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Non-canonical deubiquitination of OTUB1 induces IFNγ-
mediated cell cycle arrest via regulation of p27 stability
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The deubiquitinase OTUB1, implicated as a potential oncogene in various tumors, lacks clarity in its regulatory mechanism in tumor
progression. Our study investigated the effects and underlying mechanisms of OTUB1 on the breast cancer cell cycle and
proliferation in IFNγ stimulation. Loss of OTUB1 abrogated IFNγ-induced cell cycle arrest by regulating p27 protein expression,
whereas OTUB1 overexpression significantly enhanced p27 expression even without IFNγ treatment. Tyr26 phosphorylation residue
of OTUB1 directly bound to p27, modulating its post-translational expression. Furthermore, we identified crucial lysine residues
(K134, K153, and K163) for p27 ubiquitination. Src downregulation reduced OTUB1 and p27 expression, suggesting that IFNγ-
induced cell cycle arrest is mediated by the Src-OTUB1-p27 signaling pathway. Our findings highlight the pivotal role of OTUB1 in
IFNγ-induced p27 expression and cell cycle arrest, offering therapeutic implications.

Oncogene; https://doi.org/10.1038/s41388-024-03042-z

INTRODUCTION
OTUB1, a deubiquitinating enzyme (DUB) in the OTU-containing
protein family, is predominantly expressed in various tumor types
[1, 2]. It has been reported that OTUB1 acts either as a
conventional DUB by directly cleaving ubiquitin chains or hinders
substrate ubiquitination through non-canonical interference with
the activities of E2 [1, 3, 4]. Notably, the non-canonical pathway
operates independently of catalysis, with studies indicating that
OTUB1’s deubiquitination in this mode affects protein stability by
sequestering E2 enzymes from target protein substrates [5, 6].
Recent findings highlight the inhibitory effect of non-canonical
OTUB1 activation on HIF-1α protein degradation, resulting in
cellular metabolic adaptation and hypoxia resistance [7]. Our
previous research demonstrated that OTUB1 regulates Raptor
stability through E2 enzyme-mediated ubiquitination in a non-
canonical manner [2]. This non-canonical pathway is closely
related to the response of tumor cells to antitumor agents.
However, the full scope of the additional biological functions
governed by non-canonical OTUB1 remains largely unexplored.
Research has consistently demonstrated the pro-apoptotic

effects of Interferon‐gamma (IFNγ) on various tumor cell types
[8, 9]. However, conflicting findings exist regarding its overall
biological impact on tumors [10–12]. IFNγ induces cell cycle arrest
and apoptosis in tumor cells via the JAK-STAT-caspase pathway
[13]. For instance, IFNγ treatment selectively induces pro-
apoptotic effects in tumor-initiating colon cancer cells [14].

Conversely, low-dose IFNγ treatment facilitates stem-like proper-
ties through the ICAM1-PI3K-Akt-Notch1 pathway, ultimately
fostering tumor growth [15]. Despite extensive investigation into
the IFNγ signaling pathway, the precise regulatory mechanisms
governing IFNγ signaling and its impact on cell cycle arrest remain
unclear. p27 has a pivotal role in mediating IFNγ-induced cell cycle
arrest [16]. The Skp2/p27 signaling axis plays a dual role in IFNγ-
induced tumor growth inhibition and G1 arrest in melanoma cells
[17]. Multiple studies have been reported that p27 expression and
function is predominantly through post-transcriptional level, both
at translation and degradation stages [18, 19].
In this study, we investigated the impact of OTUB1 on IFNγ-

induced cell cycle arrest and its regulatory mechanism. OTUB1
deletion hindered IFNγ-mediated cell cycle arrest by down-
regulating p27 protein expression. Furthermore, we identified a
non-canonical modulation of OTUB1-mediated p27 protein
stability. The phosphorylation of OTUB1 at Tyr26 emerged as a
critical factor in IFNγ-induced p27 upregulation.

RESULTS
IFNγ upregulates p27 expression and OTUB1 phosphorylation
at Tyr26
To understand the impact of DUBs on p27 expression, we
investigated the OTU family of DUBs and their regulation of p27
protein expression. Among the tested DUBs, silencing OTUB1 with

Received: 10 January 2024 Revised: 16 April 2024 Accepted: 16 April 2024

1Department of Immunology, School of Medicine, Keimyung University, Daegu 42601, South Korea. 2Department of Microbiology, Immunology, and Cancer Biology, University of
Virginia, Charlottesville, VA 22908, USA. 3Center for Forensic Pharmaceutical Science, Keimyung University, Daegu 42601, South Korea. 4School of Life Sciences, BK21 Plus KNU
Creative BioResearch Group, College of Natural Sciences, Kyungpook National University, Daegu 41566, South Korea. 5Department of Pharmacology, School of Medicine,
Kyungpook National University, Daegu 41944, South Korea. 6Research Institute of Biomedical Engineering and Department of Medicine, Catholic University of Daegu School of
Medicine, Daegu 42472, South Korea. 7Department of Biochemistry, Chungbuk National University, Cheongju 28644, South Korea. 8Department of Biopharmaceutical
Convergence, Sungkyunkwan University, Suwon 16419, South Korea. 9Department of Food Science and Biotechnology, Kyungpook National University, Daegu 41566, South
Korea. ✉email: kwontk@dsmc.or.kr

www.nature.com/oncOncogene

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-03042-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-03042-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-03042-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-03042-z&domain=pdf
http://orcid.org/0000-0001-8186-0886
http://orcid.org/0000-0001-8186-0886
http://orcid.org/0000-0001-8186-0886
http://orcid.org/0000-0001-8186-0886
http://orcid.org/0000-0001-8186-0886
http://orcid.org/0000-0003-4963-9895
http://orcid.org/0000-0003-4963-9895
http://orcid.org/0000-0003-4963-9895
http://orcid.org/0000-0003-4963-9895
http://orcid.org/0000-0003-4963-9895
http://orcid.org/0000-0002-3837-9867
http://orcid.org/0000-0002-3837-9867
http://orcid.org/0000-0002-3837-9867
http://orcid.org/0000-0002-3837-9867
http://orcid.org/0000-0002-3837-9867
http://orcid.org/0000-0003-2667-7303
http://orcid.org/0000-0003-2667-7303
http://orcid.org/0000-0003-2667-7303
http://orcid.org/0000-0003-2667-7303
http://orcid.org/0000-0003-2667-7303
http://orcid.org/0000-0003-1204-2059
http://orcid.org/0000-0003-1204-2059
http://orcid.org/0000-0003-1204-2059
http://orcid.org/0000-0003-1204-2059
http://orcid.org/0000-0003-1204-2059
https://doi.org/10.1038/s41388-024-03042-z
mailto:kwontk@dsmc.or.kr
www.nature.com/onc


siRNA consistently reduced p27 expression in both MDA-MB-231
and MDA-MB-453 cells (Fig. 1A). Furthermore, consistent with
previous findings, IFNγ treatment elevated p27 expression across
various cancer cell types, including A549, HCT116, Caki, MDA-MB-
231, and MDA-MB-453. The dose-dependent increase in phosphor-
ylation at Tyr26 of OTUB1 and p27 expression was evident with
IFNγ treatment (Fig. 1B). Additionally, we assessed the effects of
other cytokines, such as TWEAK, LPS, TNF-α, and TGF-β, on OTUB1
phosphorylation (Tyr26) and p27 expression. While TNF-α margin-
ally increased p-OTUB1 (Tyr26) and p27, our finding highlights IFNγ
as the superior cytokine, distinctly upregulating the expression of
these proteins in MDA-MB-231 and MDA-MB-453 cells compared to
all other cytokines tested in this study (Fig. 1C–E).

IFNγ augments G0/G1 population
To investigate the functional role of IFNγ, we assessed its impact
on cell proliferation and cell cycle distribution. IFNγ treatment at a
concentration of 100 ng/mL significantly inhibited cell growth and
induced G0/G1 cell cycle arrest in MDA-MB-231 and MDA-MB-453
cells (Fig. 2A, B). IFNγ treatment led to a dose-dependent decrease
in cyclin A, CDK4, CDK6, and p-Rb expression while exhibiting
opposing effects on p27 expression (Figs. 2C and 1B). No
significant differences were observed in the expression of p21,
cyclin A, cyclin B, cyclin E, CDK2, or Rb (Fig. 2C). Additionally, IFNγ
treatment reduced proliferative cells labeled with the proliferation
marker EdU (Fig. 2D). Furthermore, we examined the impact of
IFNγ on ERα-positive breast cancer cells MCF-7 and MDA-MB-361.
There cells exhibited a slight response to IFNγ challenge with
minor changes in p-OTUB1 (Tyr26) and p27 expression, as well as
cell cycle arrest compared to triple negative breast cancer cells
MDA-MB-231 and MDA-MB-453 (Supplementary Fig. 1A, B).

OTUB1 knockdown suppresses IFNγ-induced post-
translational p27 expression
To explore the potential relationship between OTUB1 and IFNγ-
induced p27 expression, we transfected OTUB1 siRNA in MDA
-MB-231 and MDA-MB-453 cells. OTUB1 knockdown in both cell
lines significantly reduced IFNγ-induced p27 expression without
affecting mRNA levels (Fig. 3A, B). Co-treatment with cyclohex-
imide, a protein synthesis inhibitor, and IFNγ increased p27
degradation in a time-dependent manner (Fig. 3C). Notably,
OTUB1 knockdown in MDA-MB-231 and MDA-MB-453 cells
induced rapid p27 degradation at all tested times (0–6 h) and
even under basal conditions (0 h) compared to the control
siRNA group (Fig. 3C). To assess the impact of OTUB1 on
ubiquitin-mediated p27 protein degradation following
IFNγ treatment, we conducted a ubiquitination assay. OTUB1
knockdown increased the levels of ubiquitinated p27 in MDA-
MB-231 and MDA-MB-453 cells compared to the control siRNA
group (Fig. 3D). These findings suggest that OTUB1 modulates
p27 protein stability by regulating the ubiquitin-proteasome
system.

IFNγ−mediated OTUB1 phosphorylation at Tyr26 plays a
critical role in stabilizing p27
Observing the increased phosphorylation of OTUB1 and p27
expression following IFNγ treatment led us to hypothesize that
OTUB1 Tyr26 phosphorylation could regulate p27 stability. To
test this hypothesis, we generated OTUB1 mutants, including
Tyr26 replaced by alanine (Y26A) and NH2-terminal deletion of
residues 1–45 (Δ1–45). Overexpressing wild-type (WT)
OTUB1 significantly increased IFNγ-induced p27 expression in
both MDA-MB-231 and MDA-MB-453 cells (Fig. 4A). Conversely,

Fig. 1 IFNγ induces phosphorylation of OTUB1 Tyr26 and p27 expression in various cancer cells. A MDA-MB-231 and MDA-MB-453 were
transfected with DUB siRNA of OTU family. p27 protein expressions were verified through western blotting and quantified. B A549, HCT116,
Caki, MDA-MB-231, and MDA-MB-453 cancer cells were incubated in serum-free media for 12 h and treated with IFNγ (10–25 ng/mL) for 30 h.
C–E MDA-MB-231 and MDA-MB-453 cells were stimulated with indicated cytokines for 30 h, and protein expression was determined. Actin
served as the loading control. *P < 0.01 compared to control.
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the two mutants (Y26A and Δ1–45) of OTUB1 completely
suppressed p27 expression in IFNγ-treated cells (Fig. 4A). OTUB1
WT inhibited p27 degradation in response to cycloheximide,
whereas the Y26A mutation promoted p27 degradation in both
MDA-MB-231 and MDA-MB-453 cells (Fig. 4B). The OTUB1 Y26A
mutant strongly abrogated p27 ubiquitination under IFNγ
treatment conditions compared to OTUB1 WT in both cell lines
(Fig. 4C).
We then investigated whether the canonical action of OTUB1

was linked to p27 expression using OTUB1 catalytic mutants
(C91S and D88A/C91S/H265A [ASA]). MDA-MB-231 cells trans-
fected with OTUB1 C91S and ASA showed sustained p27
expression following IFNγ treatment compared to the corre-
sponding controls (Fig. 4D). Additionally, we assessed the effects
of OTUB1 phosphorylation at Ser16 on p27 expression. Surpris-
ingly, IFNγ-induced p27 expression remained unchanged with
the OTUB1 S16A mutant, similar to the expression in OTUB1
catalytic mutant-transfected cells. Furthermore, p27 expression
was fully disrupted by the Δ1–45 (Fig. 4D). These findings
suggest that OTUB1 Y26A could serve as a specific and potent
site controlling IFNγ-induced p27 expression, emphasizing the
crucial role of OTUB1 phosphorylation at Tyr26 in IFNγ-mediated
p27 stabilization through deubiquitination.

OTUB1 downregulation and OTUB1 Y26A mutant eliminates
IFNγ-mediated G0/G1 cell cycle arrest
To elucidate the biological function of OTUB1 in IFNγ-induced cell
cycle arrest, we assessed its effects on cell proliferation and cell
cycle distribution. OTUB1 knockdown in MDA-MB-231 and MDA-
MB-453 cells eliminated the IFNγ-induced inhibition of cell
proliferation on 6 day (Fig. 5A). OTUB1 knockdown did not affect
cell cycle distribution in the absence of IFNγ. However, IFNγ-
induced G0/G1 arrest was inhibited by OTUB1 knockdown (Fig. 5B).
Additionally, EdU-labeled proliferating cells persisted in OTUB1
knockdown cells upon IFNγ treatment, whereas the number of
labeled cells decreased in the IFNγ control group (Fig. 5C). Similarly,
the OTUB1 Y26A mutant transfected into MDA-MB-231 and MDA-
MB-453 cells nullified the IFNγ-mediated inhibition of cell prolifera-
tion and G0/G1 cell cycle arrest (Fig. 5D, E). Furthermore, OTUB1
Y26A mutant-transfected cells markedly recovered Edu-labeled cell
numbers after IFNγ treatment (Fig. 5F).

E2 enzymes are associated with OTUB1-mediated p27
expression
We identified the E2 enzymes involved in p27 deubiquitination.
Co-transfection of OTUB1 siRNA with E2 enzymes siRNA (UBCH6,
UBCH7, UBCH8, MMS2, UBC9, UBCH5A, and UBC13), except

Fig. 2 IFNγ induces G0/G1 cell cycle arrest in breast cancer cells. AMDA-MB-231 and MDA-MB-453 cells were treated with IFNγ (25–100 ng/mL)
for 4 d. Cell viability was verified using MTT assay at the indicated time points. B, C IFNγ-treated cells were subjected to cell cycle analysis and related
protein expression using FACS and western blotting, respectively. D Representative EdU staining (green) and DAPI (blue) images of MDA-MB-231
cancer cells. Scale bar= 100 μm. Error bars represent mean ± SEM. *P< 0.01 compared to control.
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UBC16, resulted in increased p27 expression in MDA-MB-231 cells
compared to cells transfected with OTUB1 siRNA alone (Fig. 6A).
Similarly, co-transfection of OTUB1 WT with E2 enzymes siRNA
strongly induced higher p27 expression in MDA-MB-231 cells than
in the corresponding controls (Fig. 6B). These findings suggest
that OTUB1-mediated p27 expression may be facilitated by E2
enzymes, such as UBCH6, UBCH7, UBCH8, MMS2, UBC9, UBCH5A,
and UBC13.
To investigate the mechanism of OTUB1-mediated p27

ubiquitination, lysine mutants were transfected into MDA-MB-
231 cells. 3′UTR p27 siRNA were co-transfected to target

endogenous p27 expression (Fig. 6C). K134, K153, and K163
mutations increased exogenous p27 expression, but other
mutations such as K25 and K47 did not (Fig. 6D). Consequently,
the OTUB1 siRNA-mediated decrease in p27 expression was
dramatically rescued by K134, K153, and K163 mutations (Fig. 6E).
These mutations completely inhibited p27 ubiquitination, while
the K25 mutation did not (Fig. 6F). Increased p27 ubiquitination in
OTUB1 siRNA-transfected cells was also decisively blocked by the
K134, K153, and K163 mutations in p27 (Fig. 6F). These data
suggest that K134, K153, and K163 are required for p27
ubiquitination upon IFNγ stimulation.

Fig. 3 OTUB1 knockdown promotes post-translational degradation of p27. A, B MDA-MB-231 and MDA-MB-453 cells were transfected with
control or OTUB1 siRNA and treated with 50 ng/mL IFNγ for 24 h. Protein expression was detected and quantified (A). Relative mRNA
expression was determined through qPCR (B). C MDA-MB-231 and MDA-MB-453 cells were transfected with control or OTUB1 siRNA and
treated with 20 µg/mL cycloheximide (CHX) and 50 ng/mL IFNγ. D Representative images for ubiquitinated p27 in co-transfected cells with
HA-Ub and either control or OTUB1 siRNA with 0.5 μM MG132 and 50 ng/mL IFNγ. Error bars represent mean ± SEM. *P < 0.01 compared to
IFNγ-treated control siRNA.
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Src activates OTUB1 phosphorylation and p27 expression
Our previous findings demonstrated that Src contributes to the
phosphorylation of the Tyr26 residue of OTUB1 [2]. Building on this
observation, we aimed to determine whether Src acts as a crucial
upstream regulator of OTUB1-mediated p27 expression induced by
IFNγ. We observed a dose-dependent increase in p-STAT1 and p-Src
expression in IFNγ-treated MDA-MB-231 and MDA-MB-453 cancer
cells (Fig. 7A). Inhibition and knockdown of Src, using an Src
inhibitor (KB Src 4) and Src siRNA, respectively, remarkably
suppressed IFNγ-induced p-OTUB1 at Tyr26 and p27 (Fig. 7B, C).
The Src mutation also blocked the expression of these proteins in
MDA-MB-231 cells (Fig. 7D). We further explored the impact of IFNγ
on upstream signaling involved in regulating OTUB1-p27 expres-
sion. Treatment with the JAK2-specific inhibitor AG490 dramatically
suppressed the expression of p-Src, p-OTUB1, and p27 upon IFNγ
treatment (Fig. 7E). However, p-JAK and p-STAT1 levels did not
exhibit obvious differences after OTUB1 knockdown. Moreover, Src
mutation and JAK2 inhibition abrogated IFNγ-induced G0/G1 cell
cycle arrest in MDA-MB-231 cells (Fig. 7F, G). These data indicate
that IFNγ promotes cell cycle arrest in breast cancer cells through
the JAK2-Src-OTUB1-p27 signaling pathway.

DISCUSSION
Previous studies have highlighted the role of IFNγ in tumor
progression and immunity, showing cell-type and context-

dependent effects [20]. In breast cancer, IFNγ upregulates p27
expression, contributing to cell cycle arrest and cellular senes-
cence [21]. Herein, among various cytokines, IFNγ strongly
induced both OTUB1 Tyr26 and p27 expression, whereas no
remarkable correlation was observed between OTUB1 Ser16 and
p27 expression induced by IFNγ. Notably, OTUB1 exhibited a
significantly stronger effect on p27 expression than the other 10
DUBs examined in this study. This observation prompted a
detailed exploration of the molecular interplay between OTUB1
and p27 in cancer cells under IFNγ-stimulated conditions. Our
gain-of-function and loss-of-function studies unequivocally estab-
lished that OTUB1 positively regulates p27 protein expression at
the post-translational level. Furthermore, OTUB1 Tyr26 controls
p27 protein stability and ubiquitination, proposing it as a novel
target substrate for OTUB1.
Previous reports have suggested that E2 enzymes play a direct

role in the non-canonical action of OTUB1 [2, 22]. OTUB1 deletion
substantially degrades E2-conjugating enzymes, including those
from the UBC and UBE families, by directly binding to them [23].
We identified specific E2 enzymes associated with OTUB1-
mediated p27 expression. Our findings implicate E2 enzymes
such as UBCH6, UBCH7, UBCH8, MMS2, UBC9, UBCH5A, and UBC13
in the regulation of OTUB1-mediated p27 expression. Considering
the presence of approximately 40 E2 enzymes in humans, further
studies are essential to determine the individual contributions of
these ligases to p27 expression through OTUB1 deubiquitination.

Fig. 4 Phosphorylation of OTUB1 at Tyr26 stabilizes p27 expression. A MDA-MB-231 and MDA-MB-453 cells were transfected with vector,
wild type (WT), Y26A, or Δ1-45 of OTUB1 and treated with or without 50 ng/mL IFNγ. B CHX and IFNγ treatment in MDA-MB231 and MDA-MB-
453 cells following vector, OTUB1 WT, or OTUB1 Y26A transfection. Representative western blotting image and quantified p27 protein
turnover half-life. C Representative images for ubiquitinated p27 in MDA-MB-231 and MDA-MB-453 cells transfected with indicated plasmids
with combinations of 0.5 μM MG132 and 50 ng/mL IFNγ. D Schematic diagram of human OTUB1 domains and strategy to engineer the
deletion mutant and point mutants (left). MDA-MB-231 cells were transfected with indicated plasmids in the presence or absence of IFNγ.
Error bars represent mean ± SEM. *P < 0.01 compared to control. #P < 0.01 compared to control siRNA-transfected cells following IFNγ
treatment.
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The JAK2-STAT1 signaling pathway is a well-established
universal signal transduction cascade activated by cytokines,
including IFNγ [24]. While a previous study on primary astrocytes
reported a negative correlation between OTUB1 and JAK, with
OTUB1 inhibiting IFNγ-induced activation of JAK2-STAT1 signal-
ing [25], our observations differ. In our study, a JAK2 inhibitor
(AG490) attenuated the phosphorylation of OTUB1 (Tyr26) and
p27 expression, with no impact from OTUB1, suggesting that
JAK2 might serve as an upstream factor activating OTUB1-
mediated p27 expression. This discrepancy highlights potential
variations in IFNγ-induced signaling pathways across different
cell types. As previously demonstrated in renal cancer cells, the
non-receptor tyrosine kinase Src mediates OTUB1 Tyr26 phos-
phorylation [2]. However, the molecular mechanisms and
biological functions of Src in IFNγ-induced cell cycle arrest
remain poorly understood. Our current study reveals Src as a
crucial component for the phosphorylation of OTUB1 (Tyr26) and
p27, leading to cell cycle arrest in breast cancer cells. Notably, Src
phosphorylation was inhibited by a JAK2 inhibitor (AG490). These
findings indicate that IFNγ-induced p27 expression occurs
through the JAK-Src-OTUB1 signaling pathway, presenting a
potential novel target for controlling cell cycle arrest in cancer
cells (Fig. 7H).
In conclusion, our study highlights the significant role of OTUB1

phosphorylation at Tyr26 in cancer cell cycle arrest by stabilizing

p27 expression. The JAK-Src signaling pathway appears intricately
linked to the regulation of OTUB1-mediated p27 stability. Conse-
quently, our findings propose that targeting OTUB1 could hold
therapeutic promise for breast cancer.

MATERIALS AND METHODS
Cell culture and reagents
MDA-MB-231, MDA-MB-453, Caki, HCT116, and A549 cells were cultured in
Dulbecco’s modified Eagle’s medium (Welgene, Gyeongsan, Korea)
supplemented with 10% fetal bovine serum and 1% antibiotics (Thermo
Fisher Scientific, Waltham, MA, USA). The cells were maintained at 37 °C in
a humidified atmosphere containing 5% CO2. Before stimulation with IFNγ
(#258-IF-100, R&D Systems, Minneapolis, MN, USA), Tweak (#1090-TW-02,
R&D Systems), LPS (#L4391, Sigma-Aldrich, St. Louis, MO, USA), TNF-α
(#210-TA-020, R&D Systems), and TGF-β (#240-B-002, R&D Systems), cells
were serum-starved overnight.

3-(4,5)-Dimethylthiazo(-2-y1)-2,5-diphenytetrazolium
bromide (MTT) assay
Cells were seeded in 96-well plates and treated with 25–100 µg/mL IFNγ
for 3 d. Control groups were treated with an equivalent amount of
phosphate-buffered saline (PBS). After treatment, cells were incubated with
0.2 mg/mL MTT solution (Welgene) at 37 °C for 3 h. Subsequently, the
solution was removed, and the resulting formazan was dissolved in
isopropyl alcohol. Absorbance was measured at 595 nm.

Fig. 5 OTUB1 downregulation inhibits IFNγ-induced cell cycle arrest. A–F OTUB1 was silenced (A–C) or overexpressed (D–F) in MDA-MB-
231 and MDA-MB-453 cells. Cells were treated with IFNγ for 3 d. Cell viability was verified using MTT assay at indicated time points (A, D).
The cell cycle was determined using FACS analysis (B, E). EdU-stained cells were observed under a fluorescence microscope at 20×
magnification and counted (C, F). *P < 0.01 compared to control. #P < 0.01 compared to control siRNA- or vector-transfected cells following
IFNγ treatment.
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Cell cycle analysis
The cells were harvested and fixed in 95% ethanol at 4 °C for 3 h. After
removing the fixation solution, RNase was added to sodium citrate buffer
at 37 °C for 30min. Subsequently, 50 µg/mL propidium iodide was added,
and the samples were analyzed using a BD Accuri C6 Flow Cytometer (BD
Biosciences, San Jose, CA, USA). Cell cycle phases were determined as
percentages of the total cell population.

Cell transfections
Various deubiquitinase (DUB) siRNAs and plasmids were obtained from
Bioneer (Daejeon, Korea) as previously described [2]. For siRNA transfec-
tion, cells were transfected with 10 nM control or target siRNA using
Lipofectamine RNAiMAX (Thermo Fisher Scientific) in Opti-MEM (Gibco).
For plasmid transfection, cells were transfected with 1 μg plasmid DNA
using Lipofectamine™ 2000 reagent (Thermo Fisher Scientific). The
medium was replaced with a complete growth medium 7 h after
transfection.

5-ethynyl 2′-deoxyuridine (EdU) staining
EdU staining was performed using the Click-iT™ EdU Cell Proliferation Kit
for Imaging (C10337; Thermo Fisher Scientific) following the manufac-
turer’s protocol. MDA-MB-231 and MDA-MB-453 breast cancer cells were
cultured on chamber slides, incubated for 24 h with 10 µM EdU, and fixed
in 4% paraformaldehyde at room temperature for 15min. Subsequently,
cells were permeabilized with 0.5% triton at room temperature for 20min,
washed with 3% BSA in PBS, and stained with an EdU staining cocktail
containing Alexa Fluor 488 dye for 30min. The fluorescently stained cells
were photographed using a fluorescence microscope (Carl Zeiss, Jena,
Germany). EdU-stained cells were quantified from randomly selected fields
in three independent biological experiments.

Western blot analysis
Western blotting was performed as previously described [26]. Briefly, cell
lysates were separated using 8%–14% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitro-
cellulose membranes. The following antibodies were used: p27 (sc-1641),
p21 (sc-6246), Ub (sc-8017), OTUB1 (sc-130458), CDK1 (sc-53219), CDK2 (sc-
163), CDK4 (sc-260), CDK6 (sc-117), Cyclin A (sc-751), Cyclin D (sc-450),
Cyclin E (sc-247), Cyclin B (sc-245), p-Rb (sc-377528), and Rb (sc-74532)
from Santa Cruz Biotechnology (Santa Cruz, CA, USA); STAT1 (9172),
p-STAT1 (9167), Src (8056), and p-Src (2101) from Cell Signaling
Technology (Berkeley, CA, USA); Flag (F1804) and β-actin (A5441) from
Sigma-Aldrich. After incubation with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit secondary antibodies for 1 h at room tempera-
ture, signals were captured and quantified using an iBright CL750 imaging
system (Invitrogen, Carlsbad, CA, USA).

Quantitative real-time PCR (qPCR)
Total RNA isolation, complementary DNA (cDNA) synthesis, and qPCR
were performed as previously described [27]. mRNA amplification was
assessed using the Thermal Cycler Dice® Real-Time System III (Takara Bio
Inc., Shiga, Japan) and determined using the 2−ΔΔCt method. The primers
used for p27 and actin amplification were as follows: p27 (forward) 5′-
TGTCTTGGAGGAGGATCGTCC-3′, (reverse) 5′-CGGCTCATGGGCGACTTC-3′;
actin (forward) 5′-TGGGGTGTTGAAGGTCTC-3′, (reverse) 5′-CTACAAT-
GAGCTGCGTGTG-3′.

Ubiquitination assay
The ubiquitination assay was performed as previously described [2]. Briefly,
cell pellets were suspended in PBS containing 10 mM N-ethylmaleimide
(NEM) (EMD Millipore, Darmstadt, Germany) and 1% SDS, then boiled for

Fig. 6 Identification of E2 enzymes and ubiquitination sites of p27 in OTUB1-mediated p27 destabilization. A, B MDA-MB-231 cells were
co-transfected with OTUB1 siRNA (A) or Flag-tagged OTUB1 WT (B) and eight types of E2 siRNA. C, D MDA-MB-231 cells were co-transfected
with siRNA and indicated plasmids. The knockdown efficacy of endogenous p27 expression was examined by 3′UTR siRNA of p27 (C).
E, F Representative images for ubiquitinated p27 in MDA-MB-231 cells transfected with indicated plasmids (E) or co-transfected with OTUB
siRNA (F). *P < 0.01 compared to OTUB1 siRNA- or OTUB1-flag-transfected cells. #P < 0.01 compared with p24-transfected cells following IFNγ
treatment.
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10min at 95 °C. Lysis buffer (1 mL) containing 5 mM NEM was added to the
boiled lysates, followed by centrifugation at 13,000 × g for 10 min at 4 °C.
The supernatants were incubated overnight with the primary antibody and
bound to protein G agarose beads for 2 h. Subsequently, the lysates were
centrifuged to remove the supernatant at 13,000 × g for 10 min at 4 °C and
washed with a washing buffer containing 5mM NEM. The samples were
resuspended in 2X sample buffer and boiled at 95 °C for 10min.
Ubiquitinated signals were detected using an iBright CL750 imaging
system (Invitrogen).

Statistical analysis
Statistical analyses were conducted using SPSS v.20.0 (SPSS Inc., Chicago,
IL, USA). Group comparisons were assessed using a two-tailed t-test.

DATA AVAILABILITY
All data contained in this study are included in the manuscript. If more is needed, it is
available from the corresponding author.
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