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Loss of function/dysregulation of inhibitor of growth 4 (ING4) and hyperactivation of NF-κB are frequent events in
many types of humanmalignancies. However, the molecular mechanisms underlying these remarkable aberrations
are not understood. Here, we report that ING4 is physically associated with JFK. We demonstrated that JFK targets
ING4 for ubiquitination and degradation through assembly of an Skp1–Cul1–F-box (SCF) complex. We showed that
JFK-mediated ING4 destabilization leads to the hyperactivation of the canonical NF-κB pathway and promotes
angiogenesis and metastasis of breast cancer. Significantly, the expression of JFK is markedly up-regulated in breast
cancer, and the level of JFK is negatively correlated with that of ING4 and positively correlated with an aggressive
clinical behavior of breast carcinomas. Our study identified SCFJFK as a bona fide E3 ligase for ING4 and unraveled
the JFK–ING4–NF-κB axis as an important player in the development and progression of breast cancer, supporting
the pursuit of JFK as a potential target for breast cancer intervention.
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ING4 is a member of the inhibitor of growth (ING)
family, which consists of five evolutionarily conserved
proteins (ING1–5) (He et al. 2005). These proteins have
been defined as type II tumor suppressors and implicated
in various critical cellular processes, such as cell prolifer-
ation, apoptosis, DNA repair, senescence, angiogenesis,
and drug resistance (Garkavtsev et al. 2004; Unoki et al.
2009). Dysregulation of ING4 has been reported in various
malignancies, and down-regulation of ING4 is correlated
with high-grade tumors and poor outcome of patients in
several human cancers (Coles and Jones 2009). However,
how ING4 is regulated under normal conditions and dys-
regulated in malignancies is poorly understood.

The ING proteins are characterized by a high homology
in their C-terminal domain containing a nuclear localiza-

tion sequence and a plant homeodomain (PHD) (He et
al. 2005). These proteins have been reported to act as
both “readers” and “writers” of the epigenetic histone
code (Chi et al. 2010). Specifically, ING4 reads chromatin
through the recognition of mono-, di-, and trimethyl his-
tone H3 Lys4 (H3K4me1/2/3) (Hung et al. 2009) and asso-
ciates with the HBO1 histone acetyltransferase (HAT)
complex, which is responsible for chromatin remodel-
ing and transcriptional regulation (Lalonde et al. 2013).
ING4 also directly interacts with p53 and promotes the
transactivation of p53 (Shiseki et al. 2003). In addition,
by positive regulation of IκB activity (Coles et al. 2010)
or negative regulation of the level of the RelA subunit
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(p65) ofNF-κB (Hou et al. 2014), ING4negatively regulates
NF-κB-responsive gene transcription (Nozell et al. 2008;
Byron et al. 2012). Interestingly, consistent with the
down-regulation of ING4, NF-κB is continually hyper-
activated in many types of human cancers and directs
the expression of an array of target genes, including anti-
apoptotic genes BCL2L1 and XIAP and angiogenesis-relat-
ed genes IL-6, IL-8, and cyclooxygenase-2 (COX-2) (Bas-
seres and Baldwin 2006). NF-κB also directly activates
the transcription of the epithelial–mesenchymal transi-
tion (EMT) inducers Snail, Twist, and matrix metallo-
proteinase-9 (MMP9) and indirectly down-regulates the
expression of the metastasis suppressor genes RKIP and
E-cadherin (Karin 2006). Clearly, the negative regulation
of NF-κB activity by ING4 is critically implemented in
the control of apoptosis, angiogenesis, and cell migration.
Therefore, understanding how the ING4–NF-κB pathway
is dysregulated and NF-κB is constitutively activated in
malignancies is of great importance to the understanding
of tumor development and progression.
The protein homeostasis in cells is mainly controlled

by the ubiquitin–proteasome system (Hershko and Cie-
chanover 1998). This system is involved in the regulation
of cell proliferation, differentiation, and survival, and,
similarly, dysregulation in this system is associated with
various pathological states, including cancers (Hoeller
et al. 2006). The ubiquitination cascade involves a ubi-
quitin-activating enzyme (E1), ubiquitin-conjugating en-
zymes (E2s), and ubiquitin ligases (E3s). E3 ubiquitin
ligases are classified into four groups: HECT type, RING
finger type, U-box type, and PHD finger type (Pickart
2004). SCF (Skp1–Cul1–F-box) ubiquitin ligase is the
best-characterized multisubunit RING finger complex
composed of four subunits: intrinsic constituents Skp1,
Cul1, and Rbx1 and variable component F-box protein
(FBP) (Petroski and Deshaies 2005). Featuring an F-box
domain, FBPs act as receptors for substrate recog-
nition and specification (Cardozo and Pagano 2004).
However, of the 69 FBPs identified in humans, the sub-
strates for the majority remain unidentified (Hermand
2006). In addition to the F-box domain, FBPs contain ad-
ditional C-terminal motifs capable of protein–protein
interaction, with WD repeats and leucine-rich repeats
being the most common motifs in yeast and human
FBPs. Although Kelch domain-containing FBPs make
up the majority of the FBPs in Arabidopsis (Lechner
et al. 2006), our previous studies reported that JFK is the
only Kelch domain-containing FBP in humans (Sun et al.
2009, 2011).
Here we report that ING4 is physically associated with

JFK in vivo. We demonstrated that JFK targets ING4 for
ubiquitination and degradation through assembly of an
SCF ubiquitin ligase. We showed that SCFJFK-mediated
ING4 destabilization potentiatesNF-κB signaling and pro-
motes the angiogenesis and metastasis of breast cancer in
vitro and in vivo. We found that the expression of JFK is
markedly up-regulated in breast cancers and that JFK pro-
tein level is negatively correlated with that of ING4 and
positively correlated with an aggressive clinical behavior
of breast carcinomas.

Results

ING4 is physically associated with JFK in the context
of an SCF complex

In an effort to better understand the mechanistic role of
ING4 in malignant transformation, we employed affinity
purification andmass spectrometry to screen the proteins
that are associated with ING4 in vivo. In these experi-
ments, MCF-7 cells were transfected with Flag-tagged
ING4 (Flag-ING4). Whole-cell extracts were prepared
and subjected to affinity purification using an anti-Flag af-
finity column. After extensive washing, the bound pro-
teins were eluted with excess Flag peptides, resolved on
SDS-PAGE, and then visualized by silver staining. The
protein bands on the gel were recovered and analyzed by
mass spectrometry. The results indicate that ING4 was
copurified with a number of proteins, including CLIP1,
LATS2, Jade-1, p65, EEF1A1, and WDR77. Among these
proteins, Jade-1 (Doyon et al. 2006) and p65 (Hou et al.
2014) are known to interact with ING4. Interestingly,
JFK, the only Kelch domain-containing FBP in humans
(Sun et al. 2009, 2011), and Skp1, an integral component
of the SCF complex (Petroski and Deshaies 2005), were
also identified in the ING4-containing protein complex
(Fig. 1A; Supplemental Table S1).
To further support the observation that ING4 is physi-

cally associated with JFK in vivo, protein fractionation
experiments were carried out by fast protein liquid chro-
matography (FPLC) with Superose 6 columns and a high-
salt extraction and size exclusion approach. The result
indicates that ING4 from MCF-7 cells was eluted with
an apparent molecular mass much greater than that of
the monomeric protein; ING4 immunoreactivity was de-
tected in chromatographic fractions from the Superose 6
column with a relatively symmetrical peak centered be-
tween ∼669 and ∼2000 kDa (Fig. 1B). Significantly, the
chromatographic profile of ING4 largely overlapped with
that of JFK as well as that of Cul1 and Skp1, two constitu-
ents of the SCF complex (Fig. 1B, fractions 17–21). To val-
idate our experimentation, Jade-1, which is known to
interact with ING4 in vivo (Doyon et al. 2006), was also
identified in the ING4-purified protein complex in our
FPLC experiments. These results support the observation
that ING4 is physically associated with JFK in vivo and
suggest that ING4 interacts with JFK in the context of
an SCF complex.
To support the proposition that ING4 is associated

with JFK in the context of the SCF complex in vivo,
total proteins from MCF-7 cells were extracted, and co-
immunoprecipitation experiments were performed. Im-
munoprecipitation with antibodies against ING4 and
immunoblotting with antibodies against JFK, Cul1,
Skp1, or Rbx1 showed that JFK as well as the integral
components of the SCF complex—Cul1, Skp1, and
Rbx1—were indeed efficiently coimmunoprecipitated
with ING4 (Fig. 1C). The association between ING4 and
JFK or Skp1 was also detected in MCF-10A cells, T47D
cells, and MDA-MB-231 cells (Fig. 1C). Glutathione S-
transferase (GST) pull-down assays with bacterially ex-
pressed GST-ING4 and in vitro transcribed/translated
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JFK, Cul1, Skp1, or Rbx1 showed that ING4 interacts with
JFK but not Cul1, Skp1, and Rbx1 (Fig. 1D), consistent
with the feature of the SCF ubiquitin ligase in which
only the FBP directly interacts with the substrate.

Further analysis by coimmunoprecipitation experi-
ments in MCF-7 cells that were cotransfected with
wild-type JFK, F-box-deleted JFK (JFKΔF-box), or Kelch
domain-deleted JFK (JFKΔKelch) together with Myc-
tagged ING4 (Myc-ING4) demonstrated that the Kelch
domain of JFK is responsible for its interaction with
ING4, since although the JFKΔF-box still retained the
capacity to interact with ING4, JFKΔKelch failed to
do so (Fig. 1E). Moreover, GST pull-down assays with
bacterially expressed GST-JFK, GST-JFKΔF-box, or GST-
JFKΔKelch and in vitro transcribed/translated ING4
showed that while both wild-type JFK and JFKΔF-box
were capable of interactingwith ING4 in vitro, JFKΔKelch
was not (Supplemental Fig. S1A). These results are consis-
tent with the feature of an SCF ubiquitin ligase in which
the FBP recognizes and binds to corresponding substrates
through its variable protein–protein interaction domain.

Analogously, GST pull-down with bacterially expressed
JFK and in vitro transcribed/translated Myc-tagged ING4
or ING4 deletion mutants showed that the novel con-
served domain (NCR; 61–120 amino acids) (He et al.
2005) of ING4 is responsible for its interaction with JFK
(Supplemental Fig. S1B). Together, these data support a
notion that ING4, through the substrate receptor JFK, in-
teracts with the SCF complex in vivo.

JFK promotes ING4 degradation through
an SCF-dependent pathway

Our previous studies showed that JFK promotes the ubiq-
uitination and degradation of p53 through the assembly
of an SCF complex (Sun et al. 2009, 2011). The physical
interaction of ING4 with JFK in the context of the SCF
complex prompted us to investigate whether ING4 is
also destabilized by JFK via an SCF-dependent mecha-
nism. To this end, MCF-7, MDA-MB-231, MCF-10A,
and T47D cells were transfected with empty vector or
JFK or treated with control siRNA or JFK siRNA, and

Figure 1. ING4 is physically associated
with JFK in the context of an SCF complex.
(A) Mass spectrometry analysis of ING4-
associated proteins. Cellular extracts from
MCF-7 cells stably expressing Flag-ING4
were immunopurified with anti-Flag affini-
ty column and eluted with Flag peptides.
The eluates were resolved by SDS-PAGE
and silver-stained. The protein bands were
retrieved and analyzed by mass spectrome-
try. (B) Fractionation of ING4-associated
proteins by fast protein liquid chromatogra-
phy (FPLC). Cellular extracts from MCF-7
cells transfected with Flag-ING4 were frac-
tionated on Superose 6 size exclusion col-
umns. Chromatographic elution profiles,
silver staining, and Western blot analysis
of the chromatographic fractions are shown.
Theelutionpositionsof calibrationproteins
with known molecular masses are indicat-
ed, and an equal volume from each fraction
was analyzed. (C ) ING4 interacts with JFK
in the context of the SCF complex. Whole-
cell lysates from MCF-10A cells, MCF-7
cells, T47D cells, and MDA-MB-231 cells
were immunoprecipitated with antibodies
against ING4 followed by immunoblotting
with the antibodies against the indicated
proteins. (D) ING4 interacts with JFK in vi-
tro. GST pull-down experiments were per-
formed with bacterially expressed GST-
ING4 and in vitro transcribed/translated
JFK, Cul1, Skp1, or Rbx1. (E) In vivo molec-
ular interaction of JFK with ING4. MCF-7
cells were cotransfected with Myc-ING4
and Flag-JFK or JFK mutants. Cellular ly-
sates were immunoprecipitated with anti-
Flag followed by immunoblotting with
anti-Myc. Schematic diagrams of wild-type
JFK and JFK deletion mutants are shown.
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Western blotting analysis of the cellular lysates revealed
that JFK overexpression resulted in a decrease and JFK
depletion led to an increase in the level of ING4 protein
(Fig. 2A; Supplemental Fig. S2A), whereas overexpression
of either JFKΔF-box or JFKΔKelch in MCF-7 cells did not
result in evident changes in the ING4 level (Fig. 2B). In
addition, there were no detectable changes in ING4 pro-
tein steady-state level when cells were transfected with
β-Trcp (the FBP for p100) (Nakayama et al. 2003), Fbw7
(the FBP for cyclin E and p100) (Koepp et al. 2001; Fukush-
ima et al. 2012), or Skp2 (the FBP for cyclin E) (Supplemen-
tal Fig. S2B; Nakayama et al. 2000), suggesting that ING4
degradation is JFK-specific. In support of this notion,West-
ern blotting analysis revealed a JFK dose-dependent decay
of ING4 in MCF-7 cells (Fig. 2C). Moreover, JFK-depen-
dent ING4 destabilization could be effectively blocked
by MG132 (Fig. 2C), suggesting that this process is proba-
bly mediated by the ubiquitin–proteasome pathway.
Next, MCF-7 cells were treated with specific siRNAs

against Cdc20, Cul1, or Skp1 to knock down the expres-
sion of these proteins. Western blotting analysis indicates

that, in both Cul1- and Skp1-depleted cells, overexpres-
sion of JFK was no longer associated with an increased
turnover of ING4, whereas depletion of Cdc20, the acti-
vator subunit of the mitotic APC (anaphase-promoting
complex) (Peters 2006), had no effect on JFK-mediated
ING4 destruction (Fig. 2D), suggesting that JFK promotes
ING4 protein degradation through an SCF-dependent
pathway. The decreased ING4 protein expression under
JFK overexpression was not due to transcriptional regu-
lation of ING4, as real-time RT–PCRmeasurements indi-
cated that JFK overexpression did not affect ING4 mRNA
level (Fig. 2D).
Cycloheximide (CHX) chase assays were then per-

formed in MCF-7 cells that were either transfected with
JFK or treated with JFK-specific siRNAs. Western blotting
analysis revealed that JFK overexpression was associated
with a decrease and JFK knockdown resulted in an in-
crease in the half-life of ING4, effects that only occurred
in the absence of MG132 (Fig. 2E).
As stated before, one of themolecular activities of ING4

is to interact with another tumor suppressor, p53 (Shiseki
et al. 2003). In light of our previous observations that
JFK is also physically and functionally associated with
p53 (Sun et al. 2009, 2011), we asked whether the JFK-me-
diated ING4 degradation is in some way connected to the
function of p53. In order to address this, gain of function

Figure 2. JFK promotes ING4 degradation through an SCF-de-
pendent pathway. (A) Wild-type JFK promotes ING4 degradation
in breast cancer cell lines. MCF-7 and MDA-MB-231 cells were
transfected with empty vector or Flag-tagged JFK or treated
with control siRNA or JFK siRNA. Cellular extracts were pre-
pared, and Western blotting was performed with the antibodies
against the indicated proteins. (B) Wild-type JFK, but not JFKmu-
tants, promotes ING4 degradation. MCF-7 cells were transfected
with Flag-tagged JFK, JFKΔF-box, or JFKΔKelch. Cellular extracts
were prepared, and Western blotting was performed with the an-
tibodies against the indicated proteins. (C ) JFK negatively affects
the steady-state level of the ING4 protein. MCF-7 cells were
transfected with increasing amounts of Flag-JFK. Forty-eight
hours after transfection, cells were treated with DMSO or
MG132 for 6 h before cells were collected for Western blotting
analysis. (D) The destruction of ING4 by JFK is mediated by an
SCF complex. MCF-7 cells were transfected with Flag-JFK and
treatedwith siRNAs for Cul1, Skp1, or Cdc20 as indicated. Cellu-
lar proteins were extracted for Western blotting analysis with
antibodies against the indicated proteins, or total RNAs were
extracted and analyzed for ING4 expression by real-time RT–
PCR. Bars represent the mean ± SD for triplicate experiments. (E)
JFK negatively regulates ING4 half-life. MCF-7 cells were trans-
fected with empty vector or Flag-JFK or treated with control
siRNA or JFK siRNA. Forty-eight hours after transfection, cells
weretreatedwith50μg/mLcycloheximide (CHX) for the indicated
times in thepresenceorabsenceofMG132before cellularproteins
were extracted for Western blotting analysis. Quantitation was
done by densitometry and expressed as signals of ING4/β-actin.
Bars represent the mean ± SD for triplicate experiments. (F ) JFK
siRNA is specific. MCF-7 cells were transfected with vector or
a JFK siRNA-1-resistant form (rJFK) together with control siRNA
or JFK siRNA. Cellular proteins were extracted for Western blot-
ting analysis with antibodies against the indicated proteins.
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and loss of function of JFK were performed in HCT116
p53+/+ and HCT116 p53−/− cells. Western blotting analy-
sis showed that JFK overexpression resulted in a decrease
and JFK depletion led to an increase in the level of ING4
protein regardless of p53 status (Supplemental Fig. S2C).
Thus, we concluded that p53 is not involved in JFK-
mediated ING4 degradation. The silencing specificity of
JFK siRNA was validated using a JFK siRNA-1-resistant
form (rJFK) that was generated by synonymous mutations
(Fig. 2F). Collectively, these results support the argument
that JFK promotes ING4 destruction through the assem-
bly of an SCF complex (SCFJFK) and is a novel negative reg-
ulator of ING4.

JFK promotes polyubiquitination of ING4

To further strengthen the receptor–substrate relationship
between JFK and ING4 and investigate the proteasome-
dependent mechanism of JFK-mediated ING4 degrada-
tion, we next determined whether JFK-promoted ING4
destabilization is a consequence of ING4 ubiquitination.
To this end, MCF-7 cells were cotransfected with Flag-
tagged JFK, JFKΔF-box, or JFKΔKelch together with Myc-

ING4 and HA-tagged wild-type ubiquitin or ubiquitin
mutants (UbKO and UbK48R) defective in polyubiquitin
chain assembly (Thrower et al. 2000) in the presence
of MG132. Immunoprecipitation of the cellular lysates
with an antibody against Myc followed by immunoblot-
ting with an antibody against HA indicated that JFK, but
not JFKΔF-box and JFKΔKelch, promoted ING4 polyubi-
quitination in vivo (Fig. 3A). Consistently, when wild-
type ubiquitin used in the ubiquitination assay was re-
placed with ubiquitin mutant UbKO or UbK48R, JFK-pro-
moted ING4 polyubiquitination was no longer detected
(Fig. 3A). Moreover, in vitro ubiquitination assays with
bacterially expressed GST-JFK, GST-JFKΔF-box, or GST-
JFKΔKelch and in vitro transcribed/translated ING4 sup-
port the observation that only wild-type JFK promotes
ING4 polyubiquitination (Fig. 3B).

MCF-7 cells were then cotransfected with Flag-JFK and
Myc-ING4 or Myc-tagged serial deletions of ING4
(ING4Δ1–Δ4). Western blotting analysis of the cellular ly-
sates showed that JFK overexpression was associated with
decreases in the protein level of ING4Δ1, ING4Δ3, and
ING4Δ4 but not of ING4Δ2 (Fig. 3C, top right), suggesting
that ING4 polyubiquitination occurs in residues 61–120,

Figure 3. JFK promotes polyubiquitination of ING4.
(A) JFK promotes ING4ubiquitination in vivo.MCF-7
cells were cotransfected with the indicated plasmids.
Forty-eight hours after transfection, cells were treated
withMG132 for 12 h before cellular extractswere pre-
pared for immunoprecipitation (IP) with anti-Myc fol-
lowed by immunoblotting (IB) with anti-HA. (B) JFK
promotes ING4 ubiquitination in vitro. Bacterially
expressed GST-JFK or JFK mutants were incubated
with in vitro transcribed/translated ING4 for ubiqui-
tination assays. The reactionmixturewas resolved on
SDS-PAGE. (C ) Molecular insight into JFK-promoted
ING4 polyubiquitination. (Top left) Schematic repre-
sentation of wild-type ING4 and ING4mutants. (Top
right) MCF-7 cells were cotransfected with Flag-JFK
andwild-type ING4or ING4deletionmutants. Cellu-
lar proteins were extracted for Western blotting anal-
ysis. (Bottom left) MCF-7 cells were cotransfected
with Flag-JFK, HA-ubiquitin, and Myc-tagged wild-
type ING4 or ING4 deletion mutants. Cells were
treated with MG132 for 12 h before cellular extracts
were prepared for immunoprecipitation assays with
anti-Myc followed by immunoblotting with anti-
ubiquitin. (Bottom right) Bacterially expressed GST-
JFK was incubated with in vitro transcribed/translat-
ed wild-type ING4 or ING4 point mutants for ubiqui-
tination assays. The reactionmixturewas resolved on
SDS-PAGE.
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which are absent in ING4Δ2. Indeed, in vivo ubiquitina-
tion assays withMyc-tagged ING4 or ING4Δ1–Δ4 showed
that while wild-type ING4 and ING4Δ1, ING4Δ3, and
ING4Δ4 were polyubiquitinated by JFK, ING4Δ2 was
not (Fig. 3C, bottom left). In support of this observa-
tion, eight lysines in amino acid residues 61–120 of
ING4 were individually replaced with alanine (Fig. 3C,
top left). In vitro ubiquitination assayswith bacterially ex-
pressed GST-JFK and in vitro transcribed/translated wild-
type ING4 or ING4 mutants showed evident decreases
in the polyubiquitination of ING4K76A, ING4K112A,
and ING4K114A (Fig. 3C, bottom right), suggesting
that these three lysines are the sites targeted by SCFJFK

for polyubiquitination. Taken together, these data indi-
cate that JFK targets ING4 for polyubiquitination and deg-
radation and that SCFJFK is a bona fide E3 ubiquitin ligase
for ING4.

The JFK–ING4 pathway intersects with NF-κB signaling

In order to explore the biological significance of JFK-medi-
ated ING4 degradation, we analyzed the cellular signaling
transduction pathways that are potentially influenced by
JFK using theHuman Signal Transduction PathwayFinder
PCR array (SABioscience) (Hager-Theodorides et al. 2009;
Olson et al. 2011). This array profiles the expression
of ∼100 key genes representing 10 prominent cellular sig-
nal transduction pathways, including TGF-β, WNT, NF-
κB, JAK/STAT, p53, Notch, Hedgehog, PPAR, oxidative
stress, and hypoxia pathways. In these experiments, total
mRNAs from MCF-7 cells overexpressing JFK were ex-
tracted. Corresponding cDNAs were synthesized, ampli-
fied under nonbiased conditions, and hybridized to the
Human Signal Transduction PathwayFinder PCR array
to analyze relative mRNA expression. The results report-
ed a total of 38 geneswhose expressionwas affected by JFK
overexpression (Fig. 4A, top). Five of these genes—includ-
ingCCL5, CSF1, ICAM1, STAT1, andTNF,whose expres-
sion was significantly up-regulated (Fig. 4A, bottom)—are

cataloged to the NF-κB signaling pathway, a pathway that
has been reported to be negatively regulated by ING4
(Supplemental Fig. S3A; Nozell et al. 2008; Coles et al.
2010; Byron et al. 2012; Hou et al. 2014). Based on these
results, we hypothesized that the JFK–ING4 pathway in-
tersects with and thus impacts on NF-κB signaling. Sever-
al lines of evidence support this hypothesis: First, confocal
microscopic analysis of MCF-7 cells overexpressing JFK
showed an increase in p65 (a core subunit of NF-κB) trans-
location from cytoplasm to nucleus (Fig. 4B). Second, gain
of function of JFKwas associated with increases inmRNA
expression ofNF-κB target genesCCL5, ICAM1, IL-6, IL-8,
MMP9, STAT1, and VCAM1 (Basseres and Baldwin 2006)
inMCF-7 cells, asmeasured by real-timeRT–PCR,where-
as loss of function of JFK was accompanied by dampened
NF-κB signaling, as evidenced by decreased expression of
these target genes (Fig. 4C). Third, in ING4-depleted
MCF-7 cells, overexpression of JFK no longer led to in-
creased expression of CCL5, IL-8, MMP9, and VCAM1,
and knockdown of JFK no longer resulted in decreased ex-
pression of the NF-κB target genes, while overexpression
of ING4 in JFK-overexpressing MCF-7 cells offset JFK-en-
hanced expression of NF-κB target genes (Fig. 4D). The si-
lencing specificity of ING4 siRNAwas validated using an
ING4 siRNA-1-resistant form (rING4) that was generated
by synonymous mutations (Supplemental Fig. S3B). Col-
lectively, these results indicate that JFK, through destabi-
lizing ING4, potentiates NF-κB transcriptional activity,
supporting the notion that the JFK–ING4 pathway inter-
sects with and thus influences NF-κB signaling.

JFK promotes the angiogenesis of breast cancer cells

In order to further explore the biological significance of
JFK-mediated ING4 degradation, we next investigated
the effect of the JFK–ING4 pathway on NF-κB-regulated
cellular events. In this regard, it is interesting to note
that theNF-κB pathway regulates the expression of several
prominent proangiogenic factors, including IL-6, IL-8,

Figure 4. The JFK–ING4 pathway intersects with
NF-κB signaling. (A) JFK potentiates NF-κB signaling.
MCF-7 cells were transfected with empty vector or
Flag-JFK. Total cellular RNAs were prepared, and
PCR array was performed. The expression of the indi-
cated genes in different signal pathways was ana-
lyzed, and the pie chart represents the number of
changed genes in each pathway. (B) JFK facilitates
p65 cellular translocation. MCF-7 cells were trans-
fected with empty vector or Flag-JFK, stained with
anti-p65, and analyzed by confocal microscopy. (C )
The effect of JFK on the expression of NF-κB target
genes. MCF-7 cells were transfected with the indicat-
ed plasmids or treated with the indicated siRNA. To-
tal cellular RNAs were prepared for real-time RT–
PCR analysis. Bars represent the mean ± SD for tripli-
cate experiments. (∗) P < 0.05. (D) Simultaneous over-
expression of ING4 offsets JFK-enhanced expression

of NF-κB target genes. MCF-7 cell were transfected with the indicated plasmids or treated with the indicated siRNA. Total cellular
RNAs were prepared for real-time RT–PCR analysis. Bars represent the mean ± SD for triplicate experiments. (∗) P < 0.05.

SCFJFK is an E3 ligase for ING4

GENES & DEVELOPMENT 677

 Cold Spring Harbor Laboratory Press on March 19, 2015 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


CCL5, and COX-2 (Karin andGreten 2005). Thus, it is log-
ical to postulate that the JFK–ING4 pathway is implicated
in the regulation of the angiogenesis through modulation
of NF-κB activity. To test this hypothesis, we first per-
formed an in vitro endothelial tube formation assay,
which is based on the ability of endothelial cells to form
three-dimensional capillary-like tubular structures when
cultured on extracellular matrix gels prepared from Engel-
breth-Holm-Swarm tumor cells (Grant et al. 1985). In the
experiments, human umbilical vein endothelial cells
(HUVECs) were infected with retroviruses carrying vector
or JFK or lentiviruses carrying control siRNA or JFK
siRNA. Conditioned media (CM) from cultures of MCF-
7 cells that were also infected with retroviruses carrying
vector or JFK or lentiviruses carrying control siRNA
or JFK siRNAwere added onto solidified extracellular ma-
trix gels. After incubation, the formation of endothelial
cell tubes was examined under light microscopy, and the

number of tubes was counted. It was noted that JFK-over-
expressing HUVECs or HUVECs cultured in the CM
from JFK-overexpressingMCF-7 cells formed significantly
more tubes than control groups, whereas JFK-depleted
HUVECs or HUVECs cultured in the CM from JFK-defi-
cient MCF-7 cells generated fewer tubes than controls
(Fig. 5A), suggesting that JFK promotes the angiogenic po-
tential of HUVECs. JFK-mediated ING4 degradation in
this system was validated by Western blotting measure-
ment of the ING4 expression in HUVECs (Fig. 5A), and
the effect of JFK-mediated ING4 degradation on the NF-
κB signaling was verified by real-time RT–PCR measure-
ment of the expression of NF-κB target genes CCL5 and
IL-8 in HUVECs (Fig. 5A).

Next, in vivo chicken yolk sac membrane (YSM) assays
were carried out in which gelatin sponges that had ad-
sorbed suspensions of MCF-7 cells that were transfected
with JFK and/or ING4 or with control siRNA or JFK

Figure 5. JFK promotes the angiogenic potential of
breast cancer cells. (A) JFK promotes the angiogenic
potential of breast cancer cells in vitro. HUVECs
were infected with retroviruses carrying vector or
JFK or lentiviruses carrying control siRNA or JFK
siRNA or were cultured with CM from MCF-7 cells
that were infected with retroviruses carrying vector
or JFK or lentiviruses carrying control siRNA or JFK
siRNA and were added onto a solidified extracellular
matrix. After incubation, endothelial cell tube forma-
tion was assessed under light microscopy, and the
tube number was counted. Representative images
from each group are shown. Bars represent the mean
± SD for triplicate measurements. The expression of
JFK and ING4 in HUVECs was detected by Western
blotting, and the expression of NF-κB target genes in
HUVECs was examined by real-time RT–PCR. (B)
JFK promotes the angiogenic potential of breast
cancer cells in vivo. Matrigels only or Matrigels
mixed with MCF-7 cells infected with retroviruses
carrying JFK and/or ING4 or lentiviruses carrying
JFK siRNA or ING4 siRNA were injected subcutane-
ously into 6-wk-old BALB/c female mice (n = 6). Sev-
en days after injection, the mice were sacrificed, and
the Matrigel plugs were removed for H&E and
Masson trichrome staining. Bar, 73 μm. (C ) MDA-
MB-231-Luc-D3H2LN cells were infected with retro-
viruses carrying empty vector or JFK and were im-
planted into the left abdominal mammary fat pad of
immunocompromised 6-wk-old female SCID beige
mice (n = 6). The vascular density was assessed with
the Vevo 2100 imaging platform, and immunohisto-
chemical staining was performed with antibodies
against CD31. Bar, 73 μm.
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siRNAwere placed on top of the YSM.Microscopic count-
ing of the number of blood vessels entering the sponge
showed that eggs treated with JFK-overexpressing
MCF-7 cells developed enriched blood vessels toward
the implants in a “spoked wheel” pattern and that the
positive effect of JFK on blood vessel formation was
offset by overexpression of ING4, whereas eggs treated
with JFK-depleted MCF-7 cells formed significantly fewer
blood vessels compared with controls (Supplemental
Fig. S4A).
We then employed a well-established in vivo angiogen-

esis model—the mouse Matrigel plug assay (Angiolillo
et al. 1995)—to investigate the effect of JFK on angiogene-
sis in vivo. In this assay, BALB/c female mice were ran-
domly divided into seven groups, and the animals in
each group (n = 6) were injected subcutaneously with ei-
ther Matrigels only or Matrigels that were mixed with
MCF-7 cells infected with retroviruses carrying JFK
and/or ING4 or lentiviruses carrying control siRNA, JFK
siRNA, or ING4 siRNA. Seven days after injection,
the mice were sacrificed, and theMatrigel plugs were pro-
cessed and stained with H&E (hematoxylin and eosin)
and Masson trichrome. Microscopic examination of
Matrigel plugs revealed that endothelial cells, often orga-
nized into blood vessels containing red blood cells, were
enriched in the JFK-overexpressing group and that the pos-
itive effect of JFK on blood vessel formation was offset
by simultaneous overexpression of ING4 (Fig. 5B, top).
In contrast, only a few endothelial cells had invaded the
plugs of JFK siRNA-treated Matrigels, while depletion of
ING4 mimicked the enhancing effect of JFK overexpres-
sion on blood vessel formation (Fig. 5B, bottom).
To explore the role of JFK in breast cancer angiogenesis

in vivo, MDA-MB-231-Luc-D3H2LN cells were infected
with retroviruses carrying vector or JFK andwere implant-
ed into the left abdominal mammary fat pad of immuno-
compromised 6-wk-old female SCID beige mice (n = 6).
Vascular density was assessed with the Vevo 2100 imag-
ing platform in power Doppler mode 5 wk after tumor on-
set. The results showed that JFK overexpression led to a
more than twofold increase in vascular density compared
with the control group (Fig. 5C). Consistently, the expres-
sion of CD31, a marker for angiogenesis (Ozdemir et al.
2014), was also higher in the JFK group. Taken together,
these results indicate that JFK promotes the angiogenic
potential of breast cancer cells.

JFK promotes EMT and the invasive potential
of breast cancer cells in vitro

One of the hallmarks of cancer is the ability of tumor
cells to invade and metastasize (Hanahan and Weinberg
2011). At the very beginning of metastasis, cancer cells re-
program by turning on embryonic morphogenesis reg-
ulators to undergo EMT and turning off differentiation
programs, allowing cancer cells to phenotypically trans-
form, a process in which nonmotile, polarized epithelial
cells embedded via cell–cell junctions in a cell collective
dissolve their cell–cell junctions and convert into individ-
ual, nonpolarized, motile, and invasive mesenchymal

cells (Mani et al. 2008). Based on the important role of
the NF-κB pathway in cancer invasion and metastasis
(Karin 2006), we next asked what roles, if any, the JFK–
ING4 pathway plays in breast cancer metastasis. To this
end, MCF-7 cells were transfected with JFK and/or
ING4. The morphological alterations of the cells were
examined by phase-contrast microscopy. Notably, JFK-
overexpressing MCF-7 cells displayed loss of cell–cell
contacts, scattering, and a spindle-like, fibroblastic mor-
phology compared with the highly organized cell–cell ad-
hesion, cell polarity, and cobblestone-like appearance
of control MCF-7 cells (Fig. 6A). In agreement with these
observations, immunofluorescent microscopy showed a
reduction/loss of epithelial marker E-cadherin and γ-cate-
nin staining and an increase in mesenchymal marker
vimentin and fibronectin staining in JFK-overexpressing
MCF-7 cells—effects that were partially attenuated by
simultaneous overexpression of ING4 (Fig. 6A; Supple-
mental Fig. S4B). Consistently, Western blotting showed
a reduction of the epithelial markers E-cadherin, α-cate-
nin, β-catenin, and γ-catenin and induction of the mesen-
chymal markers N-cadherin, fibronectin, vimentin, and
SM-actin in JFK-overexpressing MCF-7 cells—effects
that were partially attenuated by simultaneous overex-
pression of ING4 (Fig. 6B). Significantly, JFK overexpres-
sion was associated with an enhanced NF-κB activity, as
evidenced by increased expression of NF-κB target genes
MMP9 and VCAM1, which was partially attenuated by
simultaneous overexpression of ING4, as measured by
real-time RT–PCR (Fig. 6B). In contrast, JFK depletion
was associated with an elevation of epithelial markers
and a decrease of the mesenchymal markers in MDA-
MB-231 cells and was accompanied by weakened NF-κB
activity, as evidenced by decreased expression of NF-κB
target genes MMP9 and VCAM1 (Fig. 6B). Collectively,
these data indicate that JFK, through destabilization of
ING4 protein and derepression of NF-κB activity, pro-
motes EMT in breast cancer cells.
Western blotting analysis of the expression of endoge-

nous ING4 and JFK in different human normal or breast
cancer cell lines showed that ING4 expression was higher
in the less-invasive cell lines MCF-10A, MCF-7, and
T47D than in the highly invasive cell lines MDA-MB-
231 and SUM1315, whereas the expression of JFK exhi-
bited a reversed trend (Supplemental Fig. S4C), consistent
with our proposition that JFK promotes the invasive
potential of breast cancer cells through destabilizing
ING4. To substantiate this proposition, transwell inva-
sion assays were then performed in MDA-MB-231 stable
clones infected with retroviruses carrying JFK, JFKΔF-
box, JFKΔKelch, and/or ING4 or lentiviruses carrying
JFK siRNA or ING4 siRNA. These experiments showed
that stable expression of JFK, but not JFKΔF-box and
JFKΔKelch, resulted in a more than sixfold increase
in cell invasion (Fig. 6C, left), whereas JFK depletion
led to a threefold decrease in cell invasion (Fig. 6C,
right). Moreover, the effect of JFK overexpression on the
invasive potential of MDA-MB-231 cells was probably
through its negative regulation of ING4, as simultaneous
overexpression of ING4 (JFK+ING4) resulted in an
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attenuated effect (Fig. 6C, left), and depletion of ING4
alone mimicked the effect of JFK overexpression (Fig.
6C, right). Furthermore, real-time RT–PCR measure-
ments indicated that JFK overexpression was associated
with an elevated expression of NF-κB target genes
MMP9 and VCAM1, whereas JFK depletionwas accompa-
nied by a decreased expression of NF-κB target genes
MMP9 and VCAM1 inMDA-MB-231 cells. The efficiency
of retrovirus- or lentivirus-mediated gene expression or
depletion was verified by Western blotting (Fig. 6C). Col-
lectively, these data indicate that JFK promotes the inva-
sive potential of breast cancer cells and does so through
destabilization of ING4 protein and derepression of NF-
κB activity.

JFK promotes breast cancer metastasis in vivo

To explore the role of JFK in breast cancer metastasis in
vivo, bioluminescence imaging was performed using

MDA-MB-231-Luc-D3H2LN cells that were engineered
to stably express firefly luciferase. Cells were infected
with retroviruses carrying JFK, JFKΔF-box, JFKΔKelch,
and/or ING4 or lentiviruses carrying control siRNA, JFK
siRNA, or ING4 siRNA and were implanted into the
left abdominal mammary fat pad of immunocompro-
mised 6-wk-old female SCID beige mice (n = 6). The
growth/dissemination of tumors was monitored weekly

Figure 6. JFK promotes invasion and metastasis of breast can-
cer. (A) JFK-induced morphological changes in MCF-7 cells.
MCF-7 cells were transfected with Flag-JFK and/or Myc-ING4.
(Top) The morphological alterations of the cells were observed
by phase-contrast microscopy. MCF-7 cells were transfected
with Flag-JFK and/orMyc-ING4, and immunofluorescence stain-
ing of epithelial (E-cadherin and γ-catenin) and mesenchymal
(vimentin and fibronectin) markers was visualized by confocal
microscopy (green). (Bottom) DAPI staining was included to visu-
alize the cell nucleus (blue). (B) Western blotting analysis of the
epithelial and mesenchymal markers in MCF-7 cells transfected
with Flag-JFK and/or Myc-ING4 or MDA-MB-231 cells treated
with control siRNA or JFK siRNA. Expression of NF-κB target
genes was measured by real-time RT–PCR. (C ) MDA-MB-231
cells were infected with retroviruses carrying Flag-tagged JFK,
JFKΔF-box, JFKΔKelch, and/or ING4 or lentiviruses carrying
JFK siRNA or ING4 siRNA. Forty-eight hours later, cells were
starved for 18 h before cell invasion assays were performed using
Matrigel transwell filters. The invaded cells were stained and
counted. The images represent one field under microscopy in
each group. Bars indicate mean ± SD of a representative experi-
ment performed in triplicate. P-values were determined by
Student’s t-test ([∗] P < 0.05; [∗∗] P < 0.01). Expression of NF-κB tar-
get genes was measured by real-time RT–PCR. The efficiency of
retrovirus- or lentivirus-mediated gene expression or depletion
in MDA-MB-231 cells was verified by Western blotting. (D)
MDA-MB-231-Luc-D3H2LN cells were infected with retrovirus-
es carrying Flag-tagged JFK, JFKΔF-box, JFKΔKelch, and/or ING4.
These cells were inoculated into the left abdominal mammary
fat pad (2 × 106 cells) of 6-wk-old immunocompromised female
SCID beigemice. Tumor sizewasmeasured on day 42 (mammary
tumors, n = 6). The presence of circulating tumor cells (intravasa-
tion, n = 6) was assessed by real-time RT–PCR of humanGAPDH
expression relative to murine β2-microglobulin in 1mL of mouse
blood perfusate. Lung and liver metastases were quantified using
bioluminescence imaging after 6 wk of initial implantation, and
representative in vivo bioluminescent images are shown. Bars
represent mean ± SD. (n = 6). P-values were determined by Stu-
dent’s t-test ([∗] P < 0.05). (E) Representative images of lung or liv-
er sections stained with H&E are shown. Bar, 145 μm. (F ) MDA-
MB-231-Luc-D3H2LN cells were infected with lentiviruses car-
rying JFK siRNA or ING4 siRNA. These cells were inoculated
into the left abdominal mammary fat pad (2 × 106 cells) of 6-wk-
old immunocompromised female SCID beige mice. Tumor size
was measured on day 42 (mammary tumors, n = 6). The presence
of circulating tumor cells (intravasation, n = 6) was assessed by
real-time RT–PCR of human GAPDH expression relative to mu-
rine β2-microglobulin in 1 mL of mouse blood perfusate. Lung
and liver metastases were quantified using bioluminescence im-
aging after 6wkof initial implantation, and representative in vivo
bioluminescent images are shown. Bars represent mean ± SD. (n
= 6). P-values were determined by Student’s t-test ([∗] P < 0.05).
(G) Representative images of lung or liver sections stained with
H&E are shown. Bar, 145 μm.
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by bioluminescence imagingwith an IVIS imaging system
(Xenogen Corporation). Tumor metastasis was defined as
any detectable luciferase signal above background and
away from the primary tumor site and was measured by
quantitative bioluminescence imaging after 6 wk for
orthotopically implanted groups. Breast cancer cell intra-
vasations were also assessed by real-time RT–PCR analy-
sis of the level of human GAPDH expression relative to
that of murine β2-microglobulin in blood samples or
were quantified by bioluminescence imaging. The results
showed that, in mice implanted with MDA-MB-231-Luc-
D3H2LN tumors overexpressing JFK, a larger size of pri-
mary tumors and enhanced cell intravasationwere detect-
ed (Fig. 6D; Supplemental Fig. S5A). In these animals,
spontaneous lung or liver metastases were evident (Fig.
6D,E). However, in mice implanted with MDA-MB-231-
Luc-D3H2LN tumors overexpressing either JFKΔF-box
or JFKΔKelch, no significant differences in primary tu-
mor size, cell intravasation, andmetastasis were detected,
similar to control mice implanted with cells infected
with viruses carrying empty vectors (Fig. 6D,E). In mice
implanted with MDA-MB-231-Luc-D3H2LN tumors
overexpressing JFK+ING4, the primary tumor size, cell
intravasation, andmetastasiswere significantly alleviated
compared with mice implanted with cells infected with
viruses carrying JFK (Fig. 6D,E). Consistently, biolumines-
cence imaging detected smaller primary tumor sizes, re-
duced cell intravasations, and decreased lung or liver
metastases in mice carrying JFK-depleted MDA-MB-231-
Luc-D3H2LN tumors (Fig. 6F,G). The expression of JFK,
ING4, and the NF-κB target gene MMP9 in primary tu-
mors was measured and verified by Western blotting
(Fig. 6D,F). In agreement with our in vitro results, a higher
JFK level was associated with a lower ING4 level and an
elevated MMP9 level in tumors from animals bearing
JFK-overexpressing implants (Fig. 6D), whereas in tumors
from animals bearing JFK-depleted implants, a higher lev-
el of ING4 and lower level of MMP9 were detected com-
pared with tumors from control mice implanted with
cells infected with viruses carrying control siRNA (Fig.
6F). In addition, MDA-MB-231-Luc-D3H2LN cells infect-
ed with retroviruses carrying vector or JFK were injected
into the left ventricle of immunocompromised 6-wk-
old female SCID beige mice (n = 6). Bioluminescence im-
aging showed no significant difference in metastasis bur-
dens between JFK-overexpressing and control implants
(Supplemental Fig. S5B). These data indicate that JFK pro-
motes the metastasis of breast cancer and does so through
destabilization of ING4 protein and derepression of NF-κB
activity.

The expression of JFK is up-regulated in breast
carcinomas and positively correlated with the
aggressive clinical behaviors of breast cancer

To further support the role of the JFK–ING4 pathway in
the invasion andmetastasis of human cancers and explore
the clinical significance of this pathway, a series of car-
cinoma samples from breast, liver, lung, renal, pancreatic,
colon, esophageal, rectal, and gastric cancer patients were

collected, with each type of carcinoma having at least six
samples paired with the adjacent normal tissues. Tissue
microarray analysis by immunohistochemical staining
showed that the expression of JFK is up-regulated in
breast, renal, and pancreatic carcinomas, with the highest
JFK in breast ductal carcinomas (Fig. 7A). To further sup-
port the role of the JFK–ING4 axis in the progression
and metastasis of breast cancer in a clinicopathologically
relevant context, we collected the samples of distant or-
gan metastasis (DOM; lung and liver) from breast cancer
patients and performed immunohistochemical staining
with antibodies against JFK or ING4. The intensity of
the JFK or ING4 immunopositivity was scored as follows:
0 for negative, 1 for weak, 2 for moderate, and 3 for strong.
Statistical analysis showed that JFK expression is nega-
tively correlated with ING4 in DOM (Fig. 7B). In addition,
in 15 paired samples of breast carcinomas and adjacent tis-
sues, the protein levels of JFK, IL-8, andMMP9were found
to be higher in tumor tissues than in adjacent tissues, and
the level of ING4 generally showed a trend inverse with
that of JFK (Fig. 7C, top). Quantification revealed that
the relative JFK protein level was negatively correlated
with that of ING4 and positively correlated with that of
IL-8 and MMP9 (Fig. 7C, bottom).
To support the role of the JFK–ING4 axis in the angio-

genesis and metastasis of breast cancer in a clinicopatho-
logically relevant context, we collected another 25 paired
samples of breast carcinomas and adjacent tissues and per-
formed immunohistochemical staining with antibodies
against JFK, CD31 (a marker for angiogenesis) (Ozdemir
et al. 2014), or MMP9. The intensity of immunopositivity
was scored as follows: 0 for negative, 1 forweak, 2 formod-
erate, and 3 for strong. Statistical analysis revealed that
high immunopositivity of JFK is associated with high lev-
els of CD31 (Fig. 7D)—indicative of elevated vessel densi-
ty (Ozdemir et al. 2014)—and high expression of MMP9
(Fig. 7D).
To support the importance of the JFK–ING4–NF-κB

axis in breast cancer progression clinicopathologically,
we analyzed the breast cancer data sets downloaded
from Gene Expression Omnibus (GEO; http://www.ncbi.
nlm.nih.gov/geo; GSE1456 and GSE31519). The results
showed that higher JFK expression was associated with
poorer overall survival in luminal A and basal-like breast
cancer patients (Supplemental Fig. S6A), and higher JFK
expression was also associated with poorer disease-free
survival of basal-like breast cancer patients (Supplemental
Fig. S6B). Moreover, the correlation analysis from the
data sets also showed that the level of JFKmRNAwas pos-
itively correlated with that of CCL5 and VCAM1 (Sup-
plemental Fig. S6C), targets of the NF-κB pathway. In
addition, Kaplan-Meier survival analysis of renal or pan-
creatic cancer data sets downloaded from GEO (http
://www.ncbi.nlm.nih.gov/geo; GSE22541 and GSE28735)
also showed that a higher expression of JFK is associ-
ated with poorer disease-free survival of renal cancer but
not with overall survival of pancreatic cancer (Supple-
mental Fig. S6D). Collectively, our observations indicate
that JFK plays an important role in promoting breast can-
cer progression.
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Discussion

The tumor suppressor ING4 is implicated in a variety of
cellular processes, including cell cycle regulation, apopto-
sis, senescence, DNA repair, angiogenesis, and cell mobil-
ity (Unoki et al. 2009), and dysregulation of ING4has been
reported in a number of malignancies such as breast carci-
noma, glioma, melanoma, and head and neck squamous
cell carcinoma (Cai et al. 2009; Klironomos et al. 2010;
Zhang et al. 2012). Especially in breast cancer and mela-
noma, down-regulation of ING4 is correlated with high-
grade tumors and poor outcome of patients, implying
that ING4 plays an important role in tumor initiation
and metastasis (Raho et al. 2007; Kim et al. 2010). How-
ever, how the ING4 protein is regulated in a normal or tu-
morigenic environment is currently unknown. In this

study, we report that ING4 is physically associated with
JFK, the only Kelch domain-containing FBP in humans
(Sun et al. 2009, 2011). We demonstrated that JFK targets
ING4 for ubiquitination and degradation through the as-
sembly of an SCF ubiquitin ligase and propose that SCFJFK

is a bona fide E3 ubiquitin ligase for ING4.
The ubiquitin–proteasome systemhas emerged as ama-

jor regulatory principle that influences many cellular pro-
cesses (Micel et al. 2013), and dysregulation in this system
is also associated with various pathological outcomes,
including cancers (Hoeller et al. 2006). As the best-char-
acterized multisubunit ubiquitin ligase, SCF ubiquitin
ligase-regulated protein turnover is critically involved
in cell cycle progression, apoptosis, gene transcription,
signal transduction, DNA replication, maintenance of ge-
nome integrity, and tumorigenesis (Ang andWade Harper
2005; Mani and Gelmann 2005). Containing three static
subunits (Skp1, Cul1, and Rbx1/2), the SCF ubiquitin li-
gase features a variable FBP functioning for substrate rec-
ognition. As mentioned before, of the 69 FBPs that have
been found in humans, the majority are still without a
substrate and a defined function (Pickart 2004; Hermand
2006). Thus, our identification of ING4 as a substrate for
JFK adds to the understanding of the substrate and func-
tion of the F-box family of proteins.

Previously, we reported that SCFJFK also catalyzes ubi-
quitination and degradation of another tumor suppres-
sor, p53, leading to the inhibition of cell apoptosis and

Figure 7. The expression of JFK is negatively correlated with
that of ING4 and positively correlatedwith the aggressive clinical
behaviors of breast cancer. (A) Immunohistochemical staining of
JFK in paired samples of breast ductal carcinoma, hepatocellular
carcinoma, lung adenocarcinoma (lung A), lung squamous carci-
noma (lung S), suprarenal epithelioma, pancreatic ductal carcino-
ma, colon adenocarcinoma, esophageal squamous carcinoma,
rectal adenocarcinoma, and gastric adenocarcinoma. Representa-
tive sections from tumors and adjacent normal tissues stained
with JFK antibodies are shown. Bar, 200 μm. (B) The expression
of ING4 and JFK in DOM samples was measured by immunohis-
tochemical analysis. Representative images are shown. Bar, 200
μm. Statistical analysis of the intensity of the JFK or ING4 immu-
nopositivity in DOM is shown. The staining intensity was scored
as follows: (0) negative; (1) weak; (2)moderate; (3) strong. (C ) Total
proteins from 15 paired samples of breast carcinomas versus adja-
cent normal breast tissues were extracted for Western blotting
analysis with antibodies against the indicated proteins. Quantita-
tion was done by densitometry and expressed as signals of the in-
dicated proteins toGAPDH, and the correlation between JFK and
ING4, IL-8, or MMP9 was analyzed by Pearson or Spearman cor-
relation. (D) Immunohistochemical staining of JFK, CD31, and
MMP9 in 25 paired samples of normal breast tissues and breast
carcinomas. Bar, 73 μm. (E) Proposed model of the JFK–ING4–
NF-κB pathway in breast cancer angiogenesis and metastasis.
In normal mammary cells or noninvasive breast cancer cells,
ING4 is associatedwith p65 (the core subunit of NF-κB) to repress
the canonical NF-κB pathway. During the development and pro-
gression of breast adenocarcinomas, ING4 is specifically recog-
nized by JFK and degraded by SCFJFK complex, leading to the
derepression of NF-κB signaling and promotion of angiogenesis
and metastasis of breast cancer.
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promotion of cell proliferation (Sun et al. 2009, 2011).
Based on the report that ING4 also directly interacts
with p53 and promotes the transactivation of p53 (Shiseki
et al. 2003), it is interesting to knowwhether JFK-directed
ING4 degradation is in some way connected to p53. Our
experiments in HCT116 p53+/+ and HCT116 p53−/− cells
indicated that JFK-mediated ING4 degradation is not de-
pendent on the presence of p53. In light of the positive
functional relationship between ING4 and p53, it is in-
triguing to speculate that destabilization of both ING4
and p53 by the same SCFJFK E3 ubiquitin ligase acts
as a double assurance, allowing efficient proliferation of
somatic or stem cells. Alternatively, ING4 and p53 are de-
graded in response to different environmental stimuli
and/or under different cellularmicromilieus. It is also pos-
sible that JFK-directed degradation of p53 and ING4 is
physiologically implemented in cell context-dependent
or spatiotemporally dependent manners. Clearly, future
investigations are warranted to delineate these scenarios.
Initially recognized for its essential roles in inflam-

mation and innate immunity, NFκB is increasingly re-
cognized as a crucial player in many steps of cancer
development, including tumorigenesis, EMT, and metas-
tasis (Karin and Greten 2005). It has been reported that
NF-κB cooperates with multiple signaling pathways and
forms several prominent cross-talk nodes that aremediat-
ed by other transcription factors, such as STAT3, p53, and
the ETS-related gene ERG (Baeuerle and Baltimore 1996;
Karin 2006). These transcription factors either directly in-
teract with NFκB subunits or affect NFκB target genes. In
addition, different signaling molecules, such as ING4,
GSK3-β, p38, and PI3K, canmodulateNFκB transcription-
al activity or affect its upstream signaling (Hayden and
Ghosh 2004; Coles et al. 2010). ING4 has been linked to
the down-regulation of NF-κB signaling by acting as either
an activator for IκB transcriptional activation (Coles et al.
2010) or an E3 ligase to target the RelA subunit (p65)
of NF-κB for ubiquitination and degradation (Hou et al.
2014). Consistent with the negative functional relation-
ship between ING4 and the NF-κB pathway, down-regula-
tion of the tumor suppressor ING4 has been reported in
various malignancies (Coles and Jones 2009), and hyper-
activation of NFκB signaling has been observed in many
types of human cancers (Basseres and Baldwin 2006).
However, the molecular mechanism underlying these
aberrations and the relative significance of these abnor-
malities in cancer development and progression are not
clear. In the present study, we report that JFK-mediated
ING4 destabilization leads to the up-regulation of the ca-
nonical NF-κB pathway. Through a series of in vitro and in
vivo experiments, we demonstrated that JFK promotes the
angiogenesis and metastasis of breast cancer and showed
that it does so through destabilization of the ING4 protein
and derepression of NF-κB activity. These findings place
the FBP JFK upstream of the ING4–NF-κB axis, pointing
to a predominant and causative role for JFK, through deg-
radation of ING4 (possibly also p53) and hyperactivation
of NF-κB, in carcinogenesis, angiogenesis, and metastasis
of breast cancer. Indeed, we found that the expression of
JFK is markedly up-regulated in various types of human

cancer, especially in breast cancer, and JFK protein level
is negatively correlated with that of ING4 and positively
correlated with an aggressive clinical behavior of breast
carcinomas. Furthermore, since the tumor suppressor
ING4—being a native subunit of the HBO1 complex to
drive H3 acetylation through binding to H3K4me3 at
ING4 target promoters—has also been reported to be an
epigenetic modifier (Doyon et al. 2006; Hung et al.
2009), the turnover of ING4 protein by JFK links this
FBP to epigenetic regulation, and it is now abundantly
clear that dysregulation of epigenetic modifiers actively
contributes to carcinogenesis (Chi et al. 2010). Although
the precise cellular activity of ING4 is out of the scope
of our present investigation, the destabilization of the tu-
mor suppressor ING4 establishes JFK as a potent promoter
of angiogenesis andmetastasis of breast cancer. In support
of this notion, a recent study proposed that JFK (FBXO42)
is a potential target for therapeutic intervention of high-
risk triple-negative breast cancers (Lee et al. 2013).
The functional relevance and significance of the pro-

teins that were also copurified with ING4, including
protein kinase LATS2 and WDR77, remain to be investi-
gated. It is also important to investigate the scope and
variety of JFK function in terms of both substrate and
cell context. Perhaps more relevant to our current work,
the proteasome inhibitor bortezomib has been approved
by the Food and Drug Administration and effectively
used in the treatment of multiple myeloma (Lawasut et
al. 2012). Meanwhile, a small molecule inhibitor of the
NEDD8-activating enzyme (MLN4924) has been devel-
oped as a more specific drug to inactivate the cullin-based
SCF ubiquitin ligases (Tanaka et al. 2012). Molecules that
specifically inhibit or block the activity of JFK or the inter-
action of JFK with its substrates, such as JFKΔF-box, will
potentially be more effective and safer for breast cancer
intervention.
In conclusion, our study identified SCFJFK as a bona fide

E3 ubiquitin ligase for ING4 and demonstrated the JFK–
ING4–NF-κB axis as a potent promoter in the angiogene-
sis andmetastasis of breast cancer, supporting the pursuit
of JFK as a potential target for breast cancer intervention.

Materials and methods

Patients and specimens

The samples of carcinomas and the adjacent normal tissues were
obtained from surgical specimens frompatientswith breast, liver,
lung, renal, pancreatic, colon, esophageal, rectal, or gastric can-
cer. DOM (lung and liver) was procured from surgical specimens
from patients with breast cancer. Samples were selected from pa-
tients for whom complete information on clinicopathological
characteristics was available. All studies were approved by the
Ethics Committee of the Peking University Health Science Cen-
ter, and informed consent was obtained from all patients.

Statistical analysis

Results are reported as mean ± SD unless otherwise noted. SPSS
version 13.0 was used for statistical analysis. Comparisons be-
tween cancers and adjacent normal tissues were performed using
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paired samples t-test based on a bidirectional hypothesis for
continuous variables or using Pearson or Spearman correlation.
Breast, renal, and pancreatic data sets were downloaded from
GEO (http://www.ncbi.nlm.nih.gov/geo): GSE1456, GSE31519,
GSE28735, and GSE22541.
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