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Abstract

Purpose—cCell cycle checkpoints and DNA repair are important for cell survival after exogenous
DNA damage. Both rapid blockage of G2 to M phase transition in the cell cycle and the
maintenance of relatively slow G2 arrest are critical in order to protect cells from lethal ionizing
radiation (IR). Checkpoint kinase 1 (CHKZ) is pivotal in blocking the transition from G2 to M
phases in response to IR. The 14-3-3c protein is important for IR-induced G2 arrest maintenance
in which p53-dependent 14-3-30 transcription is involved. It has been demonstrated that Ring
finger protein 126 (RNF126), an E3 ligase, is required to upregulate CHK1 expression. Thus, our
goal was to study the role of RNF126 in the G2/M phase checkpoint.

Methods and Materials—The transition from G2 to M phases and G2 accumulation in
response to IR were determined by flow cytometry through staining with phospho-histone H3
(pS10) antibody and propidium iodide, respectively. The interaction of RNF126 and 14-3-3c
was determined by GST-pulldown and co-immunoprecipitation (co-1P) assays. The stability

of RNF126 and 14-3-3c was determined by cycloheximide (CHX) based stability assay and
ubiquitination detection by co-IP. The sequestering of CDK1 and cyclin B1 from the nucleus was
determined by immunofluorescence staining.

Results—RNF126 knockdown had no impact on the IR-induced transient blockage of G2

to M but impaired IR-induced G2 arrest maintenance in cells with or without wild-type p53.
Mechanistically, RNF126 binds 14-3-3¢ and prevents both proteins from ubiquitination-mediated
degradation. Last, RNF126 is required for enforcing the cytoplasmic sequestration of cyclin B1
and CDK1 proteins in response to IR.
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Conclusions—RNF126 promotes G2 arrest via interaction with 14-3-3a, in response to IR. Our
study revealed a novel role for RNF126 in promoting G2 arrest, providing a new target for cancer
treatment.

Introduction

Cells respond to interference in replication and DNA damage through the activation of
signal transduction pathways, more commonly known as checkpoints, in order to stop
progression of the cell cycle and to promote DNA repair 1. Such pathways lead to accuracy
in DNA replication and chromosome segregation. However, defective checkpoint responses
can lead to genome instability and even cell death 2. Thus, a favorable strategy in cancer
treatment is to target the proteins required for cell-cycle checkpoints.

Progression from the G2 phase to mitosis is regulated by a complex network of proteins.
Direct activation of the cyclin B1/ cyclin-dependent kinase 1 (CDK1) complex and
downregulation of its inhibitors control entry into mitosis 4. The cell cycle can be
interrupted by exogenous DNA damage, which includes DNA double-strand breaks (DSBs)
caused by ionization radiation (IR). When DNA damage occurs during the G2 phase,

a signaling cascade pathway controlling mitotic entry via regulation of cyclin B1/CDK1
complex is activated 5. This allows cells to repair DNA damage. Thus, the Go-M DNA
damage checkpoint in eukaryotic cells ensures that mitosis is not initiated until the repair of
damaged or incompletely replicated DNA is complete.

Two signaling cascades are important for G2/M checkpoints. Cellular progression from G2
into mitosis is inhibited rapidly by the first cascade and can be detected by the staining

of phospho-histone H3 (pS10) 7. G2 arrest maintenance is the second slower cascade,
which can be measured by propidium iodide staining and lasts for several hours after IR

8. In response to DNA damage, CHK1, a serine/threonine-specific protein kinase, becomes
activated 910 to prevent the activation of CDK1 and transiently inhibit mitotic entry from
G2 phase 1112, In addition, 14-3-30 plays a major role in the maintenance of G2 arrest in
response to DNA damage and is mostly regulated by p53 in response to DNA damage 13.

RNF126 is an E3 ubiquitin ligase that shows high expression in invasive breast and ovarian
cancers and acts as an indicator of a poor prognosis 141°. RNF126, by targeting various
proteins for degradation, has broad functions during cancer development 16-21, Recently,

a study suggested that RNF126 promotes the expression of CHK1 14, Thus, we want to
determine whether RNF126 plays a role in the DNA damage-induced G2/M checkpoint.

Surprisingly, we found that RNF126 has no effect on the IR-induced transient blockage

of G2 to M phases but promotes IR-induced G2 accumulation in cells, with or without
wild-type p53. RNF126 regulates G2 arrest by directly binding 14-3-3c via region “e” of
RNF126 from aa130-140 21, Most importantly, IR exposure induced RNF126 and 14-3-3c
protein stabilization via prevention of the degradation of these two proteins. Lastly, RNF126
depletion increased the proportion of cells with nuclear CDK1 and cyclin B1 staining.
Taken together, we identified a novel IR-induced G2 arrest pathway that depends on the
RNF126-mediated stabilization of 14-3-3c.
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Methods and Materials

Cell lines, plasmids, transfections, and inhibitors

MCF7, MDA-MB-231, SK-BR-3, and HEK293T cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM; Hyclone, Logan, UT, USA). HCC1143 cells were grown in
Roswell Park Memorial Institute (RPMI)-1640 medium (Hyclone) with the addition of
10% bovine growth serum (Hyclone) in 5% CO, with humidity at 37°C. RNF126 and
14-3-30 short hairpin RNAs (shRNAs) were supplied by Sigma—Aldrich (St Louis, MO,
USA). Flag-RNF126 wild type (WT) has been described in a recent study 18, His-14-3-3c
was obtained from Professor Haian Fu (Department of Pharmacology, Emory University,
Atlanta, GA, USA). Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) was used for
DNA-plasmid transfections performed in accordance with manufacturer’s suggestions. A
Ni-NTA Superflow Cartridge (Cat. 30721; Qiagen, Hilden, Germany) was used to generate
purified His-14-3-3o protein.

Real-time quantitative reverse transcription PCR

We performed real-time quantitative reverse transcription-PCR (QRT-PCR) as outlined
before 22, Primers are shown in the Supplementary Material.

Flow cytometry

Flow cytometry assay was conducted as previously reported 14. After fixation in ethanol,
cells were dually stained using propidium iodide (PI) and an anti-phospho-histone H3
(pS10) specific antibody with an Alexa Fluor 488 label (Cell Signaling Technology,
Danvers, MA, USA).

Cycloheximide assay

A cycloheximide assay was performed as previously described 23,

Antibodies

To detect proteins, antibodies were used as follows: anti-RNF126 (Santa Cruz
Biotechnology, Dallas TX USA, clone C-1, 1:200); anti-14-3-3¢ (Santa Cruz
Biotechnology, clone C-18, 1:200); anti-FLAG (Sigma-Aldrich, clone M2, 1:1000); anti-
GST (Santa Cruz Biotechnology, 1-109, 1:200), anti-B-actin (Sigma-Aldrich, clone AC-74,
1:50000); anti-His (Santa Cruz Biotechnology, Clone H-15, 1:200); and anti-phospho-
histone H3-Ser10 (Cell Signaling Technology, #3377S). Cell Signaling Technology’s goat
anti-mouse IgG-horseradish peroxidase (HRP) (#7076S, 1:1000) and goat anti-rabbit 1gG-
HRP (#7074S, 1:1000) were subsequently used as secondary antibodies. The primary
antibodies used for immunofluorescence were anti-CDK1 (Abcam, ab133327, 1:100), and
anti-cyclin B1 (Santa Cruz Biotechnology, sc-245, 1:100). Thermo Fisher Scientific’s goat
anti-mouse 1gG (H+L) Alexa Fluor 594 (A-11032, 1:400), and chicken anti-rabbit IgG
(H+L) Alexa Fluor 488 (A-21441, 1:400) were used as secondary antibodies.

Radiation sources
Cesium-137 gamma rays were used at a dose rate of 3.1 Gray/min to irradiate cells.
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Ubiquitination assay

Ubiquitination was detected after transiently co-transfecting cells with the indicated
plasmids. After incubating for 48 h, 5 uM MG132 was added to cells for 6 h. Ubiquitinated
proteins were immunoprecipitated by antibodies as indicated.

GST fusion proteins and pull-down assay

A glutathione S-transferase (GST) pull-down assay was performed according to a recent
study 22.

Immunoprecipitation and immunoblotting

Cellular samples were immunoprecipitated, electrophoresed and then immunoblotted as
described in a recent study 24,

Immunofluorescence assays

Immunofluorescence assays were performed as described in a recent study 23.

Results

1. RNF126 is required for G2 arrest without affecting the rapid transition from G2 to M
phases in response to IR

Given that RNF126 can regulate CHK1 protein expression 14, we wanted to determine
whether RNF126 affects the G2/M checkpoint. We first measured the effect of RNF126

on IR-induced blockage of a transient transition from a G2 to M phase by analyzing
phosphor-histone H3-Ser10 staining, which is widely used to show cells in the M phase. In
our study, both p53 wild-type (MCF7) and mutant (MDA-MB-231) cell lines were used. In
control cells, IR exposure induced a dramatic decrease in the percentage of M phase cells,
indicating an effective G2/M phase checkpoint that blocked the progression of G2 to M
phase following IR exposure. Surprisingly, a similar pattern was observed in cells depleted
of RNF126, indicating RNF126 is not necessary in the IR-induced blockage of the G2-M
transition, regardless of p53 expression status (Fig. 1A). We found similar results in MDA-
MB-231 and MCF7 cells using a second shRNA of RNF126 (Fig. S1A). We next determined
G2/M accumulation at different time points of IR (up to 8 h post-1R) using Pl staining.
Interestingly, RNF126 depletion reduced IR-induced G2/M accumulation, compared to cells
with intact RNF126, indicating that RNF126 depletion abolished IR-induced G2/M arrest
(Fig. 1B). The second RNF126 shRNA vyielded a similar result (Fig. S1B). Since RNF126
depletion did not affect the percentage of cells with mitotic entry, RNF126 depletion that
abrogated the IR-induced increase in the portion of G2/M phase cells could be due to a
reduced cell number in the G2 phase. Thus, RNF126 is necessary for maintaining G2 arrest
in cells with or without wild-type p53.

It has been suggested that G2 arrest occurs at much later times after IR (=24 h, post-IR) and
most likely represents the accumulation of cells that have been in earlier phases of the cell
cycle at the time of exposure to radiation. In addition, Ataxia-telangiectasia mutated ( ATM)
inhibition can enhance G2 arrest (=24 h, post-IR) 8. Thus, we next determined G2 arrest

in the extended hours after IR in both MCF7 and MDA-MB-231 cells, two cell lines with
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a different ability in arresting cells in the earlier phase of the cell cycle when challenged
with DNA damaging agents. It has been demonstrated that an arrest of earlier S and/or G1/S
phases occurs in MCF7 cells after treatment with DNA damaging agents 2526, suggesting
that the earlier phase of the cell cycle might have a minimal impact in G2 accumulation

in response to DNA damage because cells arrest in the earlier phase of the cell cycle. In
contrast, MDA-MB-231 cells cannot block cells in the G1/S phase in response to DNA
damage and are still able to move to the G2/M phase when challenged with DNA damaging
agents. Thus, the earlier cell-cycle phase affected G2 arrest. Our study suggests that RNF126
knockdown impaired G2 arrest at <24 h post-IR in both cell lines (Fig. 1, Fig. S2). However,
the G2 arrest at <24 h post-IR may be different to the G2 arrest that occurs much later
(=24h, post-IR) due to the following reasons: In support of the result from a previous report
that ATM inhibition enhances G2 arrest in later hours (=24 h, post-IR) &, ATM inhibition
indeed enhanced G2 arrest in MDA-MB-231 cells (=24 h, post-IR). However, in our study,
RNF126 knockdown had no impact on G2 arrest at later time points (=24 h, post-IR) in
MCF7 cells (Fig. S2B). As a control, the IR-induced blockage of a transient transition from
a G2 to M phase was monitored by analyzing phosphor-histone H3-Ser10 staining (Fig.
S2C). Therefore, it is most likely that G2 arrest detected <24 h post-IR might be different

to that are detected in later hours (=24 h, post-IR). RNF126 knockdown impaired G2 arrest
(<24 h) in cells, with or without ATM inhibition (Fig. S2).

2. RNF126 binds to 14-3-3¢ through aa130-140 (region “e”’) and the association of these
two proteins is increased in response to IR

RNF126 and Breast Cancer Associated gene 2 (BCA2) share 46% of overall amino acids,
and show 75% identity in RING domains. Consensus 14-3-3-binding sites (311-555 b for
RNF126) are encoded by both genes 27. A direct interaction between BCA2 and 14-3-3c
has been identified 28. Because of the activity of 14-3-3c in G2 arrest, a co-IP assay

was used to examine the association between RNF126 and 14-3-30. Flag-RNF126-WT

and His-14-3-3c were overexpressed in MCF7 cells. Immunoprecipitation of RNF126 was
conducted with an anti-Flag antibody, and exogenous His-14-3-3¢ was found in an anti-Flag
associated protein complex (Fig. 2A). Additionally, binding between endogenous RNF126
and 14-3-3c0 proteins was also detected in MCF7 as well as MDA-MB-231 cells using both
anti-14-3-3o (Fig. 2B) and RNF126 (Fig. S3A) antibodies. Thus, RNF126 and 14-3-3c
proteins are shown to interact in a physiological setting. To determine whether RNF126

can directly interact with 14-3-30, a GST pull-down assay was conducted. We purified
recombinant GST-RNF126-WT and His-14-3-3c proteins. The result suggested a direct
interaction between RNF126 and 14-3-3c (Fig. 2C). The “e” region of RNF126 from 130aa
to 140aa is located within a region that potentially interacts with 14-3-3c (Fig. 2D) 27. We
thus determined whether the “e” region of RNF126 was required for the interaction of these
two proteins. GST-RNF126-WT and GST-RNF126-Ae proteins were purified /7 vitro and
then incubated with cell lysates prepared from MCF7 cells transfected with His-14-3-3co-
expressing plasmid. The result suggested that GST-RNF126-WT interacted with 14-3-3a;
however, the association between GST-RNF126-Ae and 14-3-3¢ was significantly reduced
(Fig. 2E). This result was further verified using purified His-14-3-3o protein. GST-RNF126-
WT directly interacted with 14-3-3c whereas GST-RNF126-Ae impaired their interaction
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(Fig. 2F). Thus, our results suggest a direct interaction occurs between RNF126 and 14—
3-3a, with the “e” region of RNF126 important for the association of these two proteins.

Next, we examined the association between these two proteins in response to IR. We
determined whether the RNF126 and 14-3-30 interaction is increased using a co-IP assay.
Flag-RNF126-WT- and His-14-3-3a-expressing plasmids were transfected into HEK293T
cells (Fig. 2G). The amount of 14-3-3c that was associated with RNF126 increased after

IR since His-tagged 14-3-3o protein detected in anti-Flag immunoprecipitation complexes
was increased in irradiated cells in comparison to unirradiated cells. We next determined the
IR-induced association of endogenous RNF126 and 14-3-3c proteins by co-IP. Consistently,
the reciprocal endogenous interaction between RNF126 and 14-3-3¢ was increased in
response to IR in MCF7 (Fig. 2H) and MDA-MB-231 (Fig. S3B) cells. Additionally,

we also determined whether expression of Flag-RNF126-Ae led to a decrease in the
IR-induced association of RNF126 with 14-3-30. An immunoprecipitation assay was
undertaken using cell lysate prepared from MCF7 and MDA-MB-231 cells expressing
Flag-RNF126-WT or Flag-RNF126-Ae. In brief, cells were co-transfected with His-14-3-3c
and Flag-RNF126-WT or Flag-RNF126-Ae. His-14-3-3¢ and endogenous 14-3-3c were
detected in anti-Flag-RNF126-WT immunoprecipitates, especially in cells treated with IR.
However, reduced levels of His-14-3-3¢ and endogenous 14-3-3o proteins were detected
in anti-Flag-RNF126-Ae immunoprecipitates. A similar amount of Flag-RNF126-WT and
Flag-RNF126-Ae was immunoprecipitated (Fig. 21). In the same setting, Flag-RNF126-WT
was detected in anti-His or anti-14-3-3c immunoprecipitates, especially in the cells treated
with IR but a much less Flag-RNF126-Ae was detected (Fig.S3C). Lastly, the RNF126-Ae
expression reduced the association with 14-3-3c in the HEK293T cells (Fig. S3D). Thus,
our results suggest that the association of RNF126 and 14-3-3c increased upon IR in

both p53 wild-type and mutant cells and the region “e” of RNF126 is important for the
association of RNF126 and 14-3-3c.

IR-induced 14-3-30 protein expression depends on RNF126

14-3-30 protein expression increased in response to IR 29, Given the direct interaction of
RNF126 and 14-3-3c (Fig. 2), we next determined whether RNF126 was important for
IR-induced 14-3-3o protein expression. First, we measured the 14-3-3o protein level in
MCF7 and MDA-MB-231cells and found that it increased after IR (Fig. 3A). Two additional
p53 mutant cell lines showed similar results. RNF126 knockdown impaired G2 arrest,
which is associated with increased 14-3-3o protein levels (Fig. S4A). Impaired G2 arrest
was also found in such cells (<24 h, post-IR; Fig. S4B, C). However, IR only induced
14-3-30 transcript expression in MCF7 but not MDA-MD-231 cells (Fig. 3B), as found

in a previous report, suggesting that IR induces an increase in 14-3-3c transcript in cells
with wild-type p53 30. We next determined how RNF126 depletion affected IR-induced 14—
3-3c expression. 14-3-3c expression induced by IR in both MCF7 and MDA-MB-231 cells
was abrogated when RNF126 was downregulated using two different sShRNAs (Fig. 3C).
However, this effect was not associated with transcriptional regulation since an identical
level of 14-3-3¢ transcripts was found, with or without RNF126 knockdown, in MCF7 as
well as MDA-MB-231 cell lines (Fig. 3D). Thus, Fig. 3 suggests that RNF126 is necessary
for IR-induced 14-3-3c protein expression, even in cells with mutant p53.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 February 01.
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4. RNF126 is required for 14-3-3c protein stability in response to IR

RNF126 is an E3 ligase. To determine whether RNF126 with defective E3 ligase function
is involved in the regulation of 14-3-3o protein expression, wild-type RNF126 and RNF126
E3 ligase mutant (Flag-RNF126-C229A/-C232A) plasmids were overexpressed in MCF7
and MDA-MB-231 cells. 14-3-3c protein increased in both RNF126 E3 ligase mutant and
wild-type RNF126—expressing cells (Fig. 4A). This indicated that the loss of E3 ligase
function does not interfere with 14-3-3c protein expression. We next measured the effect
of RNF126 on the half-life of 14-3-3¢ protein by CHX assay in MCF7 cells. We found
that RNF126 depletion reduced the half-life of 14-3-3o protein (Fig. 4B). This suggested
that RNF126 might prevent the degradation of 14-3-3o protein. Furthermore, we found
that the prevention of 14-3-3o degradation by RNF126 requires interaction between these
two proteins, since the expression of RNF126-Ae failed to cause increased 14-3-3c protein
expression (Fig. 4C). Therefore, although RNF126 is an E3 ligase, RNF126 overexpression
led to increased 14—-3-3c protein expression independent of its E3 ligase activity. This

also supports the hypothesis that RNF126 stabilizes 14-3-3o as a result of the direct
interaction of these two proteins. Therefore, we next observed the impact of expression of
RNF126-Ae on IR-induced 14-3-3o protein expression. Flag-RNF126-WT overexpression
led to increased 14-3-3c protein expression. However, IR-induced 14-3-3 protein was
abrogated in cells expressing Flag-RNF126-Ae (Fig. 4D). We next determined the 14-3-3c
ubiquitination level in cells with or without RNF126 depletion, in MCF7 and also MDA-
MB-231 cells. As anticipated, RNF126 deficiency increased the ubiquitination level of 14—
3-30, especially in irradiated cells (Fig. 4E). Thus, our results suggest that RNF126 is
important for 14-3-3c stability in response to IR by preventing its ubiquitination-dependent
degradation.

5. IR-induced RNF126 is stabilized by binding 14-3-3¢

A previous report showed that BCA2, which shares a similar protein structure with RNF126,
is stabilized by substrate interactions with 14-3-3c 28, Since IR induced both RNF126

and 14-3-3o expression simultaneously (Fig. 3A and Fig. 5A), and IR-induced 14-3-3c
protein expression depends on RNF126 (Fig. 3), we hypothesize that 14-3-3c promotes
RNF126 stability as well. Indeed, 14-3-3c knockdown leads to decreased RNF126 protein
expression, which correlated with a decreased half-life and increased RNF126 ubiquitination
(Fig. 5B-D). Therefore, it is possible that the stability of RNF126 is also dependent on
14-3-30. The region “e” of RNF126 is critical for RNF126 protein stability 2%, Next,

we measured levels of Flag-RNF126-Ae protein after treating cells with a proteasome
inhibitor, MG132. Equal amounts of Flag-RNF126-WT and Flag-RNF126-Ae plasmids were
co-expressed in MCF7 cells. Lysates were collected after treating cells with or without
MG132. In the presence of MG132, Flag-RNF126-Ae protein expression was restored

to the levels of Flag-RNF126-WT (Fig. 5E, lower panel). In contrast, mRNA levels

of Flag-RNF126-Ae were similar to those of Flag-RNF126-WT (Fig. 5E, upper panel),
indicating that low expression of Flag-RNF126-Ae is not due to regulation at the mRNA
level; RNF126-Ae protein was degraded via proteasome-dependent mechanisms. We next
determined the RNF126 ubiquitination level. MCF7 cells co-expressing HA-Ub plasmids
and Flag-RNF126-WT or Flag-RNF126-Ae were treated with MG132, or dimethyl sulfoxide
control. Cell lysates were coimmunoprecipitated with Flag antibody, and the RNF126
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ubiquitination level was detected using HA antibody. The ubiquitin level of RNF126 was
lower compared to cells expressing RNF126-Ae, especially in cells treated with IR (Fig.
5F). Given the “e” region is important for the binding of RNF126 to 14-3-3c, stabilization
of RNF126 might depend on binding to 14-3-3o. In support of the result showing that
14-3-30 is also necessary for IR-induced RNF126 protein stability, the increase in IR-
induced RNF126 protein expression was abrogated in cells depleted of 14-3-3a by two
different shRNAs (Fig. 5G). However, depletion of 14-3-3¢ had no effect on the RNF126
MRNA level in MCF7 as well as MDA-MB-231 cells, indicating that 14-3-3o regulates
RNF126 protein stability but not RNF126 transcripts (Fig. 5H). Therefore, collectively, our
results suggest that 14-3-3o also, in turn, protects RNF126 from ubiquitination-dependent
degradation.

6. RNF126 is required for sequestering CDK1 and cyclin B1 from the nucleus

As one of the key protein kinases for G2/M transition, CDKZ1 binds to and is activated by
its activating partner, cyclin B1 11, Given that 14-3-3c regulates G2 arrest via sequestration
of CDKl1/cyclin B1, we next determined how the RNF126 status regulates the localization
of CDK1/cyclin B1. By immunostaining, we evaluated the localization of CDK1/cyclin B1
in MCF7 cells with or without RNF126 depletion. Prior to IR, the knockdown of RNF126
caused the nuclear import of a small amount of CDK1/cyclin B1. However, the amount

of CDK1/cyclin B1 nuclear staining was dramatically higher in cells with an RNF126
deficiency in response to IR at 4 h post-IR (Fig. 6A, B). In addition, region “e” is necessary
for the sequestration of CDK1/cyclin B1, since overexpression of Flag-RNF126-Ae also
led to the increased nuclear import of CDK1/cyclin B1. However, cells overexpressing
Flag-RNF126-WT caused the decreased nuclear import of CDK1/cyclin B1 (Fig. 6C and
Fig. S5). Moreover, the same results were also found in MDA-MB-231 cells (Fig. S6 and
Fig. S7). Together, our results suggest that RNF126 is required for the IR-induced nuclear
import of CDK1/cyclin B1 in cells with or without wild-type p53, which is consistent with
its role in the maintenance of G2 arrest.

Discussion

DNA damage—induced cell-cycle checkpoints protect cells from the lethal effects of IR.
Elucidating the mechanisms involved in cell-cycle regulation might uncover new molecular
targets for cancer therapy, especially for radiotherapy. Our study identified a novel role for
RNF126 in DNA damage—induced G2 arrest via regulation of 14-3-3o protein stability.

In addition, our study discovered a novel mechanism governing G2 arrest in which the
interaction of RNF126 and 14-3-3c is required.

Although RNF126 regulates CHK1 expression 14, our study suggests that RNF126 has no
role in the transient movement of G2 to M phase in response to IR (Fig. 1); this may be
due to compensation by CHK2. CHK1 is thought to respond mostly to single-strand breaks,
which are created during the collapse of replication forks. However, the major kinase that
responds to DSBs is thought to be CHK?2 31-33, Therefore, CHK2 could compensate for
the defect in blockage of G2 to M transition 34. In addition, it also likely that reduced
CHK1 expression in cells with RNF126 downregulation is still sufficient to function in

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 February 01.
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G2/M checkpoints. Of note, it has been suggested that the radiation-induced phosphorylation
of CHK1 was associated with CHK1 binding to 14—3-3c 3°. Thus, we cannot exclude the
possibility that the role of RNF126 in G2 arrest and CDK1 translocation is also associated
with CHK1 activity.

The 14-3-3 family constitutes a conserved class of seven isoforms and takes part in many
cellular processes 36-38. In the presence of DNA damage, CDK1 is activated through
dephosphorylation by the CDC25 phosphatase family 3°. Various 14-3-3 isoforms are
important for DNA damage—induced G2/M checkpoints by binding to CDC25 proteins
4041 For instance, 14-3-3 proteins reduce CDC25 activity in Xenopus via direct binding
42, 14-3-3p binding to CDC25B leads to imperfect nuclear import that causes the majority
of CDC25B to relocalize to the cytoplasm. This leads to the exclusion of CDC25 from

the nucleus or its sequestration in the cytoplasm and, in turn, fails to activate the CDK1/
cyclin B complex. However, this does not occur for 14-3-30 3. In contrast, 14-3-3c
promotes G2 arrest by enforcing sequestration of the CDK1/cyclin B complex #4. It has been
demonstrated that the CDK1/cyclin B complex is important to DNA damage-induced G2/M
checkpoint activation, which requires the transcriptional induction of 14-3-3c via p53.
Hermeking et al. also found IR led to the upregulation of 14-3-3o by p53, allowing DNA
damaged cells to be retained in a G2-arrested state, functioning in parallel with p21 30:45:46,
Here, we provide strong evidence suggesting that RNF126 has a novel role in promoting
G2 arrest. Therefore, we reveal an unrecognized mechanism that promotes G2 arrest, in
which the direct binding of RNF126 and 14-3-3c is required. We hypothesize that the
association and stabilization of RNF126 and 14-3-3-a is required for G2 arrest. However,
the mechanisms by which protein stabilization occur remain unknown. The interaction of
these two proteins can interrupt ubiquitination-mediated degradation. It has been suggested
that 14-3-3c affects the auto-ubiquitination and auto-degradation activity of BCA2, a close
relative of RNF126 28, It would be very interesting to determine whether 14-3-3c affects
RNF126 stability by suppressing RNF126 self-ubiquitination. Of note, although our study
suggested a role for RNF126 in the maintenance of G2 arrest in the cells, with or without
wild type p53, we cannot exclude the involvement of p53 since MCF7 and MDA-231

cells are not isogenic paired cell lines. Additionally, a recent study has demonstrated that
RNF126 promotes homologous recombination repair that relies on its interaction with

the transcriptional regulator, E2F1. However, this regulation is independent of E3 ligase
activity 4. This study has yielded evidence to support a novel function of RNF126 in the
maintenance of G2 arrest that is not based on its E3 ligase activity. Therefore, the results
reported in this study as well as in our prior work suggest that E3 ligase protein can function
using an E3 ligase—independent mechanism.

Our discoveries raise two intriguing questions. First, given 14-3-3 are phosphorylation
binding proteins, it would be of interest to know if IR can induce the phosphorylation of
RNF126. Second, further research is required to clarify how the direct binding of RNF126
and 14-3-3o prevents the degradation of RNF126. This is a common mechanism by which
protein—protein interaction blocks the accessibility of E3 ligase to target proteins, leading to
stabilization. However, this needs to be tested in the future.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 February 01.
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Based on the experimental data described above, our study has established a novel role
for RNF126 in promoting G2 arrest via interaction with 14-3-3c. This suggests that even
in p53-defective tumor cells, the RNF126/14-3-3c pathway can still mediate G2 arrest,
highlighting its usefulness as a therapeutic target.
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Figure 1. RNF126 is required for G2 arrest without affecting the rapid transition from G2 to M

in response to IR.

(A) RNF126 deficiency has no effect on the mitotic ratio in MCF7 and MDA-MB-231

cells following ionizing radiation (IR; 8 Gy). Protein levels were assessed with western
blotting. p-actin was used as a loading control (left panel). Early G2/M checkpoint data were
quantitated using phosphor-histone H3-Ser10 antibody (right panel). (B) The percentage of
total cells in G2/M phase after RNF126 knockdown, with or without IR (8 Gy), in both
MCF7 (upper panel) and MDA-MB-231 (lower panel) cells. ShRNA, short hairpin RNA.
**P< 0.01, ***P<0.001, ****P< 0.0001. All data represent the mean + SEM from three
independent experiments. Statistical significance was determined using Student’s ftest.
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Figure 2. RNF126 binds to 14-3-3¢ through aal30-140 (region “e”) and the association of these
two proteins is increased in response to IR.

(A) RNF126 associates with 14-3-3c in an immunoprecipitation (IP) assay. HEK293T cells
were co-transfected with Flag-RNF126-wild type (WT) and His-14-3-3c plasmids. Cell
lysates were immunoprecipitated with Flag-specific antibody. (B) Endogenous interaction
between RNF126 and 14-3-3o. (C) RNF126 directly binds to 14-3-3o by using a
Glutathione S-transferase (GST)—pull down assay. (D) The schematic map for region “e”
from 130 to 140aa in RNF126. (E, F) Region “e” of RNF126 was necessary for the
association with 14-3-3o. His-14-3-3c plasmid was transfected into MCF7 cells (E).
His-14-3-3c protein was purified using a Ni-NTA Superflow Cartridge (F). Cell lysate or
purified 14-3-3c protein was incubated with purified GST-RNF126-WT or GST-RNF126-
Ae proteins. A GST-pull-down assay was conducted as described. Purified GST-RNF126
protein-WT or GST-RNF126-Ae were generated from Escherichia coli. GST proteins were
detected using a Ponceau S stain (C, E, and F). (G) The exogenous interaction between
RNF126 and 14-3-3c was increased upon ionizing radiation (IR). HEK293T cells were
transfected with Flag-RNF126-WT and His-14-3-3c plasmids. After transfection for 48 h,
cells were then irradiated (8 Gy, 2 h). (H) The reciprocal endogenous interaction between
RNF126 and 14-3-3c was increased in a reaction to IR. MCF7 cells were collected after
irradiation (8 Gy, 2 h). (I) The region “e” of RNF126 is important for the interaction
between RNF126 and 14-3-3c in response to IR. Flag-RNF126-WT or Flag-RNF126-Ae
plasmid were co-transfected with His-14-3-3c in MCF7 and MDA-MB-231 cells. Cells
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were irradiated (8 Gy, 2 h). A co-immunoprecipitation (co-1P) assay was performed as
outlined in Methods and Materials.
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Figure 3. IR-induced 14-3-3¢ protein expression depends on RNF126.
(A) An increase in the 14-3-3o protein level was found in response to ionizing radiation

(IR; 8 Gy) in MCF7 and MDA-MB-231 cells. The quantification of western blot results

is shown (right panel). (B) lonizing radiation (8 Gy) induced an increase in the 14-3-3c
MRNA level in MCF7 but not MDA-MB-231 cells. (C) Knockdown of RNF126 abrogated
IR-induced 14-3-3¢ protein expression (8 Gy, 2 h). (D) Knockdown of RNF126 had no
effect on the IR-induced mMRNA level of 14-3-3o (8 Gy, 2 h) as measured by quantitative
reverse transcription PCR (qRT-PCR). GAPDH mRNA was used to normalize data, which
was expressed relative to that of non-irradiated cells. NS, not significant, **P < 0.01, ***P<
0.001. Data represent the mean + SEM of three independent experiments. One-way ANOVA
with Bonferroni post hoc analysis for multiple comparisons was used to check statistical
significance. shRNA, short hairpin RNA.
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Figure 4. RNF126 is required for 14-3-3e protein stability in response to IR.
(A) MCF7 and MDA-MB-231 cells overexpressing Flag-RNF126-WT and Flag-RNF126-

C229A/C232A led to increased expression of 14-3-3c protein. (B) RNF126 depletion
induced an increased 14-3-3o degradation rate. After treatment with cycloheximide (CHX;
100 mg/mL), MCFT7 cells that underwent or did not undergo RNF126 knockdown were
collected at various time points (left panel). Three independent experiments were used

to quantify the 14-3-3c protein degradation rate (right panel). Data represent the mean

+ SEM of three independent experiments. Statistical significance was determined using
Student’s ftest. *P< 0.05, **P <0.01. (C) Overexpression of Flag-RNF126-Ae, a mutant
lacking aa130-140 residues, caused decreased 14-3-3o protein expression compared to
Flag-RNF126-WT overexpression. (D) Flag-RNF126-Ae transfection decreased 14-3-3c
protein expression, especially in irradiated MCF7 cells (IR). Cell lysates were collected
after treatment with or without ionizing radiation (IR; 8 Gy, 2 h). (E) RNF126 deficiency—
induced 14-3-3c¢ ubiquitination (Ub) was increased in response to IR (8 Gy, 2 h). IP,
immunoprecipitation; shRNA, short hairpin RNA.
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Figure 5. IR-induced RNF126 is stabilized by binding with 14-3-3c.
(A) RNF126 protein expression increased in response to ionizing radiation (IR) in MCF7

and MDA-MB-231 cells. Cells were irradiated and harvested at the indicated time points

(8 Gy). (B) Knockdown of 14-3-3c decreased the RNF126 protein level. (C) A deficiency
of 14-3-3c induced an increased RNF126 degradation rate. MCF7 cells, with or without
14-3-30 knockdown, were exposed to cycloheximide (CHX; 100 mg/mL). After harvesting
at various time points (left panel), the RNF126 protein degradation rate was quantified
(right panel). Data represent the mean + SEM of three independent experiments. Statistical
significance was determined using Student’s ztest. ***P <0.001. (D) Knockdown of
14-3-3¢ induced RNF126 ubiquitination (Ub). (E) RNF126-Ae protein expression (lower

panel) but not the mRNA level (upper panel) was restored to the levels of the Flag-RNF126-

wild type (WT) after MG132 treatment (5 pg/mL, 6 h). (F) The ubiquitination level of
RNF126-Ae was increased compared to RNF126-WT, especially upon irradiation (IR; 8
Gy, 2 h). (G) Knockdown of 14-3-3c abrogated IR-induced RNF126 protein expression
(8 Gy, 2 h). (H) Knockdown of 14-3-3a had no effect on the IR-induced mRNA level
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of RNF126. GAPDH mRNA was used to normalize data, expressed relative to that for
non-irradiated cells. Data represent the mean + SEM of three independent experiments.
One-way ANOVA with Bonferroni post hoc analysis for multiple comparisons was used

to check statistical significance. NS, not significant; HA, HA-Ub; IP, immunoprecipitation;
shRNA, short hairpin RNA.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Faetal.

Page 20

c MCF7 MCF7
M Vector B Vecior
MCF7 MCF7 M Flag-RNF126-WT B Flag-RNF126-WT

M shcon L I shoon Flag-RNF 126-Ae 8 Flag-RNF126-A
» " N ] b o g <o-Ae
& 40™ ShRNF126 B 45, ™ shRNF126 % 100 —==t 0 B
48 @ . . @
¥ 3 = x - c 15 X
'}f ';_? T 50 (:) 10
= o x @
24 2 . e @
E ‘5‘ ‘-‘ n D‘ S
© - B .. E
= [=] 9 0 ey e o 0

NO-IR IR =2 NO-IR IR = R s = = & »-F £ IR

NO-IR IR
shcon shRNF126 shcon shRNF126

CDK1

Cyclin B1

DAPI

Merge

Figure 6. RNF126 is necessary for sequestering CDK1 and cyclin B1 from the nucleus.
(A) The percentages of cells with positive cyclin B1 and CDK1 staining in MCF7 cells,

with or without RNF126 knockdown, in response to ionizing radiation (IR; 8 Gy, 4 h), using
an immunofluorescence assay. (B) Representative images of CDK1 and cyclin B1 staining.
Scale bar, 100 um. (C) The percentages of cells showing positive CDK1 and cyclin B1
staining. Data represent the mean + SEM of three independent experiments. *P <0.05; **P
<0.01, ***P <0.001, ****P <0.0001. One-way ANOVA, followed by a Bonferroni post
hoc test, was used to determine statistical significance. shRNA, short hairpin RNA.
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