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a b s t r a c t

Zscan4 is an early embryonic gene cluster expressed in mouse embryonic stem and induced pluripotent
stem cells where it plays critical roles in genomic stability, telomere maintenance, and pluripotency.
Zscan4 expression is transient, and characterized by infrequent high expression peaks that are quickly
down-regulated, suggesting its expression is tightly controlled. However, little is known about the
protein degradation pathway responsible for regulating the human ZSCAN4 protein levels. In this study
we determine for the first time the ZSCAN4 protein half-life and degradation pathway, including key
factors involved in the process, responsible for the regulation of ZSCAN4 stability. We demonstrate lysine
48 specific polyubiquitination and subsequent proteasome dependent degradation of ZSCAN4, which
may explain how this key factor is efficiently cleared from the cells. Importantly, our data indicate an
interaction between ZSCAN4 and the E3 ubiquitin ligase RNF20. Moreover, our results show that RNF20
depletion by gene knockdown does not affect ZSCAN4 transcription levels, but instead results in
increased ZSCAN4 protein levels. Further, RNF20 depletion stabilizes the ZSCAN4 protein half-life, sug-
gesting that RNF20 negatively regulates ZSCAN4 stability. Due to the significant cellular functions of
ZSCAN4, our results have important implications in telomere regulation, stem cell biology, and cancer.
© 2018 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

The embryonic gene Zscan4 (Zinc finger and SCAN domain
containing 4) promotes telomere and genomic stability in mouse
embryonic stem (ES) cells [1]. Knockdown of Zscan4 in mouse ES
cells results in telomere shortening and karyotype abnormalities,
slowing cell proliferation until reaching culture crisis. Zscan4 is
highly but transiently expressed [1], with protein expression bursts

that facilitate chromatin remodeling [2,3] and transcriptional
reprogramming during the generation of induced pluripotent stem
(iPS) cells [4e6]. A short expression burst of Zscan4 was further
demonstrated to replace Myc and enhance the efficiency of mouse
iPS cell formation through activation of early embryonic genes [4].
The human ZSCAN4 has been shown to interact with factors
important for telomere maintenance [7,8], and has been suggested
to play a role in cancer [1,8]. Given the important role of ZSCAN4
and its transitory nature in the cell [1,9], maintaining the delicate
balance between its protein synthesis and degradation is critical for
stem cell and potentially cancer cell function.

Concentrations and spatial gradients of specific proteins must
be able to rapidly change in response to extracellular cues and ac-
cording to current cell state [10]. Small protein imbalances can
drastically impact such important cellular processes. Therefore,
intracellular protein degradation and turnover play a significant
role in cell life cycle [11]. Two major pathways responsible for the
degradation of proteins in cells are autophagy and the ubiquitin
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proteasome system (UPS). Autophagy is the process responsible for
degradation of longer lived, structural proteins and organelles. This
process depends on the formation of a double membrane auto-
phagosome, which takes up its cargo and subsequently fuses with
lysosomes, leading to degradation [12,13]. The canonical UPS is an
ATP-dependent degradation pathway [14]. Proteins are marked for
proteasomal degradation by ubiquitin, a small 8.5 kDa regulatory
protein, which is added to lysine residues of the target protein.
Polyubiquitination, or formation of an ubiquitin side chain, spe-
cifically on lysine residue 48 of the ubiquitin moieties, targets
proteins to the 26S proteasome for degradation. The ubiquitination
process involves three steps: activation of the ubiquitin molecule
by E1 ubiquitin enzymes, conjugation of ubiquitin to an E2 ubiq-
uitin ligase, and ligation of the ubiquitin molecule to substrate. E3
ubiquitin ligases play a particularly important role as they connote
substrate specificity and facilitate the ligation of the ubiquitin
molecule to the target protein [15].

Transient expression of high levels of Zscan4 [1] leads to drastic
changes in stem cell properties and potency [2,3]. Therefore,
stringent regulation of the ZSCAN4 protein is required to effectively
control its cellular functions. However, the regulation of human
ZSCAN4 protein, and more specifically its turnover dynamics, re-
mains obscure. As a growing body of evidence suggests a significant
role for ZSCAN4 in stem cells and cancer, knowledge of its protein
regulation is critical. In this study, we demonstrate for the first time
that ZSCAN4 protein degradation is regulated by the ubiquitin-
proteasome system. Further, we identify the E3 ubiquitin ligase
RNF20 as an important negative regulator of ZSCAN4 protein
stability.

2. Materials and methods

2.1. Cell culture

Tu167 cells were obtained from the University of Texas MD
Anderson Cancer Center (Houston, TX, USA). All cell lines used in
this study were grown in complete DMEM medium (Invitrogen)
supplemented with 10% fetal bovine serum (Sigma), 2mM Gluta-
MAX, penicillin (100 U/mL), streptomycin (100 mg/mL) and were
tested free of mycoplasma.

2.2. RNF20 knockdown by siRNA

Wild type (WT) Tu167 cells were grown in monolayer to 70%
confluence and transfected with 25 nM of either ON-TARGETplus
individual siRNAs (targeting sequences GCUAAACAGUGGA-
GAUAAU and GUAUCAUCCUUAAACGUUA) or SMARTpool siRNA
reagent targeting human RNF20 (Dharmacon). For non-targeting
control conditions, Tu167 cells were transfected with 25 nM
MISSION siRNA Fluorescent Universal Negative Control siRNA
(Sigma). Cells were transfected using DharmaFECT reagent (Dhar-
macon) according to manufacturer's instructions. Knockdown was
confirmed after 48 h incubation by immunoblot.

2.3. Determination of ZSCAN4 half-life

WT and doxycycline (Dox) inducible tet-ZSCAN4 Tu167 cells
were treated with 1 mg/mL Dox (or kept untreated) for 24 h to
induce ZSCAN4. For RNF20 knockdown, WT Tu167 cells were
transfected for 48 h with either NTC-siRNA, pool RNF20 siRNA or
RFN20 siRNA1-2 as described above. Cells were treated with 25 mg/
ml CHX (Sigma), for the indicated time points. Total cell lysate in
RIPA buffer was loaded on 10% SDS PAGE gel and immunoblotted
with ZSCAN4 antibodies (1:1000; Origene) or controls, b-actin
(1:1000; Millipore) and Lamin B antibodies (1:2000; Santa Cruz).

Band intensities of ZSCAN4 were quantified using ImageJ software
[16] and normalized to controls. The relative levels of ZSCAN4 in
sample not treated with CHX was considered as initial level of
ZSCAN4 and considered as 1 unit. The half-life of ZSCAN4 was
determined using formula t1/2¼ ln2/k (k is the slope of the
degradation curve).

2.4. Autophagy pathway assay

tet-ZSCAN4 Tu167 cells were treated for 24 h with Dox and then
autophagy inhibitors: 5 nM of Bafilomycin A1 or 25 mM of Chloro-
quine (Sigma) were added for 24 h.Whole cell lysate (50 mg) in RIPA
buffer was used on 8% SDS-PAGE analyzed by immunoblot to
visualize the following antigens: anti-ZSCAN4 (1:1000; Origene),
anti-p62 (1:5000; Sigma), anti-LC3 (1:1000; CellSignaling Tech-
nology), Anti-Beta Actin (1:10,000; Millipore). All data shown
represent at least 3 independent experiments.

2.5. Immunoblot analysis

Nuclear proteins were fractionated using Nuclear Extraction Kit
following manufacture's protocol (Active Motif). Total cell lysate
was prepared in RIPA buffer and sonicated. For the detection of
endogenous ZSCAN4 in Tu167 cells, cells were harvested by accu-
tase (Millipore) and Cytoskeleton buffer (10mM PIPES, 300mM
sucrose, 100mM NaCl, 3mM MgCl2, 1 mM EGTA and 0.5% Triton
X100) was used to fractionate cytosolic proteins. Then, pellets were
lysed in urea solution (8 M Urea in 0.01 Tris pH 8 þ 0.1 M NaH2PO4)
and sonicated. Nuclear proteins were electrophoresed in 8% poly-
acrylamide gels and transferred to a PVDF membrane. Immunoblot
was performed using the following primary antibodies: ZSCAN4
(Origene; 1:1000), GAPDH (Santa Cruz; 1:5000), Actin (Sigma;
1:500), Lamin B (Santa Cruz; 1:2000) and with HRP (horseradish
peroxidase) conjugated secondary antibodies (Millipore; 1:5000).
Protein bands were detected using Pierce ECL Western Blotting
Substrate (Thermo Scientific). SuperSignal West Femto (Thermo
Scientific) was used to detect endogenous ZSCAN4 in Tu167 cells.
All immunoblots shown represent at least 3 independent
experiments.

2.6. Ubiquitination assay

WT Tu167 cells were treated with indicated concentration of
MG132 for 3e12 h. Cells treated with vehicle only were used as
controls. Nuclear protein was isolated using urea extraction buffer.
Then, 100 mg of nuclear lysate was diluted in IP-RIPA buffer with
0.1% SDS and denatured by heating to 90 �C for 10min. Samples
were taken for co-immunoprecipitation and immunoblot analyses.

2.7. Co-immunoprecipitation

WT Tu167 were lysed in RIPA buffer and sonicated. Protein A/G
beads (Invitrogen) were incubated with 1 mg of anti-ZSCAN4 in 100
mL of RIPA buffer without SDS for 1 h at room temperature. Then,
the beads were washed twice with RIPA buffer and crosslinked to
the beads with 5mM BS3 solution (ThermoFisher Scientific) ac-
cording to manufacturer's protocols. Then the beads were pre-
cleared with 100 mg of nuclear lysate in 100 mL IP buffer without
SDS (Cell Signaling Technology) overnight at 4 �C. Cell lysates were
loaded and bound antigens were eluted with 25 mL RIPA with 0.1%
SDS and 25 mL of 2x loading dye. Proteins were separated in 10% SDS
PAGE and immunoblotted with corresponding antibodies.
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