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ABSTRACT

DNA damage activated by Adriamycin (ADR) promotes ubiquitin-proteasome system-mediated
proteolysis by stimulating both the activity of ubiquitylating enzymes and the proteasome. In ADR-
resistant breast cancer MCF7 (MCF7”PR) cells, protein ubiquitylation is significantly reduced compared to
the parental MCF7 cells. Here, we used tandem ubiquitin-binding entities (TUBEs) to analyze the
ubiquitylation pattern observed in MCF7 or MCF7APR cells. While in MCF7, the level of total ubiquitylation
increased up to six-fold in response to ADR, in MCF7APR cells only a two-fold response was found. To
further explore these differences, we looked for cellular factors presenting ubiquitylation defects in
MCF72PR cells. Among them, we found the tumor suppressor p53 and its ubiquitin ligase, Mdm2. We also
observed a drastic decrease of proteins known to integrate the TUBE-associated ubiquitin proteome after
ADR treatment of MCF7 cells, like histone H2AX, HMGB1 or S-tubulin. Only the proteasome inhibitor
MG132, but not the autophagy inhibitor chloroquine partially recovers the levels of total protein
ubiquitylation in MCF7P® cells. p53 ubiquitylation is markedly increased in MCF7*°® cells after
proteasome inhibition or a short treatment with the isopeptidase inhibitor PR619, suggesting an active
role of these enzymes in the regulation of this tumor suppressor. Notably, MG132 alone increases
apoptosis of MCF7*P® and multidrug resistant ovarian cancer A2780DR1 and A2780DR2 cells. Altogether,
our results highlight the use of ubiquitylation defects to predict resistance to ADR and underline the
potential of proteasome inhibitors to treat these chemoresistant cells.
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Introduction multiple ubiquitin-binding domains (UBDs) that connect mod-

Protein ubiquitylation regulates multiple essential cellular pro- ified substrates with effector functions.’

cesses such as proteolysis, DNA repair or transcription in
response to diverse stimuli.' Ubiquitin attachment to sub-
strate proteins is mediated by at least three categories of
enzymes known as ubiquitin-activating enzymes (E1), ubiqui-
tin-conjugating enzymes (E2), and ubiquitin-ligases (E3). Pro-
tein substrates can be modified by one or more ubiquitin
moieties and the products are known as mono or multiple
monoubiquitylated proteins, respectively. Ubiquitin chains
(known as polyubiquitylation) can also be formed using inter-
nal lysine residues within ubiquitin (K6, K11, K27, K29, K33,
K48, K63). Furthermore, Metl-linked linear ubiquitin chains
are involved in the activation of signaling events. While K11
and K48 chains have been associated to proteasome-mediated
proteolysis, K63 chains have been linked to signaling pathways,
intracellular traffic, DNA repair or autophagy among other
functions.”” The cleavage of ubiquitin moieties is regulated by
several families of isopeptidases known as deubiquitylating
enzymes (DUBs).> Ubiquitylated proteins are recognized by

Point mutations and chromosomal rearrangements affecting
substrates, enzymes or cofactors of the ubiquitylation/deubiqui-
tylation cascade are known to alter ubiquitylation of multiple
cellular factors that have been proposed to be at the origin of
pathologies such as cancer, inflammation, immunological dis-
orders or neurodegeneration.* " Intracellular signaling path-
ways, including those activating DNA damage response, induce
protein ubiquitylation changes in stimulated cells. Therapeutic
doses of ADR promote UPS-mediated proteolysis by stimulat-
ing both the activity of ubiquitylating enzymes and the protea-
some.'"'* However, breast cancer MCF7 cells resistant to ADR
show low levels of ubiquitylation and fail to accumulate ubiqui-
tylated proteins after stimulation with ADR, compared to
parental ADR sensitive cells.'> The analysis of ubiquitylation
defects after cell stimulation with ADR could help us to gain an
improved understanding for the role of critical factors involved
in the response to this drug, identify non-responding patients
and ultimately, define alternative targets for intervention.
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Specific anti-ubiquitin antibodies or the tandem ubiquitin-
binding entities (TUBEs) are among the most popular alterna-
tives used to analyze endogenous ubiquitylated proteins.*'> In
addition to their high affinity and specificity, TUBEs show two
convenient properties to improve the purification yield of ubiq-
uitylated proteins: the protection from the action of DUBs and
also from proteasome-mediated proteolysis.'®™"* Here, we used
TUBEs to isolate and analyze ubiquitylated proteins from
MCF?7 cells responding or not to ADR treatment. Besides their
use as affinity probes for the enrichment of ubiquitylated pro-
teins, TUBEs were useful to quantify differences in ubiquityla-
tion between MCF7 and MCF7*"® cells. Analysis of the
obtained ubiquitylation profiles indicated that UPS is active
even in the case of resistant cells, where ADR treatment failed
to induce the accumulation of ubiquitylated proteins. This
implies that Ubiquitin Proteasome System (UPS) inhibitors
could have therapeutic value if used to treat ADR resistant cells.

Results

Analysis of protein ubiquitylation defects in adriamycin
resistant cells

To quantify ubiquitylated proteins in response to the genotoxic
agent ADR, MCF7 and MCF7%""® cells were stimulated (or
not) at a time point (1 h) where we had previously observed an
accumulation of protein ubiquitylation."® MCF74P®  cells
showed a strong decrease of total ubiquitylated proteins at basal
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level and in response to ADR treatment in comparison to
MCF?7 cells (Fig. 1A). We employed TUBEs-based microarrays
to quantify differences in ubiquitylation profiles."> TUBEs-
microarrays were incubated with known protein concentrations
of MCF7 and MCF74P® cellular extracts stimulated or not with
ADR (experiment shown in Fig. 1A). Ubiquitylated proteins
bound to TUBEs-microarrays were detected with mouse anti-
ubiquitin antibody (FK2) and secondary Alexa Fluor® 647 rab-
bit anti-mouse antibody (Fig. 1B). The images of individual
spots are shown to demonstrate the good spot morphology and
low background fluorescence obtained in the array experi-
ments. Average fluorescence values and the SD of the mean
from five replicate spots were quantified from the original
images scanned at 10 pwm resolution and represented as histo-
grams above the images of individual spots for defined amounts
of total protein (Fig. 1B). Basal levels of ubiquitylated proteins
in unstimulated cells showed lower relative fluorescence units
(RFU) values that were proportional to the total protein con-
tent employed in the microarray assay. Protein ubiquitylation
was significantly increased in response to ADR treatment only
in sensitive MCF7 cells but not in MCF7%PR cells (Fig. 1B).
Interestingly, for higher protein concentrations between 50-
100 g, we observed only a modest 3-fold increase of ubiquity-
lation in MCF7 cells while for protein concentration below to
7 g, ubiquitylation levels increased up to 6 fold, facilitating
the comparison of ubiquitylation profiles between MCF7 and
MCF74PR cells (Fig. 1C). This behavior might be explained by
a rapid saturation of TUBEs at high concentrations of
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Figure 1. Decreased of total protein ubiquitylation in MCF7"P® compared to MCF7 cells. (A) MCF7 and MCF7"°® cells were treated (+) or not for 1h with Adriamycin
(1 wM). TUBE-capture fractions were analyzed by Western blot with the indicated antibodies. (B) Detection of ubiquitylated proteins on TUBEs microarrays. Analysis of
ubiquitylated proteins in MCF7 or in MCF7"PR cell extracts at different concentrations of total protein (3, 7, 12, 25, 50, and 100 1¢g) with (white) or without (grey) ADR
treatment (1h, 1 M) is shown. Each histogram represents the average relative fluorescence units (RFU) value of five spots for each condition. (C) Fold of ubiquitylated
proteins in MCF7 and MCF7”"® cell extracts at different concentrations of total protein (3, 7, 12, 25, 50, and 100 1g) comparing the level of total ubiquitylated proteins

after ADR treatment to untreated cells.



ubiquitylated proteins present in the cell extracts.”> Altogether,
our results indicate that TUBEs microarrays are well suited for
the quantification of ubiquitylated proteins in the low micro-
gram range.

Characterization of protein ubiquitylation profiles in
response to adriamycin

To analyze the ubiquitylation profiles of MCF7 and
MCEF7P® cells in more detail, we tried to identify the key
cellular factors with major ubiquitylation defects after ADR
treatment. To this end, we isolated ubiquitylated proteins
from the corresponding cell lines via TUBEs based affinity
capture."*" Input and captured fractions were analyzed by
Western blot using a panel of selected antibodies recogniz-
ing proteins that are ubiquitylated in response to ADR in
MCEF?7 cells '® (Fig. 2). The most prominent ubiquitylation
differences were observed for the tumor suppressor p53 and
its ubiquitin E3 ligase Mdm2 (Fig. 2). Interestingly, p53
protein level does not increase after ADR treatment of
MCE74PR cells (Fig. 2, Input), explaining the low levels of
expression of the p53-transcription dependent Mdm?2 ligase
(Fig. 2, input). Histone H2AX, HMGBI1 or g-tubulin, that
had been previously identified as part of the ADR-induced
ubiquitin proteome in MCF7 cells '®, also showed low
expression levels in resistant MCF72PR cells, underscoring
the differences observed in ubiquitylation profiles of MCF7
versus MCF7*P® cells after ADR treatment. These differen-
ces in ubiquitylation of these key cellular factors show
potential for stratifying good from bad responders to ADR
treatment.'>*°
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Figure 2. Ubiquitylation defects of specific proteins in MCF7*® cells. MCF7 and
MCF7*P® cells were treated with ADR (1 1tM) for the indicated times, ubiquitylated
proteins were captured using TUBEs and analyzed by Western blot using the indi-
cated antibodies. Input and TUBEs-capture fractions are shown. GAPDH was used
as a loading control.
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Inhibition of the ubiquitin-proteasome pathway recovers
protein ubiquitylation and promote apoptosis in
Adriamycin resistant cells

Intrigued by the low level of total protein ubiquitylation as well
as the absence of p53 ubiquitylation in MCF74"" cells, inhibi-
tors of the proteasome and autophagy were used to accumulate
and capture ubiquitylated proteins from MCF7 and MCF74P}
cells. Overnight treatment with proteasome inhibitor MG132,
but not autophagy inhibitor chloroquine (CQ), partially recov-
ered the total protein ubiquitylation in MCF74P® cells
(Fig. 3A). The ubiquitylation of p53 was also increased after
proteasome inhibition as detected using a TUBE-IP p53 proce-
dure followed by Western blot with different ubiquitin antibod-
ies (Fig. 3B). These experiments were performed under
conditions where most of the ubiquitylated proteins were cap-
tured, since we could hardly observe specific signal in the flow-
through 1 (FT1) or flow-through 2 (FT2) (Fig. 3C). Interest-
ingly, the FK1 and K48 antibodies recognizing only polyubiqui-
tylated proteins gave a stronger signal than the FK2 antibody
that recognizes both mono- and polyubiquitylated species.
These observations indicate that K48 polyubiquitylation of p53
is accumulated in both MCF7 and MCF7*P® cells in response
to MG132 treatment. In contrast, ADR treatment modestly but
consistently reduced the p53 ubiquitylation in MCF7 cells
responding to this treatment.

To investigate the role of isopeptidases in the defective ubiq-
uitylation levels of MCF7*P® cells, the pan-inhibitor PR619
was used. Since this inhibitor could produce side effects in pro-
longed treatments, cells were treated for no longer than 15-
30 min.*"** Under these experimental conditions, total ubiqui-
tylation and p53 ubiquitylation were modestly but consistently
increased after treatment of MCF7*P® cells, supporting an
active role of isopeptidases in the regulation of this tumor sup-
pressor in these chemoresistant cells (Fig. 3 and Supplementary
Fig. 1). The combination of PR619 with overnight ADR or
MG132 treatments did not result in an accumulation but rather
a decrease of p53 ubiquitylation, suggesting that these forms
might be controlled by alternative molecular mechanisms
(Fig. 4A). Similar observations were obtained using 4h treat-
ment with ADR and/or MG132 (Supplementary Fig. 1). Inter-
estingly, MG132 alone induced apoptosis of MCF74P® cells,
highlighting the potential use of proteasome inhibitors to treat
ADR resistant cells (Fig. 4B).

In order to investigate if all these observations could be
extrapolated to other ADR resistant cells, ovarian carcinoma
A2780 cells resistant to this chemotherapy agent were used.
TUBE capture experiments were performed using parental
A2780 and resistant A2780DR1 and A2780DR2 cells stimu-
lated or not during 1 or 4 hours with ADR. The pattern of total
ubiquitylation detected in the TUBE-captured fraction was
reduced in the ADR resistant cells at basal level and after ADR
stimulation (Fig. 5A). Similarly, the pattern of ubiquitylated
p53 was also reduced in ADR resistant cells at basal level but
remain for longer after ADR treatment suggesting a delayed
cellular response. Interestingly these differences are less obvious
in the input fractions, underlining the benefit of using a TUBE-
capture approach to detect these differences. We have also con-
firmed that MG132 alone could better induce the apoptosis of
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Figure 3. Ubiquitin-chain profiles in ADR sensitive and resistant cell lines treated with proteasome and autophagy inhibitors. MCF7 and MCF

7°PR cells were treated over-

night with ADR (1 M), MG132 (5 M) or Chloroquine (CQ, 200 1+M). Ubiquitylated forms were captured using TUBEs and bound material was eluted before being sub-
mitted to p53 immunoprecipitation as previously described 6. Input (A), TUBEs-IP p53 (B) and unbound fractions (FT1 and FT2) (C) were analyzed by Western blot using

the indicated antibodies.

A2780DR1 and A2780DR2 cells (Fig. 5B and 5C), validating
our previous observations in the breast cancer MCF74P® cell
line.

Discussion

Ubiquitylation defects of critical cellular factors including those
involved in the activation of the p53 pathway have been associ-
ated to distinct pathologies.”>'® Strong stimuli such as DNA

damage agents used in chemotherapy have the capacity to
simultaneously activate multiple signaling cascades altering the
protein ubiquitylation status and thus, the stability and activity
of multiple proteins.'’ In this work, we show that ubiquityla-
tion profiles of the totality of the proteins present in the cell
can be used to distinguish between cells responding or not to
the genotoxic agent ADR. Indeed, the results found by using
TUBEs-microarrays revealed that total protein ubiquitylation
increases up to 6 fold in ADR sensitive cells while in resistant
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Figure 4. Proteasome inhibition promotes efficient apoptosis in MCF7"PF cells. (A)
MCF7 and MCF7*°® cells were treated overnight with ADR, MG132 or PR619
(20 M, 15 min) alone or in combination as indicated. Ubiquitylated proteins were
captured using TUBEs and analyzed by Western blot. Input and TUBEs-capture frac-
tions were shown. GAPDH was used as a loading control. (B) To track MCF7 cells
undergoing apoptosis, cells were treated or not with ADR (1 M overnight),
MG132 (5 uM, overnight), or PR619 (20 1M, 15 min) alone or in combination as
indicated. Data represent the mean of three independent experiments done in
triplicate. A total of 10.000 events were collected and analyzed for each sample.

cells the increase was less than 2-fold. Altogether, these results
indicate that the analysis of protein ubiquitylation phenotypes
using TUBEs-microarrays could be helpful to determine a per-
sonalized treatment option for breast cancer patients. This
holds also true for specific factors such as p53 and Mdm?2 that
affected in their ubiquitylation levels in response to ADR. The
concerted use of TUBEs with distinct antibodies could provide
information on the degree and the type of accumulated protein
ubiquitylation in response to an individual treatment.

The observed defects in p53 ubiquitylation in MCF cells
are most probably due to the absence or high turnover of
Mdm?2 or other p53 ubiquitin ligases, or the hyperactivity of
DUBs ** but not to a general lack of p53 ubiquitylation since
DUBs inhibition revealed ubiquitylated forms of this tumor
suppressor. These results do not support the presence of non-
tetrameric p53 monomers in MCF7P® cells that would favor

ADR
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their turnover by a proteasome dependent-ubiquitin indepen-
dent mechanism.*>*® Thus, the fact that ubiquitylated p53 is
partially accumulated in the presence of proteasome or DUBs
inhibitors, indicates that ubiquitylation is mechanistically pos-
sible, however further investigations are required to better
understand the origin of the reduced p53 ubiquitylation in
MCF74P® A2780DR1 or A2780DR2 cells and its biological sig-
nificance. Altogether, our characterization of ubiquitylation
profiles indicated that even if ADR failed to accumulate ubiqui-
tylated proteins in MCF7*P%, the UPS was active and could
potentially be used to treat cancerous cells resistant to this che-
motherapeutic agent. As matter of fact, the analysis of apopto-
sis using MG132 to treat ADR resistant cell lines supports this
possibility (Fig. 4B and 5B).

We have observed a highly altered protein expression profile
in the ADR resistant MCF7 cell lines using proteomics
approaches. These changes include components of the GSH
pathway that were proposed to contribute in the development
of chemoresistance.””*® Interestingly, ADR significantly stimu-
lated the formation of hydroxyl radical spin adducts [5,5-
dimethyl-1-pyrroline N-oxide (DMPO)-OH] in the sensitive
cells but not in the resistant cells.”” The role of UPS and regula-
tion of redox processes have emerged as essential factors to
control the fate of cells upon differentiation.”® This is coherent
with the role of reactive oxygen species (ROS) affecting the con-
jugation of those ubiquitin family members that contribute to
an appropriate response to chemotherapy.”'

The analysis of ubiquitylated proteins associated to cellu-
lar events continues to be a difficult task partly due to the
highly dynamic and reversible formation of ubiquitin
chains. Multiple approaches for ubiquitin analysis have
been developed mainly based on the use of specific antibod-
ies that recognize populations of ubiquitylated proteins or
specific ubiquitin chains."* We show here that TUBEs com-
bined with selected antibodies can be used to analyze total
and individual ubiquitylated proteins from MCF7 and or
A2780 cells in distinct protocols. This approach can be
adopted to investigate ubiquitylation in response to distinct
stimuli and to identify high from low responders to
ADR.">?° The further development of methods to improve
the analysis of protein ubiquitylation will contribute to a
better understanding of the many cellular processes con-
trolled by this post-translational modification and improve
the current chemotherapeutic treatment options.

Materials and methods
Cell culture

Breast cancer MCF7 and MCF7*"® cells (gifts from Dr. Gant,
MRC Toxicology *>**) were grown in RPMI with 10% FBS and
antibiotics. MCF7*P® cell cultures were supplemented with
Adriamycin (ADR; Sigma-Aldrich; 0.5 ©M) and the drug was
removed 48 hours before performing experiments. Ovarian car-
cinoma derived cell lines A2780, A2780DR1 and A2780DR2
were grown in DMEM supplemented with 10% FBS and antibi-
otics.>* A2780DRI1 and A2780DR2 cells were grown in the
presence of ADR (0.17 uM) and the drug was removed
24 hours before doing any experimental procedure.
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Figure 5. Proteasome inhibition promotes efficient apoptosis in A2780DR1 and A2780DR2 cells. (A) A2780, A2780DR1 and A2780DR2 cells were treated with ADR (2 M)
during 1 or 4 hours. Ubiquitylated proteins were captured using TUBEs and analyzed by Western blot with the indicated antibodies. Input and TUBEs-capture fractions
were shown. S-actin was used as a loading control. (B) To track A2780DR1 and A2780DR2 cells undergoing apoptosis, these were treated or not during 24hrs with ADR
(5 M) or MG132 (2.5 M) or in combination as indicated. Data represent the mean of three independent experiments.

Analysis of ubiquitylated proteins

MCEF?7 cells were treated or not with MG132 (Sigma-Aldrich, cat
# C2211, 5 uM, overnight), ADR (Sigma-Aldrich, cat # 44583,
as indicated), Chloroquine (Sigma-Aldrich, 200 uM, overnight)
or PR619 (Merck, 20 uM, 15 min) alone or in combination.
A2780 cells were treated with ADR (2 uM) during 1 or 4 hours.
To capture low abundant ubiquitylated substrates and ubiquitin
chains, saturating conditions were used during the TUBE-cap-
ture experiments. To proceed, the lysis buffer was supplemented
with 3.5 uM of TUBEs hHR23A as previously described.'*'
Lysates were clarified by cold centrifugation, and added to gluta-
thione agarose beads (Biontex, cat # R030). When indicated,
glutathione beads were washed after ubiquitin capture (PBS-
tween 0.05%), and the bound material was eluted before being
submitted to p53 (DO.1 p53 antibody) immunoprecipitation as
previously described.'®* Input, TUBEs-IP p53 and unbound
fractions (FT1: obtained after the first capture with glutathione
beads and FT2: obtained after TUBEs-IP p53) were analyzed
using the corresponding antibodies.

Immunoblotting

Western blots were performed using the following primary
antibodies: anti-p53 (clone DO1, Santa-Cruz, cat # SC-126);
anti-Mdm2 (Calbiochem, EMD Chemicals); anti-ubiquitin
P4D1 (Santa Cruz Technology, cat # SC-8017); anti-Histone
H2AX (Abcam, cat # Ab124781); anti-HMGMBI1 (Abcam, cat
# AD79823); anti-8 Tubulin (Abcam, cat # Ab6046); anti-
GAPDH antibody (Sigma-Aldrich, cat # A5441); anti-ubiqui-
tin lys-K48 (Millipore, cat # 05-1307), anti-ubiquitin lys-K63
specific (Enzo Life Sciences, cat # PW0600-010), anti-ubiquitin
FK1 (Enzo Life Sciences, cat # BML-PW88) and anti-ubiquitin
FK2 (Enzo Life Sciences, cat = PW8810-0500).

Protein arrays

Detection of ubiquitylated proteins on TUBEs microarray was
performed as previously described."® Cells were treated or not
for 1h with ADR 1 uM and lysed for 30 min on ice. Cell lysate
dilutions (100 pL) were incubated for 2 hours at room temper-
ature on the TUBEs microarrays. Under these conditions
TUBEs become saturated at high cell extract concentrations.
Detection of ubiquitylated proteins was performed by incuba-
tion with anti-ubiquitin mouse monoclonal antibody (FK2) fol-
lowed by Alexa Fluor®647 rabbit anti-mouse IgG H+L (Life
Technologies). The slides were washed with TBS, water and
dried in a slide spinner. Fluorescence measurements were per-
formed on a microarray scanner (Agilent G2565BA, Agilent
Technologies). Quantification of fluorescence was performed
by ProScanArray® Express software (Perkin Elmer). Average
RFU values with local background subtraction of five spots and
standard deviation of the mean were reported using GraphPad
Prism® software.

Apoptosis analysis

To track apoptosis, MCF?7 cells were treated or not with MG132
(5 uM, overnight), ADR (1 uM, overnight), Chloroquine
(200 uM, overnight) or PR619 (Merck, 20 M, 15 min) either
alone or in combination as indicated. A2780 cells were treated
or not as indicated with MG132 (2.5 uM, 24 hours), ADR
(5 uM, 24 hours), either alone or in combination. Co-staining
with Annexin-V-DY634 (Immunostep, cat # ANXVKDY-
100T) and dead cell stain Sytox green (Fischer Bioblock Scien-
tific, cat # 05BR080) was performed to differentiate: early and
late apoptosis as well as necrotic cells. The percentage of
Annexin V+/sytox green- was analyzed by flow cytometry
excluding doublets. Appropriate single staining controls were



used to set voltage and compensation values. Data were col-
lected on a FACSCanto (BD Biosciences) and were analyzed
using FlowJo software (www.flowjo.com).

List of abbreviations

ADR  Adriamycin

CQ Chloroquine

DUBs  Deubiquitylating enzymes

TUBEs Tandem ubiquitin-binding entities
UPS Ubiquitin-proteasome system
UBDs  ubiquitin-binding domains
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