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Abstract: Objective: Recently, the interaction between Klotho/fibroblast growth factor 23 (FGF-23) axis and Wnt sig-
naling has been recognized to be responsible for chronic kidney disease (CKD)-associated comorbidities, including
secondary hyperparathyroidism (SHPT). This study aimed to investigate the molecular mechanism of the interaction
between Klotho/FGF23 axis and Wnt. Methods: A SHPT model was successfully established with a high-phosphorus
diet plus 5/6 nephrectomy. Cell counting Kit-8 (CCK-8) assay and calcium deposit experiment were applied to detect
the proliferation and calcium levels. Quantitative real-time PCR (qRT-PCR), Western blotting and immunofluores-
cence (IF) were used to determine the expression or location of FGF23, calcification-related factors and [-catenin
after lentivirus-mediated Klotho overexpression. Luciferase reporter assay was performed to further validate the
transcriptional regulation between microRNA-29a (miR-29a) and Dickkopf-1 (DDK1). Results: We found increased
serum biochemical factors including parathyroid hormone (PTH), phosphorus, calcium, enhanced parathyroid calci-
fication, and decreased expressions of Klotho in a rat model of secondary hyperparathyroidism. Moreover, genetic-
induced upregulation of Klotho inhibited the proliferation, reduced the calcification and the alkaline phosphatase
(ALP) activity, and downregulated Wnt/B-catenin signaling in parathyroid cells. Conclusions: Mechanistically, Klotho
suppressed miR-29a expression, led to upregulated expression of Wnt/B-catenin signaling inhibitor DKK1, and
finally downregulated the activity of Wnt/B-catenin signaling. These findings suggest a novel molecular mechanism

in the pathogenesis of CKD-associated SHPT, which provides a potential therapeutic target in the future.

Keywords: Secondary hyperparathyroidism, Klotho/FGF23 axis, miR-29a, DKK1, Wnt signaling

Introduction

Chronic kidney disease (CKD) often causes
metabolic changes, which have an important
influence on bone-related mineral metabolism
and lead to the deterioration and progress of
renal disease and initiation of associated
comorbidities [1]. Among these comorbidities,
secondary hyperparathyroidism (SHPT) has
been recognized as a direct result of CKD and
poses a complex alteration in bone and mineral
metabolism, which increase the mortality in
patients with CKD [2, 3]. SHPT holds the char-
acteristics of hidden onset and quick progress
[4]. Thus, identifying patients at risk of develop-
ing SHPT is imperative.

As mentioned above, during the development
of CKD, changes on bone-related mineral
metabolism mainly reflect in increased levels of
serum factors including phosphate, calcium,

vitamin D, parathyroid hormone (PTH) and met-
abolic acidosis [5]. Of note, these factors can
directly or indirectly increase fibroblast growth
factor 23 (FGF-23). For instance, PTH directly
affects osteocytes, leading to increased expres-
sion of FGF-23 [6]. An oral phosphorus overload
can also upregulate FGF-23 expression though
controlling the transformation from inorganic
phosphate to pyrophosphate in bone [7]. SHPT
increases the expression of FGF-23, and such
intimate association contributes to the prog-
ress of CKD. FGF23 derives mainly from mature
osteoblasts which prevents phosphate accu-
mulation during the pathogenesis of CKD via
increasing urinary phosphorus excretion. This
function of FGF23 needs the presence of its
specific receptor-FGFR1’s co-receptor Klotho in
the renal tubules [8]. Until now, it has been well-
recognized that Klotho/FGF23 axis serves as a
target for kidney treatment as well as a prog-
nostic marker for CKD. Recently, it is found that
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aberration of Klotho/FGF23 level is related to
modifications in Wnt/B-catenin signaling. PTH
can activate Wnt signaling and lead to the
increase of FGF-23 expression in osteoblast-
like cells [9]. Moreover, the interaction between
Klotho/FGF23 axis and Wnt/B-catenin signal-
ing is responsible for CKD-associated comor-
bidities [10]. However, the interaction between
the Klotho/FGF23 axis and Wnt signaling
requires more in-depth exploration, particularly
in CKD.

As a short (18-25 nucleotides) and highly con-
served non-coding RNA molecule, microRNA
(miR) directly binds to the 3-UTR of target
MRNAs, and then regulates gene expression at
a post-transcriptional level [11]. Accumulating
evidence has demonstrated that miRNAs play
an important role in a variety of physiological
processes, such as cell growth, aging, apopto-
sis, drug resistance and differentiation [12]. In
recent years, it has been revealed that microR-
NAs can interplay with Wnt/[-catenin pathway
at various steps [13]. On the one hand, microR-
NAs are found to regulate the activation of Wnt/
B-catenin pathway; on the other hand, activa-
tion of Wnt/B-catenin signaling can upregulate
microRNAs expression by directly binding to its
promoter. However, the interaction between
microRNAs and Wnt/B-catenin pathway in CKD
is still unclear. A study found that Wnt/[-catenin
signaling played important roles in the patho-
genesis of diabetic nephropathy; meanwhile
miR-29a was overexpressed, suggesting a pos-
sible association between Wnt/B-catenin sig-
naling and miR-29a in CKD and related comor-
bidities [14]. These studies prompted us to
hypothesize that the crosstalk between Klotho/
FGF23 axis, Wnt signaling and miR-29a could
contribute to the development of CKD-asso-
ciated SHPT. Better understanding of the regu-
latory network will provide insight into develop-
ing the targeted therapeutic strategies.

In this study, we observed increased serum bio-
chemical factors including intact parathyroid
hormone (iPTH), phosphorus, calcium, enhan-
ced parathyroid calcification, and decreased
expressions of Klotho in a rat model of second-
ary hyperparathyroidism. Moreover, the genet-
ic-induced upregulation of Klotho expression
inhibited the proliferation, reduced the calcifi-
cation and the alkaline phosphatase (ALP)
activity, and downregulated Wnt/B-catenin sig-

877

naling in parathyroid cells. Mechanistically,
Klotho suppressed the expression of miR-29a,
led to upregulated expression of Wnt/B3-catenin
signaling inhibitor-DKKZ1, and finally downregu-
lated the activity of Wnt/B-catenin signaling.
Altogether, these findings displayed a potential
molecular mechanism in the pathogenesis of
CKD-associated SHPT, which provided a poten-
tial therapeutic target in the future.

Material and methods

SHPT model and histopathological examina-
tion

All the animal experiment procedures per-
formed in this study were approved by the
Animal Welfare and Ethical Group of Laboratory
Animal Science Department, Fudan University
(@approval number: 2017 1270 A200). Eight-
week-old male Sprague Dawley rats were pur-
chased from the Experimental Animal Center,
Shanghai Medical School, Fudan University,
and maintained in a specific pathogen-free ani-
mal facility with a 12 h light/12 h dark cycle
and free access to food and water. After one
week of adaptive feeding, the rats were ran-
domly divided into 5/6 subtotal nephrectomy
group (STNx, n=10) and sham group (n=10).
Anesthesia was performed before surgery to
relief the pain of animals by peritoneal injection
of 1% pentobarbital sodium (40 mg/kg body
weight). The 5/6 nephrectomy operation was
performed according to a previous study [15].
The sham group only received isolation of the
Kidney adipose sac without removing kidney tis-
sue. High-phosphorus (HP) diet was given for 8
weeks to establish a model of SHPT. Ten healthy
rats at the same age were given a normal-phos-
phorus (NP) diet for eight weeks as negative
control. At the end of the experiment, the rats
were sacrificed by peritoneal injection of 120
mg/kg pentobarbital sodium. The serum, kid-
ney and parathyroid samples were collected for
further analyses. Serum levels of biochemistry
factors including phosphorus (P), calcium (Ca),
PTH and serum creatinine (SCr) were measur-
ed by enzyme-linked immunosorbent assay
(ELISA). Histopathological examination of kid-
ney and parathyroid glands was performed
through reviewing HE-staining as well as forma-
lin fixation and paraffin embedding (FFPE)
slides. Histological images were taken by using
a microscope (Nikon Corporation, Japan).

Am J Transl Res 2022;14(2):876-887



Klotho/FGF23/Wnt in SHPT associated with CKD

Cell culture and lentivirus-mediated transfec-
tion

Parathyroid tissue was isolated from normal
rats. Cell suspension was moved into the dul-
becco’s modified eagle medium/nutrient mix-
ture F-12 (DMEM/F12)-containing medium for
culture (37°C, 5% CO,). In 5-7 days, cell adher-
ent grew into a monolayer, bordering each other
in polyangular shape. Determination of super-
natant PTH showed a good secretion function.
Cell transfection was performed before experi-
ments. Cells with good growth status were
digested with 0.25% trypsin. The number of
cells was determined, and cell concentration
was controlled, then the cells were seeded into
6-well plates with 100,000 cells per well. Three
compound wells were set up in each group.
Lentivirus containing Klotho overexpression
system, miR-29a mimic or miR-29a inhibitor
were constructed by GenePharma Inc. (Suzhou,
China). The sequences are as follows: Klotho:
ATGCC AGCCCGCGCC CCTCCTCGCC GCCTGC-
CGCG GCTCTTGCTG; miR-29a mimic: UAGCA-
CCAUCUGAAAUCGGUUA; miR-29a inhibitor: UA-
ACCGAUUUCAGAUGGUGCUA; miR-29a mimic
NC: UUCUCCGAACGUGUCACGUTT; miR-29a in-
hibitor NC: CAGUACUUUUGUGUAGUACAA. Tran-
sfection steps were strictly carried out accord-
ing to the Lipofectamine 2000 instruction. The
transfection efficiency of Klotho was validated
by Western blotting before the following
experiments.

Reagents and antibodies

Klotho MAb (Clone 236214) was purchased
from R&D System (Minnesota, USA). Curcumin
was purchased from Fluka (Mexico City,
Mexico). Cell Counting Kit-8 (CCK-8) was pur-
chased from Dojindo (Kumamoto, Japan).
Antibodies against Klotho, FGF-23, runt-related
transcription factor 2 (RUNX2) and bone mor-
phogenetic protein-2 (BMP-2) were purchased
from Abcam (Cambridge, UK). Antibodies
against B-catenin were obtained from Santa
Cruz, Inc (Santa Cruz, CA, USA). Fluorescein
(FITC)-AffiniPure goat anti-mouse and goat anti-
rabbit secondary antibodies were purchased
from the Jackson Laboratory (Bar Harbor, ME,
USA). 2-(4-amidinophenyl)-1H-indole-6-carbox-
amidine (DAPI) was purchased from Beyotime
(Shanghai, China). Calcium colorimetric assay
kit was purchased from Sigma-Aldrich (St.
Louis, MO, USA). miRNA gRT-PCR SYBR Kit and
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FastStart Universal SYBR Green Master kit
were purchased from Roche Inc. Lipofectamine
2000 reagent was purchased from Invitrogen
(Waltham, MA, USA). The lentivirus containing
Klotho overexpression system, the miR-29a
mimic, and miR-29a inhibitor were constructed
by Gene Pharma Inc. (Suzhou, China).

Quantitative PCR

By using TRIzol Reagent from Invitrogen Inc.,
total RNA was extracted according to manufac-
turer’s protocols. The expression of miR-29a,
Klotho or FGF23 was measured respectively
with a miRNA gRT-PCR SYBR Kit and FastStart
Universal SYBR Green Master kit from Roche
Inc. Data were analyzed according to the clas-
sic 222¢t method. The primers used in the
study were as follows: miR-29a: 5-TACTGAAC
TGTCACGGCAGA-3'(F), 5-TGTAGTTAG CGACCT-
CTGCT-3'(R); Klotho: 5-GAAACCCAAGTCCTCC-
GCTC-3'(F), 5-GGGAGGA CACCGCTAAACTC-
3'(R); FGF23: 5-TGGCCATGTAGACGGAACAC-
3'(F), 5-GTAGC CGTTCTCTAGCGTCC-3'(R). B-
actin was used as an internal reference.

Western blotting

Proteins were extracted by using radio immuno-
precipitation assay (RIPA) buffer containing
protease inhibitors and phosphatase inhibitors.
Proteins were separated by 10% sodium
salt-polyacrylamide gel electrophoresis (SDS-
PAGE), and then transferred onto polyvinyli-
dene fluoride (PVDF) membranes. After blocked
with 5% bovine serum albumin (BSA) for 1 h,
the membranes were, without washing, incu-
bated with anti-Klotho (1:1000), anti-FGF23
(1:2000), anti-RUNX2 (1:1000), anti-BMP2
(1:12000) and anti-B-actin (1:1000) at 4°C over-
night. On the second day, the membranes were
incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies and visual-
ized with the SuperSignal West Chemilumine-
scent Substrate Kit from Lifescience Inc.
Results were shown after the normalization of
the loading amounts in each lane to B-actin. All
experiments were performed three times.

Calcium deposit experiment

Calcification of parathyroid gland tissue was
determined by calcium deposit experiment,
using the calcium colorimetric assay Kit.
Parathyroid gland tissue was freeze-dried with
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0.6 N hydrochloride and decalcified for 24 h.
Supernatant calcium was measured by phtha-
lopin colorimetric, and parathyroid gland ca
Icium was normalized to dry tissue weight
(mmol/g protein). The experiment details fol-
lowed the manufacturer’s protocols [3].

Immunofluorescence (IF)

Cells with or without treatment grew on glass
coverslips. After washed in PBS buffer, the cells
were fixed by using 4% paraformaldehyde in
PBS with pH 7.4 for 15 min at room tempera-
ture followed by 0.1% Triton X-100. After being
washed for three times, the cells were incubat-
ed with 1% BSA and then with the diluted pri-
mary antibody (anti-B-catenin, 1:200) in 1%
BSA overnight at 4°C. The coverslips were
washed three times in PBS, and then incubated
with the Fluorescein (FITC)-AffiniPure goat anti-
rabbit secondary antibodies for 1 h at room
temperature in dark. Cell nuclei were stained
with 4’,6-diamidino-2’-phenylindole (DAPI) for 5
min at room temperature. Finally, the coverslips
were imaged by using Olympus BX51 upright
epiFluorescence microscope (Olympus, Tokyo,
Japan) at 20x maghnification in dark.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) was applied to
evaluate proliferation of parathyroid cells. Cells
were resuspended and seeded into 96-well
plates at a density of 5x10° cells/well with
three replicates. After 12 h, the cells were
treated with curcumin at different concentra-
tions (1-20 uM) for 48 h. Subsequently, CCK-8
was added to each well and further incubated
at 37°C for 1 h. The absorbance of CCK-8 was
detected at 450 nm using a microplate reader
(Bio-Rad, Hercules, CA, USA). The experiment
was performed in triplicate.

Target prediction and dual-luciferase reporter
assay

TargetScan online database was used in order
to predict potential target genes for miR-29a
(http://www.targetscan.org/vert_71/). Then,
the DNA fragment corresponding to the 3’-UTR
of Dickkopf-1 (DKK1) mRNA was amplified by
PCR assay and inserted into the vector. The
3-UTR of wild-type DKK1 containing mutant
binding site for miR-29a was subcloned by site-
directed mutagenesis PCR method. The E-box
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element at -841 bp was mutated from AUGGCA
to AGACGC. Luciferase activity was detected
using a dual-luciferase reporter assay system,
and the activity of pRL-TK Renilla luciferase was
used as an internal control for normalization.

Statistical analysis

Statistical analysis was performed with SPSS
19.0 software (SPSS, Chicago, IL, USA).
Quantitative data were reported as the mean *
standard deviation (SD). Student’s t-test was
used in two-group comparisons. One-way anal-
ysis of variance (ANOVA) followed with post-hoc
Tukey’s test was performed to compare data
among multiple groups. Statistical significance
was considered when P-values were less than
0.05.

Results

Changes of biochemistry factors in SHPT rat
model

The rat model of SHPT was successfully estab-
lished with a high-phosphorus diet plus 5/6
nephrectomy. Histopathological examination of
kidney showed compensatory enlargement of
the residual kidney, glomerular capillary expan-
sion, mesangial matrix proliferation, a large
number of epithelial and endothelial cells ne-
crosis, glomerular fibrosis and sclerosis accom-
panied by disappearance of capillary cavity at
the 28th day postoperatively. Moreover, histo-
pathological examination of the parathyroid
glands showed that glands were enlarged, in
which cell proliferation showed obvious divi-
sion, and atypia was sharply accelerated
(Figure 1A). In addition, the serum levels of bio-
chemistry factors including P, Ca, PTH and SCr
were measured by ELISA, and the results
showed that serum levels of P, PTH, SCr and Ca
were significantly increased in the SHPT model
group (STNx+HP), compared to other groups
(NC, Sham+HP, STNx+HP, Sham+NP, STNx+NP)
(all P<0.05; Figure 1B-E). Moreover, calcifica-
tion of parathyroid gland tissues gradually
enhanced in SHPT model group (STNx+HP)
(Figure 1F). Serum level of Klotho was signifi-
cantly decreased, while serum level of FGF23
was significantly increased in the SHPT group,
compared to other groups (all P<0.05; Figure
2A, 2B). The mRNA and protein levels of Klotho
and FGF23 in dissected parathyroid gland tis-
sues from SHPT rats showed consistent chang-
es with their serum levels (Figure 2C-F).
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Figure 1. Establishment of SHPT rat model and alteration of serum biochemistry factors including P, Ca, PTH, and
SCr in different groups. (A) Representative images of histopathological changes of kidney and parathyroid tissues
in SHPT rat model (HE, x400). Scale bar =50 ym. (Red arrows: The residual glomerular capillary dilatation, me-
sangial matrix hyperplasia; Parathyroid gland enlargement, with the chief cells mainly distributed and a few oxyphil
cells); (B-E) Measured by ELISA, serum levels of P, PTH, and SCr were significantly increased in SHPT model group
(STNx+HP), compared to other groups (NC, Sham+HP, STNx+HP, Sham+NP, STNx+NP); (F) Calcification of parathy-
roid glands tissue was determined with calcium kit. Error bars indicate SEM; n=3. NC: normal control; STNx: 5/6
subtotal nephrectomy; HP: high-phosphorus diet; NP: normal-phosphorus diet; P: phosphorus; Ca: calcium; PTH:
parathyroid hormone; SCr: serum creatinine; SHPT: secondary hyperparathyroidism; ELISA: enzyme-linked immuno
sorbent assay. Data were analyzed by one-way ANOVA with Tukey’s test for multiple comparisons. “P<0.05 vs. the
NC group (B-E). "P<0.05 vs. the 0 d (F).

Klotho overexpression suppressed the expres- also suppressed miR-29a expression in para-
sion of miR-29a in parathyroid cells thyroid cells, as expected (Figure 3K). Fur-
thermore, we added Klotho protein into the
The findings above encouraged us to explore media and found that miR-29a expression was
the role of Klotho/FGF23 axis in the pathogen- suppressed in parathyroid cells (Figure 3L).
esis of SHPT, hence lentivirus-mediated overex- Taken together, these results suggest that the
pression of Klotho was transfected into para- miR-29a expression is regulated by Klotho dur-
thyroid cells (Figure 3A, 3B). It was found that ing the pathogenesis of parathyroid cells.
Klotho overexpression inhibited the secretion
of PTH in parathyroid cells (Figure 3G), expres- miR-29a directly targeted DKK1 in parathyroid
sions of calcification-related factors (RUNX2 cells
and BMP2; Figure 3C, 3D) and nuclear translo-
cation of B-catenin (Figure 3E, 3F), but upregu- As mentioned above, the interplay between
lated the expression of FGF23 (Figure 3C, 3D). Klotho/FGF23 axis and Wnt/B-catenin signal-
Moreover, Klotho overexpression inhibited the ing contributes to the development of CKD-
proliferation, reduced the calcification, and associated comorbidities [10]. Meanwhile, the
suppressed the ALP activity of parathyroid cells WNT-B-catenin pathway is negatively regulated
(Figure 3H-J). Notably, Klotho overexpression by DKK-1 through competitive binding of
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Figure 2. Expressions of Klotho and FGF23 in a variety of groups. (A, B)
Serum level of Klotho and FGF23 was measured by ELISA; (C-F) The mRNA
and protein levels of Klotho (C, E, F) and FGF23 (D-F) in dissected para-
thyroid glands tissue. Error bars indicate SEM; n=3. NC: normal control;
STNx: 5/6 subtotal nephrectomy; HP: high-phosphorus diet; NP: normal-
phosphorus diet; FGF23: fibroblast growth factor 23. Data were analyzed
by one-way ANOVA with Tukey’s test for multiple comparisons. “P<0.05 vs.

the NC group.

LRP5/6 or forming a ternary complex with kre-
men and LRP5/6 [16]. To further explore the
relationship of miR-29a with DKK-1 and the
inhibitor of Wnt/B-catenin pathway in parathy-
roid cells, we screened the targets of miR-29a
and identified DKK-1 as a potential target
(Figure 4A). Then, we found that after co-trans-
fection of miR-29a mimics, the luciferase activ-
ity decreased in cells transfected with wild-type
DKK1 3’-UTR; in contrast, the activity relatively
increased in cells co-transfected with miR-29a
inhibitors and wild-type DKK1 3’-UTR. Overex-
pression and down-regulation of miR-29a had
no significant effect on the luciferase activity in
cells transfected with mutant DKK1 3-UTR
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(Figure 4B). Moreover, we found
that miR-29a mimics signifi-
cantly decreased DKK-1, but
miR-29a inhibitors significantly
increased DKK-1 (Figure 4C-E).
These findings verified the hy-
pothesis that miR-29a nega-
tively regulated DKK-1 expres-
sion at a transcriptional level in
parathyroid cells.

Inhibiting expression of miR-
29a by Klotho regulated the
Wnt/B-catenin signaling via
increasing DKK-1 expression in
parathyroid cells

To verify the effect of miR-29a
on the activation of Wnt/B-
catenin signaling, we observed
the nuclear translocation of -
catenin parathyroid cells trans-
fected with miR-29a mimics,
inhibitors or control. The results
showed that nuclear B-catenin
* was increased in parathyroid
cells transfected with miR-29a

= mimics, whereas nuclear B-
catenin was decreased in para-

thyroid cells transfected with

mm Klotho
FGF23

S miR-29a inhibitors (Figure 5A,
«

5B). Meanwhile, the secretion
of PTH, calcification and prolif-
eration were increased in para-
thyroid cells transfected with
miR-29a mimics while decrea-
sed in parathyroid cells trans-
fected with miR-29a inhibitors,
compared to the controls (Fi-
gure 5C-E). To further investi-
gate whether the role of Klotho
in regulating Wnt/B-catenin signaling depends
on miR-29a, we added soluble Klotho protein
into culture media of parathyroid cells trans-
fected with miR-29a mimics. It was found that
compared to the controls, nuclear B-catenin
was relatively increased but DKK-1 expression
was decreased (Figure 5F-1), and the secretion
of PTH, calcification and proliferation were also
increased (Figure 5J-L).

Discussion

SHPT is a common complication in patients
with CKD. With the decline of glomerular filtra-
tion rate, the incidence of SHPT is gradually

Am J Transl Res 2022;14(2):876-887
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Figure 3. Klotho overexpression suppressed the expression of miR-29a in parathyroid cells. (A, B) Lentivirus-mediated overexpression construct of Klotho was per-
formed; (C, D) Expressions of calcification-related factors (RUNX2 and BMP2) were determined by WB; (E, F) Nuclear translocation of B-catenin was imaged by IF
(x1000), scale bar =25 pm; (G) The secretion of PTH in parathyroid cells was measured by ELISA; (H) The cell proliferation was performed by CCK-8 assay; (I) The
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calcification was measured by calcium Kkit; (J) The ALP activity of parathyroid cells was measured by ELISA. (K, L)
miR-29a expression in parathyroid cells was determined by qPCR. Error bars indicate SEM; n=3. NC: normal control;
Mock: blank control; OV: Klotho over expression; PTH: parathyroid hormone; ALP: alkaline phosphatase; RUNX2:
anti-RUNX family transcription factor-2; BMP-2: anti-bone morphogenetic protein-2; ELISA: enzyme-linked immuno
sorbent assay; WB: western blotting; qPCR: quantitative PCR; IF: immunofluorescence; Il counting kit-8; miR-29a:
microRNA-29a. Data in (B, D and F-K) were analyzed by one-way ANOVA with Tukey’s test for multiple comparisons.
“P<0.05 vs. the NC group. Data in (L) were analyzed by Student’s t-test, “P<0.05 vs. the control group.

DKK1 3"-UTR-WT  3’-CGAUAAUUUCGACAGACAAUGGCA -5’

miR-29a  5’-CGACUUAAGGUUUUCUUUAGUCC-3

] ||

DKK1 3’-UTR-Mut  3’-CGAUAAUUUACAGCACAAAGACGC -5’

Relative mRNA Levels of DKK1 2

B = Mock

3 miR-29a mimic
3 Control
Bl miR-29a inhibitor

Relative light Units

DKK1-WT DKK1-Mut

Relative Protein Levels of DKK1

Figure 4. miR-29a directly targeted DKK1 and regulated the Wnt/B-catenin signaling. A. Schematic representation
of the putative target site for miR-29a in the 3'-UTR of DKK1; B. Predicted wild-type (WT) or mutated (Mut) 3’-UTR of
DKK1 gene; the activity was assessed by luciferase reporter gene assay; C. In parathyroid cells, relative mRNA levels
of DKK1 were measured by quantity PCR; D, E. DKK1 protein was detected by western blotting. Error bars indicate
SEM; n=3. miR-29a: microRNA-29a; DKK1: Dickkopf-1. B, C, E. Data were analyzed by one-way ANOVA with Tukey’s

test for multiple comparisons. "P<0.05 vs. the control group.

increased [17]. SHPT is characterized by hyper-
plasia of parathyroid glands and excessive syn-
thesis and secretion of PTH. As a result, exces-
sive PTH can cause the enhancement of bone
resorption and changes of calcium and phos-
phorus metabolism, finally leading to serious
complications such as vascular calcification
and cardiovascular disease [3]. The pathogen-
esis of SHPT is related to a variety of factors,
including high blood phosphorus, low blood cal-
cium, deficiency of active vitamin D, malabsorp-
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tion of intestinal calcium, downregulation of
parathyroid vitamin D receptor (VDR) and calci-
um sensitive receptor (CaSR) expression, and
alteration of transcription levels of the PTH
gene [18]. In recent years, studies on the role of
fibroblast growth factor-23 (FGF-23)/Klotho
and its downstream signal pathways in the
pathogenesis of SHPT have attracted more and
more attentions. Mounting in vivo and in vitro
experiments have demonstrated that in physi-
ological conditions, FGF-23 inhibits PTH secre-

Am J Transl Res 2022;14(2):876-887
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Figure 5. Suppressed expression of miR-29a by Klotho regulated the Wnt/B-catenin signaling via increasing DKK-1 expression in parathyroid cells. A, B. The nuclear
translocation of B-catenin in parathyroid cells was presented by IF assay (x1000), Scale bar =25 um; C-E. The secretion of PTH, calcification and proliferation in
parathyroid cells were determined in cells; F-I. DKK-1 expression was measured by western blotting, and nuclear B-catenin was measured by IF (x1000), scale bar
=25 um; J-L. The secretion of PTH, calcification and proliferation were measured by the according kits. Error bars indicate SEM; n=3. miR-29a: microRNA-29a; DKK1:
Dickkopf-1. IF: immunofluorescence; PTH: parathyroid hormone. B-E. Data were analyzed by one-way ANOVA with Tukey’s test for multiple comparisons. “P<0.05 vs.
the control group. G, I-L. Data were analyzed by Student’s t-test, "P<0.05 vs. the control group.
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Figure 6. Regulation of Wnt/B-catenin signaling by Klotho via miR-29a-

targeted DKK-1 expression in parathyroid cells.

tion by combining with the Klotho-FGFRI com-
plex on the parathyroid cell membrane to acti-
vate the intracellular mitogen-activated protein
kinase (MAPK) signal transduction pathway
[19]. However, when CKD is accompanied by
SHPT, the PTH level remains high even if FGF23
is at a high level [20]. Current research has
shown that FGF23 inhibits PTH production at
various steps that can cause parathyroid cells
to resist the regulation of FGF23 and finally
cause SHPT [21]. In fact, the increase in FGF23
levels is accompanied by a marked decrease in
Klotho, with progressive changes in the param-
eters of mineral metabolism during CKD pro-
gression; parallelly, there are also changes in
the levels of Wnt inhibitors, such as Dickkopf-
related proteins [22]. However, the interaction
between the FGF23/Klotho and Wnt signaling
has not been fully revealed until now. In this
study, we successfully established a rat model
of SHPT with a high-phosphorus diet plus 5/6
nephrectomy, which displayed classical histo-
pathological manifestations and the increase
of serum P, PTH, SCr as well as the decrease of
serum Ca. The model provided a good study
platform for subsequent experiments.

It has been well-known that FGF23 can inhibit
1,25(0H),D and PTH production in the late-
stage of CKD; meanwhile, the increase of the
FGF23 level is often accompanied by a marked
decrease in Klotho level. In our study, we also
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observed the decrease of Klo-
tho and simultaneous increase
of FGF23 in the SHPT rat model.
The finding was consistent
with previous studies [23, 24].
e, Although there are still contro-
z versies, a direct participation of
the FGF23/Klotho axis in the
pathogenesis of CKD and its
associated complications has
been recognized. The klotho
gene is situated on the large
arm of the human chromosome
13 and is expressed mostly
in kidney tubules, parathyroid
glands and choroid plexus [25].
Klotho expression is induced by
VDR activators, thus, Klotho
plays a key role in the FGF23-
mediated effects on mineral
metabolism. It was reflected in
the finding “Klotho overexpres-
sion reduced the calcification,
and inhibited the ALP activity in parathyroid
cells”. Furthermore, Klotho overexpression
inhibited the secretion of PTH and nuclear
translocation of B-catenin but upregulated the
expression of FGF23 in parathyroid cells, which
suggested the importance of Klotho in the
pathogenesis of SHPT.

Some of the mechanisms in regulating FGF23/
Klotho levels have been verified to be related to
modifications in the Wnt signaling. Meanwhile,
FGF23/Klotho axis and Wnt signaling can inter-
play vice versa and may form a feedback loop
in CKD-related complications [10]. However,
the relationship between FGF23/Klotho and
Wnt signaling in SHPT is not fully revealed.
Recently, various miRNAs have been reported
to be involved in the biological process of CKD
[26]. Aberrant expression of miRNAs is closely
associated with vascular calcification and
fibrosis through regulating post-transcriptional
mechanisms of PTH gene expression and para-
thyroid cells activation [18, 27, 28]. In this
study, we found that miR-29a was downregu-
lated in parathyroid cells when Klotho is overex-
pressed. It was demonstrated that downregula-
tion of miR-29a was associated with CKD
through suppressing myogenesis [29]. The
results encouraged us to explore whether miR-
29a participates in the pathogenesis of SHPT.
Then, we found that Klotho overexpression also
suppressed miR-29a expression in parathyroid
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cells, suggesting a possible role of miR-29a in
the pathogenesis of SHPT. However, the molec-
ular mechanism of how Klotho regulates miR-
29a in parathyroid cells was not revealed in the
current study. Nevertheless, we gained a novel
finding that miR-29a directly targeted DKK1, a
negative regulator of Wnt signaling in parathy-
roid cells. A variety of ligands, receptors and
coreceptors orchestrate Wnt signaling, which
can be regulated at different levels. Among
these modulators, DKK1 is well characterized
[30]. In the study, we further demonstrated that
Klotho regulated Wnt/B-catenin signaling de-
pending on miR-29a, and finally led to altera-
tions in the secretion of PTH, expressions of
calcification-related factors (RUNX2 and BMP2)
and proliferation in parathyroid cells (Figure 6).

This study was conducted at an animal and a
cellular level, and the relevant results need to
be further verified in the parathyroid tissue of
patients with SHPT. Due to the limitation of the
experimental conditions, there was no com-
mercialized SHPT cell line, and cell transfection
was unable to proceed in the tissue culture of
patients with hyperparathyroidism, so this
study was conducted in normal rat parathyroid
cells.

Altogether, based on these results, we conclud-
ed that the suppressed expression of miR-29a
by Klotho regulated the Wnt/B-catenin signal-
ing via increasing DKK1 expression in parathy-
roid cells. Currently, clinical trials of miR-based
therapeutic agents are ongoing for CKD and
associated complications. As to CKD-asso-
ciated SHPT, more challenges still exist because
of insufficient understanding of its pathogene-
sis. Our study, for the first time, demonstrated
the crosstalk between Kloth/FGF23 axis and
Wnt/B-catenin signaling through miR-29a inhib-
iting DKK-1. The regulatory network presents a
better understanding of SHPT pathogenesis
and provides insight into miR-based therapeu-
tic development for SHPT in the future.
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