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Abstract: Gestational diabetes mellitus (GDM) is a type of unbalanced glucose tolerance that occurs
during pregnancy, which affects approximately 10% of pregnancies worldwide. Fetuin-A is associated
with insulin resistance, and the concentration of circulating fetuin-A increases in women with
GDM, however, the role of fetuin-A in the placenta remains unclear. In this study, we enrolled
placental samples from twenty pregnant women with GDM and twenty non-GDM pregnant women
and found that the abundance of fetuin-A was upregulated in terms of mRNA and protein levels.
Fetuin-A inhibited placental cell growth by inducing apoptosis and inhibiting S phase entry. Irregular
alignment of mitotic chromosomes and aberrant mitotic spindle poles were observed. In addition,
centrosome amplification was induced by fetuin-A treatment, and these amplified centrosomes
nucleated microtubules with disorganized microtubule arrays in placental cells. Furthermore,
fetuin-A inhibited autophagy, and thus blocked the growth of the primary cilium, a cellular antenna
that regulates placenta development and differentiation. Thus, our study uncovered the novel
function of fetuin-A in regulating placental cell growth and ciliogenesis.
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1. Introduction

Gestational diabetes mellitus (GDM) is a type of unbalanced glucose tolerance that occurs
during pregnancy, which affects approximately 10% of pregnancies worldwide [1]. The clinical
and public health relevance of gestational diabetes mellitus has been widely debated due to its
increasing incidence and resulting negative economic impact, and the potential for severe GDM-related
pregnancy complications [2]. In addition, the American Diabetes Association (ADA) “Management
of Diabetes in Pregnancy: Standards of Medical Care in Diabetes 2019” recommends diabetes care
from preconception to postpartum [3]. Several risk factors, including obesity, history of previous
GDM diagnosis, advanced maternal age, and gestational hypertension, have been implicated in the
pathogenesis of GDM [4,5]. In general, specific risks of uncontrolled diabetes in pregnancy include
spontaneous abortion, fetal anomalies, preeclampsia, fetal demise, macrosomia, neonatal hypoglycemia,
and neonatal hyperbilirubinemia, among others. In addition, diabetes in pregnancy may increase the
risk of obesity and type 2 diabetes in the offspring later in life [6,7]. Thus, it is important to understand
the pathogenesis of GDM.

Fetuin-A belongs to the cystatin protease inhibitor superfamily [8]. It is the major human secretory
protein derived from the liver and adipose tissue and performs several pathophysiological functions
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related to insulin sensitivity [9], glucose tolerance [10], and even soft tissue calcification [11]. In the
liver and skeletal muscles, fetuin-A, per se, is an endogenous inhibitor of the insulin receptor [12] and
is crucial for lipid-induced insulin resistance [13]. By binding to the β-subunit of the insulin receptor,
fetuin-A inhibits the activity of the insulin receptor, followed by the blocking of insulin-stimulated
GLUT4 translocation and Akt activation [14]. In addition, fetuin-A is also involved in inflammatory
signaling [13]. Fetuin-A acts as an endogenous ligand for the innate immune Toll-like receptor
(TLR)-4, thus promoting lipid-induced insulin resistance. Moreover, fetuin-A is associated with
several metabolic disorders. High serum fetuin-A concentrations are observed in patients with several
metabolic syndromes, including insulin resistance, fatty liver, and diabetes [10,15]. A recent study
also showed that the circulating fetuin-A concentration increases in GDM women [16], however, the
underlying molecular mechanism is still unclear.

The centrosome is the major microtubule organization center that orchestrates microtubule
networks for proper cell migration and division [17]. It comprises mother and daughter centrioles and
the surrounding pericentriolar materials (PCM). The duplication of the centrosome coordinates with
DNA replication. During the S phase, each centriole functions as a platform for a new procentriole
to grow. The duplicated centrosomes start to separate to the opposite site of the nucleus, followed
by the establishment of mitotic spindle poles for proper chromosome segregation in the M phase.
Thus, precise control of centrosome homeostasis is important to maintain cell growth and genomic
instability [18,19].

The centrosome also contributes to the growth of the primary cilium [20]. The primary cilium
is the cellular protrusion that receives chemical or mechanical signals for proper development and
differentiation [21]. The primary cilium is composed of the central microtubule-built axoneme and the
overlying ciliary membrane [22]. On the axoneme, intraflagellar transporters regulate cilia dynamics
and functions via anterograde and retrograde transportations. Recent studies have also demonstrated
that the primary cilia play important roles in placentation during early pregnancy [23].

In this study, we enrolled placental samples from twenty pregnant women with GDM and twenty
non-GDM pregnant women and found that the abundance of fetuin-A was upregulated in terms of
mRNA and protein levels. The upregulated fetuin-A impeded cell cycle progression and induced
apoptosis. In addition, centrosome amplification with disorganized microtubule arrays was observed
in fetuin-A-treated placental cells. Furthermore, fetuin-A inhibited autophagy, therefore, blocking the
growth of the primary cilium. Thus, our study uncovered the effect of fetuin-A on the regulation of
placental cell growth and ciliogenesis.

2. Results

2.1. The Expression of Fetuin-A Is Upregulated in the Placentas of Gestational Diabetes Mellitus
(GDM) Patients

Pregnant women who suffer from gestational diabetes mellitus (GDM) show higher levels of
fetuin-A in their circulation [24], however, little is known about the effect of fetuin-A in the placenta.
Therefore, we enrolled placental samples from twenty pregnant women with GDM and twenty
non-GDM pregnant women. In the first trimester, the mean value of the body mass index (BMI)
in the control group was 23.40 and that in the GDM group was 27.06. In the third trimester, the
mean BMI value in the control group was 26.80 and that in the GDM group was 30.38 (Table 1). The
treatment strategy for women with GDM follows the guidelines of the ADA “Management of Diabetes
in Pregnancy: Standards of Medical Care in Diabetes 2019”, including lifestyle management, medical
nutrition therapy, and pharmacological therapy [3]. The mRNA level of fetuin-A in the placenta, which
was measured by real-time PCR, was increased in patients with GDM (Figure 1A, p = 0.008). To further
confirm this, the protein level of fetuin-A was also analyzed by immunoblotting assay. The abundance
of placental fetuin-A was higher in GDM patients than in non-GDM subjects (Figure 1B,C, p = 0.008).
Thus, the expression of fetuin-A is upregulated in the placentas of patients with GDM. Next, we tested
whether the upregulation of fetuin-A in the placenta was induced by glucose. The immortalized
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placental HTR8 cells were cultured with different concentrations of glucose for 72 h, and the expression
of fetuin-A was examined. The abundance of fetuin-A was increased in a dose-dependent manner
(Figure 1D,E, ** p = 0.007 and *** p = 0.0002). Thus, the expression of fetuin-A is induced by high
glucose treatment in HTR8 cells.

Table 1. Characteristics of study population.

Normal Control
(n = 20)

GDM
(n = 20)

Maternal age (years) 32.78 ± 4.2 33.56 ± 4.93

Nulliparity (%) 41.94 48

Gestational age at delivery (weeks) 38.43 ± 1.14 38 ± 1.2

Chinese Han ethnicity (%) 100 100

BMI 1st trimester (Kg/m2) 23.4 ± 3.48 27.06 ± 5.85 **

BMI 3rd trimester (Kg/m2) 26.8 ± 3.39 30.38 ± 6 **

Systolic blood pressure (mmHg) 123.04 ± 12.55 133.43 ± 19.73 *

Diastolic blood pressure (mmHg) 73.83 ± 10.01 81.71 ± 11.56 *

Glucose-AC (mg/dL) 78 ± 7.01 97.74 ± 28.22

Glucose-PC 1 hour (mg/dL) 134.83 ± 6.34 195.67 ± 55.1 *

Glucose-PC 2 hours (mg/dL) 126.67 ± 26.07 193.47 ± 71.5 *

Neonatal outcome

Birth weight (g) 3033.49 ± 643.81 3244.7 ± 562.75

Female sex (%) 44.12 37.04

1 min Apgar score 8.7 ± 0.61 8.75 ± 0.56

5 min Apgar score 9.81 ± 0.4 9.79 ± 0.42

Placenta weight 662 ± 128.69 695 ± 167.06

Data are presented as mean ± SD. * p < 0.05; ** p < 0.01, t test.
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Figure 1. Fetuin-A is upregulated in the placentas of gestational diabetes mellitus (GDM) patients.
(A–C) Fetuin-A is upregulated in the placentas of GDM patients: (A) quantification results of the
fetuin-A mRNA level in the placentas of non-GDM and GDM women, (B) whole placenta extracts of
non-GDM and GDM women were analyzed by immunoblot with antibodies against fetuin-A and actin,
and (C) quantification results in (B). (D,E) Glucose induces the expression of fetuin-A in HTR8 cells:
(D) whole cell extracts of fetuin-A-treated HTR8 cells were analyzed by immunoblot with antibodies
against fetuin-A and actin and (E) quantitation of the relative intensity of fetuin-A in (E). n.s., no
significance; ** p < 0.01 and *** p < 0.001.
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2.2. Fetuin-A Inhibits Placental Cell Growth

The effect of fetuin-A on placental cell growth was examined. A previous study showed that
treatment with 600µg/mL of fetuin-A for 48 h inhibited primary extravillous trophoblast cell growth [25].
Therefore, we treated HTR8 cells with 600 µg/mL of fetuin-A for 24 or 48 h, and the cell numbers were
counted. At 24 h after fetuin-A treatment, the cell numbers were significantly reduced, and treatment
with fetuin-A for 48 h inhibited placental cell growth to the half maximal inhibitory concentration
(IC50) (Figure 2A,B, Figure 2A: p = 0.04 and Figure 2B: p = 0.0009). Thus, the following experiments
were performed by treating cells with 600 µg/mL of fetuin-A for 48 h. When checking the morphology
of fetuin-A-treated cells, several apoptotic bodies were observed, suggesting that fetuin-A treatment
might induce apoptosis. To further confirm this, the marker of apoptosis, cleaved-caspase-3, was
checked. Upon fetuin-A treatment, the level of cleaved-caspase-3 increased significantly (Figure 2C,D).
Thus, fetuin-A induces apoptosis in placental cells.
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Figure 2. Fetuin-A inhibits HTR8 cell growth. (A,B) Fetuin-A inhibits HTR8 cell growth in a
time-dependent manner. The cell numbers are shown as bright-field images (left panel) and
quantification results (right panel) following treatment with 600 µg/mL of fetuin-A in HTR8 cells for 24 h
(A) and 48 h (B). CTL: control and FA: fetuin-A. These results are the mean ± SD from three independent
experiments. Scale bar 100 µM. (C,D) Fetuin-A induces apoptosis. (C) The apoptotic bodies (arrowhead
in red) are observed upon treatment with 600 µg/mL of fetuin-A for 48 h in HTR8 cells. The mitotic
cells are indicated by asterisks. The magnification is 400×. (D) Whole cell extracts of fetuin-A-treated
HTR8 cell line were analyzed by immunoblot with antibodies against cleaved-caspase-3 (C-caspase-3)
and actin. * p < 0.05 and ** p < 0.01.
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To further study how fetuin-A affects cell growth, the ability of cells to enter into the S phase
was examined by the EdU incorporation assay. Fetuin-A treatment reduced the population of cells
with EdU positive signals (Figure 3A,B, p = 6 × 10−8). Then, the S phase related cyclins, including
cyclin E and cyclin A, and the activation of CDK2 were examined. The abundance of cyclin A, but not
cyclin E, and the level of phosphorylated CDK2 were reduced upon fetuin-A treatment (Figure 3C–E;
Figure 3D, p = 3 × 10−6, and Figure 3E, p = 0.002). These data suggest that fetuin-A inhibits cyclin
A-CDK2 activation, and thus leads to reduced S phase entry. Next, the ability of cells to enter the M
phase was examined. Upon fetuin-A treatment, the mitotic index was reduced, indicating that the
ability of cells to enter the M phase was reduced (Figure 4A, p = 0.02). In conclusion, fetuin-A inhibits
placental cell growth.
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Figure 3. Fetuin-A inhibits S phase entry. (A,B) EdU incorporation was reduced in fetuin-A-treated
HTR8 cells: (A) immunostaining of EdU (red) and DAPI (blue) in scramble control (CTL) or fetuin-A
(FA) treated HTR8 cells and (B) quantification results of (A). The magnification is 200×. These results
are the mean ± SD from three independent experiments and more than 1000 cells were counted in each
individual group. (C–E) Fetuin-A inhibited cyclin A expression and CDK2 activation: (C) whole cell
extracts of fetuin-A-treated HTR8 cells were analyzed by immunoblot with antibodies against cyclin
A, cyclin E, CDK2, phosphorylated CDK2 at Thr160 (p-CDK2), and actin. (D,E) Quantitation of the
relative intensity of cyclin A (D) and p-CDK2 in (E). ** p < 0.01 and *** p < 0.001.

2.3. Fetuin-A Induces Centrosome Amplification

The mitotic apparatus of the fetuin-A-treated cells was further examined. Normally, the mitotic
spindle poles (γ-tubulin signals) orchestrate the mitotic spindle to align the duplicated chromosomes
in the middle of the cells (Figure 4B, left panel), however, upon fetuin-A treatment, aberrant multiple
mitotic spindle poles (cells with more than twoγ-tubulin spots at M phase) were observed, accompanied
by chromosome misalignment (Figure 4B, right panel and Figure 4C, p = 0.003). Thus, fetuin-A reduces
M phase entry and disorganizes the mitotic apparatus in placental cells.
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Figure 4. Fetuin-A induces centrosome amplification. (A) Fetuin-A inhibited cells entering the M phase.
Quantification results of the mitotic index in the absence (CTL) or presence of fetuin-A (FA). These
results are the mean ± SD from three independent experiments; more than 1000 cells were counted
in each individual group. (B,C) Aberrant mitotic spindle poles were induced by fetuin-A treatment:
(B) immunofluorescence staining showed increased mitotic spindle poles (γ-tubulin staining, as shown
by the arrowhead) upon fetuin-A treatment and (C) quantification results of (B). (D,E) Fetuin-A induced
centrosome amplification: (D) immunofluorescence staining showed increased γ-tubulin numbers
upon fetuin-A treatment and (E) quantification results of (D). ** p < 0.01 and *** p < 0.001, results are the
mean ± SD from three independent experiments, more than 100 cells were counted in each individual
group. Scale bar 5 µM.

As centrosomes form the mitotic spindle poles for proper chromosome segregation, abnormal
centrosomes might lead to the development of aberrant mitotic spindles. Thus, the centrosome numbers
were counted by the staining of the marker of pericentriolar material, γ-tubulin, in fetuin-A-treated cells.
When examining the centrosomal numbers, only one (before duplication) or two (after duplication)
centrosomes were observed in control cells, however, the treatment of fetuin-A led to centrosome
amplification, as shown by the presence of more than two γ-tubulin spots (Figure 4D,E, p = 0.001).
Thus, fetuin-A induces centrosome amplification.

2.4. Fetuin-A Leads to Disorganized Microtubule Nucleation

Microtubule nucleation activity is mainly regulated by the centrosome, and fetuin-A leads to
aberrant centrosome homeostasis. Thus, the microtubule nucleation ability was examined by the
microtubule regrowth assay. Microtubules were disrupted by 1 h of nocodazole treatment. Then, the
cells were washed by PBS and grown in the fresh medium for 10 min to allow the microtubule to regrow.
Nocodazole treatment efficiently disrupted microtubule arrays in both the control and fetuin-A-treated
cells (Figure 5A). After microtubule regrowth for 10 min, the microtubule concentrated around the
centrosome and the array started to emanate from the centrosome to the periphery of the cells (Figure 5B,
upper panel), however, in fetuin-A-treated cells, the emanated microtubule density was less than that
of in the control cells, and these microtubule arrays did not extend to the cell periphery (Figure 5B,
lower panel). Thus, fetuin-A treatment leads to the disorganization of microtubule nucleation.
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Figure 5. Fetuin-A treatment leads to disorganized microtubule arrays. Microtubules were
depolymerized by nocodazole treatment (A), and, then, cells were cultured in the drug-free medium for
10 min (B), in the absence (CTL) or presence of fetuin-A (FA). Centrosomes and microtubules (MT) were
immunostained with antibodies against pericentrin (centrosome marker) and γ-tubulin (microtubule
marker). DNA was stained with DAPI. Scale bar 5 µM.

2.5. Fetuin-A Inhibits Primary Cilium Formation in Placental Cells

The primary cilium is important for maintaining placenta development. Therefore, we examined
whether fetuin-A affects primary cilium formation. First, we examined whether placental HTR8 cells
could grow primary cilia by forcing cells to enter the G0 phase under serum deprivation. At the G0
stage, the primary cilium, as shown by acetylated tubulin staining (axoneme marker), started to grow
from the mother centriole (Cep164 staining) (Figure 6A, upper panel). Then, we examined other ciliary
components. The ciliary membrane marker Arl13b and the intraflagella transporter marker IFT88
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colocalized with the acetylated tubulin, suggesting that these cilia were intact. Then, we examined the
effects of fetuin-A on ciliogenesis. Fetuin-A treatment inhibited primary cilia formation, as shown by
the reduction of all ciliary markers (Figure 6B–E, p = 0.005). Thus, fetuin-A inhibits primary cilium
formation in placental cells.
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Figure 6. Fetuin-A inhibits ciliogenesis. (A–D) Primary cilia were examined in the absence (CTL) or
presence of fetuin-A (FA) by immunostaining with antibodies against acetylated tubulin (Ace-tub),
Cep164, IFT88, or Arl13b. (E) Quantification results of the frequency of ciliated HTR8 cells. ** p < 0.01,
results are the mean ± SD from three independent experiments, more than 100 cells were counted in
each individual group. DNA was stained with DAPI. Scale bar 10 µM.

2.6. Fetuin-A Inhibits Autophagic Flux

Autophagy promotes primary cilium formation under serum deprivation. Therefore, we examined
whether fetuin-A affects autophagy. First, we examined the autophagy by immunostaining with an
antibody against LC3. In the control cells, the LC3 signal was hardly detected, however, Fetuin-A
treatment induced LC3 accumulation in the cytoplasm, suggesting that fetuin-A treatment affected
autophagy (Figure 7A). The accumulation of LC3 signal in the cytoplasm might result from the
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acceleration of autophagy or defective autophagic flux, and thus the conversion of LC3 I to LC3 II was
examined by immunoblotting assay. Upon fetuin-A treatment, the conversion of LC3 I to LC3 II was
reduced, as shown by a lowered LC3 II to I ratio (Figure 7B, p = 0.02), suggesting that the autophagic
flux was reduced. To further confirm this observation, the expression of Beclin1, the key enzyme in
the initiation of autophagic flux, was examined. The expression of Beclin1 was reduced by fetuin-A
treatment (Figure 7C). Thus, fetuin-A inhibits autophagic flux.
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Figure 7. Fetuin-A inhibits autophagy. (A) Autophagy was examined by immunostaining with an
antibody against LC3. DNA was stained with DAPI. Scale bar 10 µM. (B,C) Extracts of control (CTL) or
fetuin-A (FA)-treated cells were analyzed by immunoblotting with antibodies against LC3, Beclin1,
or actin. (B, lower panel) Quantification results of the relative intensity of the LC3 II to LC3 I ratio.
* p < 0.05.

3. Discussion

In this study, we demonstrated that fetuin-A is relevant for cell growth and ciliogenesis in the
placentas of GDM patients. Treatment with fetuin-A leads to abnormal centrosome amplification
followed by the induction of aberrant mitotic spindle poles. In addition, fetuin-A also disorganizes the
microtubule arrays. Furthermore, fetuin-A inhibits autophagy, followed by the reduction of primary
cilium formation in placental cells. Taken together, fetuin-A affects the centrosome and autophagy,
leading to defective placenta growth.

Circulating fetuin-A is upregulated in GDM patients [26], however, little is known about the effect
of fetuin-A on the placenta. In this study, we showed that the placental fetuin-A concentration increases
in GDM women. It is an important issue to clarify the source of placental fetuin-A. The elevated
fetuin-A might be derived from maternal circulation. Additionally, it might also be synthesized locally
at the placenta. In our study, we found that the mRNA level of fetuin-A increased in the placentas
of GDM patients. In addition, a high glucose concentration induced the expression of fetuin-A in
immortalized placental cells, suggesting that fetuin-A was also synthesized locally. Thus, fetuin-A
might act on the placenta through paracrine or autocrine effects. Circulating maternal fetuin-A acts
on the placenta via a paracrine effect. A high maternal glucose concentration also induces placental
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cells to produce more fetuin-A locally. Thus, both circulating and local placental fetuin-A coordinately
affect placental development in GDM.

The primary cilium regulates development and differentiation and, additionally, this tiny organelle
plays roles in female reproduction. Endocrine gland-derived vascular endothelial growth factor
(EG-VEGF), the key endocrine factor for proper placentation, binds to its receptor on the primary
cilium, triggering the downstream signaling cascade for trophoblast invasion [23,27]. The regulation
of ciliogenesis is initiated by TTBK2 recruitment and CP110 removal from the mother centriole [28],
and resorption of the primary cilium is triggered by HDAC6 activation [29]. Recent studies showed
that the primary cilia is also regulated by the miR-200 family in the placenta [27]. In this sstudy, we
showed that fetuin-A also inhibits ciliogenesis in placental cells. So far, it is still unclear how fetuin-A
affects the placental cilia. The concentration of miR-200 family members is upregulated in women
with GDM [30]. In addition, the concentrations of fetuin-A and miR-200 family members increase in
nonalcoholic fatty liver disease patients [10,31]. Thus, we speculate that, in the placentas of GDM
women, the fetuin-A might induce the expression of miR-200 family members, thus inhibiting the
formation of the primary cilia, however, this hypothesis still needs to be tested.

In summary, we showed that fetuin-A inhibits placental cell growth and is required for the control
of centrosome homeostasis and ciliogenesis, which are two important events for proper placentation.

4. Materials and Methods

4.1. Cell Culture

The immortalized HTR-8/SVneo (HTR8) cell line (ATCC CRL-3271), which was obtained from
ATCC (Manassas, VA, USA). was derived by transfecting cells that grew out of chorionic villi explants
of human first-trimester placentas with the SV40 large T antigen. HTR8 cells were grown in Roswell
Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal bovine serum. These
cells were cultured in a humidified atmosphere at 5% CO2 at 37 ◦C. Mycoplasma contamination was
regularly examined by immunoblotting assay and immunofluorescence staining (DNA was stained by
DAPI) according to the guidelines.

4.2. Study Population and Sample Collection

The experimental procedure was approved by the biosafety committee of the National Cheng
Kung University. The human sample analysis was approved by the Institutional Review Board (IRB)
of the National Cheng Kung University Hospital (NCKUH, no. A-ER-105-021; 19 February 2016).
The expression level of fetuin-A in the placentas of women with GDM (n = 20) and healthy controls
(n = 20) was measured in a case-control study. The diagnosis of gestational diabetes was made at 24
to 28 weeks of gestation via a two-hour 75 g oral glucose tolerance test according to the guidelines
of the IADPSG (International Association of the Diabetes and Pregnancy Study Groups) and ADA
(American Diabetes Association). The positive diagnosis criteria were one or more plasma glucose
values that met or exceeded the following values: fasting glucose level > 92 mg/dL, 1 h glucose level >

180 mg/dL, and 2 h glucose level > 153 mg/dL. Only singleton pregnancies were included in the study.

4.3. Immunofluorescence Microscopy

Cells were grown on coverslips prior to the performance of experiments. Cells were fixed with
cold methanol at −20 ◦C for 6 min. Then, the cells were washed with PBS three times followed by
blocking with 5% BSA for 1 h. After blocking, cells were incubated with antibodies overnight at
4 ◦C. Then, cells were washed with PBS three times and incubated with FITC-conjugated and/or
Cy3-conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature in
the dark. After extensive washing, the cover slips were mounted in 50% glycerol (in PBS) on glass
slides. Cells were observed with an AxioImager M2 fluorescence microscope (Zeiss, Switzerland).
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4.4. Microtubule Regrowth Assay

Cells were cultured in nocodazole (10 mg/mL) containing medium for 1 h to depolymerize the
microtubules. Then, the nocodazole was removed by washing with PBS three times, and then cells
were incubated in fresh medium at 37 ◦C for 10 min. After microtubule repolymerization, cells were
fixed with cold methanol at −20 ◦C for 6 min, followed by immunofluorescence staining.

4.5. EdU Incorporation Assay

Cells were cocultured with commercially available EdU for 30 min according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). Then, these cells were observed with fluorescence EdU
signals by an AxioImager M2 fluorescence microscope.

4.6. Cell Growth Assay

Cells were trypsinized and resuspended in PBS for cell number counting or they were centrifuged
for further Western blot analysis after drug treatment. Centrifuged cells were further lysed with lysis
buffer containing 0.5% NP-40, 300 mM NaCl, 1 mM EDTA, and the protease inhibitor cocktail (Roche,
Mannheim, Germany) followed by centrifugation (15,000 rpm, 4 ◦C). The supernatant was collected
and further analyzed by Western blot analysis.

4.7. Antibodies

The following antibodies were obtained commercially: anti-acetylated-tubulin (T7451),
anti-γ-tubulin (T5326), and anti-α-tubulin (T9026) (Sigma, St. Louis, MO, USA); anti-LC3A/B (D3U4C)
XP (#12741), anti-cyclin A2 (#4656), anti-cyclin E1 (HE12; #4129), anti-CDK2 (#2546), and anti-CDK2
phospho-Thr160 (#2561) were purchased from Cell Signaling (Beverly, MA, USA); anti-fetuin-A
(ab137125), and anti-Beclin 1 antibody [EPR19662] (ab207612) were purchased from Abcam (Cambridge,
UK); anti-actin (AC-15) (GTX26276) was purchased from Genetex (Irvine, CA, USA); anti-IFT88
(13967-1-AP) was purchased from Proteintech (Chicago, IL, USA); and anti-CEP164 (NBP1-81445) was
purchased from Novus (Littleton, CO, USA).

4.8. Statistical Analysis

All data are presented as the mean ± S.D. from at least three independent experiments. In each
individual experiment, more than 100 cells were counted in each experimental group. To show the
statistical significance, unpaired two-tailed t-tests were used to show the differences between two
groups. p-values of less than 0.05 were considered statistically significant.

Author Contributions: Conceptualization, C.-Y.W. and P.-Y.T.; methodology, P.-L.K. and M.-T.S.; validation,
C.-Y.W. and P.-Y.T.; formal analysis, H.-l.C.; investigation, C.-Y.W. and H.-l.C.; resources, P.-Y.T.; data curation,
M.-T.S. and H.-l.C.; writing—original draft preparation, C.-Y.W. and P.-Y.T.; visualization, C.-Y.W.; supervision,
P.-Y.T.; project administration, P.-Y.T.; funding acquisition, C.-Y.W. and P.-Y.T.

Funding: This study was supported by grants from the Ministry of Science and Technology,
MOST106-2320-B-006-056-MY3 to Chia-Yih Wang and MOST107-2314-B-006-042 to Pei-Yin Tsai. This study
was supported by a grant from the National Cheng Kung University Hospital, NCKUH-10505024 to Pei-Yin Tsai.

Acknowledgments: We are grateful for the support from the Core Research Laboratory, College of Medicine,
National Cheng Kung University.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Melchior, H.; Kurch-Bek, D.; Mund, M. The Prevalence of Gestational Diabetes. Dtsch. Arztebl. Int. 2017, 114,
412–418. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/28669379


Int. J. Mol. Sci. 2019, 20, 5207 12 of 13

2. Chiefari, E.; Arcidiacono, B.; Foti, D.; Brunetti, A. Gestational diabetes mellitus: An updated overview. J.
Endocrinol. Investig. 2017, 40, 899–909. [CrossRef] [PubMed]

3. American Diabetes Association. 14. Management of Diabetes in Pregnancy: Standards of Medical Care in
Diabetes-2019. Diabetes Care 2019, 42, S165–S172. [CrossRef] [PubMed]

4. Bryson, C.L.; Ioannou, G.N.; Rulyak, S.J.; Critchlow, C. Association between gestational diabetes and
pregnancy-induced hypertension. Am. J. Epidemiol. 2003, 158, 1148–1153. [CrossRef]

5. Zhang, C.; Rawal, S.; Chong, Y.S. Risk factors for gestational diabetes: Is prevention possible? Diabetologia
2016, 59, 1385–1390. [CrossRef]

6. Holmes, V.A.; Young, I.S.; Patterson, C.C.; Pearson, D.W.; Walker, J.D.; Maresh, M.J.; McCance, D.R. Diabetes
and Pre-eclampsia Intervention Trial Study Group. Optimal glycemic control, pre-eclampsia, and gestational
hypertension in women with type 1 diabetes in the diabetes and pre-eclampsia intervention trial. Diabetes
Care 2011, 34, 1683–1688. [CrossRef]

7. Dabelea, D.; Hanson, R.L.; Lindsay, R.S.; Pettitt, D.J.; Imperatore, G.; Gabir, M.M.; Roumain, J.; Bennett, P.H.;
Knowler, W.C. Intrauterine exposure to diabetes conveys risks for type 2 diabetes and obesity: A study of
discordant sibships. Diabetes 2000, 49, 2208–2211. [CrossRef]

8. Mori, K.; Emoto, M.; Inaba, M. Fetuin-A: A multifunctional protein. Recent Pat. Endocr. Metab. Immune Drug
Discov. 2011, 5, 124–146. [CrossRef]

9. Stefan, N.; Hennige, A.M.; Staiger, H.; Machann, J.; Schick, F.; Krober, S.M.; Machicao, F.; Fritsche, A.;
Haring, H.U. Alpha2-Heremans-Schmid glycoprotein/fetuin-A is associated with insulin resistance and fat
accumulation in the liver in humans. Diabetes Care 2006, 29, 853–857. [CrossRef]

10. Ou, H.Y.; Yang, Y.C.; Wu, H.T.; Wu, J.S.; Lu, F.H.; Chang, C.J. Increased fetuin-A concentrations in impaired
glucose tolerance with or without nonalcoholic fatty liver disease, but not impaired fasting glucose. J. Clin.
Endocrinol. Metab. 2012, 97, 4717–4723. [CrossRef]

11. Jahnen-Dechent, W.; Heiss, A.; Schafer, C.; Ketteler, M. Fetuin-A regulation of calcified matrix metabolism.
Circ. Res. 2011, 108, 1494–1509. [CrossRef] [PubMed]

12. Srinivas, P.R.; Wagner, A.S.; Reddy, L.V.; Deutsch, D.D.; Leon, M.A.; Goustin, A.S.; Grunberger, G. Serum
alpha 2-HS-glycoprotein is an inhibitor of the human insulin receptor at the tyrosine kinase level. Mol.
Endocrinol. 1993, 7, 1445–1455. [PubMed]

13. Pal, D.; Dasgupta, S.; Kundu, R.; Maitra, S.; Das, G.; Mukhopadhyay, S.; Ray, S.; Majumdar, S.S.; Bhattacharya, S.
Fetuin-A acts as an endogenous ligand of TLR4 to promote lipid-induced insulin resistance. Nat. Med. 2012,
18, 1279–1285. [CrossRef] [PubMed]

14. Goustin, A.S.; Derar, N.; Abou-Samra, A.B. Ahsg-fetuin blocks the metabolic arm of insulin action through
its interaction with the 95-kD beta-subunit of the insulin receptor. Cell. Signal. 2013, 25, 981–988. [CrossRef]
[PubMed]

15. Ou, H.Y.; Yang, Y.C.; Wu, H.T.; Wu, J.S.; Lu, F.H.; Chang, C.J. Serum fetuin-A concentrations are elevated in
subjects with impaired glucose tolerance and newly diagnosed type 2 diabetes. Clin. Endocrinol. 2011, 75,
450–455. [CrossRef]

16. Iyidir, O.T.; Degertekin, C.K.; Yilmaz, B.A.; Altinova, A.E.; Toruner, F.B.; Bozkurt, N.; Ayvaz, G.; Akturk, M.
Serum levels of fetuin A are increased in women with gestational diabetes mellitus. Arch. Gynecol. Obstet.
2015, 291, 933–937. [CrossRef]

17. Nigg, E.A.; Holland, A.J. Once and only once: Mechanisms of centriole duplication and their deregulation in
disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 297–312. [CrossRef]

18. Chen, T.Y.; Syu, J.S.; Han, T.Y.; Cheng, H.L.; Lu, F.I.; Wang, C.Y. Cell Cycle-Dependent Localization of
Dynactin Subunit p150 glued at Centrosome. J. Cell. Biochem. 2015, 116, 2049–2060. [CrossRef]

19. Chen, T.Y.; Syu, J.S.; Lin, T.C.; Cheng, H.L.; Lu, F.L.; Wang, C.Y. Chloroquine alleviates etoposide-induced
centrosome amplification by inhibiting CDK2 in adrenocortical tumor cells. Oncogenesis 2015, 4, e180.
[CrossRef]

20. Lattao, R.; Kovacs, L.; Glover, D.M. The Centrioles, Centrosomes, Basal Bodies, and Cilia of Drosophila
melanogaster. Genetics 2017, 206, 33–53. [CrossRef]

21. Chen, T.Y.; Lien, W.C.; Cheng, H.L.; Kuan, T.S.; Sheu, S.Y.; Wang, C.Y. Chloroquine inhibits human retina
pigmented epithelial cell growth and microtubule nucleation by downregulating p150(glued). J. Cell. Physiol.
2019, 234, 10445–10457. [CrossRef] [PubMed]

22. Johnson, C.A.; Malicki, J.J. The Nuclear Arsenal of Cilia. Dev. Cell 2019, 49, 161–170. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s40618-016-0607-5
http://www.ncbi.nlm.nih.gov/pubmed/28283913
http://dx.doi.org/10.2337/dc19-S014
http://www.ncbi.nlm.nih.gov/pubmed/30559240
http://dx.doi.org/10.1093/aje/kwg273
http://dx.doi.org/10.1007/s00125-016-3979-3
http://dx.doi.org/10.2337/dc11-0244
http://dx.doi.org/10.2337/diabetes.49.12.2208
http://dx.doi.org/10.2174/187221411799015372
http://dx.doi.org/10.2337/diacare.29.04.06.dc05-1938
http://dx.doi.org/10.1210/jc.2012-2414
http://dx.doi.org/10.1161/CIRCRESAHA.110.234260
http://www.ncbi.nlm.nih.gov/pubmed/21659653
http://www.ncbi.nlm.nih.gov/pubmed/7906861
http://dx.doi.org/10.1038/nm.2851
http://www.ncbi.nlm.nih.gov/pubmed/22842477
http://dx.doi.org/10.1016/j.cellsig.2012.12.011
http://www.ncbi.nlm.nih.gov/pubmed/23314177
http://dx.doi.org/10.1111/j.1365-2265.2011.04070.x
http://dx.doi.org/10.1007/s00404-014-3490-3
http://dx.doi.org/10.1038/nrm.2017.127
http://dx.doi.org/10.1002/jcb.25160
http://dx.doi.org/10.1038/oncsis.2015.37
http://dx.doi.org/10.1534/genetics.116.198168
http://dx.doi.org/10.1002/jcp.27712
http://www.ncbi.nlm.nih.gov/pubmed/30417365
http://dx.doi.org/10.1016/j.devcel.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/31014478


Int. J. Mol. Sci. 2019, 20, 5207 13 of 13

23. Wang, C.Y.; Tsai, H.L.; Syu, J.S.; Chen, T.Y.; Su, M.T. Primary Cilium-Regulated EG-VEGF Signaling Facilitates
Trophoblast Invasion. J. Cell. Physiol. 2017, 232, 1467–1477. [CrossRef] [PubMed]

24. Kalabay, L.; Cseh, K.; Pajor, A.; Baranyi, E.; Csakany, G.M.; Melczer, Z.; Speer, G.; Kovacs, M.; Siller, G.;
Karadi, I.; et al. Correlation of maternal serum fetuin/alpha2-HS-glycoprotein concentration with maternal
insulin resistance and anthropometric parameters of neonates in normal pregnancy and gestational diabetes.
Eur. J. Endocrinol. 2002, 147, 243–248. [CrossRef] [PubMed]

25. Gomez, L.M.; Anton, L.; Srinivas, S.K.; Elovitz, M.A.; Parry, S. Effects of increased fetuin-A in human
trophoblast cells and associated pregnancy outcomes. Am. J. Obstet. Gynecol. 2012, 207, 484.e1–484.e8.
[CrossRef] [PubMed]

26. Kralisch, S.; Hoffmann, A.; Lossner, U.; Kratzsch, J.; Bluher, M.; Stumvoll, M.; Fasshauer, M.; Ebert, T.
Regulation of the novel adipokines/hepatokines fetuin A and fetuin B in gestational diabetes mellitus. Metab.
Clin. Exp. 2017, 68, 88–94. [CrossRef]

27. Wang, C.Y.; Tsai, P.Y.; Chen, T.Y.; Tsai, H.L.; Kuo, P.L.; Su, M.T. Elevated miR-200a and miR-141 inhibit
endocrine gland-derived vascular endothelial growth factor expression and ciliogenesis in preeclampsia. J.
Physiol. 2019, 597, 3069–3083. [CrossRef]

28. Goetz, S.C.; Liem, K.F., Jr.; Anderson, K.V. The spinocerebellar ataxia-associated gene Tau tubulin kinase 2
controls the initiation of ciliogenesis. Cell 2012, 151, 847–858. [CrossRef]

29. Pugacheva, E.N.; Jablonski, S.A.; Hartman, T.R.; Henske, E.P.; Golemis, E.A. HEF1-dependent Aurora A
activation induces disassembly of the primary cilium. Cell 2007, 129, 1351–1363. [CrossRef]

30. Guarino, E.; Delli Poggi, C.; Grieco, G.E.; Cenci, V.; Ceccarelli, E.; Crisci, I.; Sebastiani, G.; Dotta, F. Circulating
MicroRNAs as Biomarkers of Gestational Diabetes Mellitus: Updates and Perspectives. Int. J. Endocrinol.
2018, 2018, 6380463. [CrossRef]

31. Kong, L.; Zhu, J.; Han, W.; Jiang, X.; Xu, M.; Zhao, Y.; Dong, Q.; Pang, Z.; Guan, Q.; Gao, L.; et al. Significance
of serum microRNAs in pre-diabetes and newly diagnosed type 2 diabetes: A clinical study. Acta Diabetol.
2011, 48, 61–69. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jcp.25649
http://www.ncbi.nlm.nih.gov/pubmed/27736039
http://dx.doi.org/10.1530/eje.0.1470243
http://www.ncbi.nlm.nih.gov/pubmed/12153747
http://dx.doi.org/10.1016/j.ajog.2012.10.872
http://www.ncbi.nlm.nih.gov/pubmed/23108067
http://dx.doi.org/10.1016/j.metabol.2016.11.017
http://dx.doi.org/10.1113/JP277704
http://dx.doi.org/10.1016/j.cell.2012.10.010
http://dx.doi.org/10.1016/j.cell.2007.04.035
http://dx.doi.org/10.1155/2018/6380463
http://dx.doi.org/10.1007/s00592-010-0226-0
http://www.ncbi.nlm.nih.gov/pubmed/20857148
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Expression of Fetuin-A Is Upregulated in the Placentas of Gestational Diabetes Mellitus (GDM) Patients 
	Fetuin-A Inhibits Placental Cell Growth 
	Fetuin-A Induces Centrosome Amplification 
	Fetuin-A Leads to Disorganized Microtubule Nucleation 
	Fetuin-A Inhibits Primary Cilium Formation in Placental Cells 
	Fetuin-A Inhibits Autophagic Flux 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Study Population and Sample Collection 
	Immunofluorescence Microscopy 
	Microtubule Regrowth Assay 
	EdU Incorporation Assay 
	Cell Growth Assay 
	Antibodies 
	Statistical Analysis 

	References

