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ABSTRACT

Mechanistic understanding of hypoxia-responsive
signaling pathways provides important insights into
oxygen- and metabolism-dependent cellular pheno-
types in diseases. Using SILAC-based quantitative
proteomics, we provided a quantitative map identi-
fying over 6300 protein groups in response to hy-
poxia in prostate cancer cells and identified both
canonical and novel cellular networks dynamically
regulated under hypoxia. Particularly, we identified
SDE2, a DNA stress response modulator, that was
significantly downregulated by hypoxia, independent
of HIF (hypoxia-inducible factor) transcriptional ac-
tivity. Mechanistically, hypoxia treatment promoted
SDE2 polyubiquitination and degradation. Such reg-
ulation is independent of previously identified Arg/N-
end rule proteolysis or the ubiquitin E3 ligase, CDT2.
Depletion of SDE2 increased cellular sensitivity to
DNA damage and inhibited cell proliferation. Inter-
estingly, either SDE2 depletion or hypoxia treatment
potentiated DNA damage-induced PCNA (proliferat-
ing cell nuclear antigen) monoubiquitination, a key
step for translesion DNA synthesis. Furthermore,
knockdown of SDE2 desensitized, while overexpres-
sion of SDE2 protected the hypoxia-mediated regu-
lation of PCNA monoubiquitination upon DNA dam-
age. Taken together, our quantitative proteomics
and biochemical study revealed diverse hypoxia-
responsive pathways that strongly associated with
prostate cancer tumorigenesis and identified the
functional roles of SDE2 and hypoxia in regulat-
ing DNA damage-induced PCNA monoubiquitination,
suggesting a possible link between hypoxic microen-
vironment and the activation of error-prone DNA re-
pair pathway in tumor cells.

INTRODUCTION

Aerobic respiration is a highly efficient pathway for energy
production in metazoan cells. The process requires oxygen
consumption to enable the oxidation of carbons in nutrients
and drive the electron transport chain in mitochondria for
ATP synthesis that powers diverse cellular processes. Hence,
a relatively stable level of oxygen is necessary for energy pro-
duction and functional maintenance during proliferation
and development in cells. Some physiological and patho-
logical conditions, such as embryonic development and tu-
morigenesis, however, result in a hypoxic microenvironment
in tissues. The decrease of oxygen concentration in cellu-
lar microenvironment reprograms metabolic networks and
contributes to the selection of aerobic fermentation pheno-
type commonly observed in aggressive cancer cells (1-4).
During tumorigenesis, adaptation to hypoxia leads to ag-
gressive cancer phenotypes by promoting genomic insta-
bility, tissue invasion, evasion of apoptosis and immune
surveillance, as well as the stimulation of cell proliferation
and angiogenesis. Therefore, targeting hypoxia response cel-
lular networks has been considered as a viable strategy to
develop efficient cancer therapeutics (5,6).

In mammalian cells, extensive studies have established
the significance of hypoxic response pathways orchestrated
by hypoxia-inducible factors (HIFs) (1-4). Hypoxia mi-
croenvironment stabilizes HIF-« factors and promotes the
binding of HIF complex to the promoters of their target
genes for the induction of gene expression (7). System-wide
identification and functional characterization of hypoxia-
responsive genes are important to understand how hypoxia
regulates cell phenotype and metabolic pathways. Global
identification of hypoxia response networks has been largely
achieved through genomics and transcriptomics analysis.
Hundreds of hypoxia-responsible genes have been identi-
fied, including both upregulated and downregulated ele-
ments (8-10). These studies mainly applied genomic ap-
proaches such as DNA microarray, transcriptome analysis
and chromatin immunoprecipitation followed by NextGen
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sequencing. The findings from these studies demonstrated
the significant roles of HIF transcriptional networks in me-
diating cellular hypoxia response in cell lines and tissues (1).

In addition to transcription regulation and changes, pro-
tein abundance in cells is regulated through multiple mech-
anisms, including translational control, chemical modifica-
tion, proteolytic cleavage and protein degradation. There-
fore, a system-wide understanding of cellular hypoxia re-
sponse networks requires the direct measurement of cellular
proteome dynamics in response to the hypoxic microenvi-
ronment. Recent advances in quantitative proteomics have
allowed system-wide identification of hundreds to thou-
sands of proteins and analyze their dynamics under differ-
ent conditions. Application of such strategies has made im-
portant discoveries in hypoxia research, including the recent
identification of heterochromatin protein 1 binding protein
3 in tumorigenesis and PHD finger protein 14 in cell cycle
control (11-15).

In prostate cancer, tumor tissues suffer from severe hy-
poxia with the median level of oxygen 13 times lower than
the normal prostate tissue (16,17). Activation of hypoxia-
induced signaling mechanisms alters the cellular metabolic
pathways and energy homeostasis to enable the early de-
velopment of aggressive cancer phenotype and the adap-
tation of prostate cancer cells to the hypoxic tissue envi-
ronment (18,19). Targeting hypoxia-related cellular mech-
anisms has been considered as a viable strategy for prostate
cancer treatment (20,21). To comprehensively understand
and system-wide profile proteome dynamics in response
to hypoxia in prostate cancer cells, we performed SILAC-
based deep proteomic analysis in combination with an
efficient high-pH reversed-phase high-performance liquid
chromatography (HPLC) fractionation. Our study identi-
fied over 6300 protein groups (representing >10 000 lead-
ing proteins) in biological triplicate analysis from DU145
cells. Bioinformatic analysis revealed protein networks and
complexes highly responsive to early hypoxic treatment
and closely linked hypoxia microenvironment to cancer-
promoting cellular pathways. Our global proteomic study
identified SDE2, a DNA replication and damage-related
protein, as a novel cellular target of hypoxia that is rapidly
degraded in response to the decrease in oxygen availabil-
ity (22,23). The functional analysis demonstrated that both
hypoxia treatment and depletion of SDE2 can mediate
PCNA (proliferating cell nuclear antigen) monoubiquitina-
tion upon DNA damage in prostate cancer cells, which is
a key step for promoting translesion DNA synthesis. Our
study therefore indicated a potential link between hypoxic
environment and the activation of error-prone DNA repair
pathways in tumor cells.

MATERIALS AND METHODS
Cell lines and reagents

DU145 and PC3 prostate cancer cell lines were cultured in
RPMI 1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; Sigma) and 1% penicillin—streptomycin
(Corning). HeLa and 293T cell lines were cultured in Dul-
becco’s modified Eagle’s medium (Gibco) supplemented
with 10% FBS (Sigma) and penicillin—streptomycin (Corn-
ing). For SILAC labeling, the DU145 cells were main-

tained in RPMI 1640 medium for SILAC (Thermo), which
was supplemented with 10% dialyzed FBS (Gibco), 1%
penicillin—streptomycin, 25 mg/500 ml proline, and 50
mg/500 ml L-arginine and L-lysine (light) or '*Cg""Ny-L-
arginine and '3Cg!’N,-L-lysine (heavy). The cells were la-
beled, respectively, in the light and heavy media for >6 gen-
erations before doing a further treatment. For hypoxia treat-
ment, the cells were cultured in an incubator subchamber
supplied with 1% O,/5% CO,/95% N, and monitored by
an oxygen sensor (BioSperix). The main chemicals used in
this study included puromycin (EMD Millipore), MG132
(APExBIO), dimethyloxalylglycine (DMOG; APExBIO)
and deferoxamine (DFO; Cayman).

Mass spectrometry sample preparation

Twenty-four hours after plating, the heavy-labeled Dul45
cells were transferred into a hypoxia chamber (1% O,),
while the light-labeled cells were still kept at normal cul-
ture condition (21% O,). Twelve hours after hypoxia treat-
ment, the cells were washed with phosphate-buffered saline
(PBS) and lysed in boiling denatured lysis buffer (6 M
guanidine hydrochloride in 50 mM Tris—HCI, pH 8.5).
The cell lysates were further boiled in boiling water for
5 min, cooled to room temperature (RT) and then son-
icated thoroughly. After protein concentration measure-
ment with the Bradford assay (Thermo), equal amounts of
heavy- and light-labeled proteins were mixed. The mixed
proteins were reduced and alkylated simultaneously in 5
mM tris(2-carboxyethyl)phosphine hydrochloride/10 mM
iodoacetamide at RT for 1 h in the dark. For enzymatic di-
gestion, the proteins were first treated with Lys-C (1:100;
Wako) for 5 h at 37°C, and then the lysates were diluted
with 50 mM Tris—HCI for four times and further digested
with trypsin (1:100; Promega) overnight at 37°C. The di-
gestion product was centrifuged at 2000 x g for 10 min and
the supernatant was desalted with a Sep-Pak C18 cartridge
(100 mg, Waters) and eluted with 50% acetonitrile (ACN).
The elution was dried in a speed vacuum to prepare for frac-
tionation.

Basic reversed-phase HPLC offline fractionation

Desalted peptide solution was loaded onto an XBridge Pep-
tide BEH CI18 column (Waters) through an Agilent 1100
HPLC system. The mobile phase is composed of Buffer A,
which is 10 mM ammonium formate (pH 10.0), and Buffer
B, which is 90% ACN/10 mM ammonium formate (pH
10.0). Peptides were separated with a 60-min fractionation
gradient (6-35% B in 43 min and then remaining at 95% B
for 12 min) and a flow rate of 1 ml/min. For each sample,
all the fractions were pooled in a concatenated manner into
eight final fractions as described previously (24).

Nano-HPLC-mass spectrometry analysis

Peptides were desalted with a self-packed C18 StageTip
(25). For liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) analysis, the peptides were dissolved in
HPLC buffer A (0.1% formic acid) and loaded onto a capil-
lary HPLC column (25 cm in length, 360 pm outer diameter



and 75 pm inner diameter) packed with ReproSil-Pur Basic
C18 resin (1.9 pm particle size and 100 A pore size) with
a Proxeon Easy nLC 1000 Nano-UPLC system connected
to an Orbitrap Fusion mass spectrometer (Thermo Fisher).
The peptides were eluted off the column with a 1-h gradient
of 7-32% HPLC buffer B (0.1% formic acid in ACN). The
full MS was acquired with a mass range of 300-1500 m1/z at
60 000 resolution (200 m2/z). Data-dependent MS/MS spec-
tra were acquired in the ion trap and in a top-speed mode
(3 s for each cycle) with an isolation window of 1.6 m/z and
higher energy collision dissociation (35% collision energy).

Plasmids, siRNAs and transfection

pcDNA-SDE2-Flag, pcDNA-SDE2-GG/AA-Flag and
pcDNA-SDE2-K /V-Flag were plasmids used in our pre-
vious studies (22,26). Plasmid transfection was performed
with jetPRIME® transfection reagents. Sequences for con-
trol siRNA and siRNAs targeting SDE2, CDT2, UBR1
and UBR2 were synthesized by Dharmacon (Lafayette,
CO) based on previous publications (22,26-27). HIFla
and HIF2a siRNAs were ordered from Qiagen (German-
town, MD). siRNA transfections were performed with
INTERFERIn® siRNA and miRNA transfection reagent
(Polyplus, Illkirch, France) according to the manufac-
turer’s instructions. All siRNA sequences are listed in
Supplementary Table S3.

shRNA and lentivirus packaging

Control shRNA plasmid expressing a scramble sequence
was ordered from the Genomics Center of the Uni-
versity of Minnesota. shRNA plasmids targeting SDE2
(TRCNO0000370430 and TRCN0000377549) were ordered
from Sigma. To establish the stable cell lines, shRNA plas-
mids were co-transfected into 293FT cells together with
psPAX2 and pMD2.G at the ratio of 4:3:1. Forty-eight
hours after transfection, the cell medium containing the
lentivirus was filtered and used to infect the target cells with
the help of polybrene (8 wg/ml). Twenty-four hours after in-
fection, the cells were transferred into medium containing 2
pg/ml puromycin.

Western blotting analysis

The cell lysate was prepared in ice-cold RIPA buffer [150
mM NaCl, 50 mM Tris—HCI, pH 7.5, 0.1% sodium do-
decyl sulfate (SDS), 0.5% NP-40 and 0.5% sodium de-
oxycholate; cocktail protease inhibitor (Roche) was freshly
added]. The proteins were separated in homemade SDS-
PAGE gel and transferred onto polyvinylidene difluoride
membrane. Blocking was done with 5% skim milk (BD) in
TBST (Tris-buffered saline + 0.1% Tween 20). After block-
ing, the membrane was incubated with primary antibody
overnight and washed with TBST for at least three times,
and then incubated with horseradish peroxidase (HRP)-
linked secondary antibody (Cell Signaling Technology,
#7074 and #7076) for >2 h and washed with TBST. The
signal was developed with Luminata Crescendo Western
HRP Substrate (Millipore) and captured on X-ray film. Pri-
mary antibodies used in the current study included SDE2
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(A302-098A, Bethyl), CDT2 (A300-948A, Bethyl), UBR1
(A302-988A, Bethyl), UBR2 (A305-416A, Bethyl), DDX41
(A302-098A, Bethyl), WDR45B (NBP1-82387, Novus),
HIF1a (04-1006, Millipore), HIF 1o (SAB2702132, Sigma),
HIF2a (A700-003, Bethyl), HIF1B (A302-764A-T, Bethyl),
vH2AX (A700-003, Bethyl), ubiquitin (MAB1510, Milli-
pore), PCNA (2586T, Cell Signaling Technology), a-tubulin
(T6199, Sigma) and B-actin (3700s, Cell Signaling Technol-
ogy).

In vivo ubiquitination assay

Two 60-mm dishes of 293T cells were transfected with
SDE2-Flag plasmid for 12 h and then treated with 5 uM
MG132. One dish of cells was continually cultured under
normal conditions, while the other dish was treated with
hypoxia for another 12 h. After treatment, the cells were
collected in PBS, pelleted and washed with PBS again and
resuspended in SDS lysis buffer (150 mM NaCl, 1% SDS,
50 mM Tris—-HCI, pH 7.5) and boiled for 10 min. The cell
lysate was cooled to room temperature and diluted with di-
lution buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.5) to
reduce the concentration of SDS to 0.2%, sonicated thor-
oughly and then centrifuged at 21 000 x g. Ten percent of
the supernatant was reserved as the input and the rest was
incubated with Flag-M2 beads overnight at 4°C. Finally, the
M2 beads were washed with wash buffer (150 mM NacCl,
0.2% SDS, 50 mM Tris—HCI, pH 7.5) for four times and
eluted with 1x SDS-PAGE sample loading buffer by boil-
ing for 6 min. The input was mixed with a 4x loading buffer
and boiled. The samples were analyzed with western blot-
ting (WB).

Quantitative real-time PCR

Total RNA was isolated from cells using TRIzol Reagent
(Ambion) according to the manufacturer’s instructions. For
each sample, 2 wg raw RNA was reverse transcribed into
cDNA with M-MLV Reverse Transcriptase (Promega) in
a 25 ul reaction system. The reverse transcription product
was further diluted to 150 wl. Two microliters were used
as a template for each quantitative real-time PCR (qRT-
PCR) reaction. The reaction was performed on CFX96
Touch™ Real-Time PCR Detection System (BioRad) using
Luna® Universal gPCR Master Mix (New England Bio-
labs, M3003). Peptidylprolyl isomerase A was used as the
reference gene for normalization. All reactions were run in
triplicate. The primers for qRT-PCR are listed in the Sup-
plementary Data (Supplementary Table S4).

Cell viability assay

Cells were seeded in 24-well or 48-well plates at densities be-
tween 10* and 2 x 10* cells per well, fixed at various time
points in 10% trichloroacetic acid at 4°C for 1 h, washed
with tap water five times and then dried at the RT. The fixed
cells were stained with 0.04% sulforhodamine B (SRB),
washed with 1% acetic acid and then dried at RT. Cell-
bound SRB was then dissolved in 10 mM Tris—HCI (pH 10),
and the optical density was measured with a spectrometer
at an absorbing wavelength of 490 nm.
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Figure 1. SILAC-based quantitative analysis of proteins regulated by hypoxia in prostate cancer cells. (A) A schematic representation of SILAC-based
proteomics analysis strategies. (B) Volcano plot showing the proteins significantly regulated by hypoxia treatment. Known hypoxia-regulated proteins are
colored in green and proteins that were previously unknown to be regulated by hypoxia are colored in red.

Proteome dynamic and bioinformatic analysis

The MS raw data were analyzed with MaxQuant software
version 1.5.2.8 (15) and searched against the UniProt hu-
man database (73 928 sequences, downloaded on 15 March
2019) with the specification of SILAC amino acid label-
ing for lysine and arginine. Met oxidation and protein N-
terminal acetylation were specified as variable modifica-
tions. Cys carbamidomethylation was specified as a fixed
modification. Trypsin was specified as the protease with a
maximum of two missing cleavages. Bioinformatic analysis
was performed with a data processing pipeline in Perseus
(28). Briefly, protein SILAC ratios were log, transformed
and subjected to Student’s z-test. The log, transformed fold
changes of proteins in abundance were then plotted in the
volcano plot. Proteins that were significantly up- or down-
regulated, as well as proteins whose abundance did not show
significant changes upon the treatment, were divided into
three clusters. Proteins in each cluster were analyzed for
functional enrichment in different categories using the total
identified proteins in our analysis as the background with
the GOstats package in R (29). The P-values of the func-
tional annotations in each cluster were —log;o transformed
and subject to z-score conversion. Functional annotations
with significant enrichment in at least one cluster were col-
lected for hierarchical clustering and heat map analysis us-
ing Genesis software (30).

Protein subnetwork analysis was performed by extracting
highly confident protein—protein interactions (score >700)
from the STRING protein interaction database (31) based
on all quantifiable proteins in our analysis. From this large
network, we performed MCODE analysis to identify sub-
networks with high connectivity (32). The average or me-
dian SILAC ratios of each subnetwork protein clusters were
collected to select for significantly up- or downregulated

protein networks. Protein subnetworks were visualized with
Cytoscape (v. 3.7.2) (33).

RESULTS

SILAC-based quantitative analysis reveals proteome dynam-
ics in response to hypoxia

In order to quantitatively analyze the proteins regulated by
hypoxia response, we adapted the SILAC-based proteomic
strategy. DU145 prostate cancer cell line was labeled with
either 2C¢!4Ny-L-arginine and '>C¢'*N,-L-lysine (light) or
13Cg!9Ny-L-arginine and '3Cg¢'N,-L-lysine (heavy). The
light-labeled cells were cultured under normoxia (21% O,),
while at the same time the heavy-labeled cells were treated
under hypoxia (1% O,). After 12 h of hypoxia treatment,
all the cells were harvested very quickly and lysed in a de-
naturing buffer. Equal amounts of light- and heavy-labeled
cells were mixed and digested by trypsin. Peptides were frac-
tionated through high-pH reversed-phase HPLC followed
by nano-HPLC-MS/MS analysis. Three biological repli-
cate analyses were performed to facilitate statistical anal-
ysis. Our study identified 6320 protein groups in biologi-
cal triplicate analysis with >10 000 leading proteins, among
which 5768 protein groups were quantifiable (Figure 1A).

Bioinformatic analysis shows hypoxia promoting anti-
apoptotic pathways in cancer cells

We established a bioinformatic analysis pipeline to iden-
tify cellular networks with statistically significant regulation
in response to the hypoxia treatment with three biological
replicates (Figure 1B). In our analysis, surprisingly, 12 h of
hypoxia treatment at 1% oxygen did not induce significant
changes to the overall proteome abundance in prostate can-
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abundance upon hypoxia treatment.

cer cells. However, analysis of significantly upregulated pro-
teins still identified well-known hypoxia-induced markers,
including VEGF, PDK 1, PAHA1 and PAHA?2. The analysis
also identified other proteins, including WDR45B, MTR,
OSMR and DDX41, that have not been reported to be in-
duced by hypoxia previously (Figure 1B). Interestingly, we
identified a small set of proteins whose abundance decreases
under hypoxia and nearly all of them have not been known
to be regulated by hypoxia.

To further understand the functional significance of
changes, we divided the proteome dataset into three clus-
ters representing proteins that are significantly upregulated,
significantly downregulated or not significantly changed in
response to the hypoxia treatment (Figure 2A, Supplemen-
tary Figure S1). Analysis of pathway and gene ontology
in each cluster showed that the metabolic pathways reg-
ulating glycolysis and fatty acid biosynthesis were signif-
icantly upregulated and the metabolic pathways regulat-
ing oxidative phosphorylation and cell cycle were signifi-
cantly downregulated in prostate cancer cells, which agrees
well with known metabolic adaptation to hypoxia (6,34
35). Interestingly, our analysis showed that small molec-
ular metabolisms, including nucleotide and amino acid
metabolisms, were differentially regulated in response to hy-
poxia treatment. Pyrimidine metabolism pathway and Ala,
Asp and Glu metabolic pathways were downregulated. On
the other hand, the purine metabolism pathway and Arg
and Pro metabolic pathways were upregulated. Hypoxia

treatment of prostate cancer cells significantly downregu-
lates proteins involved in extracellular matrix-related path-
ways and expression of cadherin. Such regulation has been
known to promote metastasis in different cancers (36). In-
terestingly, our data showed that pathways related to renal
cell carcinoma (RCC) were significantly upregulated upon
hypoxia treatment of prostate cancer cells. Previous clinical
studies have shown that men with prostate cancer have a sig-
nificantly higher chance of developing RCC (37). Accord-
ingly, our analysis showed that hypoxia microenvironment
in prostate cancer cells significantly upregulated MET and
ETSI1 to activate key cell proliferation signaling cascades
that are important for RCC while upregulating GLUT1 and
VEGTF to increase nutrient availability, potentially promot-
ing the subsequent development of RCC in prostate cancer
patients (38).

To identify the protein networks that were co-regulated
in response to hypoxia treatment, we performed a quantita-
tive analysis of interaction subnetwork. Using the MCODE
algorithm and STRING protein interaction database, we
extracted 106 highly connected protein—protein interaction
subnetworks from all proteins identified in our proteomic
survey. The average or median SILAC ratios of each cluster
were then collected for statistical analysis to identify signif-
icantly up- or downregulated protein clusters. Our analysis
identified 13 interaction subnetworks that were significantly
regulated in prostate cancer cells in response to the hypoxia
treatment (Figure 2B, Supplementary Figure S2). As ex-
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pected, our analysis identified protein networks related to
glycolysis (involving HK2, LDHA and PFKP) and colla-
gen processing (involving PAHA1, PAHA2 and COL13A1)
were upregulated under hypoxia (Figure 2B and C). One
significantly upregulated subnetwork identified in our anal-
ysis was DNA damage-related E3 ubiquitin-protein clus-
ter (involving NSMCE1, NSMCE2 and NSMCE4A; Fig-
ure 2D). The upregulation of the E3 ubiquitin ligase has
been known to induce the degradation of MMS19 and im-
pair the activation of DNA repair capacity in cancer cells
(39). Therefore, our analysis provided evidence to suggest
that hypoxia microenvironment is a contributing factor that
promotes DNA instability in prostate cancer cells by up-
regulating NSMCEl-related E3 ubiquitin ligases and in-
hibiting efficient DNA repair. In addition to the subnet-
works that were significantly upregulated upon the hypoxia
treatment, we also identified several downregulated subnet-
works. One example is a protein network with mitochon-
dria calcium transporter (involving MCU, SMDT1 and
MAIP1). Calcium flux signaling in mitochondria has been
known to induce reactive oxygen species and cell apoptosis
(40). Previous studies have shown that cancer cells tend to
downregulate mitochondria calcium transporter to inhibit
cell apoptosis (41,42). Therefore, our analysis suggests that
by downregulating mitochondria calcium transporter net-
works and inhibiting apoptosis, hypoxia environment pro-
motes prostate cancer cell survival under a stressful condi-
tion.

Hypoxia treatment reduces the abundance of SDE2 at the
protein level

From the lists of proteins that are significantly up- or down-
regulated in response to hypoxia treatment in prostate can-
cer cells, we selected a few proteins that are related to
tumorigenesis but are not known to be regulated by hy-
poxia and performed WB for validation in DU145 cells, in-
cluding WDR45B, DDX41, STK17A and SDE2. The ex-
pressions of HIFla and HIF2a were examined as positive
controls for hypoxia treatment. We were able to confirm
that hypoxia treatment significantly upregulated WDR45B,
while the level of changes for DDX41 was modest (Fig-
ure 3A). We also confirmed that the protein levels of
STK17A and SDE2 were both reduced under hypoxia
(Figure 3A).

Hypoxia-mediated transcriptional activation of over 100
genes by HIF transcription factors has been widely stud-
ied, while less is known about proteins decreasing in abun-
dance in response to hypoxia. In this study, we further an-
alyzed SDE2 to understand the mechanism and functional
significance of its downregulation under hypoxia. SDE2 (Si-
lencing Defective 2) gene was first identified in fission yeast
recently when the strain lacking this gene was defective in
telomere silencing (43). The human SDE?2 is a homolog of
SDE? in yeast and is conserved between species, especially
the SDE domain (Supplementary Figure S3A) (22). On the
N-terminal of SDE2, there is a ubiquitin-like (UBL) do-



main, which ranges from 1 to 78 amino acids and has been
reported to be cleaved by an unknown deubiquitinating en-
zyme (DUB) and produce a 50-kDa C-terminal SDE2 in
multiple cell lines (22). As expected, the SDE2 protein we
detected by WB in the SILAC-labeled DU145 cells was also
found at the 50-kDa position (Figure 2A). Our identifica-
tion and quantification of SDE2 were confident with eight
peptides and ~26% sequence coverage. All the identified
peptides were localized outside of the UBL domain (Sup-
plementary Figure S3B).

To further confirm the regulation of hypoxia on SDE2
protein, we first aimed to understand the dynamics of SDE2
in response to different durations of hypoxia treatment. To
this end, DU145 cells were treated with hypoxia (1% oxy-
gen) for 6, 12 and 24 h. The WB analysis showed that
with the increasing treatment of hypoxia, HIF1a was sig-
nificantly induced at 6 h and then its abundance gradually
decreased after 12 and 24 h of treatment, while the level of
HIF2a was induced from the beginning and remained at
a high level. In contrast, SDE2 protein showed an appar-
ent decrease in abundance initially and its abundance con-
tinued to decrease throughout the treatment (Figure 3B).
We further tested whether hypoxia-mimicking drugs can in-
duce a similar effect. To this end, DU145 cells were treated
by DMOG, an alpha-ketoglutarate mimic compound, and
DFO, an iron chelator, for 24 h. Our data confirmed
that both drugs increased the abundances of HIFla and
HIF2«, and reduced the protein level of SDE2, in a dosage-
dependent manner (Figure 3C). These data suggested that
hypoxia-mediated regulation of SDE2 protein abundance
requires enzymatic activities of alpha-ketoglutarate and
iron-dependent proteins.

Because HIFla and HIF2« are master regulators of hy-
poxia response, next we tested whether the regulation of
hypoxia on SDE2 requires HIF transcriptional activity. To
this end, we performed siRNA knockdown experiments. We
found that knockdown of HIFla and HIF2a was effec-
tive in DU145 cells, but their knockdown did not affect the
hypoxia-dependent decrease in SDE2 abundance (Figure
3D). In addition, in DU145 cells with HIF1B knockdown,
hypoxia can still reduce the level SDE2 protein (Supplemen-
tary Figure S4). Finally, we tested whether the regulation of
hypoxia on SDE2 happened at the transcriptional level. We
performed qRT-PCR to measure the relative mRNA level
of SDE2 in DU145 cells treated with different durations of
hypoxia. As a control, we also measured the mRNA of sev-
eral other proteins quantified in our proteomic analysis. Our
data showed that hypoxia treatment significantly increased
the mRNA level of P4HAI, which is a known HIF 1« target
that showed a significant increase in abundance in our data.
For MTR and WDR45B genes, whose protein levels showed
a significant increase in the proteomic analysis, their expres-
sion was also significantly induced upon hypoxia (Figure
3E). Interestingly, the mRNA levels of STKI17A4 and SDE2,
the two genes whose protein levels showed a significant de-
crease in abundance, were not affected by hypoxia after 12
h of treatment and even increased after 24 h of treatment
(Figure 3E). Our data suggested that the hypoxic microenvi-
ronment regulated SDE2 protein abundance likely through
the regulation of its protein degradation rather than at the
transcriptional level.
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Hypoxia treatment increases the ubiquitination of SDE2 and
promotes proteasome-mediated degradation

As our previous studies showed that ultraviolet (UV) treat-
ment decreased the protein level of SDE2 by increas-
ing SDE2 ubiquitination, we sought to test whether hy-
poxia treatment mediates SDE2 degradation through sim-
ilar pathways. First, we found that in DU145 cells, the de-
crease of SDE2 protein abundance under hypoxia was com-
pletely blocked by proteasome inhibitor MG132. We fur-
ther confirmed this observation in HeLa cells where we also
confirmed that the mRNA level of SDE2 was not decreased
under hypoxia (Figure 4A, Supplementary Figure SSC and
D). Proteasome inhibition also inhibited the SDE2 degra-
dation in prostate cancer cell PC3. However, we found that
the SDE2 mRNA level was reduced in PC3 cells upon hy-
poxia treatment, suggesting the SDE2 protein level was also
regulated at the transcriptional level in PC3 cells (Supple-
mentary Figure S5A and B). Next, we performed immuno-
precipitation and WB analysis to detect ubiquitination level
changes of SDE2 in DU145 cells upon treatment. Our data
showed that hypoxia significantly increased the ubiquitina-
tion level of SDE2 (Figure 4B). This was also confirmed in
293T cells (Figure 4C and D).

Three ubiquitin E3 ligases, including CDT2, UBR1 and
UBR2, have been reported to regulate the ubiquitination
and degradation of SDE2 under UV treatment (22,26). The
degradation of SDE2 by CDT2 depends on the cleavage of
the N-terminal UBL domain where the last two amino acids
are Gly(76)-Gly(77). After cleavage of the UBL domain,
the lysine residue exposed as the first amino acid of the C-
terminal SDE2 was necessary for the recognition and degra-
dation by UBR1 and UBR2. Since SDE2 was degraded un-
der hypoxia, we wonder whether similar pathways mediate
SDE2 degradation. To this end, 293T cells were transfected
with Flag-tagged plasmids expressing WT or mutant (GG
to AA or K to V) SDE2, respectively. Twelve hours after
transfection, the cells were treated with or without hypoxia
for 12 h. WB showed that mutation of GG linker amino
acids at the C-terminus of the UBL domain or mutation
of the first lysine following the GG linker did not affect the
degradation of SDE2 in response to hypoxia treatment, sug-
gesting that different mechanisms are involved in the pro-
cess (Figure 4E and F). This conclusion is further strength-
ened in 293T cells where SDE2 was still degraded upon
hypoxia treatment when CDT2 was knocked down (Fig-
ure 4G). Moreover, in both DU145 cells and HeLa cells,
knockdown of any of the E3 ligases (CDT2, UBR1 and
UBR2) could not affect the SDE2 degradation in response
to the hypoxia treatment, indicating other unknown E3 lig-
ases may be involved (Supplementary Figure S4E and F).
Surprisingly in HeLa cells, the abundance of UBR2 and
CDT2 even decreased upon hypoxia treatment, further sug-
gesting that the known E3 ligases are not involved in the
regulation of hypoxia-mediated degradation of SDE2 (Sup-
plementary Figure SSE).

Knockdown of SDE2 inhibits cell proliferation and increases
DNA damage

Our previous studies showed that SDE2 plays an important
role in the DNA damage response in HeLa cells and U20S
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collected for WB with the indicated antibodies.

cells. Here, we would like to confirm that it mediates simi-
lar pathways in prostate cancer cells. Interestingly, knock-
down of SDE2 by shRNAs inhibited the growth of DU145
cells under both normoxia and hypoxia conditions (Figure
5A and B). This means SDE2 plays some essential roles in
cell survival. Similar to HeLa cells, knockdown of SDE2 in-
creased the sensitivity of DU145 cells to the DNA damage
drug hydroxyurea (HU), an effect that was further verified
by the increased level of yH2AX (Figure 5C and D).

SDE2 regulates PCNA monoubiquitination in an oxygen-
dependent manner

Monoubiquitination of PCNA promotes the activation of
translesion DNA synthesis through recruiting error-prone
DNA polymerases (44). Our previous studies have shown
that the knockdown of SDE2 enhances the induction of
PCNA monoubiquitination upon DNA damage, thus ac-
tivating error-prone DNA damage repair pathways (22).
As we found that SDE2 quickly degrades in response to
the hypoxia treatment, we would like to determine whether
the hypoxia-mediated degradation of SDE2 also regulates
PCNA monoubiquitination. To this end, we performed the
dose-dependent treatment of DU145 cells with HU un-
der hypoxia or normoxia. Indeed, increasing concentration
of HU treatment resulted in an increased level of PCNA
monoubiquitination under normoxia (Supplementary Fig-

ure S6). Hypoxia alone without HU treatment did not ap-
parently induce PCNA monoubiquitination. Under the hy-
poxic environment, SDE2 was degraded and the HU treat-
ment resulted in a much more significant increase of PCNA
monoubiquitination in a dose-dependent manner (Supple-
mentary Figure S6).

To determine the mechanistic role of SDE2 in hypoxia-
dependent regulation of PCNA monoubiquitination upon
DNA damage, we performed SDE2 knockdown studies.
Our analysis showed that knockdown of SDE2 in DU145
cells under normoxia led to an increased level of PCNA
monoubiquitination upon HU treatment, which agreed well
with our previous findings in HeLa cells (22). Hypoxia treat-
ment of control DU145 cells showed similar stimulation of
PCNA monoubiquitination upon HU treatment. Interest-
ingly, hypoxia treatment of DU145 cells with SDE2 knock-
down did not show a further increase of DNA damage-
induced PCNA monoubiquitination (Figure 6A). These
data suggested that reduced levels of SDE2 protein desensi-
tize the cells from hypoxia-mediated enhancement of PCNA
monoubiquitination under genotoxic stress.

We further performed overexpression experiments in
HEK293T cells. Our analysis showed that overexpression
of SDE2 under normoxia was sufficient to inhibit the acti-
vation of PCNA monoubiquitination upon DNA damage.
However, SDE2 overexpression under hypoxia failed to reg-
ulate the level of DNA damage-induced PCNA monoubiq-
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Figure 5. Depletion of SDE2 inhibited cell proliferation and increased DNA damage. (A) Verification of SDE2 shRNA knockdown efficiency using WB.
(B) Cell proliferation under normoxia and hypoxia with SDE2 knockdown. DU145 cells were plated in 24-well plates and then infected with lentivirus
expressing control shRNA for SDE2 shRNAs. Twenty-four hours after infection, the cells were started to be cultured in medium containing 2 pg/ml
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Cell viability with DNA damage reagent HU treatment. DU 145 cells plated and transfected as in (B). Twenty-four hours after transfection, the cells were
treated with or without different concentrations of HU for 48 h. Then, the cells were prepared for the SRB assay. For (B) and (C), ***P < 0.001, *P <
0.05. Student’s ¢-test, n = 3. (D) DU145 cells were transfected with the control siRNA (siCtrl) or siRNAs targeting SDE2 (siSDE-1 and siSDE-2) for 24 h
and then treated with or without HU for 24 h.
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Figure 6. SDE2 regulated PCNA monoubiquitination in an oxygen-dependent manner. (A) DU145 cells expressing either control siRNA or shRNA
targeting SDE2 were exposed to the indicated conditions for 24 h and then harvested for WB. (B) HEK293T cells were transfected with either control
vector or SDE2-Flag plasmids. Twelve hours after transfection, the cells were treated with the indicated conditions for another 24 h, and then harvested
for WB.

uitination. Cells with SDE2 overexpression showed simi-
lar or even greater sensitivity to hypoxia-mediated enhance-
ment of PCNA monoubiquitination in response to HU
(Figure 6B). Taken together, our knockdown and over-
expression experiments led to these findings. First, SDE2

overexpression protects the hypoxia-mediated activation of
PCNA monoubiquitination triggered by DNA damage.

DISCUSSION

regulates the DNA damage-induced PCNA monoubiquiti-
nation in an oxygen-dependent manner. Second, hypoxia
treatment uncouples SDE2 from its regulatory pathways
that counteract PCNA monoubiquitination upon DNA
damage. Third, SDE2 depletion desensitizes while SDE2

The tumor microenvironment is critical for tumorigene-
sis, progression and resistance to drug treatment (45). Hy-
poxia, as a common feature of the tumor microenviron-
ment, regulates multiple hallmarks of cancer, including but
not limited to reprogramming of metabolic pathways, ge-
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nomic instability, induction of angiogenesis and evasion
of the immune system (46). In the current study, we ap-
plied SILAC-based proteomic analysis and used prostate
cancer cell line DU145 as a model to profile proteome
dynamics in the early response to the hypoxic microenvi-
ronment. With three biological replicates and chromato-
graphic fractionations, our deep proteomics analysis iden-
tified over 6300 protein groups (representing >10 000 lead-
ing proteins), among which 128 protein groups were signifi-
cantly upregulated and 69 protein groups were significantly
downregulated upon hypoxia treatment in prostate cancer
cells. Our bioinformatic analysis confirmed well-known hy-
poxic response pathways (47) and also identified novel pro-
tein subnetworks that are highly regulated in a coordinated
manner in response to the hypoxia treatment, including
DNA damage-related E3 ubiquitin ligases and mitochon-
dria calcium transporter network. Importantly, the upregu-
lation of E3 ligases like NSMCE!1 will lead to degradation
of key DNA repair proteins and reduce cell’s capacity to
repair DNAs. Mitochondria calcium transporter activates
cell apoptosis by increasing calcium flux to the mitochon-
dria under stress. Hypoxia microenvironment downregu-
lates calcium transporter proteins and therefore inhibits
apoptotic cell signaling.

Previous studies have shown that hypoxia downregu-
lated DNA repair proteins, such as RADS1, KU70, RIF1,
BRCA1 and BRCA2, and therefore reduced the cellular
capacity to repair DNA damage (48,49). In this study,
we identified and validated that SDE2, a recently charac-
terized protein that is involved in the DNA damage re-
sponse pathway, is downregulated by hypoxia. Interest-
ingly, unlike many proteins downregulated under hypoxia
due to HIFla-mediated transcriptional repression, such
as apoptosis-inducing factor and antigen-presenting MHC
class I molecules (50,51), the degradation of SDE2 under
hypoxia is independent of both HIF1la and HIF2a, and in
some cases, the mRNA level of SDE2 was even increased
upon hypoxia treatment, suggesting the involvement of crit-
ical posttranslational regulation pathways. We were able
to confirm that hypoxia degrades SDE2 through the in-
crease of its ubiquitination level and promotes proteasome-
dependent protein turnover. Surprisingly, the degradation
of SDE2 is independent of CDT2, UBR1 and UBR2, the
three ubiquitin E3 ligases that were recently demonstrated
to control the stability of SDE2 upon DNA damage (22,26).

SDE2 has been known to associate with PCNA and the
loss of SDE2 stimulated PCNA monoubiquitination, which
may potentially promote error-prone DNA damage repair.
In this study, we found that hypoxia treatment also stim-
ulated DNA damage-induced PCNA monoubiquitination
in an SDE2-dependent manner. Loss of SDE2 desensitized
while overexpression of SDE2 protected hypoxia-mediated
enhancement of PCNA monoubiquitination under the
DNA damage response. Indeed, re-analysis of TCGA data
(https://www.cancer.gov/tcga) showed that downregulation
of SDE2 is prevalent in prostate cancer and it is associ-
ated with mutation disease phenotype as well as poorer pa-
tient outcome. Analysis with quantitative proteomics ex-
periments also confirmed significantly lower abundance of
SDE2 protein in prostate cancer tissue compared to the nor-
mal tissue (52). We speculate that low level of SDE2 and

hypoxic microenvironment in tissue would contribute to the
activation of the error-prone DNA repair pathway and pro-
mote cancer cell mutations under both normoxia and hy-
poxia conditions (53).

In this study, we confirmed that hypoxia mediates the
degradation of SDE2 through increasing ubiquitination
and proteasome-dependent protein degradation. However,
the molecular mechanisms on how and why SDE2 is de-
graded under hypoxic conditions remain unknown. Our
previous studies in HeLa and U20S cells have shown that
degradation of SDE2 requires its endolytic cleavage via the
GG linker as well as the exposed N-terminal lysine on the
mature protein form. The process is mediated by E3 ubiqui-
tin ligases CDT2, UBR1 and UBR2. However, in prostate
cancer cells, we found that hypoxia-mediated degradation
of SDE2 does not involve similar pathways. Therefore,
additional posttranslational regulatory mechanisms must
be required for the rapid degradation of SDE2 under hy-
poxia. Interestingly, in addition to oxygen level, hypoxia-
mimicking drugs, DMOG and DFO, can both recapitu-
late the effect of hypoxia on SDE2 protein degradation.
Given the fact that DMOG is an alpha-ketoglutarate mimic
and DFO is an iron chelator, it is likely that SDE2 protein
degradation is promoted by alpha-ketoglutarate and iron-
dependent enzymes.

Overall, our global analysis of proteome dynamics un-
der hypoxia revealed that hypoxic microenvironment, in ad-
dition to reprogramming cellular energy homeostasis and
metabolic pathways, may provide an important capability
for a tumor cell to survive and evolve under stressful condi-
tions, including genome instability and anti-apoptosis. Po-
tentiation of PCNA monoubiquitination upon DNA dam-
age by hypoxia or by downregulation of SDE2 may poten-
tially exacerbate error-prone DNA repair pathway activa-
tion and promote missense mutations for an increased mu-
tational landscape, which play a pathologically critical role
in cancer development, drug resistance and phenotypic se-
lection. Further studying hypoxia-dependent regulation of
PCNA monoubiquitination and DNA repair pathways by
SDE2 may provide new insights and opportunities in cancer
therapy.
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