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Abstract: Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited
kidney disorder worldwide and progresses to end-stage renal disease (ESRD). However, its precise
mechanism is not fully understood. In recent years, epigenetic reprogramming has drawn increasing
attention regarding its effect on cyst growth. However, considering the complexity of epigenetic
mechanisms and the broad range of alterations of epigenetic components in ADPKD, identifying
more specific epigenetic factors and understanding how they are mechanistically linked to promote
cyst growth is relevant for the development of treatment for ADPKD. Here, we find that the histone
methyltransferase SMYD3, which activates gene transcription via histone H3 lysine 4 trimethylation
(H3K4me3), is upregulated in PKD1 mutant mouse and human ADPKD kidneys. Genetic knockout
of SMYD3 in a PKD1 knockout mouse model delayed cyst growth and improved kidney function
compared with PKD1 single knockout mouse kidneys. Immunostaining and Western blot assays
indicated that SMYD3 regulated PKD1-associated signaling pathways associated with proliferation,
apoptosis, and cell cycle effectors in PKD1 mutant renal epithelial cells and tissues. In addition, we
found that SMYD3 localized to the centrosome and regulated mitosis and cytokinesis via methylation
of α-tubulin at lysine 40. In addition, SMYD3 regulated primary cilia assembly in PKD1 mutant
mouse kidneys. In summary, our results demonstrate that overexpression of SMYD3 contributes to
cyst progression and suggests targeting SMYD3 as a potential therapeutic strategy for ADPKD.

Keywords: nephrology; ADPKD; epigenetics; SMYD3; genome instability

1. Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is the most common herita-
ble renal disease, estimated at a prevalence of 1 in 500 to 1 in 1000 people worldwide [1].
It is genetically heterogeneous and has been linked to mutations in the PKD1 and PKD2
genes [2]. Mutations in the PKD1 gene, which encodes the polycystin-1 (PC1) protein,
account for approximately 85% of ADPKD cases, while the PKD2 gene, which encodes the
polycystin-2 (PC2) protein, accounts for approximately 15% of ADPKD cases [2]. Typically,
the disease is characterized by the development of bilateral fluid-filled cysts in the kid-
neys that progressively enlarge and often lead to end-stage renal disease (ESRD). Based
on the focal nature of these cysts [3], a “two-hit hypothesis” (a second molecular hit) is
necessary for the development of ADPKD [4]. While there is some correlation between the
PKD1 gene mutation, the functional PC1 dosage, and ADPKD disease severity [5], clinical
manifestations and the course of the disease are reportedly variable.

The pathogenesis underlying the ADPKD phenotypes is still unclear; however, var-
ious cellular aberrations associated with cystogenesis have been suggested, including
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centrosome aberrations [6]. The centrosome is the primary microtubule-organizing center
in dividing eukaryotic cells [7]. Once during every cell cycle, centrosome duplication
takes place, with a daughter centriole forming next to an existing mother centriole in
a semiconservative manner [8]. Malfunctions in this process sometimes lead to centrosome
amplification, a common feature of human cancers that can arise from diverse mechanisms
such as failure in cell division, centrosome overduplication, and multipolar spindle divi-
sion [9]. The presence of supernumerary centrosomes leads to the formation of multipolar
mitotic spindles and cytokinesis failure, resulting in chromosome segregation, culminating
in chromosomal instability [10–12]. In general, the presence of these abnormalities leads to
cell death [13]. However, over time, a sub-population of cells acquire the ability to survive
extra centrosomes and chromosome instability, and the accumulation of these abnormalities
contributes to disease.

Centrosome amplification has been observed in the kidneys of patients and animal
models of several types of cystic kidney diseases. Also, loss of the PC1 protein induced
centrosome amplification in renal cells in vitro [6], and centrosome amplification was
observed in kidneys of ADPKD patients and PKD2 transgenic mice in vivo [14]. The link
between centrosome amplification and genomic instability has profound implications on
the pathogenesis of ADPKD, since genomic instability has been suggested as a mechanism
for the somatic mutation and emergence of the genotypic heterogeneity necessary for the
development of cyst growth [6]. However, the identity of the factors and the molecular
mechanisms involved in the regulation of centrosome integrity and subsequent genome
instability in ADPKD remain unclear.

The importance of the centrosome in the cystogenic process is also underlined by the
localization of most cystogenic proteins within the centrosome/basal body or the primary
cilium [15,16]. The primary cilium is a highly specialized, microtubule-based sensory
organelle that is anchored by the basal body which originates from the mother centriole,
and projects from the surface of most mammalian cells. The importance of primary cilium
to the pathogenesis of PKD was brought to light by studies that demonstrated that loss or
mutations in genes affecting cilia structure, composition, and function produce cysts in
mammalian kidney tubules [17,18]. Subsequently, PC1 and PC2 proteins were identified at
the primary cilium, where they play a vital role in signaling [19,20]. There exists a complex
relationship between primary cilia and cyst growth in PKD. While some studies report
that ablation or dysfunctional cilia alone induces kidney cysts [18,21,22], others show
that ablation of both primary cilia and polycystins delay cyst growth in ADPKD mouse
models [23,24]. Though an established relationship exists between primary cilia and cyst
growth, how primary cilia are regulated in ADPKD remain unclear.

In addition to centrosome aberrations, alterations in epigenetic regulation have also
been suggested to play a significant role in the progression of cyst growth in ADPKD. These
mechanisms act to modify the chromatin state and accessibility of DNA to transcription
factors. Evidence for alterations in the epigenetic control of gene expression in ADPKD is
accumulating, and emerging data, particularly in the area of histone modification (such
as acetylation and methylation of histone proteins), support the importance of abnormal
epigenetic regulation in ADPKD [23]. This is evidenced by the participation of epigenetic
modulators in the regulation of transcriptional and/or post-translational activities of PKD-
associated signaling pathways, and the determination that inhibition of these epigenetic
modulators delays cyst growth in PKD mouse models [25,26]. Although these studies
have been critical in providing mechanistic insights, and identifying potential epigenetic
targets in ADPKD, relatively few studies have explored the role of epigenetic modulation
in centrosome integrity. Therefore, identifying epigenetic factors and establishing how they
regulate genome instability is significant for our understanding of disease heterogeneity
and cyst progression, and for the identification of therapeutic targets for ADPKD.

The SET and MYND-domain (SMYD) lysine methyltransferase family is a subgroup
of histone lysine methyltransferases (KMTs) that play important roles in gene expression
and protein function by acting as transcription factors and targeting histone and non-
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histone molecules for methylation [27]. The SMYD family consists of five members that are
known to play a critical role in a variety of tumors [28]. The SMYD3 protein is frequently
overexpressed in human cancers and has been reported to drive cell cycle progression and
cell proliferation [29,30], and more recently, maintain genome integrity [31]. The molecular
mechanisms by which SMYD3 exerts its functions are attributed to epigenetic control of
gene expression through the methylation of histones (H3K4, H4K5, and H4K20) [32–34],
and the methylation of non-histone proteins, such as MAP3K2 (mitogen-activated protein
kinase 2) [35] and VEGFR1 (vascular endothelial growth factor receptor 1) [36] in cancer
development. Inhibition of SMYD3 has therapeutic potential for cancer treatment [30].
However, whether SMYD3 plays a role in the regulation of ADPKD pathology remains
unknown.

This study was designed to gain insights into the role of SMYD3 in ADPKD. We
identified the upregulation of SMYD3 as an important contributor to cell proliferation and
cystogenesis and determined a regulatory mechanism by which SMYD3 modulates genome
instability in ADPKD. We propose that pharmacological inhibition of SMYD3 represents
a promising strategy for the treatment of ADPKD.

2. Materials and Methods
2.1. Cell Culture

Mouse inner medullary collecting duct (mIMCD3), NIH3T3 fibroblasts, and human
embryonic kidney 293 (HEK293T) cells were maintained at 37 ◦C in 5% CO2 in DMEM
(Invitrogen, Waltham, MA, USA) supplemented with 10% FBS. PKD1 heterozygous PH2
and PKD1 homozygous PN24 cells (provided by S. Somlo through the George M. O’Brien
Kidney Center, Yale University, New Haven, CT, USA) were cultured as described previ-
ously [37]. For immunofluorescence analysis, cells were plated at 30% confluence in plates
containing glass coverslips, grown until 60% confluent, and either stained or transfected
with GFP-tagged plasmid for 24–48 h, followed by immunostaining.

2.2. Plasmids

The GFP-tagged WT α-tubulin plasmid was purchased from Addgene, Watertown,
MA, USA. The GFP-tagged SMYD3 and Flag-tagged SMYD3 plasmids were constructed
by cloning full-length SMYD3 into the pAcGFP-C1 vector (Clontech Laboratories, Inc.
Mountain View, CA, USA) and pCMV-C-Flag vector.

2.3. Generating a Stable SMYD3-Knockdown IMCD3 Cell Line

Lentiviral plasmid pGIPZ-shSMYD3 carrying SMYD3 shRNA, or the control empty
vector pGIPZ-NS, were co-transfected with psPAX2 packaging plasmid, and pMD2.G
envelope plasmid, in HEK293T cells using calcium phosphate. After 12–16 h, the trans-
fection medium was replaced with normal growth medium (DMEM plus 10% FBS and
penicillin/streptomycin) and incubated for 48 h, after which culture medium containing
lentiviral particles was collected from the HEK293T cells and centrifuged at 1600× g for
10 min. IMCD3 cells were then infected with supernatant containing lentiviral particles
together with 5 µg/mL polybrene (Sigma, St. Louis, MO, USA). Twenty-four hours later,
the virus-containing medium was replaced with normal growth medium plus 10 µg/mL
puromycin. After two days of selection, all of the cells were GFP positive, which indi-
cated high transduction efficiency. Subsequently, the cells were cultured in medium with
10 µg/mL puromycin and used for Western blot and immunostaining analyses.

2.4. Antibodies and Reagents

The primary antibodies used in this study included the following: mouse mono-
clonal antibodies against SMYD3 (Sigma, SAB4200344, 1:300 used for immunofluorescence
(IF) and 1:1000 used for Western blot (WB)), acetylated α-tubulin (6-11B-1, Sigma, T7451,
1:4000 used for IF), γ-tubulin (GTU-88, Sigma, T5326, 1:1000 used for IF), α-tubulin (DM1A,
sc-32293, 1:1000 used for WB and 1:2000 used for IF), β-tubulin (D-10, sc-5274, 1:1000 used
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for WB), actin (AC-15, Sigma, A1978, 1:1000), Flag (clone M2, Sigma, F1804, 1:1000 for WB),
GFP-tagged (B-2, sc-9996, 1:1000 for WB), CDK4 (3F121, sc-70831, 1:1000 for WB), CDK6
(F-7, sc-390493, 1:1000 for WB), Cyclin D1 (72-13G, sc-450, 1:500 for WB), ERK (CST, no. 4696,
1:1000 used for WB), rabbit polyclonal antibodies against SMYD3 (ThermoFisher Scientific,
Rockford, IL, USA, PA5-31919, 1:300 used for IF and 1:1000 used for WB), STAT3 (Santa
Cruz Biotechnology Inc., Dallas, TX, USA, sc-482, 1:1000 used for WB), phosphorylated
antibodies for ERK-T202/Y204 (CST, Danvers, MA, USA, no. 9101, 1:1000 used for WB),
STAT3-Y705 (CST, no. 9131, 1:1000 used for WB), p65-S536 (CST, no. 3031, 1:500 used for
WB), and pericentrin (EMD Millipore, St. Louis, MO, USA, ABT59, 1:500 used for IF). Also,
we used methylated tubulin antibodies (α-TubK40me3 and α-TubK394me3) generated
by our lab (Covance, Princeton, NJ, USA, now Labcorp drug development) and used
α-TubK40me3 (1:500 for IF and 1:1000 for WB) and α-TubK394me3 (1:1000 for WB). All
secondary antibodies for immunofluorescence (donkey anti-mouse or donkey anti-rabbit,
conjugated with Alex Fluor 488 or 555) were purchased from Invitrogen; the secondary
antibodies for the Western blot tests, including donkey anti-rabbit IgG–horseradish peroxi-
dase (sc-2313), and goat anti-mouse IgG–horseradish peroxidase (sc-2005), were purchased
from Santa Cruz Biotechnology Inc.

2.5. Histology and Immunohistochemistry

Paraffin-embedded sections (5 µm) were subjected to H&E staining and immuno-
histochemistry. For SMYD3 staining, a polyclonal rabbit anti-SMYD3 antibody (Ther-
moFisher, PA5-31919, 1:100), biotinylated secondary antibody (Santa Cruz Biotechnology
Inc., 1:500), and DAB substrate system were used. Kidney sections were counterstained
with hematoxylin. Imaging was acquired using a Nikon SMZ800 microscope configured
with a 0.5× Achro objective (Nikon Instruments Inc, Melville, NY, USA).

2.6. Cell Immunofluorescence Staining

Cells grown on coverslips were rinsed with 1× phosphate-buffered saline (PBS), and
either fixed in cold methanol for 10 min at −20 ◦C, followed by permeabilization with
0.2% Triton X-100 (Sigma) for 15 min at 37 ◦C, or with 4% paraformaldehyde (PFA) for
10 min at 37 ◦C, followed by permeabilization with 0.2% Triton X-100 for 10 min at room
temperature. Cells were subsequently washed three times with PBS, then blocked in 2%
BSA and sequentially incubated with primary and secondary antibodies.

2.7. Western Blot Analysis and Immunoprecipitation

Protein extraction for Western blot and immunoprecipitation analyses was performed
as previously described [38]. For the immunoprecipitation analysis, anti-SMYD3, anti-GFP-
tagged, or anti-Flag-tagged antibodies and their isotype control antibodies were coupled
to protein A agarose beads (Pierce, Waltham, MA, USA) in PBS containing 5 mg/mL BSA
(Sigma-Aldrich, St. Louis, MO, USA) and processed as previously described [38].

2.8. Glutathione S-Transferase (GST) Pull-Down Assay

pGEX-6P-1 constructs were transformed into BL21 (DE3) (Novagen, Burlington, MA,
USA). Proteins were expressed and purified using glutathione Sepharose. Purified GST-
SMYD3 or its truncations immobilized on glutathione Sepharose beads were incubated
with whole-cell lysate in cell lysis buffer (see [38] for recipe) overnight at 4 ◦C. The next
day, the beads were washed with cell lysis buffer, and the immune complexes were eluted
from the beads using loading buffer by boiling for 7 min and then subjected to Western
blot analysis.

2.9. Microscopy and Imaging

Immunofluorescent images were acquired using either an imaging microscope (Nikon
TE 2000-U) with a Plan Apochromat 60× 1.49 oil objective (Nikon) or an Elyra PS.1 Super



Biomedicines 2024, 12, 603 5 of 19

Resolution microscope equipped with a Plan Apochromat 63× 1.49 oil objective (Zeiss,
White Plains, NY, USA).

2.10. Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA extraction was performed using the RNeasy Plus Mini Kit (QIAGEN,
Germantown, MD, USA). cDNA was synthesized using an iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA) as per the manufacturer’s specifications. RNA expression
profiles were analyzed via real-time PCR using iTaq SYBR Green Supermix with ROX
(Bio-Rad) in an iCycler iQ Real-Time PCR Detection System, as previously described [38,39].
Samples were run in triplicates per experiment, and each experiment was repeated 3 times.
Target gene levels were normalized to those of actin.

2.11. RNA Interference

RNA oligonucleotides that specifically targeted mouse SMYD3 were purchased from
Santa Cruz Biotechnology Inc. The RNA oligonucleotides were transfected using Lipofec-
tamine RNAiMAX (Invitrogen) following the manufacturer’s instructions. Then, 48 h after
transfection, cells were harvested and analyzed via Western blotting.

2.12. Mice

Pkd1fl/fl mice and Ksp-Cre transgenic mice were generated as described previously [40].
Pkd1fl/fl:Ksp-Cre mice were generated as previously described [26]. Smyd3fl/fl mice were
generated with sperm ordered from the Knockout Mouse Project (KOMP), Jackson Lab-
oratory. The Smyd3fl/fl mice developed normally in size and behavior and were fertile.
Pkd1fl/fl:Smyd3fl/fl:Ksp-Cre mice were generated by first crossing the Pkd1fl/+:Ksp-Cre mice
with the Smyd3fl/fl mice to obtain Pkd1fl/+:Smyd3fl/+:Ksp-Cre mice, which we then back-
crossed to obtain the desired genotype.

2.13. Study Approval

All animal protocols were approved by and conducted in accordance with Laboratory
Animal Resources of Mayo Clinic and Institutional Animal Care and Use Committee
regulations (protocol A00003756-18-R21).

2.14. Measurement of Cyst Area

The cyst area was quantified in whole kidneys after H&E staining using ImageJ NIH
software (NIH, USA, http://imagej.org, (accessed on 3 March 2024)). The cyst area was
calculated using the following formula: (cyst area/total area) × 100%. Three sections from
both kidneys were analyzed for each mouse.

2.15. Quantitative BUN Determination

A QuantiChromTM Urea Assay Kit (BioAssay Systems, Hayward, CA, USA) was used.
Serum samples were diluted 5-fold in distilled water prior to each assay. Next, 5 µL water
(blank), 5 µL standard (50 mg/dL), and 5 µL samples were transferred in triplicate into
a 96-well plate with a clear bottom. Then, 200 µL of working reagent (prepared in a 1:1 ratio
of reagents A and B) was added and tapped lightly to mix. Samples were incubated for
20 min at room temperature and the optical density was measured at a wavelength of
520 nm. Urea and BUN were calculated as follows:

Urea (mg/dL) = [(ODSample − ODBlank)/(ODStandard − ODBlank)] × n × [STD]

BUN (mg/dL) = [Urea]/2.14.

where ODSample, ODBlank, and ODStandard are the optical density values of the sample,
blank and standard, respectively; n is the dilution factor; [STD] = urea standard concentra-
tion (mg/dL).

http://imagej.org
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2.16. Statistics

All data are presented as their mean ± SD. All statistical analyses were performed
using SPSS Statistics 22 software and GraphPad Prism 9.1.0. p values were calculated using
a 2-tailed unpaired Student’s t-test and a 1-way ANOVA; a p value less than 0.05 was
considered significant.

3. Results
3.1. SMYD3 Is Upregulated in PKD1 Mutant Renal Epithelial Cells and ADPKD Tissues

To evaluate whether SMYD3 plays a role in ADPKD, we first examined its expression
in PKD1 mouse cell lines and kidney tissues, and in human ADPKD kidneys. We found that
SMYD3 was upregulated in PN24 (PKD1 homozygous) cells compared with PH2 (PKD1
heterozygous) control cells when examined through Western blot and quantitative RT-PCR
(qRT-PCR) analyses (Figure 1A,B). SMYD3 protein and mRNA levels were also upregulated
in the kidneys from the Pkd1fl/fl:Ksp-Cre mice, an animal model for ADPKD, compared
with age-matched PKD1 wild-type (WT) kidneys (Figure 1C,D). In addition, SMYD3 was
upregulated in kidneys from ADPKD patients compared with normal human kidneys
(NHKs) (Figure 1E). We further found that SMYD3 was increased in the cyst-lining epithelial
cells in kidneys from the ADPKD patients when examined with immunohistochemistry
analysis (Figure 1F). These results demonstrate that the expression of SMYD3 is upregulated
in renal cystic epithelial cells and tissues, and in cyst linings in ADPKD kidneys.
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Figure 1. SMYD3 is upregulated in PKD1 mutant renal epithelial cells and tissues. (A) SMYD3 protein
and (B) mRNA levels in PKD1 heterozygous (PH2) cells and PKD1 homozygous null (PN24) cells as
analyzed through Western blot and qRT-PCR, respectively. (C) SMYD3 protein and (D) mRNA levels
in postnatal day 7 (P7) kidneys from Pkd1+/+:Ksp-Cre (WT) and Pkd1fl/fl:Ksp-Cre (Homo) neonates as
analyzed through Western blot and qRT-PCR, respectively. n = 3. (E) Western blot analysis of SMYD3
levels in kidneys from ADPKD patients and normal human kidney (NHK) tissues. (F) Immunohisto-
chemistry analysis indicated that SMYD3 is upregulated in the cyst-lining epithelial cells of human
ADPKD kidneys (red arrows). Scale bar: 100 µm.
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3.2. SMYD3 and PKD1 Double Conditional Knockout Delayed Renal Cyst Growth

To investigate the functional role of SMYD3 in vivo, we generated PKD1 and SMYD3
double conditional knockout Pkd1fl/fl:Smyd3fl/fl:Ksp-Cre (DKO) mice, which had kidney-
specific cadherin-driving Cre expression [40]. Deletion of SMYD3 was confirmed in the
kidneys from these DKO mice via Western blot analysis (Figure 2A). The knockout of
SMYD3 delayed cyst growth and improved kidney function in postnatal day 7 (P7) DKO
kidneys compared to age-matched PKD1 single knockout (PKD1 SKO) kidneys, as shown
by the decrease in the kidney-weight-to-body-weight (KW/BW) ratio (Figure 2B,C), cystic
index (Figure 2D,E), and blood urea nitrogen (BUN) levels (Figure 2F). The DKO mice lived
to a mean age of 18 days, while PKD1 SKO mice died at a mean age of 14 days (Figure 2G).
Knockout of SMYD3 decreased the number of Ki67-positive cells in kidneys from the PKD1
knockout mice (Figure 2H,I). The SMYD3 SKO mice, however, displayed no phenotypic
alterations compared to WT mice at P7 (Figure S1A–D). These results suggest that SMYD3
delays cyst growth and decreases cystic cell proliferation in PKD1 mutant mouse kidneys.
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Figure 2. Double conditional knockout of SMYD3 and PKD1 delayed renal cyst formation.
(A) Western blot analysis of SMYD3 expression in kidneys from P7 Pkd1 fl/fl:Smyd3+/+:Ksp-Cre
(Pkd1fl/fl) and Pkd1fl/fl:Smyd3 fl/fl:Ksp-Cre (Pkd1 fl/fl:Smyd3 fl/fl) mice. (B) Representative kidneys from
Pkd1fl/fl:Smyd3+/+:Ksp-Cre (Pkd1fl/fl) and Pkd1 fl/fl:Smyd3 fl/fl:Ksp-Cre (Pkd1fl/fl:Smyd3 fl/fl) mice. Ruler
tick marks are in inches. (C) KW/BW ratio in P7 Pkd1 fl/fl:Smyd3 fl/fl:Ksp-Cre compared to Pkd1
fl/fl:Smyd3+/+:Ksp-Cre mice. (D) Histological examination of kidneys from Pkd1 fl/fl:Smyd3+/+:Ksp-Cre
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(Pkd1fl/fl) and Pkd1fl/fl:Smyd3 fl/fl:Ksp-Cre (Pkd1fl/fl:Smyd3 fl/fl) mice. Scale bar: 1000 µm. (E) Percent
cystic area relative to total kidney section area in kidneys from P7 Pkd1 fl/fl:Smyd3 fl/fl:Ksp-Cre compared
to Pkd1 fl/fl:Smyd3+/+:Ksp-Cre neonates. (F) BUN levels in serum from P7 Pkd1 fl/fl:Smyd3 fl/fl:Ksp-Cre
compared with Pkd1 fl/fl:Smyd3+/+:Ksp-Cre mice. (G) Pkd1fl/fl:Smyd3fl/fl:Ksp-Cre mice (Smyd3fl/fl) lived
to a mean age of 19 days (n = 9), whereas Pkd1 fl/fl:Smyd3+/+:Ksp-Cre mice (Smyd3+/l+) died of PKD at
a mean age of 15 days (n = 10), p < 0.01. (H) Ki67 staining for cell proliferation in kidneys from P7 Pkd1
fl/fl:Smyd3fl/fl:Ksp-Cre compared to Pkd1fl/fl:Smyd3+/+:Ksp-Cre mice. (I) The percentage of Ki67-positive
nuclei in cyst-lining epithelial cells calculated from an average of 500 nuclei per mouse kidney section.
Scale bar: 10 µm.

3.3. SMYD3 Regulates PKD-Associated Signaling Pathways in PKD1 Mutant Mouse Kidneys

Next, we investigated whether SMYD3 regulates cell proliferation via PKD-associated
signaling pathways. We found that the knockdown of SMYD3 with siRNA decreased the
levels of the phosphorylated Stat3 (p-Stat3) and p65 subunit of NF-κB (p-p65) but not their
total (Stat3 and p65) in PKD1 mutant cells (Figure 3A). We also found that p-Stat3, p-p65,
and phosphorylated Erk1/2 (p-Erk1/2) were increased in PKD1 SKO tissues (Figure 3B),
and DKO decreased the levels of p-Stat3, p-p65, and p-Erk1/2, but had no effect on the total
levels of Stat3, p65, and Erk1/2 in PKD1 mutant kidney tissues (Figure 3B). We also found
that overexpression of GFP-tagged SMYD3 (GFP-SMYD3) increased the phosphorylation
of Stat3, p65, and Erk1/2 in PH2 cells (Figure 3C) and also increased the phosphorylation
of p65 and Erk1/2 mIMCD3 cells (Figure 3D). In addition, overexpression of GFP-SMYD3
increased the phosphorylation of Erk1/2 in HEK293T cells (Figure 3E). NF-κB, through the
regulation of downstream cytokines, is known to affect signal transduction. Tumor necrosis
factor-α (TNF-α) is particularly important because it stimulates cyst growth in vivo, and it
forms a positive feedback loop with NF-κB. We found that treatment with TNF-α increased
the expression of SMYD3 in mIMCD3 cells (Figure 3F). Together, our results suggest that
SMYD3 contributes to the activation of Stat3, NF-κB, and Erk1/2 signaling pathways in
PKD1 mutant kidneys, and NF-κB mediates the regulation of SMYD3 expression.
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Stat3 and p65 but did not affect their total expression in PN24 cells. (B) Western blot analysis of the
expression of phosphorylated Erk (p-Erk), phosphorylated Stat3 (p-Stat3), and phosphorylated NF-
κB (p-p65) in kidneys from Pkd1+/+:Smyd3+/+:Ksp-Cre (WT), Pkd1fl/fl:Smyd3+/+:Ksp-Cre (Pkd1fl/fl), and
Pkd1fl/fl:Smyd3fl/fl:Ksp-Cre (Pkd1fl/fl:Smyd3fl/fl) neonates at P7. The expression levels of p-Erk, p-Stat3,
and p-p65 were increased in kidneys from Pkd1fl/fl:Smyd3+/+:Ksp-Cre mice compared with those from
Pkd1+/+:Smyd3+/+:Ksp-Cre mice, whereas the expression of these proteins was decreased in kidneys
from Pkd1fl/fl:Smyd3fl/fl:Ksp-Cre compared with Pkd1fl/fl:Smyd3+/+:Ksp-Cre neonates. (C–E) Overexpres-
sion of GFP-tagged SMYD3 increased the expression of p-Stat3, p-p65, and p-ErK in PH2 cells (C),
increased the expression of p-p65 and p-ErK in mouse IMCD3 cells (D), and increased the expression
of p-ErK in HEK293T cells (E), compared to GFP-vector transfected control cells. (F) Stimulation with
cytokine TNF-α induced SMYD3 expression in a concentration-dependent manner in mIMCD3 cells.

3.4. SMYD3 Regulates Cell Cycle Effectors

SMYD3 has been reported to target proteins involved in the cell cycle to subsequently
regulate cell proliferation. We therefore hypothesized that SMYD3 could also regulate the
levels of cell cycle proteins in PKD. Before characterizing the role of SMYD3 in cell cycle
proteins, we first evaluated the protein levels of cyclin-dependent kinases (Cdks), primary
regulators of the cell cycle, in PKD1 mutant renal epithelial cells. We found that Cdk6,
Cdk4, phosphorylated Cdk2, and Cyclin D1 were all upregulated in PN24 cells compared
to PH2 cells (Figure 4A). We further found that overexpression of GFP-SMYD3 resulted
in increased levels of Cdk6, Cdk4, phosphorylated Cdk2, and Cyclin D1 (Figure 4B) in
mIMCD3 cells, and in HEK293T cells (Figure 4C). Next, we evaluated the effect of SMYD3
on these cell cycle effectors in PKD mutants. We found that knockdown of SMYD3 in
PN24 cells resulted in the downregulation of Cdk6, Cdk4, phosphorylated Cdk2, and
Cyclin D1 (Figure 4D). In addition, compared to wild-type kidneys, we found that Cdk6,
Cdk4, phosphorylated Cdk2, and Cyclin D1 were upregulated in PKD1 SKO kidneys, and
DKO resulted in their downregulation (Figure 4E). These results suggest that SMYD3 may
contribute to cell cycle regulation in PKD1 mutant mouse kidneys.
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and Cyclin D1 in PH2 cells and PN24 cells. Cdk4, Cdk6, and Cyclin D1 were increased in PN24 cells.
(B,C) Overexpression of GFP-tagged SMYD3 increased the expression of Cdk4, Cdk6, and Cyclin D1
in mIMCD3 cells (B), and in HEK293T cells (C). (D) Knockdown of SMYD3 with siRNA decreased the
expression of Cdk4, Cdk6, and Cyclin D1 in PN24 cells. (E) Western blot analysis of the expression of
Cdk4, Cdk6, and Cyclin D1 in kidneys from Pkd1+/+:Smyd3+/+:Ksp-Cre (WT), Pkd1fl/fl:Smyd3+/+:Ksp-Cre
(Pkd1fl/fl), and Pkd1fl/fl:Smyd3fl/fl:Ksp-Cre (Pkd1fl/fl:Smyd3fl/fl) neonates at P7.

3.5. SMYD3 Is Located at the Centrosome and Regulates Centrosome Amplification

Cell cycle-dependent kinases such as Cdk2 and Cdk4 have been reported to enhance
centrosome duplication and amplification [41]. Since SMYD3 modulated the expression of
Cdk4, we hypothesized that SMYD3 could play a role in centrosome biogenesis. We found
that SMYD3 was enriched at the centrosome in interphase cells, and at the spindle poles
in the G1, S, and mitotic/cytokinetic phases of the cell cycle in mIMCD3 cells (Figure 5A).
The centrosome localization was confirmed in mouse fibroblast NIH3T3 cells with a second
SMYD3 antibody (Figure 5B). To rule out non-specificity of the antibodies, we exogenously
expressed GFP-SMYD3 in mIMCD3 cells and found that it also localized to the centrosome
(Figure 5C). Interestingly, we found that overexpression of SMYD3 resulted in aberrant
centrosome amplification in mIMCD3 cells (Figure 5D,E).

3.6. SMYD3 Is Required for Normal Mitosis and Cytokinesis

The presence of extra centrosomes is reported to result in mitosis and cytokinesis
defects. We therefore hypothesized that SMYD3 could modulate mitosis and cytokinesis. To
assess this, we stably knocked down SMYD3 with shRNA in mIMCD3 cells. The efficiency
of SMYD3 silencing was confirmed with qRT-PCR and Western blot tests (Figure S2A), and
immunostaining analysis (Figure S2B). We found that the depletion of SMYD3 resulted in
a significant increase in mitotic and cytokinesis defects in the mIMCD3 cells. These defects
included an increased formation of multipolar spindles (Figure 5F,G), increased formation
of micronuclei in cytokinesis, the failure of chromosomes to congress at the prophase,
and the lagging of chromosomes (Figure 5H,I). These results suggest that depletion of
SMYD3 plays a role in mitotic spindle organization and the ensuing mitosis and cytokinesis.
The accumulation of mitosis/cytokinesis defects is known to result in genome instability,
which may subsequently lead to apoptotic cell death. We therefore evaluated whether
knockout of SMYD3 induced cystic epithelial cell death. The knockout of SMYD3 in PKD1
mutant mouse kidneys induced cyst-lining epithelial cell apoptosis as analyzed by TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end-labeling) staining (Figure S2C,D).
These results demonstrate that depletion of SMYD3 increases mitosis and cytokinesis
defects and causes cell death.

3.7. SMYD3 Interacts with Methylates α-Tubulin at Lysine 40

To investigate how SMYD3 regulates mitotic spindle organization, we evaluated the
relationship between SMYD3 and tubulin by first performing co-immunoprecipitation
analysis. Since the molecular weight of SMYD3 and the tubulin subunits are close to that of
IgG, we used tagged SMYD3 and tubulin plasmids. We found that Flag-tagged SMYD3
(Flag-SMYD3) could pull down GFP-tagged wild-type α-tubulin (GFP-WT-α-tubulin) and
GFP-WT-α-tubulin could also pull down Flag-SMYD3 in HEK293T cells (Figure 6A). We
also found that endogenous β-tubulin could pull down GFP-SMYD3 in HEK293T cells
(Figure S3A), whereas SMYD3 could not pull down β-tubulin. This suggests that SMYD3
forms a direct interaction with α-tubulin and an indirect interaction with β-tubulin owing to
its dimerization to α-tubulin. To identify the interaction domain required for the interaction
between SMYD3 and α-tubulin, we generated a series of glutathione S-transferase (GST)
fusion protein constructs containing mouse SMYD3 fragments (Figure 6A,B, top panel).
Our GST pull-down assay indicated that the Myeloid-Nervy-DEAF-1 (MYND) domain
(aa43-93) of SMYD3 was required for its binding with α-tubulin (Figure 6C, bottom panel).
These results suggest that α-tubulin is a novel substrate for SMYD3.
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Figure 5. SMYD3 regulates centrosome biogenesis and mitotic fidelity. (A) Representative images of
IMCD3 cells co-stained with SMYD3 (green—indicated by white arrows) and centrosome marker
pericentrin (red) in G1, S, and mitotic phases. Scale bar: 10 µm. (B) Representative images of
NIH3T3 fibroblast cells co-stained with SMYD3 (green), or co-stained with centrosome marker γ-
tubulin (red). Scale bar: 10 µm. (C) Representative images of IMCD3 cells showing expression of
exogenous GFP-SMYD3 (green), co-stained with centrosome marker γ-tubulin (red). Scale bar: 10 µm.
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(D,E) Representative images (D) and quantitative analysis (E) of IMCD3 cells expressing GFP-SMYD3
(green), co-stained with centrosome marker γ-tubulin (red). Overexpression of SMYD3 resulted in
centrosome amplification (cells with ≥3 centrosomes) (n = 50) in GFP-SMYD3-overexpressed IMCD3
cells compared to GFP-vector control cells. Scale bar: 10 µm. (F,G) Knockdown of SMYD3 resulted
in aberrant mitotic spindle formation. Representative images (F) and quantitative analysis (G) of
the percentage of cells with multipolar spindles in SMYD3-knockdown IMCD3 cells compared to
control cells. Scale bar: 20 µm. (H,I) Knockdown of SMYD3 resulted in defective mitosis/cytokinesis
in IMCD3 cells stained with α-tubulin (red) and DAPI (blue). Representative images (H) and quan-
tification (I) of the percentage of cells with mitotic/cytokinesis abnormalities, including chromosome
bridges, micronuclei, and laggards, in SMYD-knockdown IMCD3 cells compared to control cells.
Yellow arrows indicate micronuclei; ns represents not significant. Scale bar: 20 µm.
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in HEK293T cells. (B) Schematic of GST-SMYD3 fusion protein constructs. (C) The expression of
GST-SMYD3 fusion protein was detected with Coomassie blue staining (top panel, red arrows indi-
cate expression of truncated proteins), and GST pull-down assays of GST-SMYD3 fusion proteins
incubated with 1 mg cell lysate from RCTE cells and immunoblotted using α-tubulin antibody (bot-
tom panel). (D) Knockdown of SMYD3 decreased the methylation of α-tubulin at K40 in IMCD3
cells compared to control cells when examined using Western blot analysis. (E) Overexpression of
GFP-tagged SMYD3 increased the level of methylation of α-tubulin at K40 in IMCD3 cells compared
to that in GFP-tagged vector transfected control cells when examined using Western blot analysis.
(F) Representative images indicating that microtubule methylation occurs during mitosis and cytoki-
nesis in IMCD3 cells co-stained with α-tubulin (red) and α-TubK40me3 (green), and counterstained
with DAPI (blue). White arrows indicate endogenous α-tubulin merging with K40 methylated α-
tubulin at cytokinesis. Scale bar: 10 µm. (G) Representative images indicating that the methylation
of mitotic microtubules at cytokinesis was lost in SMYD3 knockdown IMCD3 cells co-stained with
α-tubulin and α-TubK40me3. Scale bar: 10 µm.

Next, we tested whether SMYD3 could methylate α-tubulin. To do this, we gen-
erated and validated polyclonal antibodies against methylated lysine 40 of α-tubulin
(α-TubK40me3) and methylated lysine 394 of α-tubulin (α-TubK394me3), as previously
described [38,42]. Depletion of SMYD3 decreased the methylation of α-tubulin at K40
(Figure 6D), and overexpression of GFP-SMYD3 increased the methylation of α-tubulin
at K40 (Figure 6E) in mIMCD3 cells. We further showed that the α-TubK40me3 antibody
could pull down α-tubulin (Figure S3B) in HEK293T cells. This suggests that SMYD3
methylates α-tubulin at K40.

3.8. SMYD3 Is a Mitotic Microtubule Methyltransferase

Methylation of α-tubulin has been reported to modulate microtubule stability and
mitosis. We found that mitotic microtubules could be methylated at the K40 site of α-
tubulin as stained with our newly generated α-TubK40me3 antibody and co-stained with
an α-tubulin antibody. Methylation of mitotic microtubules becomes especially evident
during cytokinesis when the spindle midzone compacts into the midbody (Figure 6F,
arrows in right panels). In addition, we found that SMYD3 co-localized with α-TubK40me3
at the midbody during cytokinesis (Figure S3C, arrows in bottom panels) in a pattern
similar to that observed for α-tubulin and α-TubK40me3 staining. Knockdown of SMYD3
resulted in the loss of the methylation of the mitotic microtubules at the midbody during
cytokinesis (Figure 6G). These results suggest that the loss of methylation of α-tubulin at
K40 mediated by SMYD3 may contribute to the mitosis and cytokinesis defects observed in
SMYD3-knockdown cells.

3.9. SMYD3 Regulates Primary Cilium Assembly in PKD1 Mutant Mouse Kidneys

Dysregulation of cilia biogenesis and function has been proposed as a mechanism for
cyst growth in PKD [18]. Since we observed SMYD3 at the centrosome, we investigated
whether SMYD3 could play a role in the regulation of ciliogenesis in PKD. To evaluate
this, we performed immunostaining to assess the primary cilium phenotype in our PKD1
SKO and PKD1:SMYD3 DKO mouse kidneys. We found that knockout of PKD1 resulted
in increased cilia length in the collecting ducts (Figure 7A,B) and in the proximal tubules
(Figure 7C,D) of the Pkd1fl/fl:Ksp-Cre kidneys compared to wild-type kidneys. In addition,
knockout of SMYD3 decreased cilia length in the collecting ducts (Figure 7A,B) and in
the proximal tubules of Pkd1fl/fl:Smyd3fl/fl:Ksp-Cre kidneys compared to PKD1 SKO. Also,
we found that the single knockout of SMYD3 decreased cilia length in the collecting duct
(Figure S4A,B) and in the proximal tubules (Figure S4C,D) compared to WT kidneys.
These results suggest that SMYD3 contributes to the regulation of ciliogenesis in PKD1
mutant kidneys.
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4. Discussion

Autosomal dominant polycystic kidney disease (ADPKD) is the most common kidney
disease and is characterized by fluid-filled cysts. Worldwide, the frequency of ADPKD is
about 1 in 1000 individuals, with approximately half of these individual cases progressing
to end-stage renal disease. The main mechanism of ADPKD is the genetic mutation of the
PKD1 and PKD2 genes. However, the disease course is highly variable, and high chromoso-
mal instability has been suggested to contribute to this variability. Therefore, epigenetic
enzymes/mechanisms are proposed to play a key role in regulating disease progression.
In this study, we demonstrate that the histone/lysine methyltransferase Smyd3 is an un-
studied epigenetic factor that regulates ADPKD pathogenesis. We showed that SMYD3 is
upregulated in PKD1 mutant renal epithelial cells and tissues, correlating with ADPKD
disease progression. We have provided evidence that the double conditional knockout
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of PKD1 and SMYD3 delays cyst growth, improves renal function, and normalizes PKD-
associated signaling pathways and cell cycle effectors. We further showed that SMYD3 is
located at the centrosome and engages in the modulation of genome instability (centrosome
amplification and mitosis/cytokinesis defects) and ciliogenesis in cystic kidneys (Figure 8).
Our data suggest that pharmacologically inhibiting SMYD3 may be a novel therapeutic
strategy for ADPKD treatment.
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Figure 8. Working model of SMYD3 in the regulation of cyst growth in ADPKD. A schematic
representation of the roles and mechanisms of SMYD3 in the regulation of cyst growth in PKD1
mutant kidneys. PKD1 knockout or mutation results in the upregulation of SMYD3, which may
be induced by TNF-α in cyst fluid. Upregulated SMYD3 in PKD1 mutant renal epithelial cells
(i) regulates the phosphorylation and activation of NF-κB, which represses cystic renal epithelial
cell apoptosis; (ii) regulates the phosphorylation and activation of Erk and Stat3 signaling, leading
to cystic renal epithelial cell proliferation; and (iii) increases the levels of cyclin-dependent kinases
Cdk4 and Cdk6, and Cyclin D1, which modulate the cell cycle, leading to cystic renal epithelial
cell proliferation. In addition, (a) SMYD3 is localized at the centrosome, where it modulates cen-
trosome duplication/amplification, and (b) methylates α-tubulin and regulates mitosis/cytokinesis
by stabilizing mitotic spindle formation, thereby affecting genomic instability. Together, our results
suggest that SMYD3 may promote cyst growth by regulating PKD-associated signaling pathways
and chromosomal instability in ADPKD. Created with BioRender.com.
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Our team has previously demonstrated that the lysine methyltransferase SMYD2
regulates the phosphorylation and activation of p65 and Stat3 through methylation of the
lysine residues in these proteins [26]. In this study, we found that SMYD3 also regulates
the activation of Stat3 and the p65 subunit of NF-κB in PKD1 mutant renal epithelial cells
and tissues, potentially via methylation of these proteins. Interestingly, we found that the
treatment of mIMCD3 cells with TNF-α, which has been demonstrated to enhance cyst
growth [43], increased the expression of SMYD3, suggesting a positive feedback loop of
SMYD3/TNF-α/NF-κB/SMYD3, in a similar manner to SMYD2 [26]. SMYD3 and SMYD2
are the only two members of the SET and MYND-containing protein (SMYD) family to be
expressed in the kidney [26], which may explain why they share a functional redundancy in
the regulation of PKD-associated signaling pathways, and in their regulatory mechanisms.

Chromosomal instability, driven in part by centrosome amplification, is a reported
hallmark of ADPKD and has been hypothesized to result in the generation of clonal het-
erogeneity, which in turn may facilitate the development of cyst progression [6,14]. In this
study, we identified SMYD3 as a centrosomal protein, and its overexpression in mIMCD3
cells resulted in centrosome amplification. These observations implicate SMYD3 localiza-
tion and expression in maintaining the functional properties and mechanisms associated
with centrosome duplication. Deregulation of cell cycle checkpoints has also been reported
to cause alterations to the centrosome cycle, resulting in centrosome amplification [44].
Cdk4, for example, along with Cdk2, has been reported to play a role in the regulation
of centrosome amplification, where knocking out Cdk4 and Cdk2 was found to restore
the normal centrosome phenotype in p53 null cells [41] and breast cancer cells [45]. The
correlation between aberrant centrosome amplification and upregulation of cell cycle ef-
fectors in SMYD3-overexpressed mIMCD3 cells, and the upregulation of SMYD3 in PKD1
mutant renal epithelial cells and tissues, suggests that a SMYD3-mediated mechanism may
be involved in the centrosome amplification phenotype observed in ADPKD kidneys.

There is evidence to support an essential but complex role of the primary cilia in PKD
pathogenesis. Studies have shown that the loss of both primary cilia and either of the
polycystins results in a milder cystic phenotype when compared to the individual loss of
primary cilia or the polycystins [23]. These studies have led to the proposition that there
exists a PKD1 mutation cilia-dependent cyst activation (CDCA) signaling, required for full
activation and cyst growth in PKD1 knockout mutants [46,47]. Based on this model, it is
speculated that the factors that destabilize primary cilia should also reduce cyst growth.
In this study, we showed that the average cilia length in PKD1:SMYD3 double mutants
was decreased, correlating with a decreased cystic burden compared to PKD1 knockout
mutants. This suggests that SMYD3 plays a role in the regulation of primary cilia in PKD
and may contribute to CDCA signaling.

Previous studies have demonstrated the requirement of methylation in the main-
tenance of genomic stability and the integrity of the tubulin and histone codes [38,42].
Methylation of α-tubulin at lysine 40 (K40) by the histone lysine methyl transferase SETD2,
for example, has been reported to regulate mitosis/cytokinesis [42], and methylation of
α-tubulin at lysine 394 (K394) by SMYD2 has been shown to regulate microtubule sta-
bility [38]. Here, we show that SMYD3 regulated mitosis/cytokinesis, associated with
the methylation of α-tubulin at lysine 40. Our study identifies SMYD3 as a novel mitotic
microtubule methyltransferase and suggests that SMYD3 may not be an autonomously
acting initiator of centrosome amplification and cytokinesis defects, but rather an essen-
tial cooperating partner of other factors that drive these processes, thereby regulating
genome instability. With its already-known roles in chromatin remodeling, we propose that
SMYD3 is a novel epigenetic factor with a dual function in both chromatin and cytoskeletal
remodeling in ADPKD.

In summary, our study demonstrates that SMYD3 is an epigenetic factor that is impor-
tant for cyst growth in ADPKD. Overexpression of SMYD3 has been associated with poor
tumor prognosis and is being pursued as a therapeutic target for cancer. The overexpression
of SMYD3 in PKD mutant renal epithelial cells and tissues makes it a promising target for
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the development of a novel ADPKD therapy. Moreover, the involvement of SMYD3 in
ciliogenesis broadens our view of its role beyond epigenetic regulation in human diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines12030603/s1. Figure S1: Single conditional knockout
of SMYD3 has no kidney phenotype; Figure S2: Double conditional knockout of SMYD3 and PKD1
induced cyst-lining epithelial cell apoptosis; Figure S3: SMYD3 forms a complex with α-tubulin and
β-tubulin; Figure S4: Single conditional knockout of SMYD3 inhibits ciliogenesis.

Author Contributions: E.A. performed most of the experiments and data analyses. J.X.Z., H.Z. and
L.X.L. performed some of the experiments and data analyses. J.P.C. assisted with the data analyses
and manuscript preparation. P.C.H. assisted with the manuscript preparation. X.L. supervised the
whole project, the data analyses, and the manuscript writing. All authors have read and agreed to the
published version of the manuscript.

Funding: X.L. acknowledges support from the National Institute of Health grants NIH R01 DK129241
and NIH R01 DK126662 and DOD-focused program funds (PR221810). E.A. acknowledges support
from the National Institute of Health T32 training grant.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Mayo Clinic and Institutional Animal Care and Use Committee regulations (Protocol
# A00003756-18-R21. Renewal was approved on 19 July 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors declare that all data supporting the findings of this study
are available within the article and the Supplementary Data, or from the corresponding author upon
reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rangan, G.K.; Tchan, M.C.; Tong, A.; Wong, A.T.; Nankivell, B.J. Recent advances in autosomal-dominant polycystic kidney

disease. Intern. Med. J. 2016, 46, 883–892. [CrossRef]
2. Ferreira, F.M.; Watanabe, E.H.; Onuchic, L.F. Polycystins and Molecular Basis of Autosomal Dominant Polycystic Kidney Disease.

In Polycystic Kidney Disease; Li, X., Ed.; Codon Publications: Brisbane, Australia, 2015.
3. Qian, F.; Watnick, T.J.; Onuchic, L.F.; Germino, G.G. The molecular basis of focal cyst formation in human autosomal dominant

polycystic kidney disease type I. Cell 1996, 87, 979–987. [CrossRef] [PubMed]
4. Germino, G.G. Autosomal dominant polycystic kidney disease: A two-hit model. Hosp. Pract. 1997, 32, 81–102. [CrossRef]

[PubMed]
5. Rossetti, S.; Burton, S.; Strmecki, L.; Pond, G.R.; San Millan, J.L.; Zerres, K.; Barratt, T.M.; Ozen, S.; Torres, V.E.; Bergstralh, E.J.;

et al. The position of the polycystic kidney disease 1 (PKD1) gene mutation correlates with the severity of renal disease. J. Am.
Soc. Nephrol. 2002, 13, 1230–1237. [CrossRef]

6. Battini, L.; Macip, S.; Fedorova, E.; Dikman, S.; Somlo, S.; Montagna, C.; Gusella, G.L. Loss of polycystin-1 causes centrosome
amplification and genomic instability. Hum. Mol. Genet. 2008, 17, 2819–2833. [CrossRef]

7. Nigg, E.A. Centrosome aberrations: Cause or consequence of cancer progression? Nat. Rev. Cancer 2002, 2, 815–825. [CrossRef]
[PubMed]

8. Nigg, E.A.; Stearns, T. The centrosome cycle: Centriole biogenesis, duplication and inherent asymmetries. Nat. Cell Biol. 2011, 13,
1154–1160. [CrossRef]

9. 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]

10. Fukasawa, K. Centrosome amplification, chromosome instability and cancer development. Cancer Lett. 2005, 230, 6–19. [CrossRef]
11. Mauro, M.; Catanzaro, I.; Naselli, F.; Sciandrello, G.; Caradonna, F. Abnormal mitotic spindle assembly and cytokinesis induced

by D-Limonene in cultured mammalian cells. Mutagenesis 2013, 28, 631–635. [CrossRef]
12. Ganem, N.J.; Godinho, S.A.; Pellman, D. A mechanism linking extra centrosomes to chromosomal instability. Nature 2009, 460,

278–282. [CrossRef]
13. Castedo, M.; Perfettini, J.L.; Roumier, T.; Valent, A.; Raslova, H.; Yakushijin, K.; Horne, D.; Feunteun, J.; Lenoir, G.; Medema,

R.; et al. Mitotic catastrophe constitutes a special case of apoptosis whose suppression entails aneuploidy. Oncogene 2004, 23,
4362–4370. [CrossRef]

14. Burtey, S.; Riera, M.; Ribe, E.; Pennenkamp, P.; Rance, R.; Luciani, J.; Dworniczak, B.; Mattei, M.G.; Fontes, M. Centrosome
overduplication and mitotic instability in PKD2 transgenic lines. Cell Biol. Int. 2008, 32, 1193–1198. [CrossRef]

https://www.mdpi.com/article/10.3390/biomedicines12030603/s1
https://www.mdpi.com/article/10.3390/biomedicines12030603/s1
https://doi.org/10.1111/imj.13143
https://doi.org/10.1016/S0092-8674(00)81793-6
https://www.ncbi.nlm.nih.gov/pubmed/8978603
https://doi.org/10.1080/21548331.1997.11443444
https://www.ncbi.nlm.nih.gov/pubmed/9078975
https://doi.org/10.1097/01.ASN.0000013300.11876.37
https://doi.org/10.1093/hmg/ddn180
https://doi.org/10.1038/nrc924
https://www.ncbi.nlm.nih.gov/pubmed/12415252
https://doi.org/10.1038/ncb2345
https://doi.org/10.1038/nrm.2017.127
https://doi.org/10.1016/j.canlet.2004.12.028
https://doi.org/10.1093/mutage/get040
https://doi.org/10.1038/nature08136
https://doi.org/10.1038/sj.onc.1207572
https://doi.org/10.1016/j.cellbi.2008.07.021


Biomedicines 2024, 12, 603 18 of 19

15. Zhang, Q.H.; Taulman, P.D.; Yoder, B.K. Cystic kidney diseases: All roads lead to the cilium. Physiology 2004, 19, 225–230.
[CrossRef] [PubMed]

16. Badano, J.L.; Teslovich, T.M.; Katsanis, N. The centrosome in human genetic disease. Nat. Rev. Genet. 2005, 6, 194–205. [CrossRef]
[PubMed]

17. Jonassen, J.A.; Agustin, J.S.; Follit, J.A.; Pazour, G.J. Deletion of IFT20 in the mouse kidney causes misorientation of the mitotic
spindle and cystic kidney disease. J. Cell Biol. 2008, 183, 377–384. [CrossRef] [PubMed]

18. Lin, F.; Hiesberger, T.; Cordes, K.; Sinclair, A.M.; Goldstein, L.S.; Somlo, S.; Igarashi, P. Kidney-specific inactivation of the KIF3A
subunit of kinesin-II inhibits renal ciliogenesis and produces polycystic kidney disease. Proc. Natl. Acad. Sci. USA 2003, 100,
5286–5291. [CrossRef]

19. Yoder, B.K.; Hou, X.; Guay-Woodford, L.M. The polycystic kidney disease proteins, polycystin-1, polycystin-2, polaris, and cystin,
are co-localized in renal cilia. J. Am. Soc. Nephrol. 2002, 13, 2508–2516. [CrossRef] [PubMed]

20. Lee, S.H.; Somlo, S. Cyst growth, polycystins, and primary cilia in autosomal dominant polycystic kidney disease. Kidney Res.
Clin. Pract. 2014, 33, 73–78. [CrossRef] [PubMed]

21. Duldulao, N.A.; Lee, S.; Sun, Z. Cilia localization is essential for in vivo functions of the Joubert syndrome protein
Arl13b/Scorpion. Development 2009, 136, 4033–4042. [CrossRef]

22. Cantagrel, V.; Silhavy, J.L.; Bielas, S.L.; Swistun, D.; Marsh, S.E.; Bertrand, J.Y.; Audollent, S.; Attie-Bitach, T.; Holden, K.R.;
Dobyns, W.B.; et al. Mutations in the cilia gene ARL13B lead to the classical form of Joubert syndrome. Am. J. Hum. Genet. 2008,
83, 170–179. [CrossRef]

23. Ma, M.; Tian, X.; Igarashi, P.; Pazour, G.J.; Somlo, S. Loss of cilia suppresses cyst growth in genetic models of autosomal dominant
polycystic kidney disease. Nat. Genet. 2013, 45, 1004–1012. [CrossRef]

24. Shao, L.; El-Jouni, W.; Kong, F.; Ramesh, J.; Kumar, R.S.; Shen, X.; Ren, J.; Devendra, S.; Dorschel, A.; Wu, M.; et al. Genetic
reduction of cilium length by targeting intraflagellar transport 88 protein impedes kidney and liver cyst formation in mouse
models of autosomal polycystic kidney disease. Kidney Int. 2020, 98, 1225–1241. [CrossRef]

25. Zhou, X.; Fan, L.X.; Sweeney, W.E., Jr.; Denu, J.M.; Avner, E.D.; Li, X. Sirtuin 1 inhibition delays cyst formation in autosomal-
dominant polycystic kidney disease. J. Clin. Investig. 2013, 123, 3084–3098. [CrossRef] [PubMed]

26. Li, L.X.; Fan, L.X.; Zhou, J.X.; Grantham, J.J.; Calvet, J.P.; Sage, J.; Li, X.G. Lysine methyltransferase SMYD2 promotes cyst growth
in autosomal dominant polycystic kidney disease. J. Clin. Investig. 2017, 127, 2751–2764. [CrossRef] [PubMed]

27. Tracy, C.; Warren, J.S.; Szulik, M.; Wang, L.; Garcia, J.; Makaju, A.; Russell, K.; Miller, M.; Franklin, S. The Smyd Family of
Methyltransferases: Role in Cardiac and Skeletal Muscle Physiology and Pathology. Curr. Opin. Physiol. 2018, 1, 140–152.
[CrossRef] [PubMed]

28. Song, J.; Liu, Y.; Chen, Q.; Yang, J.; Jiang, Z.; Zhang, H.; Liu, Z.; Jin, B. Expression patterns and the prognostic value of the SMYD
family members in human breast carcinoma using integrative bioinformatics analysis. Oncol. Lett. 2019, 17, 3851–3861. [CrossRef]
[PubMed]

29. Asuthkar, S.; Venkataraman, S.; Avilala, J.; Shishido, K.; Vibhakar, R.; Veo, B.; Purvis, I.J.; Guda, M.R.; Velpula, K.K. SMYD3
Promotes Cell Cycle Progression by Inducing Cyclin D3 Transcription and Stabilizing the Cyclin D1 Protein in Medulloblastoma.
Cancers 2022, 14, 1673. [CrossRef] [PubMed]

30. Bernard, B.J.; Nigam, N.; Burkitt, K.; Saloura, V. SMYD3: A regulator of epigenetic and signaling pathways in cancer. Clin.
Epigenetics 2021, 13, 45. [CrossRef] [PubMed]

31. Chen, Y.J.; Tsai, C.H.; Wang, P.Y.; Teng, S.C. SMYD3 Promotes Homologous Recombination via Regulation of H3K4-mediated
Gene Expression. Sci. Rep. 2017, 7, 3842. [CrossRef] [PubMed]

32. Hamamoto, R.; Furukawa, Y.; Morita, M.; Iimura, Y.; Silva, F.P.; Li, M.; Yagyu, R.; Nakamura, Y. SMYD3 encodes a histone
methyltransferase involved in the proliferation of cancer cells. Nat. Cell Biol. 2004, 6, 731–740. [CrossRef]

33. Van Aller, G.S.; Reynoird, N.; Barbash, O.; Huddleston, M.; Liu, S.; Zmoos, A.F.; McDevitt, P.; Sinnamon, R.; Le, B.; Mas, G.; et al.
Smyd3 regulates cancer cell phenotypes and catalyzes histone H4 lysine 5 methylation. Epigenetics 2012, 7, 340–343. [CrossRef]
[PubMed]

34. Foreman, K.W.; Brown, M.; Park, F.; Emtage, S.; Harriss, J.; Das, C.; Zhu, L.; Crew, A.; Arnold, L.; Shaaban, S.; et al. Structural and
functional profiling of the human histone methyltransferase SMYD3. PLoS ONE 2011, 6, e22290. [CrossRef] [PubMed]

35. Mazur, P.K.; Reynoird, N.; Khatri, P.; Jansen, P.W.T.C.; Wilkinson, A.W.; Liu, S.C.; Barbash, O.; Van Aller, G.S.; Huddleston, M.;
Dhanak, D.; et al. SMYD3 links lysine methylation of MAP3K2 to Ras-driven cancer. Nature 2014, 510, 283–287. [CrossRef]
[PubMed]

36. Kunizaki, M.; Hamamoto, R.; Silva, F.P.; Yamaguchi, K.; Nagayasu, T.; Shibuya, M.; Nakamura, Y.; Furukawa, Y. The lysine 831
of vascular endothelial growth factor receptor 1 is a novel target of methylation by SMYD3. Cancer Res. 2007, 67, 10759–10765.
[CrossRef]

37. Shibazaki, S.; Yu, Z.; Nishio, S.; Tian, X.; Thomson, R.B.; Mitobe, M.; Louvi, A.; Velazquez, H.; Ishibe, S.; Cantley, L.G.; et al. Cyst
formation and activation of the extracellular regulated kinase pathway after kidney specific inactivation of Pkd1. Hum. Mol.
Genet. 2008, 17, 1505–1516. [CrossRef]

38. Li, L.X.Y.; Zhou, J.X.; Wang, X.D.; Zhang, H.B.; Harris, P.C.; Calvet, J.P.; Li, X.G. Cross-talk between CDK4/6 and SMYD2 regulates
gene transcription, tubulin methylation, and ciliogenesis. Sci. Adv. 2020, 6, eabb3154. [CrossRef]

https://doi.org/10.1152/physiol.00003.2004
https://www.ncbi.nlm.nih.gov/pubmed/15304637
https://doi.org/10.1038/nrg1557
https://www.ncbi.nlm.nih.gov/pubmed/15738963
https://doi.org/10.1083/jcb.200808137
https://www.ncbi.nlm.nih.gov/pubmed/18981227
https://doi.org/10.1073/pnas.0836980100
https://doi.org/10.1097/01.ASN.0000029587.47950.25
https://www.ncbi.nlm.nih.gov/pubmed/12239239
https://doi.org/10.1016/j.krcp.2014.05.002
https://www.ncbi.nlm.nih.gov/pubmed/26877954
https://doi.org/10.1242/dev.036350
https://doi.org/10.1016/j.ajhg.2008.06.023
https://doi.org/10.1038/ng.2715
https://doi.org/10.1016/j.kint.2020.05.049
https://doi.org/10.1172/JCI64401
https://www.ncbi.nlm.nih.gov/pubmed/23778143
https://doi.org/10.1172/JCI90921
https://www.ncbi.nlm.nih.gov/pubmed/28604386
https://doi.org/10.1016/j.cophys.2017.10.001
https://www.ncbi.nlm.nih.gov/pubmed/29435515
https://doi.org/10.3892/ol.2019.10054
https://www.ncbi.nlm.nih.gov/pubmed/30930987
https://doi.org/10.3390/cancers14071673
https://www.ncbi.nlm.nih.gov/pubmed/35406445
https://doi.org/10.1186/s13148-021-01021-9
https://www.ncbi.nlm.nih.gov/pubmed/33637115
https://doi.org/10.1038/s41598-017-03385-6
https://www.ncbi.nlm.nih.gov/pubmed/28630472
https://doi.org/10.1038/ncb1151
https://doi.org/10.4161/epi.19506
https://www.ncbi.nlm.nih.gov/pubmed/22419068
https://doi.org/10.1371/journal.pone.0022290
https://www.ncbi.nlm.nih.gov/pubmed/21779408
https://doi.org/10.1038/nature13320
https://www.ncbi.nlm.nih.gov/pubmed/24847881
https://doi.org/10.1158/0008-5472.CAN-07-1132
https://doi.org/10.1093/hmg/ddn039
https://doi.org/10.1126/sciadv.abb3154


Biomedicines 2024, 12, 603 19 of 19

39. Agborbesong, E.; Zhou, J.X.; Li, L.X.; Calvet, J.P.; Li, X.G. Antioxidant enzyme peroxiredoxin 5 regulates cyst growth and
ciliogenesis via modulating Plk1 stability. FASEB J. 2022, 36, e22089. [CrossRef]

40. Shao, X.; Somlo, S.; Igarashi, P. Epithelial-specific Cre/lox recombination in the developing kidney and genitourinary tract. J. Am.
Soc. Nephrol. 2002, 13, 1837–1846. [CrossRef]

41. Adon, A.M.; Zeng, X.; Harrison, M.K.; Sannem, S.; Kiyokawa, H.; Kaldis, P.; Saavedra, H.I. Cdk2 and Cdk4 regulate the
centrosome cycle and are critical mediators of centrosome amplification in p53-null cells. Mol. Cell. Biol. 2010, 30, 694–710.
[CrossRef]

42. Park, I.Y.; Powell, R.T.; Tripathi, D.N.; Dere, R.; Ho, T.H.; Blasius, T.L.; Chiang, Y.C.; Davis, I.J.; Fahey, C.C.; Hacker, K.E.; et al.
Dual Chromatin and Cytoskeletal Remodeling by SETD2. Cell 2016, 166, 950–962. [CrossRef] [PubMed]

43. Li, X.G.; Magenheimer, B.S.; Xia, S.; Johnson, T.; Wallace, D.P.; Calvet, J.P.; Li, R. A tumor necrosis factor-alpha-mediated pathway
promoting autosomal dominant polycystic kidney disease. Nat. Med. 2008, 14, 863–868. [CrossRef] [PubMed]

44. Jusino, S.; Fernandez-Padin, F.M.; Saavedra, H.I. Centrosome aberrations and chromosome instability contribute to tumorigenesis
and intra-tumor heterogeneity. J. Cancer Metastasis Treat. 2018, 4, 43. [CrossRef] [PubMed]

45. Leontovich, A.A.; Salisbury, J.L.; Veroux, M.; Tallarita, T.; Billadeau, D.; McCubrey, J.; Ingle, J.; Galanis, E.; D’Assoro, A.B.
Inhibition of Cdk2 activity decreases Aurora-A kinase centrosomal localization and prevents centrosome amplification in breast
cancer cells. Oncol. Rep. 2013, 29, 1785–1788. [CrossRef]

46. Ma, M.; Gallagher, A.R.; Somlo, S. Ciliary Mechanisms of Cyst Formation in Polycystic Kidney Disease. Cold Spring Harb. Perspect.
Biol. 2017, 9, a028209. [CrossRef]

47. Walker, R.V.; Maranto, A.; Palicharla, V.R.; Hwang, S.H.; Mukhopadhyay, S.; Qian, F. Cilia-Localized Counterregulatory Signals as
Drivers of Renal Cystogenesis. Front. Mol. Biosci. 2022, 9, 936070. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1096/fj.202101270RR
https://doi.org/10.1097/01.ASN.0000016444.90348.50
https://doi.org/10.1128/MCB.00253-09
https://doi.org/10.1016/j.cell.2016.07.005
https://www.ncbi.nlm.nih.gov/pubmed/27518565
https://doi.org/10.1038/nm1783
https://www.ncbi.nlm.nih.gov/pubmed/18552856
https://doi.org/10.20517/2394-4722.2018.24
https://www.ncbi.nlm.nih.gov/pubmed/30381801
https://doi.org/10.3892/or.2013.2313
https://doi.org/10.1101/cshperspect.a028209
https://doi.org/10.3389/fmolb.2022.936070

	Introduction 
	Materials and Methods 
	Cell Culture 
	Plasmids 
	Generating a Stable SMYD3-Knockdown IMCD3 Cell Line 
	Antibodies and Reagents 
	Histology and Immunohistochemistry 
	Cell Immunofluorescence Staining 
	Western Blot Analysis and Immunoprecipitation 
	Glutathione S-Transferase (GST) Pull-Down Assay 
	Microscopy and Imaging 
	Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) 
	RNA Interference 
	Mice 
	Study Approval 
	Measurement of Cyst Area 
	Quantitative BUN Determination 
	Statistics 

	Results 
	SMYD3 Is Upregulated in PKD1 Mutant Renal Epithelial Cells and ADPKD Tissues 
	SMYD3 and PKD1 Double Conditional Knockout Delayed Renal Cyst Growth 
	SMYD3 Regulates PKD-Associated Signaling Pathways in PKD1 Mutant Mouse Kidneys 
	SMYD3 Regulates Cell Cycle Effectors 
	SMYD3 Is Located at the Centrosome and Regulates Centrosome Amplification 
	SMYD3 Is Required for Normal Mitosis and Cytokinesis 
	SMYD3 Interacts with Methylates -Tubulin at Lysine 40 
	SMYD3 Is a Mitotic Microtubule Methyltransferase 
	SMYD3 Regulates Primary Cilium Assembly in PKD1 Mutant Mouse Kidneys 

	Discussion 
	References

