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RNF144a induces ERK-dependent cell death under oxidative
stress via downregulation of vaccinia-related kinase 3
Seung Hyun Han and Kyong-Tai Kim*

ABSTRACT
Vaccinia-related kinase 3 (VRK3) has been reported to be a negative
regulator of ERK (ERK1 and ERK2; also known as MAPK3 and
MAPK1, respectively) that protects cells from persistent ERK
activation and inhibits ERK-dependent apoptosis. Here we report
that the E3 ubiquitin–protein ligase RNF144a promotes the
degradation of VRK3 via polyubiquitylation and thus affects VRK3-
mediated ERK activity. Under oxidative stress, VRK3 migrates from
the nucleus to the cytoplasm, which increases its chance of
interacting with RNF144a, thereby promoting the degradation of
VRK3. Overexpression of RNF144a increases ERK activity via
downregulation of VRK3 and promotes ERK-dependent apoptosis. In
contrast, depletion of RNF144a increases the protein level of VRK3
and protects cells from excessive ERK activity. These findings
suggest that VRK3 protects cells by suppressing oxidative stress-
induced ERK, and that RNF144a sensitively regulates this process.

KEY WORDS: ERK signaling, Oxidative stress, Proteasomal
degradation, RNF144a, VRK3

INTRODUCTION
ERK signaling, which is one of the most well-known signaling
pathway in cells, regulates numerous cellular events, including
proliferation, differentiation, apoptosis and cell cycle arrest
(Pearson et al., 2001; Zhang and Liu, 2002). Because ERK (here
referring to ERK1 and ERK2; also known as MAPK3 andMAPK1,
respectively) plays a number of important roles in the cell, ERK
activity is regulated by many signaling pathways. Various scaffold
proteins have been reported to modulate ERK activity via anchoring
protein complexes (Sacks, 2006). There are also several feedback
loops in the cell to properly regulate ERK activity (Lake et al.,
2016). In addition, several phosphatases dephosphorylate phospho-
ERK, to help balance ERK activity in various situations (Kondoh
and Nishida, 2007). Even though ERK signaling is known to
positively control cell survival, it also regulates anti-proliferative
events such as apoptosis and cell cycle arrest. Among these, DNA
damaging agents are well known for increasing ERK-dependent
apoptosis. In addition, there are several reports that oxidative stress
induced by H2O2 also increases ERK activity and induces apoptosis
(Cagnol and Chambard, 2010; Lu and Xu, 2006). Previous papers
showed that H2O2-mediated apoptosis induced by activation of
ERK is rescued by the ERK inhibitor PD98059 in L929 cells

(Lee et al., 2003). There are other reports that ERK activation by
oxidative stress promotes death of osteoblastic cells, which is
independent from EGFR signaling (Park et al., 2005). This suggests
that the sustained high activity of ERK induced by oxidative stress is
a critical factor that increases cell death.

VRK3 is a member of the vaccinia related kinase family, a novel
protein whose role is not well understood. VRK3 is known to be
expressed ubiquitously in various tissues and is located in the
nucleus of most cells (Kang and Kim, 2008). VRK3 was initially
reported as a pseudokinase, but was later identified by our group as
an active kinase that directly phosphorylates BAF (also known as
BANF1) on Ser4 (Park et al., 2015; Scheeff et al., 2009).
Phosphorylation of BAF by VRK3 promotes cell proliferation.
Recently, we also reported that VRK3-knockout mice exhibit
autistic behavior such as reduced social interaction and impairment
of learning and memory (Kang et al., 2017). The best-known role of
VRK3 is to negatively regulate ERK activity. According to our
previous studies, VRK3 plays a role in forming a ternary complex
with ERK and VHR (also known as DUSP3) and allows increased
action of VHR phosphatase through protein–protein interaction, and
the activated VHR promotes ERK dephosphorylation (Kang and
Kim, 2006). In addition, phosphorylation of VRK3 by CDK5 under
oxidative stress conditions is known to inhibit persistent activation
of ERK by increasing VHR phosphatase activity (Song et al.,
2016a). Through these pathways, VRK3 protects neuronal cells by
inhibiting the persistent activation of ERK. Recently, the role of
ERK in neuronal apoptosis has been highlighted (Zhu et al., 2002).
It has also been reported that ERK activity is persistently increased
in neurodegenerative diseases such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD) (Colucci-D’Amato et al., 2003; Kim
and Choi, 2010; Perry et al., 1999). Changes in the localization of
HSP70 by VRK3 have been suggested to play a role in inhibiting
neuronal cell death in the brains of AD and PD patients (Song et al.,
2016b). Although VRK3 is one of the key molecules that regulate
the cell cycle and ERK activity, as described above, the mechanism
of how VRK3 itself is regulated is not known at all.

RNF144a is a member of the RNF144 family of E3 protein–
ubiquitin ligases (E3 ligases), which have an RBR domain at the
N-terminus (Smit and Sixma, 2014; Spratt et al., 2014). Previous
reports have shown that RNF144a regulates the stability of DNA-
PK to increase apoptosis in DNA damage situations and decrease
cellular sensitivity to the PARP1 inhibitor by ubiquitylating PARP1
(Ho et al., 2014; Zhang et al., 2017). In addition, RNF144a is known
to trigger a sustained EGF signal by inducing polyubiquitylation of
EGFR (Ho and Lin, 2018). It has been reported that RNF144a
promotes cell death when DNA damage occurs, but the function of
RNF144a under oxidative stress is still unknown.

In this study, we found that localization of VRK3 was altered by
oxidative stress. RNF144a promotes polyubiquitylation of VRK3
and the degradation of VRK3 in the cytosol. Degradation of VRK3
by RNF144a enables sustained activation of ERK, making cells
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Fig. 1. See next page for legend.
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more sensitive to oxidative stress. In contrast, the increase of VRK3
due to the depletion of RNF144a downregulates ERK activity and
decreases ERK-dependent cell death.
Taken together, our observations indicate that RNF144a reduces

the stability of VRK3 and increases ERK-mediated cell death under
oxidative stress.

RESULTS
Protein level and localization of VRK3 change under
oxidative stress
We first tried to determine how the characteristics of VRK3 change
under oxidative stress in the U2OS cell line. Although VRK3 is
known to be a molecule that regulates ERK signaling in response to
H2O2, it remains largely unknown how VRK3 itself is regulated.
U2OS cells have been widely studied under oxidative stress
situations (Fu et al., 2017; Peuget et al., 2014; Xu et al., 2014).
Also, the role of RNF144a, which regulates the stability of DNA-PK
during DNA damage stress, has been identified in U2OS cells
(Redza-Dutordoir and Averill-Bates, 2016). Therefore, we thought
it would be suitable to study the regulation of VRK3 and the role of
RNF144a under oxidative stress using U2OS cells.
We found that the protein expression level of VRK3 decreased in

response to H2O2 treatment, which is known to induce oxidative stress
(Fig. 1A).We examined whether H2O2 influences not only VRK3 but
also the levels of other VRK family members, VRK1 and VRK2. The
level of VRK2 was gradually decreased by H2O2 exposure, but the
level of VRK1 did not change significantly (Fig. S1C). Therefore,
protein degradation under oxidative stress was specific to VRK3 and
VRK2, but notVRK1.We also observed this pattern inHeLa cells and
HMO6 cells (Fig. S1A,B). To confirm whether the decrease in VRK3
level during oxidative stress was due to degradation by the
proteasome, we treated cells with MG132, which is known as a
proteasome inhibitor. We found that VRK3 reduction by H2O2

treatment was rescued by the treatment with MG132 (Fig. 1B). The
polyubiquitylation of VRK3 was increased under oxidative stress,
indicating that the degradation of VRK3 was caused by the ubiquitin–
proteasome system (UPS) (Fig. 1C). Because VRK3 has a nuclear
localization signal (NLS) and is known to be located in the nucleus,
we examined the localization of VRK3 under oxidative stress to
determine whether the degradation of VRK3 occurs in the nucleus or

cytoplasm (Nichols and Traktman, 2004). Interestingly, EGFP–VRK3
was translocated from nucleus to cytoplasm in response to H2O2

(Fig. 1D). To confirm the translocation of VRK3, we analyzed
nucleoplasmic and cytoplasmic VRK3 in response to H2O2. In the
absence of oxidative stress, most VRK3 remained in the nucleus, but
under oxidative stress, VRK3 in the nucleus was translocated to the
cytoplasm (Fig. 1E). We found that the translocation of VRK3 is an
important event in the VRK3 degradation, because treatment with the
nuclear export inhibitor Leptomycin B inhibited H2O2-mediated
VRK3 degradation (Fig. S1D). Taken together, these results indicate
that H2O2 induces the degradation of VRK3 via the UPS and the
translocation of VRK3 from the nucleus to the cytoplasm.

VRK3 binds to RNF144a
We speculated that there might be an E3 ligase that accelerates the
degradation of VRK3 under oxidative stress. However, an E3 ligase
that regulates VRK3 stability has not been reported yet. In another
study, we investigated the relationship between VRK3 and PARP1.
There, we observed that RNF144a, which is known as an E3 ligase
of PARP1, also reduces the amount of VRK3 (S.H.H. and K.-T.K.,
unpublished). Therefore, we tried to determine whether RNF144a is
an E3 ligase that also promotes VRK3 degradation. First, we
performed immunoprecipitation to observe whether VRK3 and
RNF144a bind to each other. We observed that endogenous
RNF144a was immunoprecipitated by an anti-VRK3 antibody
(Fig. 2A). We also overexpressed Flag-tagged VRK3 or Flag-
tagged RNF144a in HEK293a cells and immunoprecipitated with
an anti-Flag antibody. We found that Flag–VRK3 interacted with
endogenous RNF144a, and vice versa (Fig. S2A,B). We performed
a GST pulldown assay to determine whether VRK3 directly binds to
RNF144a. We found that purified recombinant GST–RNF144a
bound to His–VRK3, and the result was confirmed by a reciprocal
GST pulldown assay (Fig. 2B; Fig. S2C). Next, we performed a
GST pulldown assay using fragments of recombinant VRK3 to
determine which VRK3 domain binds to RNF144a. We found that
purified full-length GST–VRK3 and fragmentary GST–VRK3-F1
(amino acids 1–165) pulled down His–RNF144a (Fig. 2C,D).
Taken together, we observed that the N-terminal of VRK3
physically interacts with RNF144a.

RNF144a promotes polyubiquitylation of VRK3
Because RNF144a is known as an E3 ligase, we tested whether
RNF144a regulates the stability of VRK3 via the UPS. Interestingly,
although the protein level of VRK3 was significantly decreased by
overexpression of RNF144a, there was no difference in the mRNA
level of VRK3 (Fig. 3A,B). RNF144a overexpression also decreased
the level of VRK3 in HeLa cells (Fig. S3B). In order to examine the
effect of RNF144a knockdown on VRK3, we transfected small
interfering RNA (siRNA) targeting RNF144a into U2OS cells.
Knockdown of RNF144a increased the protein level of VRK3 but
did not affect the mRNA level of VRK3 (Fig. 3C,D). From this
observation, we could see that RNF144a is a critical protein that
regulates the level of VRK3, and that RNF144a does not regulate
gene expression of VRK3 but regulates the protein level of VRK3 in
some other way. To exclude off-target effects of siRNA treatment,
we used two different siRNAs (sequences are listed in Table S1).
Both siRNAs with different sequences induced an increase in
VRK3 protein level, but the effect was more pronounced with
siRNF144a#2 (Fig. S3A). Therefore, we used siRNF144a#2 for
subsequent experiments.

We next tested whether RNF144a modulates VRK3 stability. To
date, no E3 ligase has been reported to modulate the stability of

Fig. 1. Change in localization and protein level of VRK3 under oxidative
stress. (A) VRK3 protein level decreases under oxidative stress. U2OS cells
were treated with 1 mM H2O2 for 1, 2, 4, 6 and 8 h. Cell lysates were analyzed
by immunoblotting. VRK3 levels were normalized to GAPDH. Values represent
mean±s.d. (n=3 independent experiments). *P<0.05; **P<0.01 (Tukey’s
multiple comparison test). (B) VRK3 degradation is UPS dependent. U2OS
cells were treated with 10 μM MG132 for 4 h and subsequently treated with
1 mM H2O2 for 1 h. Cell lysates were analyzed by immunoblotting. Samples
without H2O2 treatment are also shown (Non-treat). GAPDH is shown as a
loading control. Data are representative of three independent experiments.
(C) VRK3 polyubiquitylation increases under oxidative stress. HEK293A cells
were transfected with the indicated vectors and treated with 10 μM MG132 for
4 h. The effects of oxidative stress were assayed following 1 mM H2O2

treatment. Cell lysates were immunoprecipitated (IP) with anti-Flag antibody,
and VRK3 polyubiquitylation was analyzed by immunoblotting. GAPDH is
shown as a loading control. p-ERK, phosphorylated ERK; UB, ubiquitin. Data
are representative of two independent experiments. (D) Localization of EGFP–
VRK3 in response to H2O2 was observed using fluorescence microscopy.
Nuclei in merge images are labeled by Hoechst 33342 (blue). Data are
representative of three independent experiments. (E) H2O2 triggers the
translocation of VRK3 from the nucleus to the cytoplasm. U2OS cells were
treated with 1 mM H2O2 for 2 h, and cell lysates were analyzed in
nucleoplasmic and cytoplasmic fractions. Values represent mean±s.d. (n=3
independent experiments). **P<0.01 (two-tailed unpaired t-test).
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VRK3. Interestingly, reduced VRK3 protein level due to
overexpression of RNF144a was rescued by MG132 treatment
(Fig. 3E). To additionally confirm whether RNF144a regulates the
stability of VRK3, we performed a cycloheximide chase assay.
Cycloheximide, which is a translation elongation inhibitor, is widely
used to determine protein half-life. We repeatedly confirmed that
RNF144a promotes the degradation of VRK3 by observing dramatic
reduction in the half-life of HA–VRK3 upon overexpression of
RNF144a (Fig. 3F). We next performed an ubiquitylation assay to
confirm that RNF144a-mediated downregulation of VRK3 was
caused by elevated polyubiquitylation. We found that overexpression
of RNF144a dramatically increased the polyubiquitylation of VRK3
and that depletion of RNF144a decreased polyubiquitylation of
VRK3 (Fig. 3G,H). In order to exclude the potential off-target effect
of siRNA treatment, an independent set of polyubiquitylation assays
was performed using siRNF144a#1 (Fig. S3C). We checked which
domain of RING1 and RING2 within RNF144a was required for
VRK3 ubiquitylation. It has been reported that DNA-PK
ubiquitylation requires both RING1 and RING2 domain within
RNF144a, and in the case of PARP1 ubiquitylation, the RING2
domain of RNF144a is required (Ho et al., 2014; Zhang et al., 2017).
Overexpression of wild-type RNF144a induced an increase in VRK3
ubiquitylation but overexpression of RNF144a C20A/C23A and
C198A mutants, which lack activity of the RING1 and RING2
domain, respectively, did not (Fig. S3D,E). Through this, it was
confirmed that both the RING1 and RING2 domains within
RNF144a are important for ubiquitylation of VRK3. Taken
together, our observations indicate that RNF144a is a novel E3
ligase targeting VRK3 that promotes degradation of VRK3 through
the UPS.

Degradation of VRK3 by RNF144a increases under oxidative
stress
Previously, localization of RNF144a has been reported to be mainly
distributed in the endosome and plasma membrane. According to a
previous report, RNF144a might promote the degradation of its target
protein in the cytoplasm (Ho et al., 2014). The results presented in
Fig. 1 show that VRK3 localization changed under oxidative stress
conditions. Therefore, we examined whether oxidative stress
increased the chance of binding between VRK3 and RNF144a.
First, we observed the localization of VRK3 and RNF144a under
oxidative stress using immunocytochemistry. Because the antibodies
that detect the localization of the endogenous RNF144a are limited,
we overexpressed Flag-tagged RNF144a and detected the
localization of RNF144a using an anti-Flag antibody. In the
absence of oxidative stress, VRK3 was predominantly present in
the nucleus and RNF144awasmanly present in cytoplasm. However,
under oxidative stress, yellow signals were observed in the
cytoplasmic space, indicating that H2O2 treatment increases the
probability of physical interaction between VRK3 and RNF144a in
the cytoplasm (Fig. 4A). To determine whether overexpression of
RNF144a promotes the degradation of cytoplasmic VRK3, we
performed subcellular fractionation. Overexpression of RNF144a did
not affect the level of VRK3 in the nucleus, but significantly
decreased the level of VRK3 in the cytoplasm (Fig. S4A). This
suggests that RNF144a-mediated degradation of VRK3 is promoted
in the cytoplasm. Next, we examined whether overexpression of
RNF144a promotes the degradation of VRK3 upon H2O2 treatment.
A greater reduction in VRK3 level was observed after H2O2 treatment
in the presence of RNF144a overexpression, compared to the
reduction when RNF144a alone was overexpressed (Fig. 4B).
Conversely, VRK3, which was degraded under stress, was not

Fig. 2. VRK3 directly interacts with RNF144a via the F1 domain. (A) VRK3
binds to RNF144a. HEK293A cell lysates (1 mg) were immunoprecipitated
(IP) with normal IgG or anti-VRK3 antibody. Immunoprecipitates were
analyzed by immunoblotting. Data are representative of three independent
experiments. (B) VRK3 directly interacts with RNF144a. GST pulldown
assays were performed using the indicated recombinant proteins
(GST–Mock, GST only control). Data are representative of two independent
experiments. (C,D) RNF144a interacts with the F1 domain of VRK3.
Recombinant His–RNF144a was mixed with GST alone or GST–VRK3
fragments, followed by GST pulldown. Samples were analyzed by
immunoblotting (a.a., amino acids; FL, full length). Data are representative of
two independent experiments.
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Fig. 3. See next page for legend.
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significantly decreased following H2O2 treatment when RNF144a
was depleted (Fig. 4C). An independent experiment was performed
using siRNF144a#1 (Fig. S4B). This suggests that RNF144a has a
crucial role in controlling the degradation of VRK3 under oxidative
stress. We checked whether the level of RNF144a also changes under
oxidative stress. Previous studies have reported that the expression of
RNF144a increases in a p53-dependent manner in DNA damage
situations (Ho et al., 2014). In our case, we observed the tendency of a
slight increase in the level of RNF144a under oxidative stress through
five independent experiments, but the increase was not statistically
significant (Fig. S4C). These results show that the increase in
RNF144a induced by the stress might contribute to VRK3
degradation. Additionally, we found that polyubiquitylation of
VRK3 was greatly increased upon overexpression of RNF144a in
the presence of H2O2 treatment (Fig. 4D). This means that under
oxidative stress, RNF144a increases polyubiquitylation of VRK3
followed by proteasome-mediated degradation. From the data above,
we can deduce that translocation of VRK3 from the nucleus to the
cytoplasm by oxidative stress induces increased interaction between
VRK3 and RNF144a, which promotes UPS-mediated protein
degradation of VRK3.

Degradation of VRK3 by RNF144a regulates ERK signaling
independently of EGFR signaling
Our group has previously reported that VRK3 is a negative regulator
of ERK (Lake et al., 2016). Therefore, we hypothesized that the
degradation of VRK3 induced by oxidative stress would affect
ERK activity. To determine whether reduced VRK3 increases ERK
phosphorylation as previously reported, we compared the ERK
activity in VRK3-knockdown cells to the activity in control cells. As

expected, ERK activity was increased when the protein level of VRK3
was decreased (Fig. 5A).We repeatedly confirmed this tendency using
two independent shRNAs targeting VRK3 (Fig. S5A,B and
Table S1). We next examined whether the reduction of VRK3 by
overexpression of RNF144a increased ERK activity. As we increased
the expression of RNF144a, the level of VRK3 decreased
correspondingly and the phosphorylation of ERK was increased
(Fig. 5B). Because ERK phosphorylation increases under oxidative
stress (Cagnol and Chambard, 2010), we examined whether an
increase in ERK phosphorylation due to overexpression of RNF144a
was affected by H2O2 treatment. Overexpression of Flag–RNF144a
promoted degradation of VRK3, and phosphorylation of ERK was
increased compared to that in the control (Fig. 5C). In contrast, H2O2-
induced ERK phosphorylation was decreased in RNF144a-
knockdown cells compared to that observed for control cells
(Fig. 5D). Previously, it was reported that RNF144a regulates the
activity of ERK through EGFR signaling (Ho and Lin, 2018).
Therefore, we examined whether changes in ERK phosphorylation by
overexpression of RNF144a under oxidative stress were independent
of EGFR signaling. To confirm the activity of ERK independent of
EGFR, we treated U2OS cells with AG1478, which is an EGFR
inhibitor. As previously reported, when RNF144a was overexpressed,
the phosphorylation of EGFR and ERK was increased. However, the
phosphorylation of ERK was still increased even under AG1478
treatment (Fig. 5E). This suggests that there may be another factor that
increases ERK phosphorylation independently of EGFR signaling.
Because VRK3 protein level was markedly decreased when RNF144a
was overexpressed, we speculated that the increase in ERK
phosphorylation might be due to a reduction of VRK3. EGFR
signaling is well known to simultaneously increase phosphorylation of
AKT as well as phosphorylation of ERK (El-Rayes and LoRusso,
2004). Therefore, we examined the relationship between RNF144a
and EGFR signaling by observing phosphorylation of both ERK and
AKT. Interestingly, the amount of AKT phosphorylation induced by
oxidative stress was similar regardless of the overexpression of
RNF144a, whereas the phosphorylation of ERK was increased even
more when RNF144a was overexpressed compared to the control
condition (Fig. 5F). This suggests that there is an independent
mechanism, which increases the phosphorylation of ERK only rather
than increasing phosphorylation of both ERK andAKT. To determine
whether the increase in ERK activity upon overexpression of
RNF144a was dependent on VRK3, we re-introduced VRK3 into
U2OS cells. We observed that overexpression of VRK3 decreased
ERK activity, even though the RNF144a level was high. As a result,
we confirmed that VRK3, which is regulated by RNF144a, is an
important factor in the regulation of ERK activity (Fig. 5G). Taken
together, we found that RNF144a increases the activity of ERK via
downregulation of VRK3 in response to H2O2, which is independent
of EGFR signaling.

RNF144a promotes ERK-mediated apoptosis via
downregulation of VRK3 under oxidative stress
According to our previous reports, phosphorylation of VRK3 by
CDK5 under oxidative stress increases the activity of VHR
phosphatase and plays a protective role against oxidative stress. We
found that depletion of VRK3 makes cells more sensitive to oxidative
stress (Song et al., 2016a). Therefore, we examined how the reduction
of VRK3 protein level by overexpression of RNF144a affects cell
viability under oxidative stress. Reduction of VRK3 by overexpression
of RNF144a increased the levels of cleaved caspase 3, which is a
marker for apoptosis (Fig. 6A). To confirmwhether the overexpression
of RNF144a makes cells sensitive to oxidative stress, we conducted an

Fig. 3. RNF144a regulates the stability of VRK3. (A) Overexpression of
RNF144a leads to a decrease in the protein level of VRK3. U2OS cells were
transfected with Flag–RNF144a or Flag tag alone (Flag–Mock). VRK3 levels
were normalized to GAPDH. Values represent mean±s.d. (n=6 independent
experiments). ****P<0.0001 (two-tailed unpaired t-test). (B) Overexpression of
RNF144a does not affect the gene expression of VRK3. VRK3 mRNA was
examined by RT-qPCR and normalized to GAPDH mRNA levels. Values
represent mean± s.d. (n=4 independent experiments). N.S., not significant
(two-tailed unpaired t-test). (C) Knockdown of RNF144a by siRNA treatment
leads to increase in the protein level of VRK3. VRK3 levels were normalized to
GAPDH. U2OS cells were transfected with siRNF144a#2 or a control
non-targeting siRNA (siCon). Values represent mean±s.d. (n=5 independent
experiments). **P<0.01 (two-tailed unpaired t-test). (D) Knockdown of
RNF144a does not affect the gene expression of VRK3. VRK3 mRNA was
examined by RT-qPCR and normalized to GAPDH mRNA levels. Values
represent mean±s.d. (n=3 independent experiments). N.S., not significant
(two-tailed unpaired t-test). (E) RNF144a promotes degradation of VRK3 via
the UPS. U2OS cells were transfected with the indicated vectors, and cells in
each group were treated with DMSO (−) or 10μM MG132 (+) for 4 h. Cell
lysates were analyzed by immunoblotting. VRK3 levels were normalized to
GAPDH. Values represent mean±s.d. (n=4 independent experiments).
**P<0.01 (Tukey’s multiple comparison test). (F) Overexpression of RNF144a
decreases the half-life of HA–VRK3. U2OS cells were transfected with the
indicated vectors. Cells were treated with 50 μg/ml cycloheximide and
harvested at the indicated time points. Cell lysates were analyzed by
immunoblotting. Quantification of HA–VRK3 protein level was normalized to
GAPDH. Values represent mean±s.d. (n=3 independent experiments). (G,H)
RNF144a promotes VRK3 polyubiquitylation. (G) HEK293A cells were
transfected with the indicated vectors. The cell lysates were
immunoprecipitated (IP) with anti-Flag antibody, and VRK3 polyubiquitylation
was analyzed by immunoblotting. (H) HEK293A cells were transfected with the
indicated siRNAs (siRNF144a#2 or siCon) and vectors. Transfected cells were
treated with 10 μM MG132 for 4 h. The cell lysates were immunoprecipitated
with anti-Flag antibody, and VRK3 polyubiquitylation was analyzed by
immunoblotting. UB, ubiquitin. Data in G and H are representative of three
independent experiments.
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Fig. 4. RNF144a promotes the
degradation of VRK3 under
oxidative stress. (A) Localization of
VRK3 and RNF144a in response to
H2O2. U2OS cells were transfected
with EGFP–VRK3 and Flag–
RNF144a. Localization of EGFP–
VRK3 and Flag–RNF144a in
response to H2O2 was observed by
confocal microscopy (Non-treat, no
H2O2 treatment control). Hoechst
staining (blue) indicates nuclei. Data
are representative of three
independent experiments.
(B) RNF144a promotes the
degradation of VRK3 in response to
H2O2. U2OS cells were transfected
with Flag–RNF144a or control
vector (Flag–Mock). Cells were
treated with 1 mM H2O2 or vehicle for
2 h. The cell lysates were analyzed
by immunoblotting. VRK3 levels were
normalized to GAPDH. Values
represent mean±s.d. (n=4
independent experiments). **P<0.01
(Tukey’s multiple comparison test).
(C) RNF144a is crucial for H2O2-
mediated VRK3 degradation. U2OS
cells were transfected with
siRNF144a#2 or non-targeting
control siRNA (siCon). Cells were
treated with 1 mM H2O2 or vehicle for
2 h. The cell lysates were analyzed
by immunoblotting. VRK3 levels were
normalized to GAPDH. Values
represent mean±s.d. (n=9
independent experiments). *P<0.05;
***P<0.001 (Tukey’s multiple
comparison test). (D) RNF144a
promotes proteasome-mediated
VRK3 degradation in response to
H2O2. HEK293A cells were
transfected with the indicated
constructs. Cells were treated with
1 mM H2O2 for 1 h. Cell lysates were
immunoprecipitated (IP) with anti-
Flag antibody and VRK3
polyubiquitylation was analyzed by
immunoblotting. Data are
representative of three independent
experiments.
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Fig. 5. RNF144a increases ERK activity independently of EGFR signaling. (A) VRK3 is a negative regulator of the ERK pathway. U2OS cells were transfected
with either siVRK3 or a control siRNA (siCon). Cells were treated with 1 mM H2O2 for 2 h. The cell lysates were analyzed by immunoblotting. p-ERK,
phosphorylated ERK. (B) RNF144a increases the activity of ERK, as indicated by levels of p-ERK. U2OS cells were transfected with Flag–RNF144a at different
concentrations. Cell lysates were analyzed by immunoblotting. (C) RNF144a increases the activity of ERK in response to H2O2, as indicated by levels of
p-ERK. U2OS cells were transfected with Flag–RNF144a or control vector (Flag–Mock) and cells were treated with 1 mMH2O2 for 1 h. Cell lysates were analyzed
by immunoblotting. (D) Knockdown of RNF144a (siRNAF144a) decreases the activity of ERK in response to H2O2, as indicated by levels of p-ERK. Cell lysates
were analyzed by immunoblotting. (E) RNF144a-mediated increase in ERK activity is EGFR independent. U2OS cells were transfected with Flag–RNF144a
or control vector and treated with 3 μM AG1478 for 30 min, followed by stimulation with 50 ng/ml EGF for 15 min. Cell lysates were analyzed by immunoblotting.
(F) U2OS cells were transfected with Flag–RNF144a or control vector and treated with 1 mM H2O2 for 1 h. Cell lysates were analyzed by immunoblotting.
P-AKT, phosphorylated AKT. (G) Re-introduction of VRK3 decreases the ERK activity induced by overexpression of RNF144a. U2OS cells were transfected
with the indicated vectors and cells were treated with 1 mM H2O2 for 1 h. Cell lysates were analyzed by immunoblotting. The ratio of p-ERK to ERK signal
for the representative blot is indicated. Data in A–G are representative of at least three independent experiments.
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Fig. 6. RNF144a induces ERK-dependent apoptosis under oxidative stress. (A) RNF144a increases sensitivity of U2OS cells to H2O2. U2OS cells were
transfected with Flag–RNF144a or control vector (Flag–Mock). Cells were treated with 1 mM H2O2 for 6 h. Cell lysates were analyzed by immunoblotting
(P-ERK, phosphorylated ERK). Data are representative of three independent experiments. (B,C) U2OS cells were transfected with Flag–RNF144a or control
vector, or siRNF144a#2 or control siRNA (siCon). Cells were treated with H2O2 [0 (NT), 1 or 2 mM] for 6 h, and cell viability was detected using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). n=10. *P<0.05; ****P<0.0001 (Tukey’s multiple comparison test). (D) RNF144a increases ERK-
dependent apoptosis. U2OS cells were transfected with Flag–RNF144a or control vector. Cells were either treated with 1 mM H2O2 for 6 h or left untreated (NT),
followed by inhibition of ERK activity with 50 μM PD98059 or treatment with vehicle (DMSO). Cell viability was detected using MTT. n=10. ****P<0.0001
(Tukey’s multiple comparison test). (E) Re-introduction of VRK3 rescues the RNF144a-mediated apoptosis in response to H2O2. U2OS cells were transfected
with the indicated vectors and treated with 1 mM H2O2 for 9 h. Cell viability was detected using MTT. n=10. N.S, not significant; ****P<0.0001 (Tukey’s
multiple comparison test). (F) Proposed diagram for the RNF144a-mediated cell death via VRK3 downregulation under oxidative stress. Under oxidative
stress, VRK3 is translocated from the nucleus to the cytoplasm, and RNF144a promotes the degradation of cytoplasmic VRK3 via the UPS. Oxidative-stress-
mediated degradation of VRK3 leads to persistent ERK activation and promotes apoptosis.
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MTT assay. Overexpression of RNF144a promoted more cell death
under oxidative stress (Fig. 6B). In contrast, transient transfection with
siRNF144a#2 increased H2O2-treated U2OS cell viability (Fig. 6C).
We also observed that RNF144a overexpression and knockdown
regulated H2O2-mediated cell death in HeLa cells (Fig. S6A,B). To
determine whether cell death is dependent on persistent activation of
ERK, we treated the cells with PD98059, which is known as a MAP
kinase inhibitor. We observed that increased cell death due to
RNF144a overexpression under oxidative stress was rescued by
treatment with PD98059. This suggests that persistent activation of
ERK is one of the important causes of cell death following
overexpression of RNF144a in response to H2O2 (Fig. 6D). Finally,
to confirm whether VRK3 is an important factor in RNF144a-
dependent cell death, we re-introduced VRK3 into cells
overexpressing RNF144a. We observed that increased sensitivity to
oxidative stress caused by RNF144awas rescued by overexpression of
VRK3 (Fig. 6E). Therefore, VRK3 has a protective role in U2OS cells
by suppressing excessive ERK activation (Fig. 6F).

DISCUSSION
It is very important to protect cells from external and internal
stresses. External stresses (e.g. UV, DNA damaging agents,
pathogens and oxidative stresses) and internal stresses (e.g. DNA
replication stress, metabolic stress and oxygen radicals) constantly
threaten cell survival (Fulda et al., 2010; Kültz, 2005). As cells
continue to survive, they need to overcome these stresses and repair
the damage that occurs. If these stresses are not handled well, cells
can die through apoptosis or necrosis (Proskuryakov et al., 2003). In
addition, if cells continue to divide when replication stress is not
resolved, the cells may become cancerous (Benz and Yau, 2008;
Morry et al., 2017). Thus, the processes that handle these stresses in
cells are closely related to cell survival and many diseases.
Oxidative stress is caused by an imbalance between reactive oxygen

species and antioxidants, which can directly damage DNA, proteins
and lipids in cells (Kannan and Jain, 2000; Redza-Dutordoir and
Averill-Bates, 2016; Ryter et al., 2007). The increase in oxidative stress
in cells by internal and external factors is closely related to various
disorders, including neurodegenerative diseases, cardiovascular
diseases, cancer, digestive diseases and skin disorders
(Bhattacharyya et al., 2014; Bickers and Athar, 2006; Bueno and
Molkentin, 2002; Cui et al., 2012; Dias et al., 2013; Finkel and
Holbrook, 2000; Huang et al., 2016; Kregel and Zhang, 2007; Kruk
and Duchnik, 2014; Reuter et al., 2010; Smith et al., 2000). In
particular, the overactivation of ERK by oxidative stress is closely
linked to many degenerative brain diseases. In the case of Alzheimer’s
disease, amyloid β deposition activates the ERK pathway, and
activated ERK induces the hyperphosphorylation of tau and APP,
resulting in facilitation of neurodegeneration (Kirouac et al., 2017). In
Parkinson’s disease patients, pathogenic α-synuclein and Lewy bodies
activate the ERK pathway in microglia and promote the secretion of
pro-inflammatory cytokines such as interleukin-1β and TNF (Klegeris
et al., 2008). It has also been reported that activated ERK is found in
the Lewy body, which consists of aggregated α-synuclein (Zhu et al.,
2002). In many other diseases, sustained ERK activation has been
observed as well. ERK activation is very closely associated with
cardiac vascular disease (Talmor et al., 2000). ERK signaling pathways
have been reported to increase cardiac hypertrophy in MEK1 (also
known asMAP2K1) transgenic mice (Bueno et al., 2000). In addition,
several studies have shown that ERK activity is increased in ischemia
(Friguls et al., 2002). Abnormal ERK activity is closely related to the
growth of cancer cells, and inhibition of ERK activity is considered to
be an important anticancer strategy (Roberts and Der, 2007). Because

the persistent activation of ERK increases cell death, ERK inhibitors
have already been applied to many diseases. PD98059, which inhibits
the activity of ERK, has been reported to protect cells from damage
caused by brain ischemia (Alessandrini et al., 1999). In glial cells, the
ERK inhibitor U0126, in addition to PD98059, reduces neuronal
degeneration induced by ERK overactivation (Subramaniam et al.,
2004). Furthermore, it has been reported that oral intake of PD90605
delays myocardial remodeling induced by NO synthase inhibition in
vivo (Sanada et al., 2003). Therefore, tight regulation of ERK signaling
is very important for cell survival and the treatment of many diseases.

wVRK3 protects cells via downregulation of ERK activity in
stress situations (Kang and Kim, 2006). However, it is not clear how
VRK3 is regulated when cells die from strong external stresses.
Interestingly, VRK3 protein level gradually decreased over time
when cells were under strong stress. Through this, we confirmed that
the cyto-protective effect of VRK3 was inhibited by the degradation
of VRK3 under persistent and strong stress. It will be interesting to
compare the level and localization of VRK3 inmild and intense stress
situations. According to our previous report, the level of VRK3 in the
SHSY5Y cell line does not change significantly under oxidative
stress (Song et al., 2016a). However, it was confirmed that the level
of VRK3 is gradually decreased by oxidative stress in U2OS, HeLa
and HMO6 cells. Therefore, comparing the degradation rate of
VRK3 with the rate of cell death may give us a hint to find a new
standard that could determine how each cell responds to oxidative
stress. We also observed that the levels of VRK2, but not VRK1,
were gradually decreased under oxidative stress. In the future, it will
be necessary to figure out why VRK2 is also decreased under
oxidative stress and whether RNF144a is involved in this process.

We observed that VRK3migrates from the nucleus to the cytoplasm
in response to oxidative stress. Changes in localization of VRK3 from
the nucleus to the cytoplasm increase the chance of interaction with
RNF144a, thereby promoting the breakdown of VRK3. However, it is
unclear how VRK3 changes its localization from the nucleus to the
cytoplasm under oxidative stress. Further studies will be needed to
determine whether there is a posttranslational modification of VRK3
that modulates its localization or whether there could be other factors
that may help translocation of VRK3. According to previous studies,
there are many examples where oxidative stress changes the
localization of proteins. For example, SOD1 is known to change
localization from cytoplasm to nucleus in response to H2O2, and
pancreatic transcription factor PDX1 is found to translocate from the
nucleus to the cytoplasm upon oxidative stress (Kawamori et al., 2003;
Tsang et al., 2014). Therefore, we can hypothesize that there is a
specific mechanism to regulate localization of VRK3 under oxidative
stress, as shown in the above reports.

RNF144a degrades DNA-PK and increases apoptosis when DNA
is damaged (Ho et al., 2014). Therefore, RNF144a appears to
increase apoptosis when external stresses such as DNA damage and
oxidative stress occur. On the other hand, in EGF signaling, which
promotes cell proliferation, RNF144a appears to play the opposite
role, which continuously increases cell survival and proliferation
(Ho and Lin, 2018). It is known that EGFR is activated by hydrogen
peroxide, but when RNF144a was overexpressed, the activity of
ERKwas still maintained at a level higher than that of controls, even
though an EGFR inhibitor was applied. This suggests that there is
another means of regulating the ERK signaling pathway in stressful
situations (Khan et al., 2006). This shows that RNF144a is an E3
ligase molecule that regulates both cell proliferation and cell death
by ubiquitylating its target proteins in various situations.

Taken together, our data demonstrate that VRK3 is translocated
from the nucleus to the cytoplasm under oxidative stress, resulting in
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increased interaction with RNF144a. Increased polyubiquitylation
of VRK3 by RNF144a promoted the degradation of VRK3. VRK3
was originally known to protect cells by preventing excessive and
persistent ERK activation, but the degradation of VRK3 by
RNF144a makes cells more vulnerable to oxidative stress and
eventually increases apoptosis. Because treatment with PD98059
rescued the cell death induced by oxidative stress, this suggests that
the regulation of ERK signaling by VRK3 plays an important role
in cell survival and death. In conclusion, our findings may
contribute to the understanding of the function of cells in various
diseases and stressful situations caused by persistent ERK
activation.

MATERIALS AND METHODS
Plasmids
The coding regions of VRK3 and RNF144a were amplified by PCR from
SHSY5Y and U2OS cells and cloned into PGEX-4T3 (Amersham
Biosciences), pFlag-CMV2 (Sigma-Aldrich), PEGFP-C1 (BD Biosciences),
pcDNA3.1 (Invitrogen) and pProEX-Hta (Invitrogen) vectors. We used the
fragments of VRK3 F1 (amino acids 1–165), F2 (amino acids 166–340) and
F3 (amino acids 166–474) that are reported in a previous paper (Song et al.,
2016a).

Cell culture, transfection and immunoblotting
HEK293A and HeLa cell lines were obtained from the Korean Cell Line
Bank (Korea). U2OS cells were purchased from American Type Culture
Collection (USA). HMO6 cells were gifted by Professor S. U. Kim
(University of British Columbia, Canada). HEK293A, HeLa, HMO6 and
U2OS cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with high glucose (HyClone) containing 10% fetal bovine
serum (FBS; HyClone) and 1% penicillin G and streptomycin (Welgene) in
a humidified 5% CO2 incubator at 37°C. Transient transfection was
performed using an MP-100 microporator (Invitrogen) according to the
manufacturer’s instructions. For immunoblotting, cells were disrupted with
cell lysis buffer [20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.5% Triton-X
100 and protease inhibitors (Roche)], followed by sonication. 20–30 μg of
protein samples were loaded for SDS–PAGE and transferred to
nitrocellulose membrane. Images were obtained using an LAS-4000
system (Fujifilm).

Chemicals and antibodies
Hydrogen peroxide was purchased from Santa Cruz Biotechnology. MG132
was purchased from Calbiochem. PD98059, Hoechst 33342 and Leptomycin
Bwere purchased fromSigma-Aldrich. Anti-VRK3 (#3260; 1:500), anti-Flag
(#2368; 1:1000), anti-phospho-ERK T202/Y204 (#4370; 1:1000), anti-ERK
(#4695; 1:1000), anti-His (#2365; 1:1000), anti-GST (#2625; 1:1000), anti-
phospho-AKT S473 (#4060; 1:1000), anti-AKT (#2920; 1:1000) and anti-
cleaved caspase 3 (#9664; 1:300) antibodies were purchased from Cell
Signaling Technology, as was the normal rabbit IgG (#2729). Anti-GAPDH
(sc-47724; 1:5000), anti-laminA/C (sc-6215; 1:1000), anti-ubiquitin (sc-
8017; 1:1000) and anti-EGFR (sc-03; 1:1000) antibodies were purchased
from Santa Cruz Biotechnology. Anti-RNF144a (ab89260; 1:500) and
anti-VRK3 (ab220830, 1:1000) antibodies were purchased from Abcam,
as was the VeriBlot IP detection reagent (ab131366; 1:200). Anti-HA
(A190-108A; 1:1000) antibody was purchased from Bethyl Laboratories.
Anti-p-EGFR (44-788G; 1:1000) antibody was purchased from Life
Technologies. Anti-RNF144a (orb214931; 1:200) antibody was purchased
from Biorbyt. Anti-RNF144a (PA5-36451; 1:200) antibody was purchased
from Invitrogen.

Immunofluorescence
U2OS cells were transfected with EGFP–VRK3 and grown on 0.1%-
gelatin-coated glass chips in 6-well plates. Transfected cells were fixed in
4% paraformaldehyde for 30 min and washed three times with phosphate-
buffered saline (PBS). Cells were permeabilized with 0.5% NP-40 for
30 min and blocked with blocking solution (5% FBS, 2.5% BSA and 0.3%

Triton x-100) for 2 h at room temperature. After permeabilization, cells were
incubated with primary antibody overnight at 4°C. Then, the cells were
incubated with Alexa Fluor 488- (1:500) and Alexa Fluor 594-conjugated
(1:500) secondary antibodies in blocking solution for 2 h. Nuclei of cells
were stained with 2 μg/ml of Hoechst 33342 for 10 min. Images were
obtained using a laser scanning confocal microscope (model FV3000;
Olympus) and a Zeiss fluorescence microscope. Image analysis was
performed using the FV31S-SW Fluoviewer software (Olympus).

Purification of recombinant protein
All GST-tagged recombinant proteins were expressed in E. coli BL21–
Codon Plus (DE3) RIPL strain (Agilent Technologies). Transformed E.
coli were grown at 37°C in LB medium until an OD600 of 0.6–0.8 was
reached before 0.5 M IPTG was added for protein expression induction.
After protein induction at 18°C for 24 h, E. coli were resuspended with
cold PBS, and the cells disrupted using sonication. Recombinant proteins
were purified using Glutathione Sepharose 4B beads (GE Healthcare
Bio-Sciences). All His-tagged recombinant proteins were purified using
the same protocol as for the GST-tagged recombinant proteins, except
using Ni-NTA agarose beads (Invitrogen) instead of Glutathione
Sepharose 4B beads.

GST pulldown assay
GST or GST-tagged recombinant proteins were mixed with His-tagged
recombinant proteins in cell lysis buffer (20 mMTris, 150 mMNaCl, 1 mM
EDTA and 0.5% Triton-X) and the mixture was incubated overnight at 4°C
on a rotator. After incubation, Glutathione Sepharose 4B beads were washed
three times with cold lysis buffer. After washing, 20 μl of 2× sample buffer
and 1 mM DTT were added, and the sample was heated at 95°C for 7 min.
The mixture was analyzed by immunoblotting.

Immunoprecipitation
HEK293A cells were resuspended in cell lysis buffer and disrupted using
sonication. 1 mg of HEK293A cell lysate was incubated with protein
A–agarose beads (Roche) and each antibody overnight at 4°C on a rotator.
After incubation, beads werewashed three times with cold lysis buffer. 20 μl of
2× sample buffer and 1 mM DTT were added to the mixture, and the sample
was heated at 95°C for 7 min. The mixture was analyzed by immunoblotting.

Fractionation of cytosol and nucleus
To prepare cytoplasmic extracts, U2OS cells were lysed in cytoplasmic
extraction buffer (10 mM HEPES pH 7.4, 10 mM KCl and 0.05% NP-40)
on ice for 20 min. After incubation, cell lysates were centrifuged at 848 g for
10 min and the supernatant was collected. To prepare nuclear extracts, the
pellets were resuspended in cell lysis buffer (20 mM Tris, 150 mM NaCl,
1 mM EDTA and 0.5% Triton-X) and sonicated.

Ubiquitylation assay
HEK293A cells were transfected with vectors, and cells were treated with
10 μM MG132 for 4 h. Cell lysates were prepared in cell lysis buffer
[20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.5% Triton-X and protease
inhibitors (Roche)] and disrupted using sonication. Cell lysates were
incubated overnight at 4°C with anti-Flag antibody and protein A–agarose
beads (Roche). After incubation, beads were washed three times with cell
lysis buffer and 10 mM DTT and 2× sample buffer were added to the
beads. The mixture was heated at 95°C for 7 min and analyzed by
immunoblotting.

Cell viability assay
U2OS cells were subcultured in 96-well plates at a density of 1×104 cells per
well. Cells were treated at the indicated times with indicated reagents
(hydrogen peroxide, PD98059). After incubation, cells were treated
with the addition of 25 μl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to each well and then incubated for a
further 2 h. The medium containingMTTwas removed, and 100 μl of DMSO
was added to each well. The absorbance was measured at 570 nm using an
Infinite 200 Pro NanoQuant (TECAN).
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RNA isolation and reverse transcription qPCR
U2OS cells were mixed with 700 μl of Tri-solution (Bio Science
Technology), and total RNA was extracted by adding 140 μl of chloroform.
After incubation at room temperature for 10 min, samples were centrifuged at
12,000 g at 4°C for 10 min. The upper phase was transferred to a fresh tube
and mixed with an equal volume of isopropanol. After 10 min incubation at
room temperature, samples were centrifuged again. Thewhite RNApellet was
washedwith 75% ethanol and dissolvedwithDEPC-treatedwater. Total RNA
was reverse transcribed using ImProm-II™ Reverse Transcription System
(Promega), following the manufacturer’s instructions. qPCR was performed
using a StepOnePlus Real-Time PCR System (Applied Biosystems) with
FastStart Universal SYBR Green Master (Roche).

Statistical analysis
Statistical analyses were performed using GraphPad Prism version 8.0.
Two-tailed unpaired Student’s t-test, one-way ANOVA and repeated
measure ANOVAwere used to determine significance. Values of P<0.05,
P<0.01, P<0.001 and P<0.0001 are indicated by *, **, *** and ****,
respectively. All error bars shown in this study represent standard
deviation (s.d.).
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