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Background: HBO1 is a crucial enzyme needed for DNA replication, yet mechanisms for its disposal are unknown.
Results: A ubiquitin E3 ligase subunit, Fbxw15, mediates HBO1 degradation in concert with Mek1 kinase after endotoxin
exposure.
Conclusion: Fbxw15 targets HBO1 for its site-specific ubiquitination and degradation leading to reduced histone acetylation
and cellular proliferation.
Significance: The molecular control of HBO1 protein levels may impact fundamental cellular processes during inflammation.

Histone acetyltransferase binding to origin recognition com-
plex (HBO1) plays a crucial role in DNA replication licensing
and cell proliferation, yet its molecular regulation in cells is rel-
atively unknown. Here an uncharacterized protein, Fbxw15,
directly interacts with HBO1, a labile protein (t1⁄2 � �3 h), to
mediate its ubiquitination (Lys338) and degradation in the cyto-
plasm. Fbxw15-mediated HBO1 depletion required mitogen-
activated protein kinase 1 (Mek1), which was sufficient to trig-
ger HBO1 phosphorylation and degradation in cells. Mek1
ability to produce HBO1 degradation was blocked by Fbxw15
silencing. Lipopolysaccharide induced HBO1 degradation, an
effect abrogated by Fbxw15 or Mek1 cellular depletion. Modu-
lationof Fbxw15 levelswas able todifferentially regulate histone
H3K14 acetylation and cellular proliferation by altering HBO1
levels. These studies authenticate Fbxw15 as a ubiquitin E3
ligase subunit that mediates endotoxin-induced HBO1 deple-
tion in cells, thereby controlling cell replicative capacity.

HBO1 (histone acetyltransferase binding to origin recogni-
tion complex) is amember of the histone acetyltransferase fam-
ily that associates with distinct protein complexes to modulate
cell cycle progression and proliferation through epigenetic
mechanisms (1–3). HBO1 was first identified to bind Cdt1 in

the origin recognition complex at the G1 and S phase boundary
of the cell cycle (1). During the lateG1 phase,Mcm2–7 helicase,
in concert with Cdt1 and HBO1, loads onto chromatin to trig-
ger DNA replication (4, 5). HBO1 initiates DNA replication
licensing by acetylating both histone H3 andH4 (6–8). In the S
phase, DNA replication is terminated by the degradation of
Cdt1 and the recruitment of geminin (5). HBO1 also recruits
the Ing (inhibitor of growth) family of tumor suppressors to
regulate cell proliferation (9). The physiologic and molecular
factors that control the availability of HBO1 in cells are less
studied. Phosphorylation ofHBO1byPolo-like kinase 1 at Ser57

appears to be important in replication licensing because muta-
tion of this residue leads to cell cycle arrest at the G1-S phase,
thereby impairingDNAreplication (10). Presumably, other fac-
tors act during cell cycle progression to terminate HBO1 func-
tion, perhaps by lowering of histone acetyltransferase concen-
trations to ensure homeostatic control of cell replicative
activity.
The ubiquitin proteasomal machinery provides a universal

mechanism to terminate the function of specific proteins by
mediating their degradation to regulate numerous processes
(11–15). Once a protein is targeted for ubiquitin-mediated deg-
radation, it is labeled by monoubiquitin or polyubiquitin moi-
eties. The conjugation of ubiquitin to the targeted protein is
orchestrated by enzymatic reactions using an E1 ubiquitin-ac-
tivating enzyme and ubiquitin transfer to an E2 ubiquitin-con-
jugating enzyme. In some instances, the targeted protein for
degradation is modified before binding to an E3 ubiquitin
ligase, and these modifications often involve phosphorylation
(16, 17). The E3 ubiquitin ligase then catalyzes an isopeptide
linkage between the �-amino group of a lysine residue within
the targeted protein and the COOH group of the carboxyl ter-
minus in ubiquitin. Of note, the E3 ubiquitin ligase is substrate-
specific, and yet one E3 ligase may control the degradation of
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tens or hundreds of substrate proteins. Of the many E3 ligases,
activities of several members of the Skp-Cullin 1-F box (SCF)2
superfamily have been amply documented (17–19). The SCF
complex is comprised of Skp1 (20), Cullin, E2 ubiquitin conju-
gation enzyme (Ubc), and an F box receptor component that
engages substrates. In essence, the F box protein binds Skp1
with its NH2-terminal F box domain and docks on the targeted
protein via its carboxyl-terminal leucine-rich domain or WD
repeat motif. One F box protein, Fbxw15 was identified during
follicular development, yet its function and substrate remains
unknown (21).
The virulence of LPS-containing microbial pathogens

appears to be intricately linked to the ubiquitin proteasome
system that can trigger robust activation of pro-inflammatory
signaling cascades or control host cell proliferative capacity
(22–27). LPS activation of the canonical NF-�B pathway
involving the ubiquitin proteasome leading to transactivation
of pro-inflammatory genes is well established (28, 29). In some
cases, LPS alters histone acetylation to modify NF-�B recruit-
ment to selected target genes (30, 31).We have shown that LPS
also activates the SCF F box component�-Trcp (�-transducing
repeat-containing protein) to degrade a histone lipidation
enzyme and cortactin (32, 33). Interestingly, LPS administra-
tion to mice deficient for the HBO1 co-regulator, Ing4, fails to
form spontaneous tumors, yet the mice are hypersensitive to
LPS-induced pro-inflammatory cytokine expression (34).
Hence, these latter results indicate that Ing4 may be indispen-
sable for tumorigenesis and partake in innate immunity, but the
data may also implicate HBO1 in LPS signaling. In aggregate,
these observations led us to hypothesize that LPS impairs cell
proliferation by ubiquitin-dependent degradation of HBO1.
Here we show that LPS activates Fbxw15 that targets HBO1 for
its degradation in cells by a mitogen-activated protein kinase 1
(Mek1)-dependent mechanism.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Murine lung epithelial (MLE-12)
cells were maintained in HITES medium with 10% of FBS as
previously described (32, 35). Rabbit polyclonalHBO1 antibody
(catalog no. ab70183) was purchased fromAbcam (Cambridge,
MA). Anti-Mek1 (catalog no. 9122), HA tag (catalog no. 2367),
phosphothreonine (catalog no. 9386), lamin A/C (catalog no.
4777), ubiquitin (catalog no. 3936), Skp1 (catalog no. 2156), and
Cul1 (catalog no. 4995) antibodies were from Cell Signaling
(Danvers, MA). Anti-phosphoserine antibody (catalog no.
05-1000X) was from EMD Millipore (Billerica, MA), V5 tag
antibody (catalog no. P/N46–0705) was from Invitrogen and
protein A/G-agarose beads were from Santa Cruz Biotechnol-
ogy (SantaCruz,CA).Anti-acetyl histoneH3K14 antibody (cat-
alog no. A-4023) was from Epigentec (Farmingdale, NY). Pro-
teasome inhibitor MG132 was from Calbiotech (Spring Valley,
CA). Protease inhibitor mixture tablets were purchased from
Roche Applied Science. Protein synthesis inhibitor cyclohexi-
mide and lysosome inhibitor leupeptin were from Sigma-Al-

drich. The chemical reagents in the highest grades used in the
experiments are commercially available.
Nucleofection—The cells were nucleofected with plasmids as

previously described (32). Briefly, 1 � 106 MLE cells in their
exponential growth stage were suspended in 100 �l of nucleo-
fection buffer (20 mM of Hepes in PBS buffer) and well mixed
with 3 �g of plasmid DNA in an electroporation cuvette. Elec-
troporation was performed with a preset program T-013 in the
NucleofectionTM II system (Amaxa Biosystems, Gaithersburg,
MD), and the cells were cultured in 2 ml of complete HITES
medium for 48 h. shRNAplasmidswere also delivered into cells
by using nucleofection with the same protocol (36).
Immunoblotting and Immunoprecipitation—Immunoblot-

ting was conducted as previously described (32, 36). For immu-
noprecipitation, MLE cells were harvested and lysed with lysis
buffer (1� PBS, 0.3% Tween 20, 1:1000 protease inhibitor mix-
ture). The cells in the lysis buffer were lysed by sonication at
25% amplitude for 12 s followedby centrifugation at 10,000 rpm
for 10min. The cleared cell lysates (containing 1mg of protein)
were incubated with 2 �g of HBO1 antibody and rotated at
room temperature for 30min. Protein A/G-agarose beads of 30
�l were added to the mixture and rotated for another 2 h. To
collect the immunoprecipitates, the mixtures were spun down
at 3,000 rpm for 2 min and washed three times with 1 ml of cell
lysis buffer under the same condition. The washed beads were
used in immunoblotting with indicated antibodies. The ubiqui-
tin immunoprecipitation experiments are carried out in the
presence of DUB inhibitor ubiquitin-aldehyde. The immuno-
precipitatesweremixedwith 50�l of SDS loading dye (contain-
ing 1% SDS and 10mMDTT) and heated at 95 °C for 5min. The
samples were separated by regular SDS-PAGE using Tris-gly-
cine gel (Bio-Rad).
Extraction of Subcellular Proteins—MLE cells in their expo-

nential growth stage were transfected with pcDNA3.1/
Fbxw15-V5 plasmids and grown for 48 h. The cells were then
treated with cycloheximide at a concentration of 20 �M for a
various times. Subcellular protein extraction was performed as
previously described (32). Briefly, the cells were washed with
PBS buffer twice and detached by scraping. Harvested cells
were collected by centrifuging at 1,500 rpm for 10 min. The
pelleted cells were suspended in 1ml of cytoplasmicmembrane
lysis buffer (10 mMHepes, pH 8.0, 1.5 mMMgCl2, 10 mMKCl, 1
mM DTT, 0.1% Igepal CA-630, and 1:1000 protease inhibitor
mixture). The cell suspension was centrifuged at 2,000 rpm for
5 min, and the supernatant was collected as the cytosolic frac-
tion and condensed by Amicon Ultra filters. The pellet was
lysedwith 150�l of nuclear envelope lysis buffer (20mMHepes,
pH 8.0, 1.5 mM MgCl2, 420 mM NaCl, 1 mM DTT, 0.2 mM

EDTA, 25% (v/v) glycerol, and 1:1000 protease inhibitor mix-
ture) and cleared at 13,000 rpm for 10min, and this supernatant
was collected as the nuclear fraction. The fractions were sub-
jected to immunoblot analysis.
Plasmid Cloning and Site-directed Mutagenesis—The

human HBO1 cDNA was from Origene (Rockville, MD), and
the open reading frames were amplified by PCR using the fol-
lowing primers: 5�-caccatgccgcgaaggaagagg-3� (forward) and
5�-agtgcccttgggaggggtccat-3� (reverse). The PCR products
were inserted into pcDNA3.1/His-V5 plasmids (Invitrogen).

2 The abbreviations used are: SCF, Skp-Cullin 1-F box; MLE, murine lung
epithelial.
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The pcDNA3.1/Fbxw15/His-V5 plasmids were constructed
with the same method by employing the primers of 5�-caccat-
ggcgatccatttaccttg-3� (forward) and 5�-agagcagatgttcaaggcat-
atg-3� (reverse). The HBO1 deletionmutants were constructed
using a similar approach with the following primers: 55F, 5�-
caccatggattccagtcctgttcg-3�; 101F, 5�-caccatgggttcagaaactgagc-
aag-3�; 151F, 5�-caccatggagagcattgccaaggacatg-3�; 198F, 5�-cac-
catgggaaaacatgagagacatttct-3�; 252F, 5�-caccatggcaccaacggag-
aggcag-3�; 550R, 5�-cacagccgtctcctgactgattt-3�; 500R, 5�-gac-
tttggaaagcaaataactg-3�; 450R, 5�-gtccgcctctgtcataacatag-3�;
400R, 5�-gcgatatatctcatcaccaggtgg-3�; 350R, 5�-ccaggtatcaagct-
catagcgg-3�; and 300R, 5�-gttttctaaaagaggttcccgtgtg-3�. Site-di-
rected mutagenesis of lysine 323 and lysine 338 within HBO1
were obtained as previously described (32) using the following
primers, K323RF, 5�-cagaggatttggagaGgttaaggctgcaagg-3�;
K323RR, 5�-ccttgcagccttaacctctccaaatc ctctg-3�; K338RF, 5�-
gaagcaacatgattaGaacaattgcttttgg-3�; and K338RR, 5�-ccaaaag-
caattgttctaatcatgttgcttc-3�.
Mek1 in Vitro Kinase Assays—HBO1 was immunoprecipi-

tated from MLE cells by using HBO1 antibody. The washed
immunoprecipitates from the cell lysates (containing 1 mg of
protein) were mixed with 50 �l of kinase assay buffer (50 mM

Tris, 10 mMMgCl2, 1 mM EDTA, 2 mMDTT, 200 �MATP, and
0.01% Triton X-100) and equally allocated into five reactions.
For the reaction, 1 �Ci of [�-32P]ATP (PerkinElmer Life Sci-
ences) and 0.2 �g ofMek1 protein with kinase activity (Invitro-
gen)weremixedwith the immunoprecipitates and incubated at
30 °C for 10 min. As system controls, one reaction was without
Mek1 kinase and another without the addition of [�-32P]ATP.
As a negative control, theMek1 protein was heat-inactivated at
95 °C for 10 min. The reaction products were mixed with SDS-
PAGE loading dye and separated by SDS-PAGE. Phosphory-
lated HBO1 with radioactive signals was detected from the
transferred nitrocellulose membrane with a phosphorus
imager (Bio-Rad).
In Vitro Ubiquitin Conjugation Assays—HBO1 protein was

isolated using immunoprecipitation. SCF box complex compo-
nents Skp1, Cullin1, Rbx1, and substrate-specific E3 ubiquitin
ligase subunit, Fbxw15, were synthesized using the cell-free
reticulocyte lysate in vitro transcription/translation system
with pcDNA3.1/His/V5/Lpcat1 as the template (Promega,
Madison, WI). The ubiquitination assay was performed in a
total volume of 25 �l containing 50 mm Tris (pH 7.6), 5 mM

MgCl2, 0.6mMDTT, 2mMATP, 1.5 ng/�l E1 (Boston Biochem,
Cambridge, MA), 10 ng/�l Ubc5, 10 ng/�l Ubc7, 1 �g/�l ubiq-
uitin (Calbiochem, Spring Valley, CA), 1 �m ubiquitin alde-
hyde, and 2 �l of each Cullin1, Skp1, Rbx1, and Fbxw15, at
room temperature for 30 min. Reaction mixtures were then
resolved using SDS-PAGE, and HBO1 ubiquitination was ana-
lyzed by immunoblotting.
Quantitative RT-PCR—MLE cells transfected with Fbxw15

plasmid or knockdown plasmid were treated with 20 �M of
cycloheximide for various times. The collected cells were lysed
with 1 ml of Tri reagents (Invitrogen), and total RNA were
isolated as previously described (35). The cDNA was synthe-
sized from isolated total RNA with an iScript cDNA synthesis
kit (Bio-Rad) following the directions of the manufacturer. The
primers encoding a DNA fragment of �120 bp in length were

designed based on the mouse Fbxw15 gene sequence in the
NCBI gene bank.The forward primerwas 5�-ctacagtttgctacagg-
3�, and the reverse primer was 5�-atgtctctttgccctgg-3�. Quanti-
tative PCRwas conductedwith theCFXTM-96 thermocycle sys-
tem (Bio-Rad).
Fluorescence-activated Cell Sorting—FACS analysis of the

cells was conducted by using BD PharmingenTMBrdU flow kits
(BDBiosciences, San Jose, CA) following the instructions of the
manufacturer. Briefly, MLE cells at a concentration of 106
cells/ml were transfected with HBO1 plasmid or shRNA con-
structs by way of electroporation. The cells were inoculated
into 6-well plates for 48 h and then incubated with 10 �M of
BrdU for 40 min. The cells were harvested and washed with
cold PBS and fixedwith 100�l of Cytofix buffer for 30min. The
fixed cells were treated with 100 �l of permeabilization buffer
for 10 min on ice and with 100 �l of Cytofix buffer for 10 min.
The cells were then digested with DNase (30 �g/106 cells) for
1 h at 37 °C. The cells were stained with FITC-conjugated anti-
BrdU antibody (v/v 50:1) for 20 min. The cell nuclei were
stained with 7-aminoactinomycin D before cell cycle analysis.
Cell sorting was conducted with an Accuri C6 system (Bio-
Rad), and the resultswere analyzedwith FCS3 version 3 analysis
software (De Novo Software).
Cell Growth Analysis—MLE cells were lentivirally trans-

duced to overexpress or knockdown Fbxw15. The cells were
seeded at 3 � 104 cells/ml in 6-well plates and allowed to grow
in a standard cell culture incubator. For each cell line, three
independent wells were harvested after 48 h postseeding. The
cells were counted using a T10 automated cell counter (Bio-
Rad). Cells at the samedensitywere grown for 24 h, and the cells
were then treated with a various concentrations of LPS in the
presence of 0.1% FBS overnight. The cells were harvested and
counted as described above.
Statistical Analysis—Statistical analysis was carried out by

two-way analysis of variance. The data were collected from
three independent experiments and presented as the means �
S.D.

RESULTS

HBO1 Is Degraded by the Proteasome—MLE cells were
treated with cycloheximide to inhibit protein synthesis, and the
endogenousHBO1 protein levels were then analyzed by immu-
noblotting. The results demonstrate that HBO1 is a short-lived
protein with a predicted t1⁄2 of �3 h (Fig. 1A). To determine the
pathway for HBO1 disposal, the cells were exposed to the pro-
teasomal inhibitorMG132, or lysosomal inhibitor, leupeptin in
a time course analysis prior to harvesting for immunoblotting.
Protein levels remained unchanged after leupeptin exposure
(Fig. 1B). However, endogenous HBO1 accumulates with time
as a function of durationwithMG132 treatment (Fig. 1C). Den-
sitometric quantitation of immunoblots indicated thatHBO1 is
processed for its elimination via a proteasomal but not lyso-
somal pathway (Fig. 1D).
HBO1 Is Selectively Targeted by Fbxw15 for Degradation—

Because HBO1 is regulated by its phosphorylation status and
SCF ubiquitin E3 ligase complexes target phosphorylated sub-
strates (10, 37), we randomly analyzed several F box proteins by
their ability to mediate HBO1 ubiquitination and degradation.
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By overexpression of plasmids encoding various F box proteins
in cells, we found that HBO1 was specifically degraded by
ectopic expression of Fbxw15, an unstudiedmember of the SCF
W family (Fig. 2A). Unlike Fbxw14, overexpressed Fbxw15 plas-
mid was sufficient to mediate degradation of HBO1 using
increasing amounts of plasmid transfected in cells (Fig. 2B). To
assess specificity of Fbxw15 activity further, we co-overex-
pressed and knocked down Fbxw15 simultaneously. Fbxw15
mRNA was detectable by quantitative PCR, and cellular deple-
tion of Fbxw15 effectively reduced Fbxw15 mRNA and stabi-
lized HBO1 (Fig. 2C). Overexpressed V5-Fbxw15 plasmid in
cells led to accelerated degradation of HBO1 in the presence of
cycloheximide (Fig. 2D, left panel). As a negative control, we
overexpressed F box plasmid encoding Fbxl17 in cells that did
not alter the rate of decay of levels of immunoreactive HBO1
with cycloheximide (Fig. 2D, right panel). These observations
demonstrate that Fbxw15 specifically targets HBO1 to mediate
its degradation in cells.
Fbxw15 Binds and Ubiquitinates HBO1—To explore

whether Fbxw15 binds HBO1, we overexpressed V5-tagged
Fbxw15 plasmid in cells and immunoprecipitated Fbxw15
using V5 antibody in the presence of MG132. Analysis of the
immunoprecipitates by HBO1 immunoblotting demonstrated
that HBO1 binds Fbxw15 (Fig. 3A). Binding of an E3 ubiquitin
ligase subunit to the target protein initiates substrate ubiquiti-
nation. To determine whether HBO1 is polyubiquitinated, we
co-transfected HBO1 and HA-tagged ubiquitin plasmids in
cells, and the cell lysates were subjected to HBO1 orHA immu-
noprecipitation, followed by HBO1 or HA immunoblotting. In
these co-immunoprecipitation (co-i.p.) studies, ubiquitin was
bound to HBO1 in immunoprecipitates in a pattern consistent
with polyubiquitinated substrate (Fig. 3B). In reciprocal studies
when antibodies were reversed, immunoblotting of the HA
immunoprecipitates withHBO1 antibody confirmed polyubiq-
uitinated HBO1 (Fig. 3C). To confirm whether HBO1 ubiquiti-
nation is Fbxw15-dependent, we knocked down Fbxw15 using
shRNA and subjected these cell lysates to HBO1 co-i.p. Here,
HBO1 bound to immunoprecipitated HA-ubiquitin was mark-
edly reduced after Fbxw15 depletion in cells (Fig. 3D). The SCF
E3 ubiquitin ligase machinery requires several components

whereby the F box directly binds to Skp1. Fbxw15 interacted
with Skp1 in co-i.p. experiments where cell lysates were sub-
jected to V5 immunoprecipitation after cellular transfection
with V5-tagged Fbxw15 plasmid (Fig. 3E). To test whether
Fbxw15 catalyzes HBO1 ubiquitination, we performed in vitro
ubiquitination assays in the presence or absence of Fbxw15,
using Fbxw14 as a control. In the presence of SCF components
Cul1, Skp1, ubiquitin-conjugating E2 enzyme, and Fbxw15,
HBO1 protein was polyubiquitinated, and levels of modified
HBO1 were dependent on the ubiquitin concentration in the
reaction mixture. Fbxw14 did not polyubiquitinate HBO1 (Fig.
3F). These data demonstrate that Fbxw15 interacts with and
mediates HBO1 ubiquitination, authenticating Fbxw15 as a
bona fide E3 ubiquitin ligase component.
HBO1K338 Is a Ubiquitination Acceptor Site—To identify the

ubiquitin acceptor site, HBO1 deletion and point mutation
plasmids were constructed and expressed in cells in the pres-
ence of MG132 (Fig. 4, A and B). We hypothesized that if an
HBO1 mutant protein is devoid of a ubiquitin acceptor site, it
would not be ubiquitinated, and this would be reflected in its
inability to accumulate in immunoblots. By using several NH2-
terminal and carboxyl-terminal HBO1 deletion mutants, all
fragments showed accumulation in response to MG132 with
the exception of a variant containing residues 1–300 of HBO1
(Fig. 4B). The finding that a plasmid construct encoding resi-
dues 1–350, but not the 1–300 variant, was increased after
MG132 treatment suggests that a ubiquitin acceptor site
resided within a span of 50 residues (amino acids 300–350). In
this region, there are two lysine residues (Lys323 and Lys338)
within HBO1. Site-directed mutagenesis at these sites and
expression of these constructs in cells indicated that the K338R
mutant displayed an extended t1⁄2 after cycloheximide treat-
ment, whereas the K323R mutant degrades in manner compa-
rable with wild type HBO1 (Fig. 4C). To confirm that Lys338 is a
ubiquitination site within HBO1 by Fbxw15, we conducted in
vitro ubiquitination assays with the K338R mutant as a sub-
strate. The results indicate that ubiquitination of the HBO1
K338R mutant is markedly reduced in the presence of Fbxw15
as compared with the wild type HBO1 (Figs. 4D and 3F). These
data suggest that Lys338 is a ubiquitination acceptor site within
the histone acetyltransferase.
HBO1 Is Degraded in the Cytosol—HBO1-associated histone

acetyltransferase activities occur in the nucleus. To identify the
site of HBO1 degradation, we isolated subcellular fractions in
Fbxw15 overexpressed cells and analyzed the localization of
Fbxw15 and HBO1 in cell compartments. Immunoreactive
HBO1 and Fbxw15 were detected in the cytosol and the
nucleus, with the majority of ectopically expressed F box pro-
tein in the cytoplasm (Fig. 5A). To determine the site of degra-
dation, the cells were treated with cycloheximide prior to frac-
tionation for HBO1 immunoblotting. The results show that
HBO1 is exclusively degraded in the cytosol because levels were
unchanged in the nuclear fraction (Fig. 5B). Densitometry of
these immunoblots are presented illustrating cytosolic HBO1
degradation (Fig. 5C).
Mek1 Phosphorylates HBO1 to Accelerate Its Degradation—

Proteins targeted for degradation may be modified by protein
kinase-directed phosphorylation. The primary sequence of

FIGURE 1. HBO1 is degraded by the proteasome. A–C, MLE cells were
treated with cycloheximide (CHX, 20 �M, A) with either leupeptin (20 �M, B) or
MG132 (20 �M, C) for various time points prior to immunoblotting. D, densi-
tometry was performed on the above immunoblots, and results were plotted.
The relative immunoblotting density was adjusted by the corresponding lev-
els of �-actin. The data are representative of three separate experiments.
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HBO1 is highly enriched with serine, threonine, and tyrosine
residues, comprising 22.4% of the total amino acid residues. In
a preliminary screen of several candidate kinases tested, only
mitogen-activated protein kinase (Mek1) was able to modify
HBO1 phosphorylation (data not shown). Using in vitro kinase
assays, Mek1 phosphorylated HBO1, an effect not observed
using heat-inactivated Mek1 or JNK1 (Fig. 6A). Further, Mek1
overexpression augmented HBO1 degradation in the presence
of cycloheximide, whereasMek1 silencing stabilized the acetyl-
transferase (Fig. 6B). Further, knockdown of Fbxw15 using
shRNA abolished ability of ectopically expressedMek1 plasmid
to trigger HBO1 degradation, indicating that Mek1-induced
HBO1 degradation is Fbxw15-dependent (Fig. 6C). Fbxw15
shRNA transfection effectively decreased mRNA levels of
Fbxw15 in cells (Fig. 6D). Further, knockdown of Mek1 with
shRNA abrogated effects of ectopically expressed Fbxw15 on
HBO1 degradation (Fig. 6E). Analysis ofMek1 immunoprecipi-
tates demonstrated that HBO1 directly interacts with Mek1
(Fig. 6F, left panel). However, depletion of Mek1 abolished
HBO1 and Fbxw15 interaction (Fig. 6F, right panel). Further
immunoprecipitation results confirmed that HBO1 interacts
with Mek1, and also Cullin1, a component of the SCF complex
(Fig. 6G, left panel). Knockdown ofMek1 abrogated theHBO1-

Cullin1 interaction (Fig. 6G, right panel). Mek1 silencing also
diminished HBO1 ubiquitination in cells (Fig. 6H). These
results suggest that Mek1 triggers HBO1 phosphorylation that
leads to its proteasomal degradation mediated by Fbxw15
through polyubiquitination.
LPSTriggers HBO1Degradation viaMek1 and Fbxw15—Un-

dermany conditions, LPS is inhibitory to epithelial growth (22–
25). Hence, we evaluated whether LPS impairs cell proliferative
capacity by activation of a Mek13 Fbxw153HBO1 pathway
in MLE cells. As predicted, HBO1 protein levels decreased in
LPS-treated cells using concentrations of 5 �g/ml, an effect
blocked after Fbxw15 cellular depletion (Fig. 7, A–C). In addi-
tion, LPS increased Fbxw15 mRNA levels and increased HBO1
serine phosphorylation in cells (Fig. 7,B andD). Overall, knock-
down ofMek1 attenuated LPS inducedHBO1 serine phosphor-
ylation (Fig. 7E). Last,Mek1 knockdown by shRNAprior to LPS
stimulation markedly attenuated LPS-induced HBO1 degrada-
tion (Fig. 7F). These data indicate that LPS induces HBO1 deg-
radation via Mek1 phosphorylation and Fbxw15-mediated
ubiquitin proteasomal degradation.
Fbxw15-mediated HBO1 Degradation Alters Histone H3K14

Acetylation and Cell Proliferation—Because HBO1 selectively
acetylates histone H3 and H4 tails, we assessed histone H3K14

FIGURE 2. Fbxw15 mediates HBO1 degradation. A, several SCF V5-tagged F box subunit plasmids were overexpressed in MLE cells for 48 h, and the cells were
harvested prior to immunoblotting with HBO1, V5, and �-actin antibodies. B, different amounts of pcDNA3.1/Fbxw15/V5 or pcDNA3.1/Fbxw14/V5 plasmids
were overexpressed in cells for 48 h. The samples were cells harvested prior to immunoblotting with HBO1, V5, and �-actin immunoblotting. C, scrambled RNA
or Fbxw15 shRNA plasmids (4 �g) was transfected into cells. The cells were then treated with 20 �M of cycloheximide (CHX) for various time points prior to
immunoblotting with HBO1 and �-actin antibodies. The bar graph represents steady-state levels of Fbxw15 mRNA. D, a pcDNA3.1/Fbxw15/V5 plasmid or
pcDNA3.1/Fbxw17/V5 plasmid (4 �g) was transfected into cells. The transfected cells were then treated with 20 �M of CHX for various time points. The samples
were subjected to HBO1, V5, and �-actin immunoblotting. In B–D, the results of densitometric analysis of immunoblots are represented graphically on the right.
The data are representative of three separate experiments.
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acetylation by Fbxw15. First, silencing ofFbxw15mRNA in cells
resulted in increased HBO1 protein levels coupled with
increased histone H3K14 acetylation (Fig. 8A). Conversely,
overexpression of Fbxw15 plasmid in cells reduced histone
H3K14 acetylation levels and immunoreactive HBO1 (Fig. 8B).
Importantly, Fbxw15 depletion in cells increased cell prolifera-
tive capacity, whereas overexpression of the F box plasmid
decreased cell proliferation (Fig. 8C). Consistent with these
observations, H3K14 acetylation levels and the cellular prolif-
erative rate of LPS-treated cells were reduced (Fig. 8D). To
delineate the role of HBO1 in H3K14 acetylation and cell pro-
liferation, we depleted HBO1 levels by shRNA in cells. HBO1
knockdown ablatedH3K14 acetylation (Fig. 8E). Analysis of the
cell cycle inHBO1 knockdown cells indicated that cell numbers
in the S phase decreased significantly along with an increased
population of apoptotic cells. No obvious changewas noticed in
the G1 and G2 phases (Fig. 8F). HBO1 depletion also signifi-

FIGURE 3. Fbxw15 interacts with and ubiquitinates HBO1. A, pcDNA3.1/Fbxw15/V5 plasmid (4 �g) were transfected into MLE cells for 48 h. Cell lysates were
subjected to V5 immunoprecipitation (IP). The immunoprecipitates were subjected to HBO1 immunoblotting (IB). B, pcDNA3.1/ubiquitin/HA plasmid (4 �g)
and pcDNA3.1/HBO1/V5 plasmid (4 �g) were co-transfected into cells. Cell lysates (1 mg of protein) were subjected to HBO1 immunoprecipitation followed by
HA immunoblotting. C, in reciprocal studies, cell lysates in B were immunoprecipitated with HA antibody, and the immunoprecipitates were analyzed by HBO1
immunoblotting. D, pcDNA3.1/ubiquitin/HA plasmids (4 �g) and pcDNA3.1/HBO1/V5 plasmids (4 �g) were co-transfected with Fbxw15 shRNA plasmids into
cells for 48 h. Cell lysates (1 mg of protein) were subjected to HA immunoprecipitation followed by HBO1 immunoblotting. E, Fbxw15-V5 plasmid was
overexpressed in cells, and lysates were subjected to V5 immunoprecipitation followed by Skp1 immunoblotting. F, HBO1 in vitro ubiquitination assays were
conducted in the presence of Fbxw15 or a control, Fbxw14, and the full complement of ubiquitin reaction components. The samples were analyzed by HBO1
immunoblotting. The data are representative of three separate experiments.

FIGURE 4. Identification of a ubiquitination acceptor site within HBO1. A
and B, HBO1 deletion mutant plasmids were overexpressed in MLE cells for
48 h, followed by 8 h of MG132 (20 �M) treatment. The cell lysates were
analyzed by V5 and �-actin immunoblotting. The upper panels schematically
present the deletion constructs. NH2-terminal deletions are shown in A, and
carboxyl-terminal deletions are shown in B. C, HBO1 mutant K323R and K338R
V5-tagged plasmids were overexpressed in cells for 48 h, and the cells were
treated with 20 �M of cycloheximide (CHX) for various time points. The cell
lysates were analyzed with V5, and �-actin immunoblotting. The results of
densitometric analysis of immunoblots are represented graphically on the
right. D, in vitro ubiquitination assays were conducted (as in Fig. 3F) using
K338R-mutated HBO1 as a substrate and WT (left) HBO1; the reaction prod-
ucts were used for HBO1 immunoblotting. The data are representative of
three separate experiments.

FIGURE 5. HBO1 is cytosolically degraded. A, pcDNA3.1/Fbxw15/V5 plas-
mids (4 �g) were transfected into MLE cells for 48 h. The cells were harvested
and subjected subcellular protein fractionation. The cytosolic (lane C) and the
nuclear (lane N) fractions were analyzed by HBO1, lamin A/C, V5 and �-actin
immunoblotting. Lamin A/C was used as the nuclear protein marker, and
�-actin was used as the cytosolic marker. B, cells treated with 20 �M of cyclo-
heximide (CHX) for various time points were subjected to subcellular protein
fractionation. The fractions were analyzed by HBO1, lamin A/C, and �-actin
immunoblotting. C, densitometric results from immunoblots in B were plot-
ted and presented. The data are representative of three separate
experiments.
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cantly reduced cell proliferation rates, and this reduction was
rescued by overexpression of wild type or a K338R HBO1
mutant plasmid (Fig. 8G). Indeed, LPS-mediated inhibitory
effects on proliferation were also rescued by overexpression of
wild type HBO1 or K338R mutant plasmid (Fig. 8G). Interest-
ingly, either overexpression or knockdown of Fbxw15 in cells
did not alter expression of several transcripts encoding pro-

inflammatory products (data not shown). Thus, LPS-induced
HBO1 degradation appears to be growth inhibitory and medi-
ated by Fbxw15 modulation of histone H3K14 acetylation.

DISCUSSION

HBO1, by promoting histone H3 and H4 acetylation, is cru-
cial for DNA replication, but little is known regarding factors

FIGURE 6. Mek1 phosphorylates HBO1 and accelerates HBO1 degradation. A, HBO1 protein was subjected to in vitro Mek1 kinase phosphorylation assays.
The lower panel shows HBO1 loading in each reaction as determined by immunoblotting (IB). B, Mek1 was overexpressed using Mek1 plasmid or knocked down
by Mek1 shRNA in MLE cells for 48 h; the cells were treated with 20 �M of cycloheximide (CHX) for various time points. The cell lysates were analyzed by HBO1,
Mek1, and �-actin immunoblotting. C, the cells were co-transfected with Mek1 plasmid and Fbxw15 shRNA plasmids for 48 h, and the cells were treated with
20 �M of CHX for various time points. The cell lysates were analyzed by HBO1, Mek1, and �-actin immunoblotting. D, Fbxw15 mRNA levels in the above Fbxw15
shRNA-treated cells were determined by quantitative RT-PCR. E, pcDNA3.1/Fbxw15/V5 plasmids (4 �g) were co-transfected with Mek1 shRNA plasmids into
cells for 48 h. The cell lysates (1 mg of protein) were subjected to immunoblotting analysis as indicated. F, left panel, the cell lysates were subjected to Mek1
immunoprecipitation (IP) followed by HBO1 immunoblotting. Right panel, pcDNA3.1/Fbxw15/V5 plasmids (4 �g) were co-transfected with Mek1 shRNA
plasmids into cells for 48 h, and V5 immunoprecipitation followed by HBO1 immunoblotting was performed. G, MLE cells were treated with MG132 (20 �M) for
1 h, and the cell lysates were subjected to HBO1 immunoprecipitation and followed by Cullin1, Mek1, and HBO1 immunoblotting (left panels). Mek1 was also
knocked down with lentiviral shRNA constructs for 48 h, and the cell lysates were used for HBO1 immunoprecipitation followed by Cullin1 and HBO1
immunoblotting analysis. The cell lysates were also used for Mek1 and �-actin immunoblotting analysis (bottom panels). H, Mek1-depleted cellular immuno-
precipitates were analyzed for ubiquitin and HBO1 immunoblotting after HBO1 immunoprecipitation. Bottom two panels, cell lysates were subjected to Mek1
and �-actin immunoblotting. In B, C, and E, results of densitometric analysis of immunoblots are represented graphically on the right. The data are represent-
ative of three separate experiments.
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that control its cellular abundance.Here, we demonstrate that a
previously unrecognized component of the SCF family,
Fbxw15, selectively mediates HBO1 disposal during LPS expo-
sure. Specifically, we show that (i) ectopically expressed
Fbxw15 targets HBO1 for its site-specific ubiquitination and
degradation leading to reduced histone acetylation and cellular
proliferation; (ii) actions of Fbxw15 are mediated by Mek1,
which was both sufficient and required for HBO1 degradation;
(iii) Mek1 phosphorylates HBO1, thereby potentially providing
a phosphodegron molecular signal for Fbxw15 recruitment to
HBO1; and (iv) endotoxin inhibition of HBO1 stability is medi-
ated by Mek1 and Fbxw15. In essence, these findings suggest
that endotoxin impairs cell replicative capacity by targeting
abundance of a critical epigenetic modifier using the Mek1-
SCFFbxw15 apparatus. The results open the possibility of devis-
ing Fbxw15 small molecule antagonists that oppose growth
inhibitory actions of endotoxin during pro-inflammatory
stress.

Some histone modification enzymes are subject to degrada-
tion, but the pathophysiologic context whereby the ubiquitin-
proteasomal machinery, specifically the SCF components, con-
trols epigenetic programs is more limited. For example the
Gcn5 acetylase is degraded by the Cullin4-RING E3 ubiquitin
ligase (CRL4) complex because ablation of CRL4 leads to its
stabilization in U2OS cells (38). The demethylase KDM4A is
also targeted for ubiquitin-mediated proteasomal degradation
by SCFFbxo22 (39). Shima et al. (40) demonstrated that a nuclear
protein PML specifically binds to SCFFbx3 to prevent degrada-
tion of the p300 acetyltransferase. These studies perhaps
underscore the importance of SCF E3 ligase components
because they may relate to transcriptional programs and
tumorigenesis. Another E3 ligase component, �-Trcp, medi-
ates disposal of the histone lipidation enzyme, lysophosphati-
dylcholine acyltransferase 1, through glycogen synthase
kinase-3� activation; these data support an emerging role for
SCF components in modulating levels of nuclear proteins

FIGURE 7. LPS induces HBO1 degradation. A, MLE cells were treated with different concentrations of LPS for 18 h, and the cells were analyzed by HBO1 and
�-actin immunoblotting (IB). B and C, scrambled RNA or Fbxw15 shRNA plasmids were transfected into cells for 48 h. The cells were treated with LPS at the
indicated concentrations for 18 h. The cell lysates were subjected to HBO1 and �-actin immunoblotting analysis (C) and analysis of Fbxw15 mRNA levels by
quantitative RT-PCR (B). D, the LPS-treated cells in A were immunoprecipitated (IP) with HBO1 antibody. The immunoprecipitates were probed with phospho-
serine, phosphothreonine, and HBO1 antibodies. E, Mek1 knockdown cells were treated with LPS, and the cell lysates were immunoprecipitated with HBO1
antibody. The immunoprecipitates were probed with phosphoserine and HBO1 antibodies. The cell lysates were analyzed with Mek1 immunoblotting. F, cells
were transfected with Mek1 shRNA plasmid or scrambled RNA for 48 h. The cells were treated with LPS at the indicated concentrations for 18 h. The cell lysates
were subjected to HBO1, Mek1, and �-actin immunoblotting. In A, C, D, and F, the results of densitometric analysis of immunoblots are represented graphically
on the right. The data are representative of three separate experiments.
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involved in epigenetic processes linked to innate immunity
(32). Our data here suggest that endotoxin-associated micro-
bial virulence might involve activation of SCFFbxw15 to reduce
cytosolic HBO1 concentrations to impair transcriptional net-
works involved in cellular proliferation. However, one limita-
tion of our studies is that we showed actions of ectopically
expressed F box subunit onHBO1 ubiquitination, but given the
lack of existing Fbxw15 antibodies, we were not able to confirm
interaction of endogenous proteins. Nevertheless, depletion of
endogenous Fbxw15 stabilized HBO1 by reducing its ubiquiti-

nation, increased immunoreactive HBO1 levels to up-regulate
histone H3 acetylation in response to endotoxin, and increased
cell proliferation. Hence, the ability of SCFFbxw15 to modulate
epigenetic processes may be especially important during cellu-
lar repair after inflammatory tissue injury.
Although HBO1 and SCF-based E3 ligase components are

detected in the nucleus, the turnover of HBO1 occurs in the
cytoplasm. Compartmentalization of HBO1 with Mek1 and
SCFFbxw15withinthecytosolwouldfacilitateefficientphosphor-
ylation-mediated ubiquitination of HBO1 for its rapid elimina-

FIGURE 8. Fbxw15 regulates histone H3K14 acetylation and cell proliferation. A and B, MLE cells were separately transfected with pcDNA3.1/Fbxw15/V5 (B)
plasmids and Fbxw15 shRNA plasmids (A) for 48 h. The cell lysates were analyzed by H3K14 acetylation, histone H3, HBO1, and �-actin immunoblotting.
C, treated cells from A and B were counted in cell proliferation assays. *, p � 0.05 versus control. D, cells were treated with various concentrations of LPS
overnight, and the samples were subjected to anti-H3K14 acetylation immunoblot analysis (upper panels) and analyzed for cell proliferation (lower panel). The
results of densitometric analysis of immunoblots are represented graphically on the right. E, HBO1 knockdown was conducted in MLE cells. The cell lysates were
immunoblotted with the indicated antibodies. F, MLE cells were transfected with HBO1 plasmid or HBO1 was silenced in cells. The cells were subjected to FACS
analysis. S phase and apoptotic cells were presented for different groups (lower right panel). G, cell proliferation was determined after HBO1 plasmid overex-
pression or silencing in cells. In HBO1 overexpressed cells, wild type HBO1 and K338R mutants were separately assayed. One set of the cells was treated with
LPS (5 �g/ml) overnight. *, p � 0.05 versus vector control; **, p � 0.01 versus HBO1 shRNA. The data are representative of three separate experiments.
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tion. HBO1 has a relative short life span, resembling the t1⁄2 of
other acetyltransferases which are immediate-early response
proteins (41). The sensing mechanism that relays signals
reflecting nuclear HBO1 concentrations to the cytoplasm
requires further study. Presumably, HBO1 concentrations are
tightly regulated within the soluble compartment by SCFFbxw15
as part of an exquisite feedback control system to provide an
appropriate supply of histone acetyltransferase molecules
based onnuclear content. The localization ofHBO1 in the cyto-
sol may also confer additional roles for the enzyme distinct
from histone acetylation. In this regard, histone modification
enzymes regulate behavior of cytosolic proteins involved in
diverse processes (42). Finally, others have shown that Fbxw15
is restricted to ovarian tissues during perinatal development
(21); however, our data raise a unique role for reactivation of the
Fbxw15 gene within the mature lung and specifically within
distal lung epithelia to control histone modification.
Protein phosphorylation is an importantmolecular signal for

recruitment of SCF E3 ligases to their substrates. An unex-
pected finding from our work was the identification of a poten-
tially new Mek1 substrate. Mek1 primarily targets Erk for its
phosphorylation to promote transduction of surface signals to
the nucleus. The only other phosphorylation targets identified
include MyoD, STAT5, and possibly peroxisome proliferator-
activated receptor � (43–45). Here, Mek1 interacts with HBO1
to mediate a robust increase in its phosphorylation in vitro and
overexpression of Mek1 accelerated HBO1 degradation. Our
finding that Mek1 depletion impairs Fbxw15 interaction with
HBO1 is indicative of an important role of the kinase in provid-
ing a signal for assembly of the SCFFbxw15 apparatus with its
substrate. LPS also activates Mek1 and increases HBO1 phos-
phorylation providing further evidence of a role for Mek1
within this pathway. The primary sequence of HBO1 contains
numerous candidate phosphorylation sites (67 Ser, 36 Thr, and
28 Tyr) with approximately one-third of these sites residing
within a span of the first 60 residues of the NH2 terminus. This
region is highly phosphorylated (46). Despite several attempts,
we were not able to conclusively identify the phosphorylation
site(s) within HBO1 using a reductionist approach. It is likely,
given the multitude of candidate phosphoacceptors within
HBO1, that there is redundancy for Mek1 targeting in vivo.
Whether Mek1 antagonizes actions of Polo-like kinase 1 with
regard to HBO1 phosphorylation at the NH2 terminus to coor-
dinately regulate replication licensing and cell cycle progres-
sion requires further study.
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