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EP300-interacting inhibitor of differentiation 1 (EID1) belongs to a
protein family implicated in the control of transcription, differentia-
tion, DNA repair, and chromosomal maintenance. EID1 has a very
short half-life, especially in G0 cells. We discovered that EID1 contains
a peptidic, modular degron that is necessary and sufficient for its
polyubiquitylation and proteasomal degradation. We found that this
degron is recognized by an Skp1, Cullin, and F-box (SCF)-containing
ubiquitin ligase complex that uses the F-box Only Protein 21 (FBXO21)
as its substrate recognition subunit. SCFFBXO21 polyubiquitylates EID1
both in vitro and in vivo and is required for the efficient degradation
of EID1 in both cycling and quiescent cells. The EID1 degron partially
overlaps with its retinoblastoma tumor suppressor protein-binding
domain and is congruent with a previously defined melanoma-
associated antigen-binding motif shared by EID family members,
suggesting that binding to retinoblastoma tumor suppressor and
melanoma-associated antigen family proteins could affect the poly-
ubiquitylation and turnover of EID family members in cells.
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Regulation of protein abundance through alterations in pro-
tein stability plays a critical role in cellular homeostasis. For

many proteins, stability is governed by the concerted actions of
dedicated ubiquitin ligases, which promote proteasomal degra-
dation, and deubiquitinating enzymes, which oppose them.
There are thought to be over 500 potential ubiquitin ligases and
∼100 deubiquitinating enzymes (1, 2).
Many ubiquitin ligases belong to the Skp1, Cullin, and F-box

(SCF) family, characterized by the presence of S-phase kinase-
associated protein 1 (Skp1), Cullin-1 (Cul1), and an F-box protein,
with the latter serving as the substrate recognition subunit (3, 4).
F-box proteins contain the collinear motif for which they are
named and, frequently, a dedicated protein-binding motif such as
a WD40 domain. F-box proteins lacking such protein-binding
domains are referred to as F-box only proteins. Archetypal SCF
complexes include the SCF complex containing the F-box protein
Skp2, which polyubiquitylates proteins such as the cell-cycle reg-
ulators p27 and cyclin E, and the SCF complex containing Fbw7,
which polyubiquitylates proteins such as c-Jun and c-Myc (1).
EP300-interacting inhibitor of differentiation 1 (EID1) is a

short-lived protein with a half-life measured in minutes, espe-
cially as cells exit the cell cycle (5, 6). It was originally identified
by virtue of its ability to bind to the retinoblastoma tumor sup-
pressor protein (pRB) and contains an LXCXE pRB-binding
motif first identified in the viral oncoproteins adenovirus E1A,
SV40 large T, and human papillomavirus E7 (5-9). Structural
studies suggest that EID1 makes two contacts with pRB, one in-
volving the pRB N terminus and one involving the LXCXE-bind-
ing domain within the pRB C terminus (10). EID1 also binds to

small heterodimer partner (SHP) [also called NR0B2 (nuclear
receptor subfamily 0, group B, member 2)], which is a transcrip-
tional corepressor for various steroid hormone family transcription
factors (11–14). In cell-based models, overexpression of EID1
likewise represses transcription factors and blocks differentiation
(5, 6, 11, 14–17). These cellular activities correlate with its ability to
inhibit p300 histone acetyltransferase in vitro and in vivo (5, 6, 11).
Proteins with very short half-lives often perform important

functions that justify the energetic cost of their continuous syn-
thesis and degradation. Previous studies of EID1 function relied
heavily on exogenous overexpression, which could introduce arti-
facts caused by nonphysiological protein abundance. In an attempt
to control EID1 abundance in a more physiological manner, and
to begin to understand its normal functions, we sought to identify
the ubiquitin ligase for EID1.

Results
Previous structure-function studies showed that the EID1 C
terminus is required both for its polyubiquitylation and for its
ability to bind to the mouse double minute 2 homolog (MDM2)
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ubiquitin ligase, suggesting the two properties are linked (5).
Moreover, exogenously expressed MDM2 polyubiquitylates EID1
in cells (5, 18). On the other hand, we found that EID1 was rapidly
polyubiquitylated and degraded in p53−/−;Mdm2−/− mouse embryo
fibroblasts, strongly suggesting the existence of another EID1
ubiquitin ligase. In addition, two studies showed that EID1 is
dramatically induced by MLN4924, which inhibits the NEDD8
activating enzyme and hence cullin-dependent ubiquitin ligases
(19, 20). Together, these observations suggested that EID1 is
polyubiquitylated by a cullin-dependent ubiquitin ligase instead
of, or perhaps in addition to, MDM2.
We tried to define the minimal EID1 degron as a prelude to

identifying the EID1 ubiquitin ligase. Toward this end, we tran-
siently expressed various fragments of EID1, fused to the C ter-
minus of green fluorescent protein (GFP), in HeLa cells and
monitored their accumulation in the presence and absence of the
proteasomal inhibitor MG132 by anti-GFP immunoblot analysis.
EID1 contains 187 amino acid residues (Fig. 1A). Consistent with
prior work, an EID1 mutant [EID1(1–157)] lacking its extreme C
terminus accumulated to very high levels compared with wild-type
EID1 and was largely insensitive to MG132 (Fig. 1B). In contrast,
the behavior of GFP-fused EID1 residues 151–187 was indistin-

guishable from that of GFP-fused to full-length EID1 in these
assays, being produced at very low levels in untreated cells and in-
duced by MG132 (Fig. 1B). Therefore, the EID1 C terminus is both
necessary and sufficient for the proteasomal degradation of EID1.
We then performed fine-mapping studies using a nested set of

C-terminal and N-terminal EID1(151–187) truncation mutants
fused to the GFP C terminus. Progressive elimination of C-ter-
minal residues from EID1(151–187) revealed that EID1 residues
173–187 are dispensible for proteasomal degradation of EID1
(Fig. 1C). In contrast, eliminating residues 170–187 stabilized
EID1 (Fig. 1C). Conversely, progressive elimination of N-terminal
residues from EID1(151–187) showed that residues 151–159 are
dispensible for proteasomal degradation of EID, whereas eliminating
residues 151–162 stabilized EID1 (Fig. 1D). This latter result needs
to be interpreted cautiously as the presence of the GFP moiety could
have steric effects on the N terminus of the EID1 degron. Specifi-
cally, some N-terminal EID1 amino acids in the fusions could be
acting as spacers. This concern, however, is largely mitigated by
experiments described below.
Consistent with these results, GFP fused to EID1 160–172 was

apparently unstable and induced by MG132, whereas in-frame
deletion of EID1 residues 160–172 stabilized otherwise full-length

Fig. 1. Mapping of EID1 degron. (A) EID1 schematic. (B–G) Anti-GFP immunoblot analysis of HeLa cells transiently transfected to produce the indicated GFP-
EID1 fusion proteins and then treated or untreated with 10 μM MG132 overnight as indicated.

Fig. 2. EID1 copurifies with FBXO21. (A) Anti-EID1
immunoblot analysis of whole-cell extracts (WCEs)
of HeLa cells stably infected with a pBABE-based
retrovirus encoding Flag-HA-EID1 or with the empty
vector (Top), Flag peptide eluate after anti-Flag
immunoprecipitation (Middle), and HA peptide el-
uate after anti-HA immunoprecipitation of the Flag
eluate (Bottom). (B) Silver stain of final HA peptide
eluates from cells treated as in A. (C) Peptides de-
tected by MS/MS analysis of HA peptide eluates as
in B.
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EID1 (Fig. 1E and Fig. S1). Finally, we performed an alanine scan
in the context of full-length EID1 focused on residues 160–172,
changing three sequential residues to alanine at a time. Converting
EID1 residues 158–160, 167–169, or 170–172 to three alanines
(AAA) had no discernable effect on EID1 degradation (Fig. 1F).
In contrast, converting EID1 residues 161–163, and especially
164–166, to AAA partially stabilized EID1 (Fig. 1F). A more fo-
cused alanine scan, changing one alanine at a time, showed that
L165 was required for the rapid turnover of EID1 (Fig. 1G).
To identify the relevant ubiquitin ligase, we stably infected HeLa

cells with a retrovirus encoding exogenous EID1 with both a Flag
epitope and hemagglutinin (HA) epitope tag at its N terminus
(pBABE-Flag-HA-EID1) or the empty vector (vector) (Fig. 2A),
treated the cells with MG132 overnight, and performed a pre-
parative immunoprecipitation with anti-Flag Sepharose. Bound
proteins were eluted with a Flag epitope peptide and then immu-
noprecipitated with anti-HA Sepharose, eluted with an HA epitope
peptide, and analyzed by silver staining (Fig. 2B) and by mass
spectrometry (MS) (Fig. 2C). The presence of EID1 in the se-
quential Flag and HA eluates was confirmed by immunoblot
analysis (Fig. 2A). MS analysis of the final HA eluate from cells
expressing Flag-HA-EID1 revealed the presence of multiple pro-
teins, including the F-box Only Protein 21 (FBXO21) (Fig. 2C and
Fig. S2). We pursued FBXO21 because F-box proteins often serve
as substrate recognition modules in SCF ubiquitin ligases.
In cotransfection experiments, we confirmed that exogenous

FBXO21 can bind to EID1 in cells. In one set of experiments, 293FT
cells were cotransfected to produce HA-EID1 and Flag-FBXO21
and treated with MG132. EID1 was detected, as determined by
anti-HA immunoblot analysis, in anti-Flag immunoprecipitates

(Fig. 3A). The recovery of HA-EID1 required the presence of
Flag-FBXO21 and was specific because binding of HA-EID1
(164–166AAA) and HA-EID1(1–157) to Flag-FBXO21 was
diminished and absent, respectively, in these assays (Fig. 3A).
Similarly, wild-type EID1, but neither EID1(164–166AAA) nor
EID1(1–157), bound to FBOX21 in mammalian two-hybrid
assays in which EID1 was expressed as the prey protein fused to
VP16 and FBXO21 was used as the bait fused to the Gal4
DNA-binding domain (Fig. 3 B and C).
To ask if FBXO21 could bind to recombinant EID1, we per-

formed GST–pull-down assays with recombinant GST-EID1 fusion
proteins. Flag-FBXO21 produced by in vitro translation specifi-
cally bound to GST-EID1 but bound poorly to GST-EID1(164–
166AAA) and undetectably to GST-EID1(1–157) (Fig. 3D). Com-
parable recovery of the different GST fusion proteins was confirmed
by Coomassie blue staining (Fig. 3D).
Finally, we did binding assays with biotinylated EID1 peptides.

Flag-FBXO21 produced in 293T cells by transient transfection
bound to synthetic EID1 peptides corresponding to EID1 resi-
dues 151–177 or the minimal degron 160–172 (Fig. 3 E and F,
respectively). Consistent with our degron alanine scanning ex-
periments, replacement of residues 158–163 or residues 164–169
with a flexible linker (NAAIRS) (21) in the EID1 151–177 peptide
abrogated FBXO21 binding, as did replacement of residues
161–163 or 164–166 in the EID1 160–172 peptide with three
consecutive alanine residues (Fig. 3 E and F).
Next we performed in vitro and in vivo ubiquitylation assays.

For the former, 293FT cells were transfected to produce Myc
epitope-tagged versions of wild-type FBXO21, an F-box deleted
version of FBXO21(FBXO21ΔF), or were transfected with an

Fig. 3. FBXO21 binds to the EID1 degron. (A) Immunoblot analysis of WCEs and anti-Flag immunoprecipitates (IP:Flag) prepared from 293FT cells transfected
with a plasmid encoding Flag-FBXO21 or the empty vector together with a plasmid encoding the indicated HA-EID1 variants or empty vector. Cells were
treated with MG132 for 3 h before lysis. (B) Immunoblot analysis of 293FT cells transfected with a plasmid encoding Gal4-FBXO21 or the empty vector to-
gether with a plasmid encoding the indicated EID1–VP16 fusion proteins (or empty vector), a plasmid encoding renilla luciferase, and a reporter plasmid
containing Gal4 DNA-binding sites upstream of firefly luciferase. (C) Normalized firefly luciferase values for cells treated as in B 24 h after transfection.
(D) Anti-Flag immunoblot (Top) of Flag-FBXO21 in vitro translate bound to the indicated GST-EID1 fusion proteins. Comparable recovery of the GST fusion
proteins was confirmed by Coomassie blue staining (Bottom). (E and F) Anti-FBXO21 immunoblot analysis of Flag-FBOX21 produced in 293FT cells and bound
to the indicated EID1(151–177) (E) and EID(160–172) (F) biotinylated peptides. The 293FT cells transfected with empty vector were included as controls.

15374 | www.pnas.org/cgi/doi/10.1073/pnas.1522006112 Zhang et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522006112/-/DCSupplemental/pnas.201522006SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522006112/-/DCSupplemental/pnas.201522006SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1522006112


empty vector. We then performed in vitro ubiquitylation assays
with the anti-Myc immunoprecipitates and 35S-labeled EID1 pro-
duced by in vitro translation with rabbit reticulocyte lysates.
Myc-FBXO21, but not Myc-FBXO21ΔF, immunoprecipitates
ubiquitylated EID1 when supplemented with a recombinant E1
ubiqutin-activating enzyme and an E2 ubiquitin-conjugating en-
zyme (Fig. 4A). This was specific because ubiquitylation of EID1
(164–166AAA) was greatly diminished compared with wild-type
EID1, and ubiquitylation of EID1(1–157) was undetectable (Fig.
4B). Similarly, wild-type FBXO21 promoted the ubiquitylation
of wild-type T7-EID1 in vivo, as determined by the presence of
HA-tagged ubiquitin in anti-T7 immunoprecipitates performed
under denaturing conditions from cells in which the proteasome
was inhibited by MG132 (Fig. 4 C and D). As was true in the
in vitro assays, ubiquitylation of EID1(164–166AAA) and EID1
(1–157) by FBOXO21 in vivo was greatly diminished and absent,
respectively, compared with wild-type EID1 (Fig. 4 C and D).
Next we stably infected 293FT cells to produce Flag-HA-

FBXO21 and identified FBXO21-associated proteins in the
presence of MG132 by sequential preparative immunoprecipi-
tations with anti-Flag and anti–HA-Sepharose followed by MS.
MS revealed the presence of peptides from Skp1 and Cul1 in
addition to peptides from EID1 and its paralog EP300-inter-
acting inhibitor of differentiation 2 (EID2) (Fig. S3A). Notably,
the EID1 degron described above is well conserved in EID2 (Fig.
S3B). Coimmunoprecipitation of Skp1 and Cul1 with FBXO21
was confirmed by immunoblot analysis (Fig. 5A). These findings
suggested that FBXO21 is the substrate recognition subunit of a

canonical SCF ubiquitin ligase complex and strengthened the idea
that EID1 is one of its substrates.
We used several approaches to ask whether SCFFBXO21 regulates

EID1 turnover in cells. Consistent with two recent studies (19,
20), MLN4924 robustly induced the accumulation of endogenous
EID1, implicating an SCF ubiquitin ligase in the control of
EID1 turnover (Fig. 5B). Down-regulation of FBXO21 or Cul1
with effective small interfering RNAs (siRNAs) induced the ac-
cumulation of endogenous EID1 (Fig. 5 C and D and Fig. S4).
These effects were specific because effective siRNAs against
other F-box only proteins or cullins did not induce EID1 (Fig. 5 C
and D and Fig. S4 A–D). Similarly, siRNAs against FBXO21 and
Cul1 induced the accumulation of exogenous EID1 but had little
or no effect on EID1(164–166AAA) (Fig. 5E). MDM2 has also
been reported to regulate EID1 turnover cells (5, 18), but we did
not observe robust induction of EID1 with an effective MDM2
siRNA, either alone or in combination with an FBXO21 siRNA
(Fig. 5E and Fig. S4 E and F). Consistent with our siRNA re-
sults, stable knockdown of FBXO21 with multiple independent
small hairpin RNAs (shRNAs) (Fig. 5F) or with CRISPR-associated
protein 9 (Cas9) and multiple independent FBXO21 small guide
RNAs (sgRNAs) induced the accumulation of EID1 (Fig. 5G).
In contrast, but in keeping with our siRNA results, Cas9-mediated
knockdown of MDM2 did not induce EID1 but did induce the
canonical MDM2 target p53 (Fig. 5G).
As expected, the accumulation of EID1 in cells lacking

FBXO21 was linked to increased EID1 stability, as determined
by its rate of disappearance in cells treated with cycloheximide
(CHX) (Fig. 5H), and was posttranscriptional, as evidenced by
increased firefly luciferase activity in cells transfected with a
bicistronic reporter plasmid encoding an EID1–firefly luciferase
fusion protein and renilla luciferase (22) (Fig. 5I and Fig. S5).
EID1 protein abundance falls as cells exit the cell cycle (5, 6).

To ask whether cells that have not previously entered the cell
cycle regulate EID1 at the G0/1 transition, we stimulated resting
T cells to enter the cell cycle and monitored EID1 protein levels.
EID1 protein was barely detectable in resting T cells but was
induced 12–24 h after T-cell receptor activation, which stimu-
lates cell-cycle entry, without a corresponding change in EID1
mRNA abundance (Fig. 6 A and B). EID1 protein levels were
also induced in G0 cells by the proteasome inhibitor MG132
(Fig. 6C). Therefore, EID1 protein levels are regulated upon
both entry into and exit from the cell cycle.
To ask if SCFFBXO21 regulates EID1 in both G0 and cycling

cells, we analyzed T98G glioblastoma cells and WI-38 human
fibroblasts that were serum-starved into G0 or maintained in
serum. Under both conditions EID1 was induced by Cas9-medi-
ated elimination of FBXO21 with two different effective sgRNAs
(Fig. 6 D and E and Fig. S6 A and B). In a complementary set of
experiments, we transiently transfected T98G stably producing a
bicistronic EID–luciferase stability reporter with an effective
FBXO21 siRNA or a control siRNA and then grew the cells for
72 h in the presence or absence of serum. EID1 stability, as
measured by firefly/renilla luciferase ratio, decreased in serum-
starved cells treated with the control siRNA but not FBXO21
siRNA (Fig. 6 F and G and Fig. S6C). Notably, FBXO21 is
present in both G0 cells and in cycling cells. In some, but not all,
cells, we observed a modest increase in FBXO21 levels in G0
compared with cycling cells (Fig. 6 C–E). We have not, under the
assay conditions tested to date, detected a decrease in FBXO21
ubiquitin ligase activity in cycling cells compared with G0 cells nor
changes in the subcellular localizations of FBXO21 and EID1
under these two conditions. It will be important to determine
how, mechanistically, EID1 levels increase in cycling cells.

Discussion
Our studies show that SCFFBXO21 is a ubiquitin ligase for EID1.
The same conclusion has now been reported by another group

Fig. 4. Polyubiquitylation of EID1 by an FBXO21. (A and B) Autoradiogram
(Top) of the indicated 35S HA-EID1 in vitro translates after incubation with anti-
Myc immunoprecipitates from 293FT cells transfected to produce Myc-FBXO21,
Myc-FBXO21ΔF-box, or with the empty vector, in the presence or absence of
recombinant E1 and E2, as indicated. Comparable recovery of Myc-tagged
proteins was confirmed by immunoblot analysis (Bottom). In B, ubiquitylation
assays performed with a mock immunoprecipitate lacking a primary antibody
(beads only) were included as an additional negative control. Lanes labeled
input equal one-third of the in vitro translate amount used in the ubiquitylation
assays. (C) Anti-HA (Top) and anti-T7 (Bottom) immunoblots of anti-T7 immu-
noprecipitates from 293FT cells transfected to produce Flag-FBXO21, HA-ubiq-
uitin, and T7-EID1 variants, as indicated. (D) Immunoblots of WCEs used in D.
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working in parallel (23, 24). Despite earlier reports (5, 18), we
have thus far not confirmed a physiological role for MDM2 in

EID1 ubiquitylation, although MDM2 might polyubiquitylate
EID1 under conditions not tested here.

Fig. 5. SCFFBXO21 regulates EID1 turnover in cells. (A) Immunoblot analysis of WCEs and anti-Flag immunoprecipitates (IP:Flag) prepared from 293FT cells
stably infected to express Flag-HA-FBXO21 or the empty vector. MG132 was added for 3 h where indicated. (B) Immunoblot analysis of U2OS cells treated with
MLN4924 for 4 h. (C–E) Immunoblot analysis of 293FT cells transfected with the indicated siRNAs. In E, cells were retrovirally infected to stably produce the
indicated HA-EID1 variants. (F) Immunoblot analysis of 293FT cells infected to produce the indicated shRNAs. IP, endogenous FBXO21 immunoprecipitate;
WCE, whole-cell extract. (G) Immunoblot analysis of A549 cells infected to produce Cas9 and the indicated sgRNAs. (H) Immunoblot analysis of 293FT cells
transfected with the indicated siRNAs and then treated with CHX for the indicated duration. (I) Normalized luciferase values after transfecting 293FT cells as
in G with a plasmid encoding EID1 fused to firefly luciferase and renilla luciferase from a bicistronic mRNA.

Fig. 6. SCFFBXO21 is required for degradation of EID1 in G0. (A–C) Immunoblot analysis (A and C) andmRNA levels (B) of resting T cells induced to enter the cell cycle
with anti-CD3 (cluster of differentiation 3) and anti-CD28 (cluster of differentiation 28) antibodies. In C, cells were also treated with MG132 for the indicated
duration before cell lysis. (D and E) Immunoblot analysis of T98G (D) and WI-38 (E) cells grown under serum-poor and serum-replete conditions. (F and G) Nor-
malized luciferase values (F) and immunoblot analysis (G) of T98G cells stably expressing an EID1–luciferase stability reporter after transfection with the indicated
siRNAs and growth in the presence or absence of serum for 72 h.
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EID1 has several paralogs including EID2, EID2B, and EID3
(25–32). The EID1 degron identified here is well conserved
among the EID family members, and EID2 coimmunoprecipi-
tates with FBXO21 in cells treated with MG132. It is therefore
likely that SCFFBXO21 regulates other EID family members.
The binding of SCF complexes to their substrates is often

regulated by posttranslational degron modifications. The EID1
degron we identified here is not known to be modified and, as a
synthetic, presumably unmodified, peptide binds to FBXO21. It
remains possible that the EID1 degron is modified under certain
circumstances, leading to altered recognition by FBXO21 or
that regulatory signals impinge upon SCFFBXO21 rather than
its substrates.
In overexpression studies, EID family members can repress

transcription mediated by various DNA-binding transcription
factors, perhaps by inhibiting p300 and CBP, and can block
differentiation. On the other hand, we have thus far been unable
to replicate these EID1-induced phenotypes by inactivating
FBXO21, suggesting that they were artifacts caused by EID1
overexpression or that FBXO21 loss has additional effects that
mitigate the consequences of increased EID abundance.

Finally, it has been suggested that the EID and melanoma-
associated antigen (MAGE) proteins are mammalian counter-
parts of yeast Nse4 and Nse3, respectively, which form an SMC
complex involved in chromatin maintenance and DNA repair
(30, 32). Conceivably this function provides a teleological expla-
nation for the induction of EID proteins during the cell cycle.
Moreover, the EID1 degron recognized by FBXO21 is essentially
congruent with the MAGE/Nse3-binding motif identified by others.
Perhaps binding to MAGE/Nse3-like proteins shields EID1 from
FBXO21 during the cell cycle. The ability of the MAGE-related
protein Necdin to bind to and stabilize EID1 is consistent with
this idea (16). Similarly, the EID1 degron overlaps with the EID1
pRB-binding region, suggesting that EID1 stability could also be
influenced by pRB and providing a mechanistic explanation for
the induction of EID1 in cells observed after exogenous pRB
expression (5).
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