Fig. 2A were consistent with the previous report that ALC cells carry on
a behavior that seems to be more of the maturation stage while LS8 cells tend to behave more toward the secre-
tory stage'®. Furthermore, our results demonstrated that the gene expression of Wdr72 was significantly higher
in ALC cells than that in LS8 cells (Fig. 2A) indicating that this gene expression is highly upregulated during the
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maturation stage of amelogenesis. The relative expression level of Wdr72 in ALC was not higher than any other
known maturation amelogenesis markers including Odam, Odaph and Kilk4 (Supplementary Fig. S1). Although
the expression level is moderate, it would be helpful in future studies using the Wdr72 gene as a maturation
marker.

When the expression level of WDR72 protein was compared, the results showed some inconsistency with
the gene expression data, i.e. the level of Wdr72 gene expression was higher in ALC cells than that in LS8 cells
(Fig. 1B), while that of WDR?72 protein was higher in LS8 than that in ALC (Fig. 2B). It was, therefore, decided
to perform cell fractionation to compare the level of WDR72 protein at the cytosolic and membranous fractions
between ALC and LS8 cells (Fig. 3). Our results demonstrated that the level of WDR72 protein in the membra-
nous fraction of the ALC cells was significantly higher than that in the cytosolic fraction of the ALC cells, while
the results in LS8 cells showed the opposite. Although the differences between RNA and protein levels could
possibly depend on RNA stability, protein stability, RNA translation rates, etc., it may be interesting to investigate
in the future study that ALC cells may contain a higher level of potential CAAX-motif signal enzyme(s) that could
post-translationally modify the WDR72 protein than LS8 cells. For example, Ras GTPases have been well studied
for their membrane trafficking via a C-terminal CAAX-motif*’. The initial post-translational modification is
catalyzed by prenyltransferases to attach a substrate-specific lipid to the CAAX cysteine, and the prenyl-CAAX
motif is then recognized by a specific proteinase, resulting in the processing of AAX residues. Finally, the prenyl-
cysteine is recognized by a prenylcysteine carboxyl methyltransferase that methylesterifies the a carboxyl group®.
These sequential post-translational modification steps are highly protein sequence-dependent molecular events®.

It has been so far suggested the molecular function of WDR72 to be involved in calcium transport and/or
enamel matrix protein removal'”** mainly by the studies using Wdr72 knockout mice, however, these outcomes
could be indirect consequences of the aberrant signaling pathways. Proteins localizing at the plasma membrane
and in particular to clathrin-coated pits at the plasma membrane have a very distinctive distribution. Based on
the distribution pattern seen in our immunofluorescence results (Figs. 4 and 5B), there was no noticeable amount
showing that pattern. Although this doesn’t mean that there is none at all but WDR?72 certainly does not con-
centrate at the plasma membrane, our current data did not support the involvement of WDR?72 in endocytosis.
The data obtained from this study may provide insights into the potential molecular function of WDR72 in
amelogenesis. (1) The immunolocalization of WDR?72 protein was accumulated at the Golgi. This is inconsistent
with the initial report that the WDR72 localization appeared to be detected only within the cytoplasmic area'*.
This discrepancy could likely be due to a large N-terminal GFP tag (~ 26 kDa) previously used'*, which might
interfere with the proper tertiary structure, in comparison to a smaller N-terminal Flag-tag (~ 1 kDa) used in
this study. (2) Although we cannot rule out that the non-sense-mediated mRNA decay may be the major cause
for Amelogenesis Imperfecta pathogenesis with WDR72 mutations, the current study proposes an important
first step towards the mechanistic insights as to how the prematurely truncated WDR72 AI mutant proteins,
lacking the C-terminal CAAX motif, lead to aloss of WDR72 molecular function. It is of note that there is only
one missense mutation of WDR72 Al cases reported®®, which likely has a different molecular mechanism result-
ing in enamel defects. (3) As WDR72 does not contain a signal peptide sequence, the WDR72 protein synthesis
must occur in the cytoplasm and the protein then likely undergoes the post-translational modification, by
which WDR?72 protein could translocate to the membranous region. It is well known that H- and N-Ras, c-Able
kinase, Src kinase and the a subunits of most heterodimeric G proteins are covalently modified with lipids*.
In particular, Ras GTPases are targeted from the cytosol to the Golgi and also the plasma membrane*? by a
series of enzymes modifying the C-terminus of its CAAX and other motifs as mentioned above. One of these
modifications, prenylation, is catalyzed by a molecular complex of farnesyltransferase subunits, if the residue
in the X position is either alanine, serine, cysteine, methionine or glutamine®**. In the case of WDR?72, the
cysteine residue of the CAAX motif is evolutionally 100% conserved among all species and the residue in the X
position is either serine or cysteine (Fig. 7). It is of our particular future interest to further investigate the role
of post-translationally modified WDR?72 protein and its molecular function in both healthy enamel tissues and
Amelogenesis Imperfecta.

Materials and methods

Ethics statement. The use of animals and all animal procedures in this study were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) at Boston University Medical Campus (approved protocol
number: AN-15233), and all efforts were made to minimize suffering animals. This study was performed in
accordance with the NIH Guide for the Care and Use of Laboratory Animals as well as the ARRIVE guidelines.

Cell culture.  All cell cultures in this study were maintained in Dulbeccos Modified Eagle’s Medium (Life
Technologies) supplemented with 10% fetal bovine serum (FBS; Millipore Sigma), 100 units/ml penicillin and
100 pg/ml streptomycin in a 5% CO2 atmosphere at 37 °C. The media were refreshed twice a week. Human
embryonic kidney (HEK) 293 (ATCC; CRL-11268), ALC (maturation-stage ameloblast like cells)*®, LS8 (secre-
tory-stage ameloblast like cells)**, NTH3T3 (mouse fibroblasts, ATCC; CRL-1658), IMCD3 (mouse kidney inner
medullary collecting duct cells), NP1 (murine distal tubular epithelial cells), MCT (murine proximal tubular
epithelial cells) and African green monkey kidney COS-7 (ATCC; CRL-1651) cells were used in this study.

Reagents and antibodies. X-tremeGENE 9 DNA transfection reagent was obtained from Roche Life
Science (used for Fig. 2B). JetPRIME was obtained from Polyplus Transfection (used for immunofluorescence
imaging analyses). Lipofectamine 2000 was obtained from Thermo Fisher Scientific (used for fractionation with
transfection studies). Brefeldin A and nocodazole were obtained from Millipore Sigma (B6542 and M1404,
respectively).
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WDR72 N I Cc

I Potential CAAX motif

Human 1099 VS 1102
Chimpanzee 1099 VS 1102
Rhesus monkey 1099 VS 1102
Dog 1104 LC 1107
Cattle 1101 LC 1104
Mouse 1111 Cc 1114
Rat 1101 C 1104
Chicken 1088 VC 1091
Frog 1092 VC 1095

Figure 7. Potential CAAX motif is evolutionarily conserved among species. Schematic presentation of
WDR?72 protein domain structure (upper illustration). Each domain is symbolized such as WD 40 repeat and
potential CAAX motif. The multiple sequence alignment of the last four amino acids containing potential
CAAX motif (lower illustration). Protein accession number of WDR72 protein for each organism is as follows:
human; NP_877435.3, chimpanzee; XP_003314726.1, rhesus monkey; XP_001088410.1, dog; XP_005638485.1,
cattle; XP_002690944.1, mouse; NP_001028672.2, rat; NP_001129191.1, chicken; XP_004943846.1, frog;
XP_002936387.2.

The antibodies used in this study were as follows; rabbit polyclonal anti-WDR72 (HPA057410, Millipore
Sigma), anti-Flag (clone M2, F1804, Millipore Sigma), rabbit monoclonal anti-B-actin (#4970, Cell Signaling),
rabbit polyclonal anti-Calnexin (ab10286, Abcam), anti-AP-1/y-adaptin (clone 88, 610385, BD Biosciences),
anti-TGN46 (ab50595, Abcam), anti-clathrin heavy chain (clone 23, 610499, BD Biosciences), anti- Akt (#9272,
Cell Signaling Technology), and anti-GM130 (clone 35, 610823, BD Biosciences) antibodies.

RNA extraction and quantitative real-time PCR. To investigate the gene expression of Wdr72 in vari-
ous tissues, total RNA was extracted with TRIzol reagent (Life Technologies) using mouse tissues, i.e. heart,
brain, calvaria, kidney, lung, long bone, teeth and tongue (C57BL/6, 5-week-old, male) and mouse cell lines, i.e.
ALC, LS8, NIH3T3, IMCD3, NP1 and MCT cells. Two pg of the total RNA extract was used for reverse transcrip-
tion (RT) using the Omniscript RT Kit (Qiagen). Real-time PCR was performed in triplicate using the specific
TagMan primers-probe for mouse Wdr72 (Applied Biosystems, ABI assay number; Mm006260010_m1), rodent
glyceraldehyde-3-phosphate dehydrogenase (Gapdh; 04308313, for Fig. 1) or mouse f-actin (Mm01205647_g1 for
Fig. 2A and Supplementary Fig. S1), and the expression levels were analyzed by the ABI 7300 real-time PCR sys-
tem. For Wdr72 expression in mouse tissues, the mean fold changes in the expression of Wdr72 relative to that of
Gapdh were calculated using the values obtained from the heart cDNA as a calibrator by means of 2"24°T method
as we previously reported*. For Wdr72 expression in mouse cell lines, the mean fold changes in the expression
of Wdr72 relative to that of -actin were calculated using the values obtained from the ALC cDNA as a calibrator
by means of 272€T method. To investigate the expression levels of amelogenesis gene markers in ALC and LS8,
real time-PCR was performed as described above using the values of the ALC cDNA as a calibrator in each gene
expression analysis. The expression levels of the amelogenesis gene markers including Wdr72, Odam, Odaph and
Klk4 using the maturation stage ALC cells were measured by real-time PCR analysis, and the values based on the
normalization to that of S-actin was compared by means of 27T method.

The following markers were used: Wdr72, Odam (Odontogenic, ameloblast associated, Mm02581573_m1),
Odaph (Odontogenesis associated phosphoprotein, Mm02020633_s1), Kik4 (Kallikrein related peptidase 4,
MmO00517341_m1), Mmp20 (Matrix Metallopeptidase-20, Mm00600244_m1), Amelx (Amelogenin X-linked,
MmO00711642_m1) and Enam (Enamelin, Mm00516922_m1). Three independent experiments were performed
and the results were essentially identical.

Generation of WDR72 expression vectors. All vector construction was performed by polymerase
chain reaction (PCR) using HotStarTaq DNA polymerase (Qiagen) and site-directed mutagenesis with the
megaprimer PCR procedure as we previously reported®. The plasmids containing the full length sequence of
human WDR72 was purchased from Open Biosystems and used as a PCR template. The sequences of the prim-
ers were as follows: forward primer/F1, 5-GACAATTGATGAGGACTTCCCTGCAG-3' and reverse primer/
R1, 5-GCCTCGAGTTAAGACACCTTGCAGGGGC-3". The coding region of wild type (WT) WDR72 with
stop codon was amplified by PCR (forward-reverse primers; F1-R1) and the amplified fragment was subcloned
into pcDNA3-5"-Flag-tag (pc3-Flag) mammalian expression vector. The plasmid harboring pc3-Flag-WDR72
WT was then obtained. To generate an Al form of WDR72 with ¢.2934G>A mutation'! in the expression vector,
which resulted in the nonsense mutation at tryptophan residue 978 (p.W978X), the reverse primer with this
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mutation (5'-GCCTCGAGTCAACAGGAAATTAGCTTC-3'; R2) was designed. The PCR fragment of WDR72
W978X was amplified by the primers (forward-reverse primers; F1-R2), and the resulting fragment was sub-
cloned into pc3-Flag. The plasmid harboring pc3-Flag-WDR72 W978X was then obtained. To generate CAAX
mutation form of WDR?72 in the expression vector, which resulted in the missense mutation at cysteine residue
1099 with serine residue (p.C1099S, WDR72 CS), the reverse primer with this mutation (5-GCCTCGAGT
TAAGACACCTTGGAGGGGC-3'; R3) was designed. The PCR fragment of WDR72 CS was amplified by the
primers (forward-reverse primers; F1-R3), and the resulted fragment was subcloned into pc3-Flag. The plasmid
harboring pc3-Flag-WDR72 CS was then obtained.

All plasmids generated were sequenced, and their DNA sequences were 100% identical to the respective
reference DNA sequences available at NCBI or the respective mutations.

WDR72 protein expression and transfection. To investigate the expression levels of WDR72 protein
in ameloblastic cells, ALC and LS8 cells were cultured, cell lysates were extracted using the lysis buffer contain-
ing 150 mM NaCl, 20 mM Tris-HCI, pH 7.5, 10 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate and a
cocktail of protease inhibitor and prepared in the same manner as previously described*!. As a control of non-
odontogenic cell line, cell lysates from NIH3T3 were also prepared. The HEK 293 cells were plated onto 6 well
culture plates at a density of 3x 10° cells/well and transfected with pc3-Flag-WDR72-WT or an empty vector
(pcDNA3-Flag) using X-tremeGENE 9 DNA transfection reagent. After 24 h, cells were lysed and used as con-
trols for the following experiment.

Fifty pg from each cell lysate was incubated with SDS sample buffer and then boiled at 98 °C. The proteins
were then separated by 4-12% Bis—Tris Plus SDS-PAGE gel (Thermo Fisher) and electrophoresed. The gel was
then transferred to a polyvinylidene fluoride membrane (PVDF) (Immobilon-P; Millipore). Western blot analysis
was performed in the same manner as previously described® to investigate the level of WDR72 protein using
anti-WDR72 antibody. Chemiluminescent detection of bound antibodies was determined using the ECL West-
ern blotting detection reagents (Amersham ECL Prime, GE Healthcare Life Sciences) and images were acquired
using ImageQuant LAS 4000 Biomolecular Imager (GE Healthcare Life Sciences). The membrane was stripped
and then re-probed using anti-Flag antibody to detect the presence of Flag-WDR72 W'T or anti-p-actin antibody
for a loading control.

WDR?72 expression at the cytosolic and membranous fractions in ALC and LS8 cells. ALC and
LS8 cells were cultured onto 6 cm dishes and once cells reached confluency, the plates were placed on ice in prep-
aration for cell fractionation. The media were removed and each plate was rinsed with 1 X phosphate-buffered
saline (PBS). The cells were mixed with 1 ml of PBS and protease inhibitors (0.83 mM benzamidine, 0.23 mM
PMSE, 0.5 pg/ml aprotinin, and 0.5 pg/ml leupeptin), and then collected using a cell scraper. Five hundred ul
was kept as the total cell homogenate. To prepare the cytosolic fraction, the other 500 pl of collected cells were
cracked by passing through a ball bearing cell cracker 10 times, then transferred to an ultracentrifuge tube and
centrifugated for 20 min at 15,000xg. The supernatant was then collected and kept as the cytosolic fraction. The
remaining cell pellet was resuspended in 500 ul of PBS with the protease inhibitors and kept as the membranous
fraction. Finally, 50 pl of Triton-X100 was added to each fraction (total cell homogenate, cytosolic and membra-
nous fractions) and placed on a shaker for 10 min at 4 °C. The fractions were then centrifugated at 10,000xg at
4 °C and they were kept at -20 °C until use. Protein concentration was measured using a Detergent Compatible
(DC) protein assay kit (Bio-Rad) and a plate reader. Fifty pg of proteins from each fraction were mixed with SDS
sample buffer, applied to 4-12% SDS-PAGE, and subjected to Western blot analysis with anti-WDR72 antibody
in the same manner as described. The membrane was further stripped and re-probed with anti-Calnexin anti-
body. Another set of 50 pg of protein samples from each fraction were also prepared, mixed with SDS sample
buffer, applied to 4-12% SDS-PAGE, and stained with Coomassie Brilliant Blue R-250 (CBB) (Bio-Rad). The
band intensities of WDR72 protein immunoreactive to anti-WDR72 antibody in the cytosolic and membranous
fractions of ALC and LS8 cells from three different experiments were measured by the Image J software (NIH).
The value of the intensity in the membranous fraction was divided by that in the cytosolic fraction and the %
ratio values were calculated, and the mean values + SD are shown. The asterisks indicate statistically significant
difference of WDR?72 protein expression between the cytosolic and membranous fractions (p<0.01).

Immunofluorescence imaging. For intracellular localization studies, COS-7 cells were plated at a density
0f 4x10° cells on 12 mm poly-L-lysine (PLL)-coated coverslips, no 1.5 (NeuVitro Corporation, Vancouver, WA)
on the day before the transfection and transfected using jetPRIME according to the manufacturer’s recommen-
dations. Five hours after addition of the transfection mix to the cells, the medium was removed and replaced
with regular culture medium. On the following day, cells were washed with PBS, fixed with 2% paraformalde-
hyde in PBS for 10 min at room temperature (RT), permeabilized with 0.2% Triton X-100 in PBS for 1 min at
RT, and washed with PBS. The primary antibodies (anti-Flag M2, dilution 1:50,000; anti-TGN46, dilution 1:250;
anti-AP-1, dilution 1:200) were diluted in 0.02% Triton X-100 in PBS and incubated for 1 h at RT. Cells were
washed with 0.02% Triton X-100 in PBS and incubated for 45 min at RT with secondary antibodies diluted in
0.02% Triton X-100 in PBS (goat anti-rabbit IgG-Alexa Fluor555 and goat anti-mouse IgG-Alexa Fluor647, dilu-
tion 1:1,000, Thermo Fisher Scientific). After two washes with 0.02% Triton X-100 in PBS and one additional
wash in PBS, coverslips were rinsed in distilled water and mounted using Prolong Diamond Antifade (Thermo
Fisher Scientific). In some cases, cells were treated with 10 ug/ml brefeldin A for 10 min or 33 uM nocodazole for
3 h prior to fixation. Wide-field fluorescence images were acquired on a Zeiss D1 inverted microscope equipped
with Colibri.2 LED and HXP 200 light sources (Zeiss) and an Orca Flash 4.0 camera (Hamamatsu) using the
appropriate wavelengths and filter settings.
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To determine Golgi-enrichment of WDR?72, for each experiment, ~ fifteen cells expressing either WDR72
wild-type or WDR72 W978X deletion mutant were randomly selected. Immunofluorescence imaging was used
to determine the distribution of these WDR72 forms within cells and co-staining for the endogenously expressed
trans-Golgi marker TGN46 was used to score recruitment of the WDR72 forms to the Golgi. The number of
cells with a pool of WDR?72 at the Golgi and the total number of cells analyzed for each condition are shown for
three independent repeats of the experiment (Set 1-3 in Fig. 5C).

Cytosolic/membranous fractionation. For biochemical analysis of WDR72 distribution between cyto-
solic and membranous fractions, HEK293 cells were plated at a density of 1x 10° cells on 10 cm dishes on the
day before the transfection and transfected with 15 pg of plasmid DNA per plate using Lipofectamine 2000 fol-
lowing the manufacturer’s reccommendations. Five hours after addition of the transfection mix to the cells, the
medium was removed and replaced with regular culture medium. On the following day, cells were washed with
PBS, placed on ice and scraped off the plate in 1 ml per plate of PBS supplemented with the protease inhibitors.
Cells were lysed by mechanical force using a ball-bearing cell cracker. One aliquot of 500 pl of cell suspension
(total cell homogenate) was kept on ice, a second aliquot of 500 pl was spun for 20 min at 200,000xg to pellet
the membranous fraction. The supernatant (cytosolic fraction) was transferred to a new tube and the pellet was
resuspended on 500 pl of PBS with the protease inhibitors. Triton X-100 was added to all fractions at a final
concentration of 1% and the samples were rocked for 10 min at 4 °C to allow for membrane solubilization.
The samples were then spun for 2 min at maximum speed to remove debris and 100 pl aliquots of the result-
ing supernatant for all fractions were resolved by SDS-PAGE. Western blot analysis determined the levels and
distribution of protein within the total homogenate, cytosolic and membranous fractions. Antibodies used in
this study were as follows; anti-clathrin (clathrin heavy chain, dilution 1:500), anti-Akt (dilution 1:1,000), and
anti-GM130 (dilution 1:500) antibodies.

Statistical analysis. Student T-test was used to assess the statistical difference between groups (ALC and
LS8) in the gene marker expression analysis (*p <0.01).

Received: 17 August 2021; Accepted: 28 February 2022
Published online: 17 March 2022

References

1. Witkop, C. J. Jr. Amelogenesis imperfecta, dentinogenesis imperfecta and dentin dysplasia revisited: Problems in classification. J.
Oral Pathol. 17, 547-553. https://doi.org/10.1111/j.1600-0714.1988.tb01332.x (1988).

2. Urzua, B., Ortega-Pinto, A., Morales-Bozo, L, Rojas-Alcayaga, G. & Cifuentes, V. Defining a new candidate gene for amelogenesis
imperfecta: From molecular genetics to biochemistry. Biochem. Genet. 49, 104-121. https://doi.org/10.1007/s10528-010-9392-6
(2011).

3. Gadhia, K., McDonald, S., Arkutu, N. & Malik, K. Amelogenesis imperfecta: an introduction. Br. Dent. J. 212, 377-379. https://
doi.org/10.1038/sj.bdj.2012.314 (2012).

4. Hart, P. S. et al. Mutation in kallikrein 4 causes autosomal recessive hypomaturation amelogenesis imperfecta. J. Med. Genet. 41,
545-549. https://doi.org/10.1136/jmg.2003.017657 (2004).

5. Parry, D. A. et al. Mutations in the pH-sensing G-protein-coupled receptor GPR68 cause amelogenesis imperfecta. Am. J. Hum.
Genet. 99, 984-990. hitps://doi.org/10.1016/j.ajhg.2016.08.020 (2016).

6. Sato, K., Mogi, C., Mighell, A. J. & Okajima, F. A missense mutation of Leu74Pro of OGRI1 found in familial amelogenesis imper-
fecta actually causes the loss of the pH-sensing mechanism. Biochem. Biophys. Res. Commun. 526, 920-926. https://doi.org/10.
1016/j.bbrc.2020.04.005 (2020).

7. Parry, D. A. et al. Identification of mutations in SLC24A4, encoding a potassium-dependent sodium/calcium exchanger, as a cause
of amelogenesis imperfecta. Am. J. Hum. Genet. 92, 307-312. https://doi.org/10.1016/j.ajhg.2013.01.003 (2013).

8. Jalloul, A. H., Rogasevskaia, T. P, Szerencsei, R. T. & Schnetkamp, P. P. A functional study of mutations in K+-dependent Na+-
Ca2+ exchangers associated with amelogenesis imperfecta and non-syndromic oculocutaneous albinism. J. Biol. Chem. 291,
13113-13123. https://doi.org/10.1074/jbc.M116.728824 (2016).

9. Parry, D. A. et al. Mutations in C4orf26, encoding a peptide with in vitro hydroxyapatite crystal nucleation and growth activity,
cause amelogenesis imperfecta. Am. J. Hum. Genet. 91, 565-571. https://doi.org/10.1016/j.ajhg.2012.07.020 (2012).

10. Govitvattana, N. et al. Molecular cloning of mouse homologue of enamel protein C4orf26 and its phosphorylation by FAM20C.
Calcif. Tissue Int. https://doi.org/10.1007/s00223-021-00847-y (2021).

11. El-Sayed, W. et al. Mutations in the beta propeller WDR72 cause autosomal-recessive hypomaturation amelogenesis imperfecta.
Am. ]. Hum. Genet. 85, 699-705. https://doi.org/10.1016/j.ajhg.2009.09.014 (2009).

12. Stirnimann, C. U,, Petsalaki, E., Russell, R. B. & Muller, C. W. WD40 proteins propel cellular networks. Trends Biochem. Sci. 35,
565-574. https://doi.org/10.1016/j.tibs.2010.04.003 (2010).

13. Schapira, M., Tyers, M., Torrent, M. & Arrowsmith, C. H. WD40 repeat domain proteins: A novel target class?. Nat. Rev. Drug.
Discov. 16, 773-786. https://doi.org/10.1038/nrd.2017.179 (2017).

14. Lee, S. K. et al. Novel WDR72 mutation and cytoplasmic localization. J. Dent. Res. 89, 1378-1382. https://doi.org/10.1177/00220
34510382117 (2010).

15. Kawabe, H. et al. A novel rabconnectin-3-binding protein that directly binds a GDP/GTP exchange protein for Rab3A small G
protein implicated in Ca(2+)-dependent exocytosis of neurotransmitter. Genes Cells 8, 537-546. https://doi.org/10.1046/j.1365-
2443.2003.00655.x (2003).

16. El-Sayed, W,, Shore, R. C,, Parry, D. A,, Inglehearn, C. F. & Mighell, A. J. Hypomaturation amelogenesis imperfecta due to WDR72
mutations: A novel mutation and ultrastructural analyses of deciduous teeth. Cells Tissues Organs 194, 60-66. https://doi.org/10.
1159/000322036 (2011).

17. Katsura, K. A. et al. WDR72 models of structure and function: A stage-specific regulator of enamel mineralization. Matrix Biol.
38, 48-58. https://doi.org/10.1016/j.matbio.2014.06.005 (2014).

18. Sarkar, J. et al. Comparison of two mouse ameloblast-like cell lines for enamel-specific gene expression. Front. Physiol. 5, 277.
https://doi.org/10.3389/fphys.2014.00277 (2014).

Scientific Reports |

(2022) 12:4640 | https://doi.org/10.1038/s41598-022-08719-7 nature portfolio


https://doi.org/10.1111/j.1600-0714.1988.tb01332.x
https://doi.org/10.1007/s10528-010-9392-6
https://doi.org/10.1038/sj.bdj.2012.314
https://doi.org/10.1038/sj.bdj.2012.314
https://doi.org/10.1136/jmg.2003.017657
https://doi.org/10.1016/j.ajhg.2016.08.020
https://doi.org/10.1016/j.bbrc.2020.04.005
https://doi.org/10.1016/j.bbrc.2020.04.005
https://doi.org/10.1016/j.ajhg.2013.01.003
https://doi.org/10.1074/jbc.M116.728824
https://doi.org/10.1016/j.ajhg.2012.07.020
https://doi.org/10.1007/s00223-021-00847-y
https://doi.org/10.1016/j.ajhg.2009.09.014
https://doi.org/10.1016/j.tibs.2010.04.003
https://doi.org/10.1038/nrd.2017.179
https://doi.org/10.1177/0022034510382117
https://doi.org/10.1177/0022034510382117
https://doi.org/10.1046/j.1365-2443.2003.00655.x
https://doi.org/10.1046/j.1365-2443.2003.00655.x
https://doi.org/10.1159/000322036
https://doi.org/10.1159/000322036
https://doi.org/10.1016/j.matbio.2014.06.005
https://doi.org/10.3389/fphys.2014.00277

www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Moffatt, P, Smith, C. E., St-Arnaud, R. & Nanci, A. Characterization of Apin, a secreted protein highly expressed in tooth-associated
epithelia. J. Cell Biochem. 103, 941-956. https://doi.org/10.1002/jcb.21465 (2008).

Peyroche, A. et al. Brefeldin A acts to stabilize an abortive ARF-GDP-Sec7 domain protein complex: Involvement of specific
residues of the Sec7 domain. Mol. Cell 3, 275-285. https://doi.org/10.1016/s1097-2765(00)80455-4 (1999).

Turner, J. R. & Tartakoff, A. M. The response of the Golgi complex to microtubule alterations: The roles of metabolic energy and
membrane traffic in Golgi complex organization. J. Cell Biol. 109, 2081-2088. https://doi.org/10.1083/jcb.109.5.2081 (1989).
Jain, B. P. & Pandey, S. WD40 repeat proteins: Signalling scaffold with diverse functions. Protein J. 37, 391-406. https://doi.org/
10.1007/s10930-018-9785-7 (2018).

Rauchman, M. I, Nigam, S. K., Delpire, E. & Gullans, S. R. An osmotically tolerant inner medullary collecting duct cell line from
an SV40 transgenic mouse. Am. J. Physiol. 265, F416-424. https://doi.org/10.1152/ajprenal.1993.265.3.F416 (1993).

Strutz, E. et al. Role of basic fibroblast growth factor-2 in epithelial-mesenchymal transformation. Kidney Int. 61, 1714-1728.
https://doi.org/10.1046/j.1523-1755.2002.00333.x (2002).

Rungroj, N. et al. Distal renal tubular acidosis caused by tryptophan-aspartate repeat domain 72 (WDR?72) mutations. Clin. Genet.
94, 409-418. https://doi.org/10.1111/cge.13418 (2018).

Zhang, H. et al. WDR72 mutations associated with amelogenesis imperfecta and acidosis. J. Dent. Res. 98, 541-548. https://doi.
org/10.1177/0022034518824571 (2019).

Jobst-Schwan, T. et al. Whole exome sequencing identified ATP6V1C2 as a novel candidate gene for recessive distal renal tubular
acidosis. Kidney Int. 97, 567-579. https://doi.org/10.1016/j.kint.2019.09.026 (2020).

Khandelwal, P. et al. Phenotypic variability in distal acidification defects associated with WDR72 mutations. Pediatr. Nephrol. 36,
881-887. https://doi.org/10.1007/s00467-020-04747-5 (2021).

Zheng, L. et al. The tick tock of odontogenesis. Exp. Cell Res. 325, 83-89. https://doi.org/10.1016/j.yexcr.2014.02.007 (2014).
Park, J. C. et al. The amyloid protein APin is highly expressed during enamel mineralization and maturation in rat incisors. Eur.
J. Oral. Sci. 115, 153-160. https://doi.org/10.1111/j.1600-0722.2007.00435.x (2007).

Hu, J. C. et al. Enamelysin and kallikrein-4 mRNA expression in developing mouse molars. Eur. J. Oral Sci. 110, 307-315. https://
doi.org/10.1034/j.1600-0722.2002.21301.x (2002).

Begue-Kirn, C., Krebsbach, P. H., Bartlett, J. D. & Butler, W. T. Dentin sialoprotein, dentin phosphoprotein, enamelysin and
ameloblastin: Tooth-specific molecules that are distinctively expressed during murine dental differentiation. Eur. J. Oral Sci. 106,
963-970. https://doi.org/10.1046/j.0909-8836.1998.0s106510.x (1998).

Nanci, A., Bendayan, M. & Slavkin, H. C. Enamel protein biosynthesis and secretion in mouse incisor secretory ameloblasts as
revealed by high-resolution immunocytochemistry. J. Histochem. Cytochem. 33, 1153-1160. https://doi.org/10.1177/33.11.40563
79 (1985).

Hu, C. C. et al. Cloning human enamelin cDNA, chromosomal localization, and analysis of expression during tooth development.
J. Dent. Res. 79, 912-919. https://doi.org/10.1177/00220345000790040501 (2000).

Chen, L. S., Couwenhoven, R. L, Hsu, D., Luo, W. & Snead, M. L. Maintenance of amelogenin gene expression by transformed
epithelial cells of mouse enamel organ. Arch. Oral Biol. 37, 771-778. https://doi.org/10.1016/0003-9969(92)90110-t (1992).
Nakata, A. et al. Establishment and characterization of a spontaneously immortalized mouse ameloblast-lineage cell line. Biochem.
Biophys. Res. Commun. 308, 834-839. https://doi.org/10.1016/s0006-291x(03)01467-0 (2003).

Clarke, S. Protein isoprenylation and methylation at carboxyl-terminal cysteine residues. Annu. Rev. Biochem. 61, 355-386. https://
doi.org/10.1146/annurev.bi.61.070192.002035 (1992).

Casey, P.]. & Seabra, M. C. Protein prenyltransferases. J. Biol. Chem. 271, 5289-5292. https://doi.org/10.1074/jbc.271.10.5289
(1996).

Hancock, J. E,, Magee, A. I, Childs, J. E. & Marshall, C. J. All ras proteins are polyisoprenylated but only some are palmitoylated.
Cell 57, 1167-1177. https://doi.org/10.1016/0092-8674(89)90054-8 (1989).

Wang, S. K. et al. Critical roles for WDR?72 in calcium transport and matrix protein removal during enamel maturation. Mol. Genet.
Genomic Med. 3, 302-319. https://doi.org/10.1002/mgg3.143 (2015).

Hannoush, R. N. & Sun, J. The chemical toolbox for monitoring protein fatty acylation and prenylation. Nat. Chem. Biol. 6, 498-506.
https://doi.org/10.1038/nchembio.388 (2010).

Choy, E. et al. Endomembrane trafficking of ras: The CAAX motif targets proteins to the ER and Golgi. Cell 98, 69-80. https://doi.
0rg/10.1016/S0092-8674(00)80607-8 (1999).

Maurer-Stroh, S. & Eisenhaber, F. Refinement and prediction of protein prenylation motifs. Genome Biol. 6, R55. https://doi.org/
10.1186/gb-2005-6-6-r55 (2005).

Mochida, Y. et al. Nephrocan, a novel member of the small leucine-rich repeat protein family, is an inhibitor of transforming
growth factor-beta signaling. J. Biol. Chem. 281, 36044-36051. https://doi.org/10.1074/jbc.M604787200 (2006).

Ohyama, Y. et al. FAM20A binds to and regulates FAM20C localization. Sci. Rep. 6, 27784. https://doi.org/10.1038/srep27784
(2016).

Acknowledgements

The present work forms part of the research thesis of Dina Husein. We thank Drs. Toshihiro Sugiyama and
Souichi Koyota (Akita University, Japan) for providing ALC cells and Dr. Junichi Hanai (Massachusetts General
Hospital, USA) for IMCD3, NP1 and MCT cells. This study was supported by NIDCR grant DE019527 (YM)
and funds from Boston University Henry M. Goldman School of Dental Medicine (YM).

Author contributions
Conceived and designed the experiments: D.H., B.R., Y.M. Performed the experiments: D.H., A.A., Y.O., HM.,
B.R. Analyzed the data: D.H,, Y.O., H.M,, B.R., YYM. Wrote the paper: D.H., Y.O., HM., BR,, YM.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-08719-7.

Correspondence and requests for materials should be addressed to Y.M.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2022) 12:4640 | https://doi.org/10.1038/s41598-022-08719-7 nature portfolio


https://doi.org/10.1002/jcb.21465
https://doi.org/10.1016/s1097-2765(00)80455-4
https://doi.org/10.1083/jcb.109.5.2081
https://doi.org/10.1007/s10930-018-9785-7
https://doi.org/10.1007/s10930-018-9785-7
https://doi.org/10.1152/ajprenal.1993.265.3.F416
https://doi.org/10.1046/j.1523-1755.2002.00333.x
https://doi.org/10.1111/cge.13418
https://doi.org/10.1177/0022034518824571
https://doi.org/10.1177/0022034518824571
https://doi.org/10.1016/j.kint.2019.09.026
https://doi.org/10.1007/s00467-020-04747-5
https://doi.org/10.1016/j.yexcr.2014.02.007
https://doi.org/10.1111/j.1600-0722.2007.00435.x
https://doi.org/10.1034/j.1600-0722.2002.21301.x
https://doi.org/10.1034/j.1600-0722.2002.21301.x
https://doi.org/10.1046/j.0909-8836.1998.eos106510.x
https://doi.org/10.1177/33.11.4056379
https://doi.org/10.1177/33.11.4056379
https://doi.org/10.1177/00220345000790040501
https://doi.org/10.1016/0003-9969(92)90110-t
https://doi.org/10.1016/s0006-291x(03)01467-0
https://doi.org/10.1146/annurev.bi.61.070192.002035
https://doi.org/10.1146/annurev.bi.61.070192.002035
https://doi.org/10.1074/jbc.271.10.5289
https://doi.org/10.1016/0092-8674(89)90054-8
https://doi.org/10.1002/mgg3.143
https://doi.org/10.1038/nchembio.388
https://doi.org/10.1016/S0092-8674(00)80607-8
https://doi.org/10.1016/S0092-8674(00)80607-8
https://doi.org/10.1186/gb-2005-6-6-r55
https://doi.org/10.1186/gb-2005-6-6-r55
https://doi.org/10.1074/jbc.M604787200
https://doi.org/10.1038/srep27784
https://doi.org/10.1038/s41598-022-08719-7
https://doi.org/10.1038/s41598-022-08719-7
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:4640 | https://doi.org/10.1038/s41598-022-08719-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Identification of the C-terminal region in Amelogenesis Imperfecta causative protein WDR72 required for Golgi localization
	Results
	Expression of Wdr72 in mouse tissues and cell lines. 
	RNA and protein expression of Wdr72 in ALC and LS8 cells. 
	Expression of WDR72 in the cytosolic and membranous fractions of ameloblasts. 
	WDR72 localizes at the Golgi apparatus. 
	Amelogenesis Imperfecta mutant W978X form abrogates WDR72 recruitment to the Golgi. 
	The C-terminal CAAX motif is critical for WDR72 Golgi localization. 

	Discussion
	Materials and methods
	Ethics statement. 
	Cell culture. 
	Reagents and antibodies. 
	RNA extraction and quantitative real-time PCR. 
	Generation of WDR72 expression vectors. 
	WDR72 protein expression and transfection. 
	WDR72 expression at the cytosolic and membranous fractions in ALC and LS8 cells. 
	Immunofluorescence imaging. 
	Cytosolicmembranous fractionation. 
	Statistical analysis. 

	References
	Acknowledgements


