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Abstract 

EGR1, a short-lived transcription factor, regulates several biological processes, including cell proliferation and tumor progression. 
Whether and how EGR1 is regulated by Cullin-RING ligases (CRLs) remains elusive. Here, we report that MLN4924, a small 
molecule inhibitor of neddylation, causes EGR1 accumulation by inactivating SCF 

FBXW7 (CRL1), which is a new E3 ligase for 
EGR1. Specifically, FBXW7 binds to EGR1 via its consensus binding motif/degron, whereas cancer-derived FBXW7 mutants showed 

a much reduced EGR1 binding. SiRNA-mediated FBXW7 knockdown caused EGR1 accumulation, whereas FBXW7 overexpression 

reduced EGR1 levels. Likewise, FBXW7 knockdown significantly extended EGR1 protein half-life, while FBXW7 overexpression 

promotes polyubiquitylation of wild-type EGR1, but not EGR1-S2A mutant with the binding site abrogated. GSK3 β kinase is 
required for the FBXW7-EGR1 binding, and for enhanced EGR1 degradation by wild type FBXW7, but not by FBXW7 mutants. 
Likewise, GSK3 β knockdown or treatment with GSK3 β inhibitor significantly increased the EGR1 levels and extended EGR1 protein 

half-life, while reducing EGR1 polyubiquitylation. Hypoxia exposure reduces the EGR1 levels via enhancing the FBXW7-EGR1 

binding, and FBXW7-induced EGR1 polyubiquitylation. Biologically, EGR1 knockdown suppressed cancer cell growth, whereas 
growth stimulation by FBXW7 knockdown is partially rescued by EGR1 knockdown. Thus, EGR1 is a new substrate of the GSK3 β- 
FBXW7 axis, and the FBXW7-EGR1 axis coordinately regulates growth of cancer cells. 
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Early growth response 1 (EGR1) is a transcription factor and a member
f the zinc finger EGR family [1] . EGR1 contains a highly conserved DNA-
inding domain that binds to a consensus motif GCG (G/T) GGGCG
2] to transactivate the expression of down-stream target genes, including
53, PTEN, TGF β1, fibronectin [ 3 , 4 ], BAX [5] , NAG1 [6] , Cyclin D1
7] , CDKL1 [8] , Leptin [9] , MMP1 [10] , HIF1 α [11] and GGPPS
geranylgeranyl diphosphate synthase) [12] . On the other hand, EGR1 itself
s stress-responsive protein and subjected to upregulation by growth factors,
nflammation and radiation among the others [13] . For example, EGR1 was
ranscriptionally upregulated by the MAPK-ERK pathway [14–16] , and the
NK-c-Jun pathway [5] , but downregulated by the loss of E-cadherin, leading
o Pten inhibition and PI3K/AKT activation [17] . 

EGR1 was reported to regulate a variety of cellular processes, including
roliferation, differentiation, angiogenesis, apoptosis, tumor invasion and 
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metastasis [13] . In general, EGR1 acts as a tumor suppressor, since loss of
the EGR1 often occurs in human cancer [ 3 , 18 ], and EGR1 upregulate few
typical tumor suppressor proteins such as PTEN and p53 [ 3 , 4 ]. On the
other hand, EGR1 was found to act as an oncogenic protein in prostate
cancer [19] . Thus, the function of EGR1 in human cancer could be context
dependent. While EGR1 is mainly regulated at the transcriptional levels
[1] , EGR1 was also found to be regulated at the posttranslational levels,
such as by phosphorylation [20–23] , acetylation [24] , sumoylation [22] , and
possibly by ubiquitylation [ 25 , 26 ]. Whether and how EGR1 is subjected to
ubiquitylation and degradation by SCF E3 ligase is totally unknown. 

SCF (SKP1-Cullin1-F-box protein) ubiquitin ligase, also known as
Cullin-RING ligase-1 (CRL1), is a member of the largest E3 ligases,
which regulate many biological processes by promoting ubiquitylation and
degradation of a variety of key signaling proteins [ 27 , 28 ]. SCF is a multiple
component complex, consisting of an adaptor protein SKP1; a scaffold
protein Cullin-1 (Cul-1); a RING protein, RBX1 or RBX2, which binds to
ubiquitin-loaded E2, required for core enzymatic activity; and a F-box protein
that is substrate-recognizing subunit, and bind to a phosphorylated substrate
[29] . In mammalian cells, there are 69 F-box proteins [30] . Among them,
FBXW7 (F-box and WD repeat domain-containing 7) is one of the best
studied. FBXW7 is characterized as a typical tumor suppressor, given the fact
that a) FBXW7 promotes ubiquitylation and degradation of many oncogenic
proteins such as c-MYC, NOTCH1, mTOR, MCL-1, c-JUN, and Cyclin-
E [ 31 , 32 ]; b) FBXW7 is frequently mutated, deleted or downregulated in
human cancer, which is also associated with poor prognosis of cancer patients
[33] ; and c) Studies with genetically engineered mouse models showed
that Fbxw7 + / − mice have increased susceptibility to radiation-induced
tumorigenesis with Fbxw7 acting as a p53-dependent, haploinsufficient
tumor suppressor gene [34] , and conditional deletion of Fbxw7 in the T
cell lineage caused thymic hyperplasia and eventually developed thymic
lymphoma due to c-Myc accumulation [35] . However, under certain
conditions, FBXW7 also promotes ubiquitylation and degradation of some
tumor suppressors. The examples include Nf1 during mouse embryogenesis
[36] , p53 upon DNA damage [37] . Furthermore, a recent study showed that
in B-cell lymphoma, FBXW7 acts as an oncogenic protein by promoting
ubiquitylation and degradation of tumor suppressor KMT2D [38] . Thus,
FBXW7 has diverse activity in a manner dependent of cellular context. 

In this study, we report that transcription factor EGR1 is a new
substrate of SCF 

FBXW7 . Specifically, FBXW7 binds to EGR1 via its consensus
binding motif to promote EGR1 polyubiquitylation, thus shortening EGR1
protein half-life, whereas FBXW7 knockdown caused EGR1 accumulation
by extending its protein half-life. GSK3 β kinase is required for FBXW7-
mediated EGR1 ubiquitylation and degradation. Furthermore, short term
hypoxia exposure reduces EGR1 protein levels via enhancing FBXW7-EGR1
binding and FBXW7-mediated EGR1 polyubiquitylation. Finally, EGR1
knockdown inhibits growth of cancer cells and abrogated growth stimulation
by FBXW7 knockdown. Thus, the GSK3 β-FBXW7 axis controls the levels
of EGR1, whereas the FBXW7-EGR1 axis coordinately regulates cancer cell
growth. 

Materials and methods 

Cell culture 

HEK293 cells, lung cancer cell lines H1299 and A549, mouse MEF
cells, were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 10% (v/v) fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Lung cancer cell lines H23, H125, H358, H460, H520,
H1792, H2170, human prostate cancer cell lines Du145, human colorectal
cancer DLD1 cells were maintained in RPMI 1640 Medium with 10%
FBS and 1% penicillin-streptomycin. Cells were incubated at 37 °C in a
humidified incubator with 5% CO2. 
ntibodies, chemical reagents, plasmids, and siRNA oligoes 

Antibodies were used in this work: EGR1 (Cell Signaling Technology, 
4153), c-MYC (Cell Signaling Technology, #5605), Cul-1 (Proteintech, 
2895-1-AP), Cul-2 (Abcam, ab166917), Cul-3 (Cell Signaling Technology, 
2759), Cul-4A (Cell Signaling Technology, #2699), Cul-4B (Proteintech, 
2916-1-AP), Cul-5 (Abcam, ab184177), FBXW7 (Bethyl, A301-720A), 
otch1 (Cell Signaling Technology, #4147), FLAG (Sigma-Aldrich, 
1804), HA (Sigma-Aldrich, A2095), β-Actin (Santa Cruz, sc-47778), 
SK3 α/ β (Cell Signaling Technology, #5676), p-GSK3 β(Ser9) (Cell 

ignaling Technology, #5558), p- β-catenin(Ser33/37/Thr41) (Cell Signaling 
echnology, #9561), HIF1 α (Novus, NB100-479). 

Cycloheximide (CHX) and metformin were purchased from Sigma- 
ldrich. MG132, GSK3i-IX and Cell Counting Kit-8 (CCK8) were 
urchased from MedChemExpress (MCE). 

The plasmid constructs expressing FLAG-tagged FBXW4, FBXW5, 
BXW7, FBXW8, FBXL5, β-TrCP1, FBXO4, and HA-tagged FBXW7 were 
sed and described previously [39] . GSK3 β, FBXW7 R479Q and R505C 

onstructs were provided by Dr. Wenyi Wei. EGR1 plasmid was provided 
y Dr. Eugene Chen. EGR1 mutants were generated using the QuikChange 
ite-Directed mutagenesis kit (Agilent Technologies, #200522) by PCR, 
ccording to the manufacturer’s instructions. 

The sequence of siRNA oligos used in this study are as follows: 

siCUL-1: 5’-GCUCUACACUCAUGUUUAU-3’; 
siCUL-2: 5’-GCCCUUACGUCAGUUGUAAAUUACA-3’; 
siCUL-3: 5’-GAGUGUAUGAGUUCCUAUU-3’; 
siCUL-4A: 5’-GAACUUCCGAGACAGACCU-3’; 
siCUL-4B: 5’-CACCGUCUCUAGCUUUGCUAA-3’; 
siCUL-5: 5’-CUGGAGGACUUGAUACCGGAA-3’; 
siFBXW7-1: 5’-ACAGGACAGUGUUUACAAA-3’; 
siFBXW7-2: 5’-UGAUACAUCAAUCCGUGUUUG-3’; 
siGSK3 β-1: 5’-CAUGAAAGUUAGCAGAGACAA-3’; 
siGSK3 β-2: 5’-AGCAAAUCAGAGAAAUGAAC-3’; 
siEGR1-1: 5’-CAUCUCUCUGAACAACGAGAA-3’; 
siEGR1-2: 5’-GCCAAGCAAACCAAUGGUGAU-3’. 

ransfection and lentiviral infection 

Cells were transfected with various plasmids or siRNA oligonucleotides 
sing Lipofectamine 2000, according to the manufacturer’s instructions, 
ollowed by various indicated assays 48h or 72h post transfection. For 
entivirus-based shRNAs targeting, cells were infected with the lentivirus for 
8 h along with 8 μg/mL polybrene for stable cell lines, followed by various
ndicated assays. 

mmunoprecipitation and immunoblotting 

Cells transfected with plasmids or siRNAs were harvested and lysed for 
mmunoprecipitation (IP) and immunoblotting (IB). For direct IB, cells were 
ysed in lysis buffer (50 mM Tris pH 7.5, 0.15 M NaCl, 1% NP-40, 0.1%
DS, 0.5% sodium deoxycholate, 50 mM NaF, 1 mM EDTA, 1 mM DTT,
 mM Na 3 VO 4 ) containing protease inhibitors and phosphatase inhibitors 
Roche). The protein concentrations of the cell lysates were measured and 
ame amounts of cell lysates were loaded on SDS-PAGE polyacrylamide gels, 
ransferred to a PVDF membrane after electrophoresis. After blocking with 
% (w/v) milk, the membrane was stained with the indicated antibodies. 

For immunoprecipitation, cells after various treatments (and in some 
ases, pretreat cells with 20 μM MG132 for 6h before harvesting) were 
arvested and cell lysates were incubated with FLAG-beads in a rotating 

ncubator overnight at 4 °C, or the appropriate antibody followed by 3-4 h
ncubation with Protein G Sepharose beads (GE Healthcare) at 4 °C. Then the
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immunoprecipitates were washed five times with lysis buffer before subjected
to IB. 

Quantitative RT-PCR 

To detect mRNA expression, total RNA was extracted using Trizol
reagents (#15596018, Invitrogen) and transcribed into cDNA using
PrimeScript TM RT reagent kit (RR037A, TaKaRa), followed by the
instructions of TB Green Premix Ex Taq TM (RR420A, TaKaRa). The β-Actin
was used as a loading control. The ratio of the relative expression of target
genes was calculated by using 2 −��CT method. Each assay was repeated for
three times. The primers for EGR1 and β-Actin were purchased from Tsingke
Biotechnology, and the sequences of primers are as follows: 

EGR1: Forward: 5’- CACCTGACCGCAGAGTCTTTT-3’, 
EGR1: Reverse: 5’-CGGCCAGTATAGGTGATGGG-3’, 
β-Actin: Forward: 5’-TCACCCACACTGTGCCCATCTAC-3’, 
β-Actin: Reverse: 5’- GGAACCGCTCATTGCCAATG-3’. 

Half-life analysis 

After transfection with siRNAs, plasmids or treated with small molecule
inhibitors, cells were treated with 100 μg/ml cycloheximide (CHX, Sigma-
Aldrich) for indicated time periods. Cells were then harvested and lysed for
IB. 

The in vivo ubiquitylation assay 

HEK293 cells were transfected with the mentioned plasmids or siRNA
oligos for 48 hrs, and treated with MG132 (20 μM) for 6 hrs before
harvesting. Cells were lysed in a lysis buffer (6 M guanidinium-HCl, 10 mM
Tris-HCl pH 8.0, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 , 5mM Imidazole, 10 mM β-
mercaptoethanol) and sonicated. Cell lysates were then incubated with Ni-
NTA agarose beads (Qiagen) for 4-5 h at room temperature (RT). Beads were
washed once with each of buffer A (8 M urea, 0.1M Na 2 HPO 4 /NaH 2 PO 4 ,
10 mM Tris-HCl pH 8.0 and 10mM β-mercaptoethanol), buffer B (8 M
urea, 10 mM Tris-HCl pH 6.3, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 and 10 mM β-
mercaptoethanol) with 0.2% Triton X-100 and buffer B with 0.1% Triton X-
100. Proteins were eluted from beads with elution buffer (200 mM imidazole,
0.15 M Tris-HCl pH 6.8, 30% glycerol, 0.72 M β-mecaptoethanol, 5%
SDS) and then were analyzed by IB. 

Hypoxia exposure 

Cells in normal culture condition were transfected with indicated
plasmids for ∼48 hours to reach ∼80% confluence prior to hypoxia exposure.
Hypoxia exposure was performed at 37 °C in a cell incubator filled with 1%
O 2 , 5% CO 2 and N 2 for 1 or 4 hours, respectively. Cells were then harvested
for various assays. 

CCK8 assay 

Cells were transfected with indicated siRNAs for 48 hrs, then seeded onto
96-well plates (2 × 10 3 per well) in triplicate, cultured in medium containing
2.5% FBS for indicated time periods, followed by the CCK8 assay, according
to the manufacturer’s instructions (MedChemExpress). The OD value for
each well was read at wavelength 450 nm on a microplate reader. 

Statistical analysis 

The two-tailed Student’s t-test or one-way ANOVA were performed
with the data from three independent replicates. P < 0.05 was considered
statistically significant. 
esults 

GR1 is a putative substrate of SCF/CRL1 via FBXW7 binding 

Cullin-RING ligases (CRLs) is the largest family of E3 ubiquitin ligases,
esponsible for ∼20% of proteins doomed to be degraded by the UPS
n eukaryotic cells [40] . CRLs are actively involved in ubiquitylation and
egradation of many short-lived proteins, particularly transcription factors, 
uch as c-MYC [41] , Notch1 [42] , and c-JUN [ 43 , 44 ]. To determine whether
ranscription factor EGR1 is also subjected to CRL regulation, we first
reated three lines of lung cancer cells with MLN4924, a small-molecule
nhibitor of NEDD8-activating enzyme (NAE), leading to inhibition of 
ullin neddylation and inactivation of all CRL family members [45] .
nterestingly, we found that EGR1, which is generally expressed at low levels
n lung cancer cell lines [46] , is accumulated, along with c-MYC, serving as a
ositive control, after MLN4924 treatment in all three lines tested ( Fig. 1A ),
uggesting that EGR1 is likely a substrate of one of CRLs. 

To determine the involving CRLs, we knocked down six cullins
ndividually in H520 and HEK293 cells, and found that EGR1 is
ccumulated upon cullin-1 knockdown in both cell lines, along with the
nockdown of Cul-2 and Cul-4A, but in a cell line dependent manner
Fig. 1B & S1A). We then focused on SCF/CRL1 and determined which
-box protein, a substrate-recognizing subunit of SCF, is responsible for
GR1 degradation. A total of seven plasmids encoding FLAG-tagged F-
ox proteins were transfected into HEK293 cells, followed by FLAG-beads

mmunoprecipitation and immunoblotting for EGR1. The FBXW7 was the 
nly one that pulled down endogenous EGR1 ( Fig. 1C ). The FBXW7-EGR1
inding was further confirmed in H1299 lung cancer cells (Fig. S1B), but
as significantly reduced when examined using two human cancer-derived
BXW7 mutants, FBXW7-R479Q or FBXW7-R505C, with mutations 

ocated in the WD40-repeat substrate-binding domain [47] ( Figure 1D &
E ). 

It is well-known that FBXW7 binding to various phosphorylated 
ubstrates through their Cdc4 phosphodegron (CPD, L/I/P T/S PXX 

/T ) for subsequent polyubiquitylation via K48 linkage and proteasomal 
egradation [ 48 , 49 ]. We searched EGR1 amino acid sequence and indeed

dentified a typical CPD motif ( 175 P S PAA S 180 ), which is completely
volutionarily conserved in mammals (Fig. S1C). Since phosphorylation 
f two serine/threonine residues on CPD motif are known to be required
or FBXW7 binding and subsequent ubiquitylation, we constructed a 
hosphorylation-dead mutant EGR1-S2A, carrying double S- > A mutations 
 

176 S- > A and 180 S- > A) on its CPD motif (Fig. S1C). Indeed, this EGR1-
2A mutant almost completely lost FBXW7 binding ( Fig. 1F ), confirming
he requirement of these two serine residues in mediating the FBXW7-
GR1 binding. Finally, we determined potential correlation of protein levels
etween FBXW7 and EGR1 in 8 lung cancer cell lines, and found that
lthough EGR1 levels are low in most lung cancer lines, a general tendency
f inverse correlation between two proteins can be observed (Fig. S1D).
aken together, these results highly suggest that EGR1 is a new substrate
f SCF/CRL1 E3, mediated by FBXW7 binding in a CPD motif dependent
anner. 

BXW7 negatively regulates EGR1 protein levels 

To further confirm that EGR1 is indeed a new substrate of SCF 

FBXW7 , we
ext determined whether manipulation of Cullin-1 or FBXW7 would affect
ellular levels of EGR1. Indeed, in three lung cancer cell lines, siRNA-based
nockdown of either Cullin-1 ( Fig. 2A ) or FBXW7 ( Fig. 2A - 2C ) caused
ccumulation of EGR1 protein levels, whereas FBXW7 knockdown had 
inor effect on EGR1 mRNA levels (Fig. 2D, S2A & S2B). Furthermore, the

entivirus-mediated FBXW7 knockdown also caused EGR1 accumulation in 
ung cancer cells ( Fig. 2E ), so did in DLD1 colon cancer cells with FBXW7
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Fig. 1. EGR1 is a putative substrate of SCF/CRL1 via FBXW7 binding. A . EGR1 accumulated after MLN4924 treatment. H23, H520, H1299 cells were 
treated with DMSO or MLN4924(1 μM) for 24 hours, followed by IB with indicated antibodies (Abs). SE: short exposure, LE: long exposure. B . EGR1 
accumulated after Cul-1 knockdown. H520 cells were transfected with siRNA oligos of Cullins as indicated, followed by IB with indicated Abs. C . Ectopically 
expressed FBXW7 binds to EGR1. HEK293 cells were transfected with indicated plasmids, followed by IP with FLAG beads and IB with indicated Abs. F is 
short for FLAG. D & E . Reduced EGR1 binding by cancer-derived FBXW7 mutants. HEK293 cells ( D ) were transfected with indicated plasmids, followed by 
IP with FLAG beads and IB with indicated Abs. H520 cells ( E ) were transfected with plasmids as indicated, followed by IP with HA Ab and IB with indicated 
Abs. F . Exogenous FBXW7 binds to wild type EGR1, but not its EGR1-S2A mutant on phosphorylation sites. Endogenous FBXW7 was first knockdown in 
HEK293 cells, FLAG-FBXW7 and wild type EGR1/mutant EGR1 were then transfected, followed by IP with FLAG beads and IB with indicated Abs. WCE: 
whole cell extract. 
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Fig. 2. FBXW7 negatively regulates EGR1 protein levels. A . EGR1 accumulated after Cul-1 or FBXW7 knockdown in H520 cells. H520 cells were 
transfected with indicated siRNA oligos, followed by IB with anti-EGR1 and c-MYC. B&C . FBXW7 knockdown increases the endogenous protein levels 
of EGR1. H23 cells ( B ) or A549 cells ( C ) were transfected as indicated and then subjected to IB with indicated Abs. D . H23 cells were transfected with 
siRNA targeting FBXW7 for 48 hours and then subjected to qRT-PCR. Shown is mean ± SEM (n = 3). ∗p < 0.05. E . EGR1 accumulated after FBXW7 
knockdown. H1299 cells were infected with Lt-FBXW7 or Lt-Con, followed by IB with indicated Abs. F . EGR1 was accumulated in DLD1 FBXW7-/- 
cells, in contrast to DLD1 FBXW7 + / + cells. G . EGR1 accumulated in Fbxw7-KO MEF cells. Fbxw7 fl/fl MEF cells were infected with adenovirus encoding 
Cre-recombinase (Ad-Cre) or Ad-GFP control for 72 hours, then followed by IB with indicated Abs. H . EGR1 reduced after FBXW7 overexpression. H1299 
cells were transfected with plasmids encoding both FBXW7 and EGR1, followed by IB with indicated Abs. 
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deletion ( Fig. 2F ), as well as in mouse embryonic fibroblast upon Ad-Cre
infection to delete mouse Fbxw7 ( Fig. 2G ). Finally, we ectopically expressed
FBXW7 and found that it reduced the EGR1 protein level in lung cancer
cells ( Fig. 2H ). Collectively, it is a general phenomenon that EGR1 is indeed
subjected to negative regulation by FBXW7. 

FBXW7 shortens EGR1 protein half-life and promotes EGR1 

polyubiquitylation 

Having established that FBXW7 negatively regulates EGR1 protein levels,
we next determined whether FBXW7 controls EGR1 protein half-life. Three
different lung cancer cell lines, along with HEK293 cells, were transfected
with either siCon/lenti-Con (as a negative control) or siFBXW7/Lenti-
BXW7 (to knockdown FBXW7), followed by cyclohexamide (CHX) 
reatment to block protein synthesis for various time points. In all cases,
BXW7 knockdown or depletion remarkably extended the protein half-life 
f EGR1, an observation also seen in c-MYC, a known substrate of FBXW7,
erving as a positive control ( Fig. 3A -3 D ). Thus, FBXW7 indeed affects the
tability of EGR1. 

We further determined whether FBXW7 would promote the 
olyubiquitylation of EGR1 for enhanced degradation, using a classic 
n vivo ubiquitylation assay. We found that ectopically expressed FBXW7
ndeed promoted the polyubiquitylation of ectopically expressed EGR1 
n HEK293 cells ( Fig. 3E ), whereas endogenous FBXW7 only promoted
olyubiquitylation of the wild-type EGR1, but not the mutant EGR1-S2A,
hich failed to bind to FBXW7 ( Fig. 3F ). Taken together, we concluded
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Fig. 3. FBXW7 shortens EGR1 protein half-life and promotes EGR1 polyubiquitylation. A-D . FBXW7 knockdown extends the half-life of EGR1. H23 
cells ( A ), H520 cells ( B ), and HEK293 cells ( C) were transfected with Si-FBXW7 or Si-Con for 72 hrs, whereas H1299 cells ( D ) were infected with Lt- 
FBXW7 or Lt-Con. Cells were then treated with cyclohexamide (CHX) for indicated time periods, followed by IB with indicated Abs. The band density was 
qualified with ImageJ and the decay curves were generated and shown on the right. E . FBXW7 promotes polyubiquitylation of EGR1. HEK293 cells were first 
transfected with Si-FBXW7 for 24 hours and then transfected indicated plasmid for 48 hours,Cells were treated with 20 μM MG132 for 6 h before harvesting, 
followed by His tag pull-down and then IB with indicated Abs. F . Endogenous FBXW7 promotes polyubiquitylation of EGR1-WT, but not EGR1-S2A. Wild 
type EGR1 or EGR1-S2A mutants were transfected into HEK293 cells, along with or without His-Ub as indicated, Cells were treated with 20 μM MG132 
for 6 h before harvesting, followed by His tag pull-down and IB with indicated Abs. 
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that FBXW7 acts as an E3 ubiquitin ligase that promotes ubiquitylation of
EGR1 in a binding site dependent manner. 

GSK3 β is required for EGR1 ubiquitylation and degradation 

It is well-established that it is prerequisite that a FBXW7 substrate has to
be phosphorylated on the serine/threonine residues on the CPD motif prior
to FBXW7 binding [50] . Given glycogen synthase kinase 3 β (GSK3 β) is a
known kinase responsible for phosphorylating most substrates of FBXW7,
including c-MYC [41] , c-JUN [ 43 , 44 ] and MCL1 [51] , we determined
possible involvement of GSK3 β in EGR1 degradation. Indeed, we found that
the FBXW7-EGR1 binding was significantly inhibited by GSK3 β inhibitor
GSK3i-IX ( Fig. 4A ). Co-overexpression of both GSK3 β and FBXW7 caused
a dose-dependent reduction of endogenous EGR1 ( Fig. 4B ), which can
be fully rescued by the proteasome inhibitor MG132 ( Fig. 4B & 4C ),
indicating the involvement of protein degradation. Furthermore, GSK3 β
enhanced degradation of endogenous EGR1 by wild-type FBXW7, but not
by two FBXW7 mutants ( Fig. 4D ). Likewise, GSK3 β inhibitor treatment
significantly increased the protein levels of EGR1 ( Fig. 4E & 4F ). Note that
we used p- β-catenin Ser33/37/Thr41 , a well-known target of GSK3 β [ 52 , 53 ] as
a control for drug effectiveness. GSK3i-IX treatment significantly inhibited
the level of p- β-catenin Ser33/37/Thr41 , indicating GSK3i-IX is effective to
inhibit GSK3 β activity ( Fig. 4F ). Consistently, the siRNA-based GSK3 β
knockdown caused accumulation of EGR1 protein ( Fig. 4G ) and extended
EGR1 protein half-life ( Fig. 4H , Fig. S3A), so did the GSK3 β inhibitor in
a few lung cancer cell lines ( Fig. 4I & 4J , Fig. S3B&3C). Finally, we found
that either GSK3 β inhibitor treatment or GSK3 β knockdown significantly
inhibited polyubiquitylation of EGR1 ( Fig. 4K ). Taken together, our results
showed that GSK3 β facilitates the FBXW7-EGR1 binding and subsequent
ubiquitylation and degradation of EGR1 by FBXW7, and EGR1 is a new
substrate of the GSK3 β-FBXW7 axis. 

The stress conditions that regulate the EGR1 levels 

We next determined under what stressed condition that the GSK3 β-
FBXW7 axis would regulate EGR1 levels. It has been established that
dephosphorylation of GSK3 β at serine 9 increases its activity, which is
then commonly used as an activity marker for GSK3 β [ 54 , 55 ]. A previous
study showed that the combination of low glucose and metformin treatment
would activate GSK3 β (as indicated by dephosphorylation of GSK3 βSer9 )
through the PP2A-GSK3 β-MCL-1 axis [55] . We therefore used the same
stressed condition and found that in H23 lung cancer cells with high level of
endogenous EGR1, combination of low glucose and metformin treatment
indeed activated GSK3 β (as evidence by lack of GSK3 βSer9 detection),
and caused complete elimination of EGR1, which is completely rescued by
MG132 treatment ( Fig. 5A ). 

Furthermore, we found that short exposure of both H23 and H1299
cells to hypoxia (1% O 2 ) reduced EGR1 levels ( Fig. 5B & 5 C ). Although
it had minimal, if any, effect on the levels of FBXW7 or GSK3 β, hypoxia
increased FBXW7-EGR1 binding ( Fig. 5D & 5E), and FBXW7-mediated
EGR1 polyubiquitylation ( Fig. 5F ). Collectively, EGR1 levels are subjected
to regulation by a stressed condition that activates GSK3 β or by hypoxia. 

The FBXW7-EGR1 axis coordinately regulates growth of cancer cells 

Finally, we determined biological implication of FBXW7 regulation of
EGR1. While EGR1 was reported to have tumor suppressive activity in
general [13] , it has oncogenic activity in prostate cancer [56] . To this end,
we silenced EGR1 in both H23 lung cancer cells and Du145 prostate cancer
cells and found that EGR1 knockdown significantly inhibited growth of both
cancer cell lines ( Fig. 6A & 6B ). We further determined possible interaction
between FBXW7 and EGR1 in H23 lung cancer cells and found that FBXW7
nockdown promoted cell growth, as expected, which can be largely rescued
y simultaneous knockdown of EGR1 ( Fig. 6C & 6D ), indicating FBXW7
egulation of EGR1 has the biological implication, in which both proteins
oordinately regulate the growth of cancer cells. 

iscussion 

EGR1 is an important transcription factor that regulates many key
iological processes, including proliferation, differentiation, angiogenesis, 
poptosis, invasion and metastasis [13] . Given its biological significance, it
s not surprised that EGR1 is subjected to fine regulation at the multiple
evels, particularly at the transcriptional level [ 4 , 10 , 11 ]. However, it is quite
urprising that very little is known as to how EGR1, a short-lived important
ranscription factor, is regulated by the UPS. Although two E3 ligases MDM2
nd RNF114 were implicated in regulation of EGR1 turnover in leukemia
nd gastric cancer cells, respectively, both studies did not provide detailed
haracterization to convincingly show that EGR1 is indeed a substrate of
hese two E3 ligases [ 25 , 26 ]. 

In this study, we reported that EGR1 is a new substrate of SCF 

FBXW7 E3
igase. We first observed that MLN4924, a general small molecule inhibitor of
ntire CRL E3s by blocking neddylation of all Cullins, caused accumulation
f EGR1. Although our subsequent study was focused on SCF/CRL1-
BXW7, it is possible that other CRLs, such as CRL2 and CRL4A might also
e involved in regulation of EGR1 turnover, since siRNA-based knockdown
f cullin-2 and cullin-4A also caused EGR1 accumulation to some extent in
 cell line dependent manner. 

Among seven tested F-box proteins that act as a substrate-recognizing
ubunit of SCF/CRL1, FBXW7 is the only one that binds to EGR1
n FBXW7 binding motif dependent manner. Following this lead, we
urther characterized EGR1 as a bona fide substrate of the FBXW7-
SK3 β axis, as evidenced by a) FBXW7 knockdown/ knockout caused

ccumulation of EGR1; b) FBXW7 knockdown extended EGR1 protein 
alf-life in various cancer cell lines; c) FBXW7 overexpression promoted
GR1 polyubiquitylation; and d) GSK3 β inactivation reduced the EGR1- 
BXW7 binding, EGR1 polyubiquitylation, and extended EGR1 protein 
alf-life. Thus, EGR1 becomes a new member of FBXW7 substrate family,
ubjecting to FBXW7 negative regulation. 

We next addressed under what stressed conditions, that regulate 
BXW7-GSK3 β activity, would affect EGR1 turnover. We first used one
reviously reported condition in which GSK3 β is activated when cells
ere exposed to low glucose in combination with metformin. Under such
 condition, EGR1 levels were indeed remarkably reduced, which can be
ully rescued by proteasome inhibitor MG132, indicating that GSK3 β
ctivation targets EGR1 for degradation. We further found that short-
erm hypoxia exposure decreased EGR1 levels via increasing its FBXW7
inding, leading to enhanced polyubiquitylation. Thus, EGR1 levels are 
ndeed subjected to regulation by GSK3 β-FBXW7 axis under stressed
onditions. 

What is the biological significance of EGR1 degradation by FBXW7, since
any previous reports showed that EGR1 has tumor suppressive activity in

arious types of human cancer [ 18 , 57 ]. Furthermore, it was reported that
GR1 expression was very low in most NSCLC and low EGR1 expression
as negatively correlated with patient survival [46] . On the other hand, it was

eported that in many prostate cancer tissues, EGR1 activity was elevated
ue to EGR1 overexpression, which promotes the androgen-independent 
rowth of prostate carcinoma cells in in vitro cultured cells and in vivo
ude mice model [58] . EGR1 was also reported to regulate angiogenic and
steoclastogenic factors and promote bone and brain metastasis of Du145
rostate cancer cells [56] , thus acting as an oncogenic protein. In this study,
e found that in both H23 lung cancer cells with high EGR1 expression and
u145 prostate cancer cells, EGR1 knockdown significantly inhibited the 

rowth of cancer cells, indicating that EGR1 acts as an oncogenic protein
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Fig. 4. GSK3 β is required for EGR1 ubiquitylation and degradation. A . The binding between FBXW7 and EGR1 depends on GSK3 β activity. H520 cells 
were treated with GSK3 inhibitor GSK3i-IX or DMSO for 6 hours, followed by IP with anti-FBXW7 and IB with indicated Abs. B . GSK3 β and FBXW7 
co-overexpression reduces endogenous EGR1 levels in a dose-dependent manner and can be rescued by MG132. H23 cells were transfected as indicated for 
48 hours, then treated with MG132/DMSO for 6 hours, followed by IB. C . Reduction of exogenous EGR1 after GSK3 β and FBXW7 co-overexpression is 
rescued by MG132. H1299 cells were transfected as indicated, then treated with MG132/DMSO for 6 hours, followed by IB. D . GSK3 β enhanced EGR1 
degradation by wild-type FBXW7, but not by FBXW7 mutants. HEK293 cells were transfected with indicated plasmids, followed by IB with indicated Abs. 
E&F . EGR1 accumulated after inhibition of GSK3 β activity. Du145 cells ( E ) or H23 cells ( F ) were treated with GSK3i-IX or DMSO for 6 hours, followed 
by IB with indicated Abs. G . EGR1 accumulated after GSK3 β knockdown. H23 cells were treated with indicated siRNAs for 48 hours, followed by IB. H-J . 
Inactivation of GSK3 β extends half-life of EGR1. H23 cells were transfected with Si-GSK3 β or Si-Con for 72 hours ( H ), or H23 cells ( I ) or H520 cells 
( J ) were pretreated with GSK3i-IX for 2 hours, then treated them with CHX for indicated time periods, followed by IB with indicated Abs. K . GSK3 β is 
responsible for EGR1 phosphorylation-dependent ubiquitylation. HEK293 were transfected as indicated, then treated with MG132 and GSK3i-IX/DMSO 

for 6 hours, followed by His tag pull-down and then IB with indicated Abs. 
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Fig. 5. The stress conditions that regulate the EGR1 levels. A . Combination of low glucose and metformin treatment reduces EGR1 levels, which is rescued 
by MG132. H23 cells were cultured in normal glucose medium (11.1mM) or low glucose medium (1.11mM), and replenished every 6 hours in the absence 
or presence of metformin (5mM) [55] , then treated with MG132/DMSO for 6 hours. Cell lysates were prepared and subjected to IB with indicated Abs. 
t-GSK3 β: total GSK3 β. B & C. EGR1 levels fluctuate upon hypoxia in H23 and H1299 cells. H23 cells (B) or H1299 cells (C) were exposed to 1% O 2 

for indicated periods, cell lysates were prepared and subjected to IB with indicated Abs. D & E. Hypoxia enhances the binding between FBXW7 and EGR1. 
H23 cells (D) or H1299 cells (E) were transfected with indicated plasmids, then with or without exposure to 1% O 2 for 4 hours, followed by FLAG IP and 
IB. WCE: whole cell extract. F. Hypoxia promotes FBXW7-mediated EGR1 polyubiquitylation. H1299 cells were transfected as indicated, then treated with 
MG132 for 6 hours and subjected to 1% O 2 for 1 or 4 hours, respectively, followed by in vivo polyubiquitylation assay. 
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under these cellular contexts. Furthermore, growth stimulation induced by
FBXW7 knockdown in H23 cells can be largely rescued by simultaneous
EGR1 knockdown, indicating in H23 lung cancer cells, the FBXW7-EGR1
axis did coordinately regulates cancer cell growth. It will be of great interest
in defining what is the determinant for EGR1 to act as an oncogenic
or tumor suppressive protein, and under what pathological conditions,
GR1 is subjected to negative regulation of FBXW7 with biological
mplications. 
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All data are contained within the article. 
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Fig. 6. The FBXW7-EGR1 axis coordinately regulates growth of cancer cells. A and B . EGR1 knockdown inhibits growth of cancer cells. H23 ( A ) and 
Du145 ( B ) cells were transfected with indicated siRNA oligos targeting EGR1 for 48 hours, one portion of cells were subjected to IB (left panels), whereas 
the other portion of cells were plated in 96-well plate and cultured for indicated periods of time, then subjected to CCK8 assay for cell growth (right panels). 
C and D . FBXW7 knockdown promotes cell growth which is partially rescued by EGR1 knockdown. H23 cells were transfected with indicated siRNA oligos 
for 48 hours. One portion of cells was then subjected to IB with indicated Abs ( C ), the other portion was then plated in 96-well plate and grew for 6 days, 
followed by CCK8 assay for cell growth ( D ). Shown is mean ± SEM (n = 3). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 
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