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Background: Identification of SCF1(FBX025) substrates can be done through in chip ubiquitination on protoarrays.
Results: FBXO25 interacts and mediates ubiquitination and proteasomal degradation of the ELK-1 protooncogene regulator.
Conclusion: The c-Fos regulator ELK-1 is an SCF1(FBXO25) substrate.

Significance: FBXO25 is a potential mitogen pathway regulator through ELK-1 degradation.

FBXO025 is one of the 69 known human F-box proteins that
serve as specificity factors for a family of ubiquitin ligases com-
posed of SKP1, Rbx1, Cullinl, and F-box protein (SCF1) that are
involved in targeting proteins for degradation across the ubiq-
uitin proteasome system. However, the substrates of most SCF
E3 ligases remain unknown. Here, we applied an in chip ubiq-
uitination screen using a human protein microarray to uncover
putative substrates for the FBXO025 protein. Among several
novel putative targets identified, the c-fos protooncogene regu-
lator ELK-1 was characterized as the first endogenous substrate
for SCF1(FBX025) E3 ligase. FBXO25 interacted with and
mediated the ubiquitination and proteasomal degradation of
ELK-1 in HEK293T cells. In addition, FBXO25 overexpression
suppressed induction of two ELK-1 target genes, c-fos and egr-1,
in response to phorbol 12-myristate 13-acetate. Together, our
findings show that FBXO25 mediates ELK-1 degradation
through the ubiquitin proteasome system and thereby plays a
role in regulating the activation of ELK-1 pathway in response to
mitogens.

Substrates of the ubiquitin proteasome system are eventually
degraded following covalent attachment of an ubiquitin chain
to the target protein through sequential steps catalyzed by three
different enzymes: ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin-ligase enzyme (E3).
The E3s are critical enzymes in this pathway because of their
roles in substrate recognition. The polyubiquitinated sub-
strates are directed to 26S proteasome where the ubiquitin is
recycled and the protein is degraded (1, 2).
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The largest and most well characterized family of E3 ligases is
the multisubunit really interesting new gene (RING)® finger
type, known as cullin-RING ligasel (CRL1) or SCF1 complex.
They are composed of a Cullinl (CUL1) subunit that serves as
an organizing scaffold, an E2-recruiting RING-box protein 1
(Roc1/RBX1), an adaptor protein S phase kinase-associated
protein 1 (SKP1), and a substrate recognition subunit F-box
protein (FBP) (3). In addition to the F-box domain that binds
to SKP1, FBP contains distinct protein-protein interaction
domains that interact with their substrates. In humans, 69 SCF
ligases have been identified to date, each one characterized by a
different FBP subunit that provides specificity by recognizing
different substrates (4—6). Post-translational modifications,
such as protein phosphorylation, prolylhydroxylation, or glyco-
sylation, are important in regulating the interaction of a sub-
strate with the FBP (7).

The F-box protein FBXO25, the closest paralog of atrogin-1
(FBX032), assembles an active E3 ligase in mammalian cells
with SKP1, CUL1, and Rocl (8-10). FBXO25 localizes to the
nucleus as a component of the nuclear body named FANDs
(FBXO25-associated nuclear domains), partially colocalizes
with CUL1, SKP1, ubiquitinated proteins, and the proteasome.
In addition, FANDs recruit polyglutamine-containing proteins
and prevent their accumulation in the nucleus (11). Our studies
suggested that FANDs are competent sites of polyubiquitina-
tion in the nucleus having SCF1(FBXO25) as E3 ligase (8,9, 11).
Interestingly, the inhibition of RNA polymerase I disrupts
FANDs, and FBXO25 antibodies interfere with RNA polymer-
ase I transcription in vitro, indicating the role of this FBP in the
transcriptional process (9, 11). Previously, we have applied a
combination of two proteomic approaches and identified 132
novel FBXO25-interacting partners. The transcriptional factor
B-actin was demonstrated to be enriched in and regulates the
FANDs dynamics in the nucleus. However, B-actin is not a sub-
strate of SCF1(FBXO25) (9).

Notably, only a small number of the 69 human SCF ubiqui-
tin-ligases have well established substrates, many of which are

® The abbreviations used are: RING, really interesting new gene; ANOVA, anal-
ysis of variance; CUL1, Cullin1; SCF1, Skp1, Rbx1, Cullin1, and F-box protein;
ETS, E-twenty-six; FAND, FBXO25-associated nuclear domain; FBP, F-box
protein; FRT, Flp recognition target; PMA, phorbol 12-myristate 13-acetate;
SKP, S phase kinase-associated protein.
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involved in cell cycle control, cell growth, apoptosis, DNA dam-
age response, and tumorigenesis (12). In the present study, we
have applied a powerful and high throughput proteomic
approach, known as protoarray, to identify ubiquitinated sub-
strates of SCF1(FBX025). This technology has been previously
validated by identifying targets of purified E3 ligases through in
vitro ubiquitination assays (13—16). Here, we identify 75 novel
potential SCF1(FBXO25) substrates and validate in vitro and in
cellulo the c-fos protooncogene regulator ELK-1 as a substrate
for this E3 ubiquitin-ligase. We also report the functional rela-
tionship of FBXO25 and two immediate early genes regulated
by elk-1, c-fos, and egr-1.

EXPERIMENTAL PROCEDURES

Plasmids and Subcloning—The F-box-deleted (AF) fbxo25
gene was subcloned into pcDNA5/FRT/TO plasmid (Invitro-
gen) using pDEST27-HA-FBXO25-AF-box-FLAG described
previously (8) as template. The insert was amplified by using the
primers AF-forward (GAAGCTTATGCCGTTTCTGGG) and
AF-reverse (CCTCGAGTCAGAACTTGAAG). The products
were digested with HindIIl and Xhol and subcloned into
pcDNAS5/FRT/TO. DNA manipulation and transformation
procedures were performed according to standard cloning
techniques (17). The plasmid encoding elk-1 (ELK-1-FLAG-
His,) was kindly provided by Dr. Andrew D. Sharrocks from the
University of Manchester. The plasmids encoding the proteins
HA-SKP-1, FLAG-CUL1, FLAG-ROC1, GST-HA-FBXO25-
AF-box-FLAG, and GST-HA-FBXO25-FLAG were used previ-
ously (8).

Cells: Culturing, Transient Transfection, and Drug Treatments—
HEK293T (CRL-11268, American Type Culture Collection)
cells were grown in DMEM (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (FBS; Invitrogen) in 5% CO, atmo-
sphere. The transfections were carried out using FuGENE in
accordance with manufacturer (Roche Applied Science) by
48 h. Six hours before lysis, 500 nMm epoxomicin proteasome
inhibitor (Sigma-Aldrich) was added to cell culture medium.
For c-fos and egr-1 expression evaluation, the cells were trans-
fected with fbxo25 or empty vector for 24 h and then submitted
to starvation in no-FBS DMEM for an additional 24 h. There-
after, 100 nm phorbol 12-myristate 13-acetate (PMA) (Invitro-
gen) was added for the indicated times, and the cell pellets were
obtained after 0, 15, and 45 min. The total RNA was extracted,
and the c-fos and egr-1 transcript levels were quantified by
quantitative PCR.

Purification of SCF1 Complexes—HEK293T cells were trans-
fected with plasmids encoding SCF1 complexes HA-SKP1,
CUL1-FLAG, Myc-Rocl, and GST-HA-FBXO25-FLAG or
GST-HA-FBXO25-AF-box-FLAG. After 48 h, the cells were
rinsed in lysis buffer (25 mm Tris-HCI, pH 7.5, 150 mm KCl, and
1% Nonidet P-40) containing protease inhibitor mixture (Sig-
ma-Aldrich) and phosphatase inhibitors (10 mm NaF and 1 mm
NazVO,; Sigma-Aldrich). The SCF1 complex purification was
performed by GST pulldown. The lysates were incubated with
Sepharose-glutathione resin (GE Healthcare) for 3 h at 4°C
with rocking. After that, the beads were washed with lysis
buffer, and the SCF1 complexes were eluted with elution buffer
(0.1 M Tris-HCI, pH 7.5, with 0.1 M reduced glutathione). These
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eluates were dialyzed in ubiquitination buffer and stored at
—20 °C until use.

Ubiquitination on Protoarrays—The procedures with Pro-
toArrays Human Protein Microarrays v4.1 were in according to
the manufacturer’s instructions (Invitrogen). The protoarray
slides were treated in blocking buffer (50 mm HEPES, 200 mm
NacCl, 0.08% Triton X-100, 25% glycerol, 20 mm reduced gluta-
thione, 1 mwm dithiothreitol (DTT), and 1% bovine serum albu-
min (BSA) (Invitrogen) for 60 min at 4 °C. The reactions were
prepared: purified SCF1(FBXO25) or SCF1(FBXO25-AF-box)
and 100 ng of E1 + 500 ng of E2 (UbcH5c¢) or 500 ng of E2DN
(dominant negative) + 2.5 ug of ubiquitin N-terminally mono-
biotinylated + 1 ug of native ubiquitin + ubiquitination buffer
(20 mm Tris-HCI, pH 7.6, 20 mm KCl, 5 mm MgCl,, 2 mm ATP,
1 mMm DTT, and 10% glycerol). The enzymes E1, E2, and ubiq-
uitins were purchased from BostonBiochem (Boston, MA). 100
ul of the reaction was added to the slide and overlaid with a
coverslip followed by incubation for 3 h at 30 °C in humid
chamber (Corning Inc.). Slides were washed in assay buffer (50
mM Tris, pH 7.5, 50 mm NaCl, 5 mm MgSO,, 0.1% Tween 20, 1%
BSA) (Invitrogen), and the arrays were then incubated with 1.0
ng/ul streptavidin-Alexa Fluor 647 (Invitrogen) for 45 min at
4 °C. Then they were washed five times with assay buffer and
once with water. Slides were dried by centrifugation at 1000 X
g for 2 min, and the images were acquired immediately.

Data Acquisition and Analyses—The protoarrays were
scanned, and the data were acquired with GenePix4000B soft-
ware (Molecular Devices). Background-subtracted intensities
for all spots were normalized among slides centering all inten-
sities on a single reference value. The centering factor for each
slide was chosen as the biotin-positive controls average, and
they were corrected to match the overall biotin-positive control
of all slides. Significant intensity detection was carried out com-
paring each spot normalized signal with the negative control
intensity distribution of the whole slide. For each slide, a back-
ground density function was fitted, and a p value was calculated
for each spot. The significance cutoff was established in p
value < 0.01. Proteins were further considered only if all inter-
nal replicates were consistently detected. The final target list
was defined as the intersection between two slides with
SCF1(FBX025) minus negative controls, SCF1(FBXO25) with
E2 dominant negative and SCF1(FBX0O25-AF-box).

Pulse Labeling of Cells with [**S]Methionine—Cells seeded in
6-well plates were transfected with empty vector (pcDNA3) or
GST-HA-FBXO25-FLAG or GST-HA-FBXO25-AF-box-FLAG.
After 24 h, the cells were washed with PBS and DMEM without
methionine (Sigma-Aldrich) and kept in this medium for 2 h.
Then the cells were pulsed for 1 h with 150 uCi/well **S-radio-
labeled methionine (Express labeling mix *°S; PerkinElmer Life
Sciences). The time zero was collected immediately and after
12 h and 24 h T1 and T2 were obtained, respectively. The cell
pellets were lysed with radioimmune precipitation assay buffer
(300 mm NaCl, 2% Nonidet P-40, 0.1% deoxycholate, 0.2% SDS,
and 100 mm Tris-HCI, pH 7.5), sonicated, and the supernatants
were submitted to immunoprecipitation with rabbit polyclonal
anti-ELK-1 antibody (Millipore). The eluted proteins by load
buffer were separated by SDS-PAGE, and after the staining with
Coomassie Brilliant Blue the gels were dried and exposed to a
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Phosphor Screen (Amersham Biosciences,). After 24 h at room
temperature, the Phosphor Screen was scanned in Molecular
Image FX using the software PDQuest (Bio-Rad).

Real-time Quantitative PCR Analysis—Total RNA from
HEK293T cells was extracted and isolated using TRIzol reagent
(Invitrogen). To synthesize ¢cDNA we used the ImProm II
Reverse Transcriptase (Promega) following the manufacturer’s
protocol. The c-fos and egr-1 transcript levels were quantified
relative to GAPDH using the Mastercycler ep realplex real-time
PCR system (Eppendorf). The c-fos primer set included forward
(5'- GGGGCAAGGTGGAACAGTTATC-3’) and reverse (5'-
CTCCGGTTGCGGCATTTGG-3') primers; the egr-1 set
primer was forward (5'-CGCCCACCATGGACAACTAC-3’)
and reverse (5'-AGGAAAAGACTCTGCGGTCAG-3'). A gapdh
primer set (forward (5'-TGCTGATGCCCCCATGTTCG-3’
and reverse (5'-TGCAGGAGGCATTGCTGATGA-3')) was
included as a sample loading control. The reaction was carried out
with Platinum SYBR Green qPCR SuperMix-UDG/ROX (Invitro-
gen). The experiment was performed on three independent bio-
logical replicates. The c-Fos or EGR-1 transcript level was normal-
ized with the endogenous GAPDH control according to the
2722 method (18). The results were compared by one-way anal-
ysis of variance (ANOVA) followed by Tukey’s pairwise compari-
sons testing of significance between selected groups. The differ-
ences observed were considered to be statistically significant at p <
0.05.

Construction of Stable Cell Line—Flip-In™ T-Rex"™-293
cells contain a single stably integrated FRT site at a transcrip-
tionally active genomic locus. For targeted integration of F-box
deleted (AF) fbxo25 into the FRT site, we carried out cotrans-
fection of FBXO25-AF-box/pcDNAS5/FRT/TO vector and Flp
recombinase vector pOG44 by using Lipofectamine 2000
(Invitrogen). Flip-In™ T-Rex"™-293 cells cotransfected with
pcDNAS5/FRT/TO empty vector and Flp recombinase were
used as control. Forty-eight hours after transfection, 400 ug/ml
hygromycin was added to the medium for selection of the cells
with integrated sequences coding for FBXO25-AF-box. After 2
weeks of antibiotic selection the colonies were picked and
expanded to confirm tetracycline-dependent expression of
FBX0O25-AF-box.

In Vitro Ubiquitination of Purified ELK-1—HEK293T cells
were transfected with ELK-1-FLAG-His, and rinsed with lysis
buffer. The supernatants were immunoprecipitated by anti-
FLAG M2 beads, and the ELK-1-FLAG-His, was eluted with
100 pg/ml 3XFLAG peptide (Sigma-Aldrich) in Tris-buffered
saline (TBS; 50 mm Tris-HCI, pH 7.5, 0.15 M NaCl). The in vitro
ubiquitination reactions were developed as follows. Purified
SCF1(FBXO25) or SCF1(FBXO25-AF-box) + ubiquitin mix
(100 ng of E1 + 500 ng of E2 (UbcH5c) + 1 ug of native ubiq-
uitin + 0.5 pg of N-terminal biotin-ubiquitin and ubiquitina-
tion buffer) were incubated for 90 min at 30 °C. The proteins
were loaded in SDS-PAGE, and the Western blots were probed
with anti-polyubiquitin FK2 antibodies (Millipore) and with
streptavidin-peroxidase (Thermo Pierce).

In Cellulo Ubiquitination of ELK-1—HEK293T cells were
transfected with ELK-1-FLAG-His, and empty vector
(pcDNA3) or GST-HA-FBXO25-FLAG or GST-HA-FBXO025-
AF-box-FLAG. Six hours before lysis the cells were treated with
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epoxomicin and lysed with radioimmune precipitation assay
buffer, sonicated, and boiled prior to immunoprecipitation.
Lysates were cleared by centrifugation and immunoprecipi-
tated with anti-ELK-1 antibodies (Millipore). Then, the resins
were washed with radioimmune precipitation assay buffer, and
SDS-PAGE load buffer was added. The Western blotting was
developed by probing the membranes with anti-polyubiquitin
FK2 antibodies (Millipore).

RESULTS

Identification of SCF1(FBX025) Ubiquitinated Proteins—To
identify FBXO25 substrate candidates, we have used the human
protoarray as target and the purified SCF1(FBX0O25) com-
plexes as a source of E3 ligases (Fig. 1A4). The protoarrays are
based on a robust technology described previously (19) con-
taining >8000 unique full-length proteins spotted in duplicate,
covering almost the entire human proteome. We carried out
the substrate search using four protoarrays as follows. Two
arrays were probed with SCF1 complexes containing FBXO25
wild type (WT) and two negative controls containing
SCF1(FBXO25-AF-box), depleted of F-box domain (AF), or
SCF1(FBX025), with E2DN (dominant negative, unable to
transfer ubiquitin). Using the statistical criteria described
under “Experimental Procedures,” 75 putative substrates of
FBXO25 were identified with high confidence (supplemental
Table 1).

The Protein ELK-1 Is a Potential Target of FBXO25—Because
ELK-1 is a nuclear protein that has been reported to be a ubiq-
uitin proteasome system substrate (19), we chose to further
explore the possibility of ELK-1 being a FBXO25 substrate.
ELK-1 is a ternary complex factor subfamily of ETS domain
transcription factors that plays an important role in the induc-
tion of immediate early gene expression in response to a extra-
cellular signal (20). ELK-1 was specifically ubiquitinated in the
protoarray by SCF1(FBXO25) but not by SCF1(FBX025-AF-
box) (Fig. 1B) or SCF1 (FBXO25) with E2DN. This last negative
control was used to exclude from the final hits any unspecific
target such as those that got a biotin-ubiquitin directly from E1
or were able to keep bound with this molecule and after the
washes.

To evaluate the functional relationship of these proteins, we
cotransfected HEK293T cells with ELK-1-FLAG-His, and GFP in
combination with increasing amounts of FBXO25 or FBXO25-
AF-box or FBXO32. A statistically significant reduction of overex-
pressed ELK-1 protein levels in the presence of FBXO25 was
observed in a dose-dependent manner (Fig. 2, left panel and
graphic). In contrast, FBXO25-AF-box had a weak effect on the
levels of ELK-1 protein (Fig. 2, middle panel and graphic), which is
in agreement with the inability of the AF-box mutant version of
FBOX25 to assemble in an active SCF1 complex to promote ubiq-
uitination and degradation of its substrates.

We sought to evaluate the specificity of ELK-1 degradation
by FBXO25 through its cotransfection with the FBXO25 closest
protein family member FBXO32. The overexpression of
FBXO32 had no effect on the levels of the ELK-1, confirming
the FBXO25 selectivity toward their substrates (Fig. 2, right
panel and graphic). Moreover, FBXO25 did not change the
steady-state levels of an irrelevant control GFP protein signifi-
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FIGURE 1. The protein ELK-1 was ubiquitinated in the protoarrays by SCF1(FBX025). A, experimental scheme of the ubiquitination in vitro reaction using
the protoarray and SCF1 complexes. The ubiquitin mix (E1+E2 or E2DN+ATP + biotin-ubiquitin +ubiquitin) was added with the SCF1 complexes wild type or
mutant in the ubiquitination reaction. Furthermore, the slides were incubated with streptavidin-Alexa Fluor 647 and scanned for visualization of the ubiquiti-
nated proteins. B, protoarray slides ubiquitinated by SCF1(FBXO25) or SCF1(FBXO25-AF-box) highlighting a block with proteins differentially ubiquitinated by
the wild type SCF1 complex. The protein ELK1, a member of ETS oncogene family, was differentially ubiquitinated by SCF1(FBXO25) (n = 2). The other revealed

spots were loading controls or ubiquitin-binding proteins spotted in the slides.

cantly (Fig. 2, right panel and graphic Bii), corroborating the
specificity of ELK-1 degradation by FBXO25. Overall, these
findings suggested that FBXO25 triggers the ELK-1 degrada-
tion, and this effect was dependent on its F-box domain, sug-
gesting that ELK-1 is a substrate of an active SCF1(FBXO25)
complex.

FBXO25 Interacts with and Destabilizes ELK-1 by Protea-
some-dependent Degradation—The F-box family of proteins
are known to use protein-protein domains to bind tightly and
specifically to their protein targets (4, 5). We sought to deter-
mine whether FBXO25 interacts with ELK-1 through GST pull-
down assays by using cell lysates from HEK293T cotransfected
with ELK-1-FLAG-His, in combination with pcDNA3 or
FBXO25 or FBXO25-AF-box. GST-FBXO25 was purified using
glutathione-Sepharose beads, and ELK-1-FLAG-His, was
detected by Western blotting using anti-His tag antibodies.
Consistent with the results shown above, FBXO25 copurified
with ELK-1, indicating that they are protein partners (Fig. 3A4).
To confirm the specificity of this association, we performed a
reverse coimmunoprecipitation using HEK293T cell lysates
transfected with the same combination of plasmids. Antibodies
anti-ELK-1 copurified ELK-1-FLAG-His, and GST-FBXO25
and FBXO25-AF-box (Fig. 3B). It is important to mention that
ELK-1 was found associated with GST-FBXO25-AF-box in
both types of copurification assays, highlighting its possibility
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to work as a dominant negative by competing with the endog-
enous FBXO25.

To confirm the suggested dominant negative function of
FBXO025-AF-box on ELK-1 degradation we generated HEK293T
cells expressing stably and inductively this mutant form (Fig. 4A4).
In this system only clones with integrated genes were selected,
avoiding the contamination signal of untransfected cells. The
endogenous ELK-1 protein content was evaluated after immu-
noprecipitation with anti-ELK-1 antibodies before and after
induction of the mutant FBXO25 gene with doxycycline. We
observed in FBX025-AF-box-induced cells an accumulation of
ELK-1, indicating that this mutant was able to protect endoge-
nous ELK-1 from degradation (Fig. 4, B and C).

As the F-box proteins catalyze ubiquitination and degrada-
tion of their target proteins by the ubiquitin proteasome sys-
tem, we surmise that the overexpression of FBXO25 would
increase the turnover of ELK-1. To evaluate this possibility, we
performed methionine chase labeling experiments in cells
overexpressing ELK-1-FLAG-Hisg either with FBXO25 or
pcDNAS3. The rate of **S-labeled ELK-1-FLAG-His, degrada-
tion was increased in cells overexpressing FBXO25 compared
with those transfected with empty vector (Fig. 5, A and B).
Treatment of the cells with the irreversible, highly specific, pro-
teasome inhibitor epoxomicin blocked ELK-1 proteolysis.
These data strongly suggest that the ELK-1 degradation was

JOURNAL OF BIOLOGICAL CHEMISTRY 28155



ELK-11Is a Novel SCF1(FBX0O25) Substrate

A) FBXO025 FBXO025-AF-box FBXO032

1_2 3 4 p, 1 2 3 4 yp,

- 116 - -116 - |

- 66 - - 66 -

ELK-1-FLAG-6xHis | BN S & [ —
4 |
GST/HA-FBX025-FLAG — g | - 66 - -
GST/HA-FBX025-AF-box-FLAG | and - 6xMyc-FBX032
_45 -
GFP |we - "= we - == o e
-25- -25-

B-actin ﬁ-.n-- J45 - | e o wmm| 45 -

B) D 0 i) 299
= FBX025 - FBXO025
3 £ 150
: g
< = 100
i" & 50
= o
0
i) 59 V) 200
£ £
5 150 S 150
= 100 S 100
o ~
= 50 = 50
— 0
INEEEEEENEN [ A S ¥

FIGURE 2. ELK-1 degradation is mediated by FBX025. A, HEK293T cells were cotransfected with 0.25 ug of ELK-1, 0.50 nug of GFP, in combination with
increasing amounts (0, 0.5, 1.0, and 2.0 ug) of FBXO25 or FBXO25-AF-box or FBXO32 as indicated. After 48 h the supernatant was obtained and used in Western
blotting analyses with the indicated antibodies. For all experiments n = 3. #, this additional band detected by antibodies, possibly represents a smaller isoform
of ELK-1 that arises from an internal translation start codon in the elk-1 sequence (41). B, the graphics were obtained from densitometry of ELK-1-FLAG-Hisg
using B-actin to normalization.*, p < 0.05 compared with lane 7 by one-way ANOVA followed by Tukey's post test; **, p < 0.05 compared with lane 2 by one-way
ANOVA followed by Tukey’s post test.
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FIGURE 3. FBX025 and FBX025-AF-box interacts with ELK-1. A, HEK293T cells transfected with the indicated plasmids. Six hours before cell lysis the
proteasome inhibitor epoxomicin was added, and the supernatants were obtained and submitted to GST pulldown. The eluted fraction obtained by reduced
glutathione was used in Western blotting analyses with the indicated antibodies. B, immunoprecipitation (/P) of ELK-1 using anti-ELK-1 antibodies from
HEK293T cells lysates transfected with indicated plasmids and probed with anti-GST and anti-ELK-1 antibodies.

mediated by FBXO25 and is proteasome-dependent (Fig. 5, C  degradation during the 24 h of cotransfection prior to the
and D). It is interesting to point out that the different levels of methionine chase assay.

immunoprecipitated ELK-1-FALG-His, comparing FBXO25 ELK-1 Is Ubiquitinated by FBXO25—The proteins spotted in
and pcDNA3 cotransfection in the TO should be due to ELK-1  the protoarrays are in fusion with GST, and they were purified
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from insect cells using the baculovirus expression system
(Invitrogen information). To eliminate any artifact influence of
GST tag or modifications in ELK-1 imposed by this expression
system in our in vitro ubiquitination assay, we expressed and
purified ELK-1-FLAG-His, from HEK293T cells, the same cell
line used in all experiments (data not shown). The ELK-1 pro-
tein purified from HEK293T cells was used as substrate for the
in vitro ubiquitination assay. Two different concentrations of
SCF1 complexes were used in the presence or absence of
ELK-1, ATP, or biotin-ubiquitin (Fig. 64). The protein ELK-1
was ubiquitinated by SCF1(FBXO25) (Fig. 6A, lanes 4 and 6)
but not by ubiquitin mix (/anes 1 and 8) or SCF1(FBXO25-AF-
box) (lanes 11 and 13). We also observed a more intense smear
of polyubiquitinated ELK-1 in the higher concentration of wild
type SCF1 complexes (lanes 4 and 6), but no differences were
observed in the mutant complexes (lanes 11 and 13). No signal
of polyubiquitination was visualized in the absence of ATP
(lanes 2 and 9) or biotin-ubiquitin (lanes 3 and 10). We also
probed these membranes with anti-ubiquitin antibody, and
beyond the aforementioned ubiquitination we were able to see
the polyubiquitinated ELK-1 in the reaction without biotin-
ubiquitin but with native ubiquitin only in the SCF1(FBXO25)
(compare lanes 3 and 10). These results further corroborated
the present findings that ELK-1 is ubiquitinated in vitro by
SCF1(FBX025).

In an attempt to endorse the idea that FBXO25 promotes the
ubiquitin-dependent degradation of ELK-1, we performed in
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cellulo ubiquitination experiments in HEK293T cells cotrans-
fected with ELK-1-FLAG-His, and FBXO25 or FBX0O25-AF-
box or empty vector. To guarantee the accumulation of poly-
ubiquitinated ELK-1, the proteasome was inhibited before cell
lysis. The lysates were subjected to ELK-1 immunoprecipita-
tion followed by immunoblotting using the FK2 anti-ubiquitin
antibodies. A notably more intense high molecular mass smear
of ubiquitin-modified ELK-1 was observed in the presence of
FBXO25 compared with the profile obtained with the empty
vector or FBXO25-AF-box (Fig. 6B), indicating that FBXO25
mediated the in cellulo ubiquitination of ELK-1. Interestingly,
the ELK-1 in the input cotransfected with FBXO25 was weaker
compared with the empty vector or FBXO25-AF-box, indicat-
ing that the accumulation of the polyubiquitinated ELK-1 after
proteasome inhibition which was evident after immunopre-
cipitation (Fig. 6B, middle lane).

FBXO25 Suppresses c-fos and egr-1 mRNA Induction—Tran-
scriptions of the protooncogene c-fos or other immediate early
genes are stimulated rapidly and transiently by mitogens or
serum growth factors (20, 21). This expression is mediated by
the ternary complex factors including the transcription factor
ELK-1 (22, 23). The mitogen PMA can be used to activate pro-
tein kinase C and consequently, enhances the phosphorylation
of ERK1/2 MAP kinase. It has been shown that ERK and ELK-1
are downstream targets of the protein kinase Cn in glioblas-
toma multiform cells stimulated with PMA (24). To uncover
the biological significance of FBXO25-mediated degradation of
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of FLAG affinity-purified ELK-1-FLAG-His4 (data not shown).

ELK-1, we scrutinized whether overexpression of FBXO25
would affect c-fos and egr-1 gene expression in cells stimulated
by PMA. Indeed, HEK293T cells transfected with FBXO25 but
not with the empty vector were able to suppress the c-fos and egr-1
expression following PMA stimulation (Fig. 7, A and B). Thus, the
present data suggest that the overexpression of FBXO25 led to
ubiquitination and proteasomal degradation of ELK-1, which
could account for a mechanism of regulation of these two genes
expression after PMA stimulation (Fig. 7C).

DISCUSSION

The growing number of identified FBP substrates has intro-
duced an exquisite cellular mechanism for substrate target
selection. It has been shown that the substrate degradation
depends on its phosphorylation state (25), cell cycle, and intra-
cellular localization (26). In addition, the functions of some
FBPs are cell type-dependent (27-29). In an attempt to bypass
these constraints and identify new SCF1(FBXO25) substrates,
the ubiquitination in chip approach has been used. These arrays
contain most of the human proteome components immobi-
lized directionally by an expression tag (GST) on nitrocellulose-
coated glass slides (19), whose 9483 spotted proteins had been
expressed and purified from insect cells with their native post-
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translational modifications, such as phosphorylation state, in
accordance with the manufacturer’s information. This technol-
ogy has been used to identify substrates of purified HECT-type
E3 ligases, which are composed of a single protein that recruits
the E2-ubiquitin enzyme and promotes substrate ubiquitina-
tion (13, 15, 30). However, to date there are no reports address-
ing the use of these arrays for the identification of ubiquitinated
substrates by cullin-RING E3 ligases (CRLs or SCF1).

We have identified 75 potential SCF1 (FBXO25) substrates
using an active purified complex purified under native condi-
tions by GST pulldown from extract of HEK293T cells cotrans-
fected with SCF1 complex components, as described previously
(9). Interestingly, from the ubiquitinated proteins on the arrays,
we observed strong ubiquitin-labeled spots of the ubiquitin-
binding proteins, such as E1, E2 RING-finger type, and HECT-
type E3 ligases, indicating that these spotted proteins remained
in their functional native structures. The signals of these ubiq-
uitin-binding proteins were considered false hits, and there-
fore, they were not included as potential substrates. Ten pro-
teins of the final hit list, which includes PADI4, HIP1, PRKCA,
TNIP2, ANKRD13A, Cé6orfl06, PSMD4, FKBP3, UBQLNI,
and UBQLN?2, were also identified as a SMURF1 targets using
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the same approach (13). These targets were not FBXO25-
specific, but their ubiquitination was SCF1(FBXO25)- or
SMURF1-dependent. In fact, some FBPs have been described as
responsible for ubiquitination and degradation of the same sub-
strates, such as cyclin D1, which is substrate of five different
FBPs or c-Myc by two others, revised by (12). Post-translational
modification of the targets as well as cell cycle stage and intra-
cellular localization of the FBPs can be some of the reasons for
this apparent promiscuity.

A proteome-wide analysis of endogenous ubiquitinome in
HEK293T cells revealed 11,054 endogenous putative ubiquiti-

BSEpEN
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nation sites on 4273 human proteins by measuring the digly-
cine-modified lysines contents (31). Remarkably, we have
found that 33% of the SCF1(FBXO25) ubiquitinated proteins
on protoarrays (GTF2B, ODF2, SAMHD1, RPS10, ADRBK1,
LUC7L, HP1BP3, TCEAL2, PAK4, DNAJB2, SERBP1, G3BP1,
CDK9, PRRG1, CENPB, MAT2B, PPID, EIF4E2, DNAJCS,
EGEFR, and RABEP2) were found in the aforementioned ubiq-
uitinome. This emphasizes the great potential of in chip
ubiquitination assays for revealing substrates of E3 ligases.
Surprisingly, the protein ELK-1 was not present in this ubiq-
uitinome as well as other known low expression level FBP
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gene expression. ***, p < 0.05 compared with empty vector (0CDNA3) by one-
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substrates. This low level of ELK-1 can explain why we did
not find this protein in our FBXO25 interactome (9). Indeed,
both ELK-1 protein contents and its phosphorylated state
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are tightly regulated to maintain the cellular functions such
as proliferation, differentiation, and apoptosis in a normal
state (32).

From the potential identified targets, we investigated ELK-1
to be validated as a substrate based on its SCF1(FBXO25)-re-
lated features, such as nuclear localization-dependent stability
and its degradation mediated by proteasome (11, 33). We pre-
sented here a combination of two in vitro approaches to show
the ubiquitination of ELK-1 by SCF1(FBXO25). First, the pro-
toarrays were used as source of targets, and afterward, we per-
formed the in vitro assay with purified ELK-1 from mammalian
cells to guarantee that any modification of the protoarray tar-
gets, such as the tags, could not influence the ubiquitination
signals. To unveil the relationship of these proteins in vivo, we
also showed that SCF1(FBXO25) was able to ubiquitinate
ELK-1ina cellular environment. The ubiquitination of proteins
by E3 ligases can be associated with their degradation by pro-
teasome or regulation of their cellular functions. Here, we dem-
onstrated by methionine chase that FBXO25 wild type
increased the turnover of overexpressed ELK-1 in HEK293T
cells, suggesting that its ubiquitination is related to degrada-
tion. In fact, the FBXO25-mediated ELK-1 degradation was
completely blocked by epoxomicin, confirming that ELK-1
degradation was proteasome-dependent, as described previ-
ously (33).

An F-box deletion mutant of FBXO25, which interacts with
ELK-1 but does not promote its ubiquitination, behaved in vivo
as a dominant negative. The induction of FBXO25-AF-box by
doxycycline in selected stable cell lineages increased the steady-
state levels of endogenous ELK-1, suggesting a dominant neg-
ative effect of this mutant. Dominant negative mutants lacking
the F-box domain have been widely used to confirm FBP sub-
strates (34-36). On the other hand, different approaches aim-
ing to reduce the F-box protein levels such as RNAi have been
used extensively to evaluate substrate accumulation (37). How-
ever, this technology relies on the endogenous protein machin-
ery to remove the existing protein and hence depends largely of
its intrinsic stability (37). Interestingly, we have observed by
specific RNAi as well as time course experiments by cyclohex-
imide chase that FBXO25 is a very stable protein (data not
shown), which affects the analysis of its substrate accumulation
in response to mRNA depletion by RNAI. In addition, the use of
genetic approaches such as knock-out mouse or mouse embry-
onic fibroblast cell lineages to evaluate the FBP substrate accu-
mulation has unveiled conflicting results with the literature.
The stability of cyclin D1 was not changed either when evalu-
ated in knock-out mouse for each one of the five different FBPs
described as responsible for its degradation or in mouse embry-
onic fibroblast cells from these animals in which a combination
of three different FBPs knock-out was inserted (38).

It has been shown that two motifs in ELK-1 determine its
premature degradation: the N-terminal region (residues 1-32)
in the ETS domain which is responsible for ELK-1 dimerization
in the cytosol, and a proline-rich hydrophobic motif (residues
187-216) between the B and S domains that could be the rec-
ognition element for E3 ligases (33). Interestingly, the FBXO25
prediction of functional motifs by the ELM (Eukaryotic Linear
Motifs) software revealed a proline-rich binding motif in its
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structure (residues 343—-348). As part of the interaction charac-
terization, the mapping of the interaction domains between
FBXO25 and ELK-1 remains to be done.

In cells stimulated by mitogen factors ELK-1 is phosphory-
lated by MAPK and recruited into the serum response factor
complex, regulating the transcription of the immediate early
genes, such as c-fos, egr-1, egr-2, and mcl-1 by interacting with
their serum response element DNA regulatory site (20, 22, 23,
39, 40). We also demonstrated the biological relevance of
FBXO25-mediated degradation of ELK-1 through the suppres-
sion of the ELK-1 target genes, c-fos and egr-1, after induction
by PMA in cells overexpressing FBXO25. The role of FBXO25
in the functional processes mediated by immediate early gene
induction regulated by ELK-1, such as cell proliferation, differ-
entiation, and apoptosis, remains to be uncovered. In summary,
the in vitro ubiquitination on protoarrays represents a powerful
strategy to identify substrates of cullin-RING E3 ligases. We
provided in vitro and in cellulo evidence that SCF1(FBXO25)
mediates ubiquitination and proteasomal degradation of ELK-1
as well as the functional relevance of this effect in the cells.
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