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a b s t r a c t

Speckle-type pox virus and zinc finger (POZ) protein (SPOP), a substrate recognition receptor for the
cullin-3/RING ubiquitin E3 complex, leads to the ubiquitination of >40 of its target substrates. Since a
variety of point mutations in the substrate-binding domain of SPOP have been identified in cancers,
including prostate and endometrial cancers, the pathological roles of those cancer-associated SPOP
mutants have been extensively elucidated. In this study, we evaluated the cellular functions of wild-type
SPOP in non-cancerous human keratinocyte-derived HaCaT cells expressing wild-type SPOP gene. SPOP
knockdown using siRNA in HaCaT cells dramatically reduced cell growth and arrested their cell cycles at
G1/S phase. The expression of DNA replication licensing factors CDT1 and CDC6 in HaCaT cells drastically
decreased on SPOP knockdown as their translation was inhibited. CDT1 and CDC6 downregulation
induced p21 expression without p53 activation. Our results suggest that SPOP is essential for DNA
replication licensing in non-cancerous keratinocyte HaCaT cells.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Speckle-type pox virus and zinc finger (POZ) protein (SPOP) is
an adaptor protein for the cullin-3 (CUL3)/RING ubiquitin ligase
complex [1]. It acts as a substrate recognition receptor for CUL3 and
their substrates, leading to substrate ubiquitination [2]. It has been
reported that point mutations in the substrate binding domain
(MATH domain) of SPOP occur at a frequency of 6%e15% in cancers
such as prostate and endometrial cancers [1,3]. To date, more than
40 proteins have been identified as ubiquitinated substrates of
CUL3/SPOP, and cancer-associated SPOP mutations alter their
binding affinity to the target substrates [1,4].

SPOP reportedly plays pivotal roles in various cellular processes,
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such as hormone-induced transcriptional regulation, immune
response, X-chromosome inactivation, cell cycle regulation,
hedgehog and phosphatidylinositol-3-kinase (PI3K)-AKT signaling
pathways, and cellular senescence [4]. Recently, the crucial roles of
SPOP in DNA damage response have been discovered [5]. A prostate
cancer-associated SPOP mutant impaired homologous recombina-
tion (HR) repair in response to DNA double-strand breaks, causing
genomic instability [6]. SPOP positively regulates mRNA expression
of DNA repair-related genes (e.g., BRCA2, RAD51, CHK1, and ATR),
which are essential for efficient DNA repair after exposure to
exogenous DNA damages in U2OS sarcoma cells [7]. Phosphory-
lated SPOP promotes HR repair over nonhomologous end joining in
prostate cancer cells by inhibiting 53BP1 activity [8]. SPOP phos-
phorylation also prevents genomic instability via non-degradative
ubiquitination of HIPK2 in prostate cancer cells [9]. SPOP binds to
geminin leading to its K27-polyubiquitination followed by the in-
hibition of minichromosome maintenance (MCM)s/CDT1 in-
teractions, which prevents the origin re-firing in prostate cancer
cells [10]. During DNA replication in normally-cultured growing
prostate cancer cells, SPOP is required for DNA-protein crosslink
repair process through maintaining protein expression of tyrosyl-
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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DNA phosphodiesterases [11].
DNA replication is an evolutionally-conserved and essential

process during cell cycle for the accurate synthesis of genomic DNA
in eukaryotic cells [12]. Its dysregulation results in various diseases
(e.g., cancers and neurodegenerative diseases), and the irreversible
inhibition of DNA replication is a hallmark of cell senescence
[13e15]. At the G1-S phase transition, DNA replication initiates
with the formation of pre-replicative complexes (pre-RCs) at the
replication origins [16]. These pre-RCs comprise specific proteins,
origin recognition complex (ORC) proteins (ORC1e6), CDT1, and
CDC6 [17]. The ORCs/CDT1/CDC6 protein complex recruits DNA
helicases, MCM2e7, that unwind DNA upon activation (DNA
replication origin firing) [12]. This process, called DNA replication
licensing, ensures that each chromosome is replicated only once
per cell cycle to maintain diploidy [16]. The depletion of CDT1 or
CDC6 inhibits DNA replication in yeasts and mammalian cells
[18e20]. The overexpression of both CDT1 and CDC6 in yeasts and
mice generates origin re-firing on the chromosomes, resulting in
continuous DNA replication [19,21]. Thus, the regulation of CDT1
and CDC6 expression is critical for proper progress of DNA repli-
cation licensing followed by origin firing.

In this study, we demonstrate that SPOP is essential for the
proper protein expression of CDT1 and CDC6, critical DNA repli-
cation licensing factors, in non-cancerous human keratinocyte-
derived HaCaT cells. Knockdown of SPOP in HaCaT cells drasti-
cally suppressed DNA synthesis due to the decrease of CDT1 and
CDC6, resulting in their cell growth suppression. Mechanistically,
translation of CDT1 and CDC6 was inhibited by SPOP knockdown in
HaCaT cells. Our results suggest the novel roles of SPOP in DNA
replication licensing in non-cancerous keratinocytes.

2. Materials and methods

2.1. Antibodies

The information about the antibodies used in this study is
described in supplementary information.

2.2. Cell culture

HaCaT cells were maintained at 37 �C with 5% CO2 in Dulbecco's
Modified Eagle Medium (DMEM; Wako) supplemented with 10%
fetal bovine serum, 20 U/mL penicillin, and 100 mg/mL strepto-
mycin. Cells were treated with 25 mg/mL CHX (CHX; Sigma) at 37 �C
for 4e24 h, 10 mM MG132 (Sigma) at 37 �C for 4 h.

2.3. siRNA transfection

The information about the siRNA duplex oligomers used in this
study is described in supplementary information.

2.4. Western blotting

Western blotting was performed as described in a previous
study [22]. Blot images were analyzed using Fiji software (NIH).

2.5. Reverse transcription-PCR (RT-PCR)

RT-PCR was performed as described in a previous study [23].
The information about the primers used in this study is described in
supplementary information.

2.6. 5-Ethynyl-20-deoxyuridine (EdU) labelling assay

Incorporation of EdU followed by click reactions with
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fluorophores was performed using Click-IT Plus EdU Cell Prolifer-
ation Kit for Imaging Alexa Fluor™ 555 dye (Invitrogen) according
to the manufacturer's instructions.

2.7. Cell proliferation assay

Cell proliferation assay was performed as described in a previ-
ous study [24].

2.8. ATP assay

Cell survival was determined by ATP assay as described in a
previous study [25] using the ATPlite 1-step kit (PerkinElmer) with
slight modifications. Briefly, HaCaT cells were seeded into a 96-well
plate. Cells were transfected with siRNA on the next day. After a 72-
h incubation, 25 mL ATPlite solution was added to each well, and
luminescence was measured after incubating for 5 min using Flex
Station 3 Multi Plate Reader (Molecular Device).

2.9. Cell cycle assay

The cell cycle of HaCaT cells was analyzed using Cycletest™ Plus
DNA Kit (BD) and FACS Aria (BD) according to the manufacturer's
instructions.

2.10. Confocal microscopy

Confocal microscopy was performed according to a previous
study [26] using the A1R laser confocal microscope (Nikon) with a
60 � 1.27 Plan-Apochromat water immersion lens. Images were
analyzed using Fiji software (NIH).

2.11. Statistical analysis

Statistical comparisons were made using one-way ANOVA fol-
lowed by Tukey's test for post-hoc analysis. Results were consid-
ered statistically significant at p < 0.05.

3. Results

3.1. SPOP depletion inhibits DNA synthesis in human keratinocyte-
derived HaCaT cells

To investigate the roles of SPOP in non-cancerous human
keratinocyte-derived HaCaT cells expressing wild-type SPOP gene,
we silenced SPOP by transfecting cells with two kinds of siRNAs
targeting SPOP. The knockdown efficiencies of both siRNA oligos
were confirmed by quantitative PCR (Fig. 1A). Both siRNAs effec-
tively suppressed SPOP mRNA levels; however, they did not affect
the mRNA expression of SPOPL, an SPOP paralogue [27], excluding
the contribution of SPOPL in phenotypic analysis of SPOP-knock-
down HaCaT cells (Fig. 1B). In normally-growing androgen
receptor-positive prostate cancer cells, SPOP knockdown caused the
accumulation of gH2AX, a marker of DNA double-strand breaks,
due to the inhibition of DNA-protein crosslink repair after DNA
synthesis during the S phase [11]. gH2AX accumulation, however,
was not observed in SPOP-knockdown HaCaT cells (Fig. 1C and D).
These data suggest that the site of action of SPOP during DNA
replication process in non-cancerous keratinocytes is distinct from
that in prostate cancer cells.

Although gH2AX was not accumulated by SPOP knockdown in
HaCaT cells, we noticed that SPOP depletion drastically suppressed
cell proliferation (Fig. 1E). This observation was also confirmed by
performing ATP assay, in which luminescence signal represents
cellular ATP concentrations (Fig. 1F). Next, we examined HaCaT cell



Fig. 1. SPOP knockdown suppresses cell proliferation and DNA synthesis without generation of gH2AX in HaCaT cells. (A and B) The mRNA levels of SPOP (A) and SPOPL (B) in HaCaT
cells from three independent experiments were analyzed by RT-PCR at 72 h post-transfection of cells with siRNAs. Data are normalized to siControl. Data represent mean ± SEM (**,
p < 0.01; n.s., not significant). (C) Western blotting of HaCaT cell lysates 72 h post-transfection of cells with siRNAs. (D) Quantitation of (C). Ratio of gH2AX/H2AX was analyzed based
on three independent experiments. Data are normalized to siControl. Data represent mean ± SEM. (n.s., not significant). (E) HaCaT cells were treated with indicated siRNAs for 48 h.
Trypsinized cells (total 0.5 � 105 cells) were then replated and treated with the same siRNA the following day. Cell number was counted 72 h after replating. Data are mean ± SEM
based on three independent experiments (**; p < 0.01). (F) HaCaT cells were treated with indicated siRNAs for 72 h. Cellular ATPase activity was used to measure cell viability. Data
are mean ± SEM from six independent experiments. **, p < 0.01. (G) HaCaT cells were transfected with indicated siRNA. After 72 h incubation, cells were collected and stained with
PI. The cell cycle was then analyzed using flow cytometry. The numbers indicate percentages of cell population in the G1, S and G2/M phases. (H) Confocal images of HaCaT cells
incorporated EdU (10 mM) for 4 h before fixation. Cells were fixed at 72 h post-transfection of siRNAs followed by the click reaction to label Alexa555 (A555) to EdU. Bars; 10 mm. (I)
Quantitation of (H). Nuclear fluorescence intensity of Alexa555 in more than one hundred cells from three independent experiments was analyzed. Data are normalized to siControl.
Data show the mean ± SEM (**, p < 0.01).
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populations in the G1, S, and G2/M phases under the SPOP knock-
down condition. As depicted in Fig. 1G, we found that cell pop-
ulations decreased in the S-phase and increased in the G1-phase
upon SPOP knockdown in HaCaT cells. We also examined the effects
of SPOP knockdown on DNA synthesis using EdU, a thymidine
analogue that effectively incorporates into newly-synthesized DNA
[28]. We observed that EdU incorporation drastically decreased on
SPOP depletion in HaCaT cells (Fig. 1H and I). Collectively, these
observations indicate that SPOP knockdown inhibits HaCaT cell
proliferation and DNA synthesis.

3.2. SPOP knockdown reduces CDT1 and CDC6 protein expression in
HaCaT cells

During DNA replication licensing, CDT1 and CDC6 form a protein
complex with ORCs on chromosomes that is followed by the
recruitment of other factors such as MCM helicases [12]. The
overexpression of both CDT1 and CDC6 results in DNA re-
replication in yeast and mice [19,21], whereas their knockdown in
human fetal foreskin fibroblasts reduces cellular DNA synthesis
[20]. Since CDT1 and CDC6 are essential for DNA replication
licensing, we examined their expression in SPOP-knockdown
HaCaT cells. CDT1 and CDC6 expression in HaCaT cells significantly
decreased (approximately 80%) on SPOP knockdown (Fig. 2AeC). In
contrast, SPOP knockdown in HaCaT cells did not significantly or
less affect the expression of MCM helicases, MCM2e7 (Fig. 2A,
2DeI). Given the critical roles of CDT1 and CDC6 in the formation of
preRCs, SPOP knockdown would suppress their formation. As ex-
pected, binding of both MCM2 and MCM5 to chromatin was
decreased by the depletion of SPOP in HaCaT cells (Supplementary
Fig. 1A). These data suggest that reduced level of CDT1 and CDC6
proteins may cause the inhibition of DNA replication in SPOP-
knockdown HaCaT cells.

On the contrary, CDT1 and CDC6 mRNA expression tended to
decrease to some extent, but not significantly, on SPOP knockdown
(Fig. 2J and K). The depletion of SPOP affected the mRNA expression
levels of MCM components to some extent (Fig. 2LeQ). Decreased
mRNA level of CDT1 and CDC6 including the promotion of their
mRNA decay may partially contribute to the decreased amount of
those proteins in SPOP-knockdown cells. However, the decrease in
CDT1 and CDC6 mRNA levels was not sufficient to achieve the
drastic downregulation of CDT1 and CDC6 observed at the protein
level. We thus hypothesized that SPOP regulates CDT1 and CDC6
degradation and/or synthesis at the protein level.

3.3. CDT1 and CDC6 downregulation induces p53-independent p21
expression and cell growth arrest in HaCaT cells

We further examined cell cycle check-point effectors to block
cell growth cycle progression, such as cyclin-dependent kinase
inhibitors. Compared with control cells, the mRNA expression of
p21, a cyclin-dependent kinase inhibitor, significantly increased
(approximately four folds) in SPOP-knockdown HaCaT cells
(Fig. 3A); its protein level also significantly increased (Fig. 3B and C).
Considering that p21 inhibits the G1/S transition [29], these data
suggest that SPOP acts at the initial steps of the S phase progression
in HaCaT cells.

It is well known that p21 mRNA expression is mediated by p53
[30]. Therefore, we analyzed p53 protein level in HaCaT cells under
SPOP, CDT1, and CDC6 knockdown conditions. The knockdown of
these genes had no effect on p53 protein levels (Fig. 3B, DeF),
suggesting that the increase in p21 mRNA expression induced by
SPOP knockdown was p53-independent. However, CDT1 and CDC6
knockdown in HaCaT cells elevated p21 protein expression level,
but not vice versa, indicating that CDT1 and CDC6 levels regulate
33
p21 expression (Fig. 3E and G). The downregulation of CDT1 and
CDC6 protein expression observed upon SPOP knockdown was not
restored by the depletion of p21 (Fig. 3E, H, 3I). The knockdown of
p21, CDT1, or CDC6 did not affect protein expression of SPOP (Fig. 3E
and J). As shown in Supplementary Figs. 1B and 1C, p21 knockdown
in SPOP-depleted HaCaTcells did not restore the suppression of Edu
incorporation. Taken together, these data suggest that SPOP
depletion decreases CDT1 and CDC6 protein levels followed by the
upregulation of p21 in a p53-independent manner, and at least, the
inhibition of DNA replication in SPOP-depleted HaCaT cells is not
due to p21 upregulation.

3.4. SPOP knockdown induces CDT1 and CDC6 downregulation in a
degradation-independent manner

To investigate the mechanisms of CDT1 and CDC6 down-
regulation at the protein level in SPOP-knockdown HaCaT cells, we
firstly treated HaCaT cells with MG132, a proteasome inhibitor. As
presented in Fig. 4 (AeC), the treatment of control siRNA-treated
cells with MG132 caused a significant accumulation of CDT1 and
CDC6 proteins. These results indicate that both CDT1 and CDC6 are
degraded via the proteasomal pathway in HaCaT cells. The deple-
tion of SPOP did not result in the accumulation of CDT1 or CDC6
upon MG132 treatment (Fig. 4AeC). We also treated HaCaT cells
with CHX, an inhibitory agent that interferes with the translation
step in protein synthesis, to monitor the degradation of CDT1 and
CDC6. The degradation rate of both CDT1 and CDC6 was not
significantly enhanced by SPOP knockdown in HaCaT cells
(Fig. 4DeF). Collectively, these data suggest that SPOP knockdown
does not promote CDT1 and CDC6 degradation.

3.5. CDT1 and CDC6 mRNA translation is inhibited in SPOP-
knockdown HaCaT cells

Next, we examined whether SPOP positively regulates the
translation of CDT1 and CDC6 in HaCaT cells. To this end, HaCaT
cells were treated with CHX for 24 h and thenwashed with PBS and
cultured in fresh growth medium to monitor the levels of newly-
synthesized CDT1 and CDC6. As shown in Fig. 4 (GeI), the syn-
thesis of CDT1 and CDC6 proteins was significantly suppressed in
SPOP depleted HaCaT cells. Of note, the early phase (at 4 h after
chase) of CDT1 and CDC6 protein synthesis was remarkably
inhibited by SPOP knockdown (Fig. 4GeI). We also found that SPOP
knockdown did not affect the mRNA level of CDT1 and CDC6 during
the chase after cycloheximide treatment (Supplementary Figs. 2A
and 2B). These data suggest that the initial process of translation
(e.g., CDT1 and CDC6 mRNA recognition by ribosomes) may be
impaired in SPOP depleted HaCaT cells. Similar results were ob-
tained using click reactions. HaCaTcells were incubatedwith HPG, a
reactive methionine analogue containing an alkyne moiety, in
methionine-free medium. The cell lysates were then subjected to a
click reaction with biotin-PEG3-azide and subsequently to pull-
down assay using streptavidin beads. As shown in Fig. 4J, newly-
synthesized CDT1 and CDC6 were detected in control HaCaT cells
incubated with HPG. CDT1 and CDC6 band signals were diminished
on treating control cells with CHX in the presence of HPG (Fig. 4J),
suggesting the reliability of these experiments. The newly-
synthesized CDT1 and CDC6 were significantly reduced on deple-
tion of SPOP in HaCaT cells incubated with HPG (Fig. 4JeL).
Collectively, our results suggest that SPOP is essential for the
translation of CDT1 and CDC6.

4. Discussion

It has been established that SPOP plays crucial roles in a wide



Fig. 2. Depletion of SPOP suppresses the protein expression of CDT1 and CDC6. (A) Western blots of HaCaT cell lysates 72 h post-transfection of siRNAs. (BeI) Quantitation of (A).
Ratio of CDT1/GAPDH (B), CDC6/GAPDH (C), MCM2/GAPDH (D), MCM3/GAPDH (E), MCM4/GAPDH (F), MCM5/GAPDH (G), MCM6/GAPDH (H) and MCM7/GAPDH (I) was analyzed
from three independent experiments. Data are normalized to siControl. Data represent mean ± SEM. *, p < 0.05; **, p < 0.01; n.s., not significant. (JeQ) The mRNA level of CDT1 (J),
CDC6 (K), MCM2 (L), MCM3 (M), MCM4 (N), MCM5 (O),MCM6 (P), MCM7 (Q) in HaCaT cells from three independent experiments was analyzed by RT-PCR at 72 h post-transfection of
siRNAs. Data are normalized to siControl. Data represent mean ± SEM (*, p < 0.05; **, p < 0.01; n.s., not significant).
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range of cellular processes, such as steroid hormone receptor
signaling, DNA damage response, cell cycle progression, hedgehog/
Gli signaling, and PI3K-AKT signaling, by functioning as a substrate
recognition receptor of a CUL3-based ubiquitin ligase complex and
34
targets more than 40 substrates [1]. In this study, we demonstrate
that SPOP is essential for the initial step of DNA replication, DNA
replication licensing, in non-cancerous human keratinocyte-
derived HaCaT cells.



Fig. 3. Depletion of CDT1 and CDC6 resulted in p53-independent upregulation of p21 expression. (A) The mRNA level of p21 in HaCaT cells from three independent experiments was
analyzed by RT-PCR at 72 h post-transfection of siRNAs. Data are normalized to siControl. Data represent mean ± SEM. *, p < 0.05; **, p < 0.01. (B) Western blots of HaCaT cell lysates
72 h post-transfection of siRNAs. (C, D) Quantitation of (B). Ratio of p21/GAPDH (C) and p53/GAPDH (D) was analyzed from three independent experiments. Data are normalized to
siControl. Data represent mean ± SEM. *, p < 0.05; **, p < 0.01; n.s., not significant. (E) Western blots of HaCaT cell lysates 72 h post-transfection of siRNAs. (FeJ) Quantitation of (E).
Ratio of p53/GAPDH (F), p21/GAPDH (G), CDT1/GAPDH (H), CDC6/GAPDH (I) and SPOP/GAPDH (J) was analyzed from three independent experiments. Data are normalized to
siControl. Data represent mean ± SEM (*, p < 0.05; **, p < 0.01; n.s., not significant).
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Fig. 4. SPOP is essential for proper translation, but not for their degradation, of CDT1 and CDC6 in HaCaT cells. (A) Western blots of HaCaT cell lysates 72 h post-transfection of
siRNAs. Cells were treated with MG132 (10 mM) for 4 h before cell lysis. (B, C) Quantitation of (A). Ratio of CDT1/GAPDH (B) and CDC6/GAPDH (C) was analyzed from three in-
dependent experiments. Data are normalized to DMSO. Data represent mean ± SEM. *, p < 0.05; **, p < 0.01; n.s., not significant. (D) Western blots of control or SPOP-knockdown
HaCaT cell lysates in CHX pulse experiments. Seventy-two h post-transfection of siRNAs, cells were incubated with CHX (25 mg/mL) for the indicated time followed by cell lysis. (E, F)
Quantitation of (D). Ratio of CDT1/GAPDH (E) and CDC6/GAPDH (F) was analyzed from three independent experiments. Data are normalized to time point 0 h. Data represent
mean ± SEM (n.s., not significant). (G) Western blots of control or SPOP-knockdown HaCaT cell lysates in CHX pulse-chase experiments. Forty-eight h post-transfection of siRNAs,
cells were incubated with CHX (25 mg/mL) for 24 h. Cells were then washed with PBS, cultured with fresh growth medium for the indicated time followed by cell lysis. (H, I)
Quantitation of (G). Ratio of CDT1/GAPDH (H) and CDC6/GAPDH (I) was analyzed from three independent experiments. Data represent mean ± SEM. *, p < 0.05; **, p < 0.01; n.s., not
significant. (J) HaCaT cells were transfected with the indicates siRNAs. At 72 h post-transfection, cells were incubated for 3 h in methionine-free medium containing L-cystine. Cells
were then incubated with fresh media containing HPG for 12 h followed by cell lysis. Cell lysates were subjected to click reactions with biotin-PEG3-azide and pull-down with
Dynabeads. The newly-synthesized proteins are detected in the lane HPG. The pull-downed samples were analyzed by Western blot. CHX was used as a positive control. See also
supplementary information. (K, L) Quantitation of (J). Ratio of CDT1/GAPDH (K) and CDC6/GAPDH (L) of the HPG-treated cell lysates was analyzed from three independent ex-
periments. Data represent mean ± SEM (*, p < 0.05).
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SPOP knockdown arrested HaCaT cells at the G1/S phase tran-
sition and suppressed DNA synthesis, indicating the perturbation of
S-phase entry. DNA replication licensing involves the assembly of
pre-RCs comprising the ORC component (ORC1e6), CDC6, CDT1,
and MCM helicase complex component (MCM2e7). CDC6 and
CDT1 are essential for the recruitment of MCMs to ORC on chro-
mosome [12]. In the present study, we showed that SPOP is indi-
rectly involved in DNA replication as it regulates the translation of
CDT1 and CDC6 proteins in HaCaT cells (Fig. 4GeL). Given the
functions of SPOP as a substrate recognition receptor for the CUL3/
RING E3 complex, the CUL3/SPOP E3 complex may ubiquitinate
unidentified substrates, which positively regulates the translation
of CDT1 and CDC6.

Our results suggest that SPOP controls the specific recognition of
CDT1 and CDC6 mRNA by ribosomes, leading to their efficient
translations. Ribosomal protein L38, a part of the large 60S subunit
of the eukaryotic ribosomes, is essential for the specific translation
of Homeobox mRNAs during mice development [31]. The
ribosome-associated non-coding RNA, rancRNA_s194, inhibits the
translation of specific mRNAs in archaea [32]. In yeast, Rps26-
depleted ribosomes, generated under the high-salt and high-pH
conditions, interact with a distinct set of mRNAs [33]. The profiles
of ribosome subtypes during cell cycle, including DNA replication
licensing, would shed new light on understanding the specific
translation of CDT1 and CDC6 mRNAs. We noticed that both 50-
untranslated regions of CDT1 and CDC6 mRNAs contains highly-GC
enriched sequences (Supplementary Fig. 3. CDT1; CGCCGCGCA-
CUCCGCCGCC, CDC6; GGCUGCGGGUUCCGGCGAGGCC). The GC rich
sequences may form specific three-dimensional structures, which
enables to interact with specific RNA binding proteins leading to
the efficient and specific translation of CDT1 and CDC6 mRNAs.

In case of C4-2 prostate cancer cells that express wild-type SPOP
gene, the protein expression of tyrosyl-DNA phosphodiesterases
(TDP1 and TDP2) was reduced on SPOP knockdown without
affecting their mRNA levels, leading to the inhibition of DNA pro-
tein crosslink repair [11]. The SPOP-dependent regulation of protein
translation may also contribute to DNA repair process in prostate
cancer cells. Recent studies have shown that a variety of ribosomal
proteins are ubiquitinated and deubiquitinated to control ribo-
somal functions during the translation process [34e37]. For
example, the ribosome associated protein quality control requires
uS10 ubiquitination followed by the dissociation of 80S ribosomes
into 40S and 60S ribosomes [38,39]. The uS3 ubiquitination is
essential for the degradation of non-functional 18S ribosomal RNAs
[34]. The recognition of mRNA by heterogenous nuclear ribonu-
cleoproteins controls translation efficacy of target mRNAs [40].
SPOP possibly ubiquitinates some RNA-binding proteins that
directly interact with the untranslated regions of CDT1 and CDC6
mRNAs. The responsible RNA-binding proteins for the CUL3/SPOP
E3 complex should be investigated in the future.

p21, a cell cycle checkpoint factor and a marker of cellular
senescence [41], was upregulated by SPOP knockdown in HaCaT
cells in CDC6 and CDT1-dependent and p53-independent manners
(Fig. 3), suggesting that SPOP-knockdown HaCaT cells mimic pre-
mature senescent cells. It has been also reported that p53-
independent p21 pathway in melanocytes induces premature
senescence [42]. The dysregulation of DNA replication licensing
indicates replicative senescence of keratinocytes [43]. The protein
expression of all the components of MCM complex, MCM2e7,
which is essential for DNA replication licensing, is reduced as hu-
man primary keratinocytes progress into senescence [43]. The
enforced expression of a catalytic subunit of human telomerase
restored their protein expression in keratinocytes [43]. HaCaT cells
could mimic the differentiation of human primary keratinocytes
[44]. Given the inactivation of DNA replication licensing due to the
37
down-regulation of CDT1 and CDC6 in SPOP-knockdown HaCaT
cells, SPOP expression may be reduced during the process of ker-
atinocyte senescence. Keratinocyte senescence is related to various
diseases, such as squamous cell carcinoma, melanoma, and solar
keratosis [41]. The protein expression of p21 is high in human
actinic keratosis tissues, precancerous lesions of the skin [45]. A
high expression of CDC6 has been correlated with the development
of human oral squamous cell carcinomas (OSCC) [46]. A microRNA,
miR-373, negatively regulating SPOP protein expression has been
found to be upregulated in human OSCC patients [47]. These pre-
vious studies suggest that SPOPmay also positively regulate protein
expression of CDC6 in OSCC cells. The immunohistochemistry of
SPOP in healthy (young versus old), cancerous, and precancerous
human skin tissues would be necessary to validate the relationship
between SPOP expression and keratinocyte senescence.
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