
The H3K4me3 Histone Demethylase Fbxl10 Is a Regulator of
Chemokine Expression, Cellular Morphology, and the
Metabolome of Fibroblasts□S

Received for publication, January 16, 2012, and in revised form, July 19, 2012 Published, JBC Papers in Press, July 23, 2012, DOI 10.1074/jbc.M112.341040

Andreas Janzer‡, Katrin Stamm§, Astrid Becker¶1, Andreas Zimmer¶1, Reinhard Buettner§1, and Jutta Kirfel‡1,2

From the ‡Institute of Pathology, University of Bonn, Sigmund-Freud-Strasse 25, 53127 Bonn, Germany, the §Institute of Pathology,
University of Cologne, Kerpener Strasse 62, 50924 Köln, Germany, and the ¶Institute of Molecular Psychiatry, University of Bonn,
Sigmund-Freud-Strasse 25, 53127 Bonn, Germany

Background: Fbxl10 is a member of the JHDM family.
Results:We show that Fbxl10 functions as an H3K4me3 demethylase. The PHD domain recognizes H3K4me3 and H3K36me2
and shows E3 ligase activity. Using a microarray approach we identified target genes for Fbxl10.
Conclusion:Our data reveal a regulatory role of Fbxl10 in cell morphology, chemokine expression, and the metabolic control.
Significance: Fbxl10 plays a novel role of in the regulation of target genes.

Fbxl10 (Jhdm1b/Kdm2b) is a conserved and ubiquitously
expressed member of the JHDM (JmjC domain-containing his-
tone demethylase) family. Fbxl10 was implicated in the dem-
ethylation of H3K4me3 or H3K36me2 thereby removing active
chromatin marks and inhibiting gene transcription. Apart from
the JmjC domain, Fbxl10 consists of a CxxC domain, a PHD
domain, and an Fbox domain. By purifying the JmjC and the
PHD domain of Fbxl10 and using different approaches we were
able to characterize the properties of these domains in vitro.Our
results suggest that Fbxl10 is rather a H3K4me3 than a
H3K36me2 histone demethylase. The PHD domain exerts a
dual function in binding H3K4me3 and H3K36me2 and exhib-
iting E3 ubiquitin ligase activity. We generated mouse embry-
onic fibroblasts stably overexpressing Fbxl10. These cells reveal
an increase in cell size but no changes in proliferation, mitosis,
or apoptosis. Using amicroarray approachwewere able to iden-
tify potentially new target genes for Fbxl10 including chemo-
kines, the noncoding RNA Xist, and proteins involved in meta-
bolic processes. Additionally, we found that Fbxl10 is recruited
to the promoters of Ccl7, Xist, Crabp2, and RipK3. Promoter
occupancy by Fbxl10 was accompanied by reduced levels of
H3K4me3 but unchanged levels of H3K36me2. Furthermore,
knockdown of Fbxl10 using small interfering RNA approaches
showed inverse regulation of Fbxl10 target genes. In summary,
our data reveal a regulatory role of Fbxl10 in cell morphology,
chemokine expression, and themetabolic control of fibroblasts.

Histone modifications including acetylation, phosphoryla-
tion, and methylation are tightly regulated by a diverse set of
site-specific enzymes (1). Chromatin-modifying enzymes con-
ferring alterations to the chromatin by placing, removing, or
interpreting modifications to establish active or repressive

chromatinmarks have been recently referred to aswriters, eras-
ers, and readers of the histone code, respectively (2–4).
Lysine methylation has important functions in many biolog-

ical processes including heterochromatin formation, X-chro-
mosome inactivation, and transcriptional regulation. Histone
demethylases confer a hitherto unrecognized plasticity of epi-
genetic regulation to gene expression programs and cellular
adaption in response to environmental signals. Whereas the
class of FAD-dependent histone demethylases contains only
two members, LSD1 and LSD2, the JmjC family of histone de-
methylases comprises�30 potential members inmammals (5).
JmjC family members are able to specifically demethylate
mono-, di-, and trimethylated lysines on the histone tails in a
Fe(II) and �-ketoglutarate-dependent manner. Specifically,
these enzymes catalyze the hydroxylation of mono-, di-, or
trimethylated lysine on histone tails, giving rise to an unstable
hydroxylmethyl group, which is released spontaneously as
formaldehyde. JmjC proteins are described to be involved in
multiple physiological and pathophysiological processes but
due to the recent discovery of these enzymes, only little infor-
mation is available for most of the family members. One of
these members, Fbxl10, also known as Kdm2b or Jhmd1b, con-
sists of a JmjC, a CxxC, a PHD, and a Fbox domain.
Whereas the functional characterization of the demethyla-

tion domain JmjC and the DNA binding domain CxxC are well
described for at least two demethylases (5, 6), PHDdomains are
discussed as either histone modification reader domains or as
E3 ligases. PHD domains were shown to bind different methy-
lated lysines on the histone tail of H3 functioning as reader
domains (7). Due to the high similarity to RINGdomains which
are well known E3 ligase domains, the PHD domains were
recently also analyzed for E3 ligase function (7, 8). Fbox
domains function most likely as an anchor between a target
protein and an E3 ubiquitin ligase (9).
The biological role of Fbxl10 is controversially discussed in

recent reports focusingmainly on its role as a histone demethy-
lase. Whereas He et al. demonstrate it to be an H3K36me1/2
demethylase like its ortholog Fbxl11 (10, 11), others character-
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ized it as an H3K4me3 demethylase (12). In a recent work by
Tzatsos and co-workers the authors postulate the option of
Fbxl10 being a demethylase for both modifications (13).
Whereas slight experimental differences in Fbxl10 expression
and demethylase assay conditionmight explain different exper-
imental results, it is still striking that similar approaches by
overexpression of Fbxl10 in infected HeLa cells revealed in one
study H3K36me2 and in the other study H3K4me3 as the
Fbxl10 target (10, 12).
In addition, Fbxl10 is described as a nucleolar protein to

repress rRNA transcription (12), to be involved in apoptosis
(14) and inhibition of cellular senescence (10). Furthermore,
Fbxl10 plays a role in hematopoietic stem cell self- renewal and
proper generation of the neural tube in vivo (15, 16).
Therefore, we investigated in further detail the role of the

JmjC domain and the yet uncharacterized PHD domain of
Fbxl10. Our data clearly indicate that Fbxl10 functions as a
H3K4me3 rather than a H3K36me1/2 demethylase. However,
the PHD domain recognizes both H3K4me3 and H3K36me2.
Notably, the PHD domain of Fbxl10 also shows E3 ligase activ-
ity in vitro, indicating a role for Fbxl10 in addition to histone
demethylation. Overexpression of Fbxl10 in mouse embryonic
fibroblasts (MEFs)3 resulted in an increase in both total cellular
and nuclear size, but did not affect proliferation, mitosis, or
apoptosis in these cells. Using a microarray approach we were
able to identify 131 new putative target genes for Fbxl10 includ-
ing a set of chemokines, noncoding RNA Xist and metabolic
regulators. To verify selected target genes we showed direct
binding of Fbxl10 to the promoters of Ccl7, Xist, Crabp2, and
RipK3 accompanied by a significant decrease in H3K4me3
whereas H3K36me2 remained unchanged. Knockdown of
Fbxl10 inversed the regulation of Ccl2, Ccl7, Cxcl10, and Xist.
Our data indicate a novel function of Fbxl10 in regulating met-
abolic processes and cell shape.

EXPERIMENTAL PROCEDURES

Protein Purification—Domains of Fbxl10 were cloned into
the pGEX-4T1 expression vector (GE Healthcare) using the
following primers: JmjC, 5�-tccggaattcgaggcagagaaagactctgga
and 5�-cgatgcggccgctcactgaacccgggtcctgtcctcgat; PHD, 5�-tc-
cggaattccacaccgccgtgtgccttgtgtgt and 5�-cgatgcggccgctcacttgc-
cggcatggttacacttcgg; RING, 5�-tccggaattcgagaagctttgcaaaatctg-
tatg and 5�-cgatgcggccgctcaagacataaaaattttttgcttgaa.
Plasmids were transformed in One Shot BL21 STAR

(DE3)pLysS Escherichia coli (Invitrogen). Protein expression
and purification were done using glutathione-Sepharose bead
columns (GE Healthcare) according the manufacturer’s
instructions.
Western Blotting—Cells were harvested with radioimmune-

precipitation assay buffer, and samples were heatedwith Laem-
mli buffer at 95 °C for 5 min. Membranes were blocked in 5%
milk or BSA and later washed with PBS-T or TBST-T. The
following antibodies were used: �-actin (1:5000, A5441; Sigma-

Aldrich), HA antibody (1:2500, 16B12; Hiss Diagnostics,
Freiburg, Germany), PCNA (1:1000, ab29; Abcam, Cambridge,
UK), histone H3 (1:5000, ab1791; Abcam), H3K4me2 (1:1000,
pAb-035050; Diagenode, Liege, Belgium), H3K4me3 (1:1000,
ab1012; Abcam), H3K9me2 (1:1000, 07-441; Upstate, Billerica),
H3K27me3 (1:1000, pAb-069-050; Diagenode), H3K36me1
(1:1000, ab9048; Abcam), H3K36me2 (1:1000, 07-274;
Upstate), H2Aub (1:500, 05-678; Upstate), GST (1:5000,
27-4577-01; Amersham Biosciences), ubiquitin antibody
(1:2000, Z0458; Dako) and anti-mouse or anti-rabbit HRP anti-
bodies (1:5000; Sigma-Aldrich).
PHD-Histone Binding Assay—Binding assays of 1�g of GST-

PHD and 10 �g of bulk histones (1:5000; Sigma-Aldrich) were
performed as described by Taverna et al. (17). Samples were
then analyzed by Western blotting with the indicated
antibodies.
In Vitro Ubiquitination Assay—E3 ligase assay was per-

formed in ubiquitination buffer (50 mM HEPES, pH 8.0, 4 mM

ATP, 10 mM MgCl2, 0.2 mM ZnCl2, 50 mM NaCl, 11.4 �g of
ubiquitin (Sigma-Aldrich), 200 nM (His)6UBE1 human recom-
binant protein (Boston Biochem, Boston, MA), 1 �M GST-
UBC5a human recombinant protein (Boston Biochem) by add-
ing purified PHD domain, equal amounts of GST or RING
domain for 2 h at 30 °C. Samples were then analyzed by West-
ern blotting.
Histone Demethylation Assay—Histone demethylation assay

was performed in demethylation buffer (50 mM Tris-HCl, pH
7.9, 50 mM KCl, 10 mM MgCl2, 2 mM ascorbate, 1 mM �-keto-
glutarate, 100 �M Fe2�). As substrate, 1 �g of bulk histone
(1:5000; Sigma-Aldrich) or recombinant H3K4me3 or
H3K36me2 (Active Motif, Rixensart, Belgium) was mixed with
purified JmjC domain of Fbxl10. Samples were then incubated
for 30 min at 37 °C and analyzed by Western blotting.
Generation of MEFs Stably Overexpressing Fbxl10—We used

the Tet-Off system (Clontech) for inducible gene expression.
The murine Fbxl10 cDNA was cloned into pUHD10-3 with an
N-terminal HA tag and a Kozak sequence. Primers used for
cloning pUHD10-3-HA-Fbxl10 were 5�-gctagatatcccaccatgt-
atccttatgatgttcctgattatgctgaggcagagaaagactctggaagaagattg and
5�-tgcggctagcctaacttagtttttgcaggagtttctcttccac. MEF cells
(Clontech) were co-transfected with the pUHD10-3 plasmid
and the hygromycin resistance plasmid pTKHyg 343 (Clon-
tech) using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Cells were selected by hygromycin
treatment (100 �g/ml), and cell clones were analyzed for HA-
Fbxl10 expression.
Immunofluorescence—For immunofluorescence cells were

fixed with 4% paraformaldehyde and stained with HA antibody
(1:400, 16B12; Hiss Diagnostics, Freiburg, Germany), Alexa
Fluor 594 phalloidin (1:2000; Invitrogen) and Hoechst. Alexa
Fluor 488 rabbit anti-mouse (1:400; Invitrogen) was used as
secondary antibody.
Apoptosis Induction and Cell Viability—Cells were treated

with increasing concentrations of staurosporine, menadione,
or thapsigargin (Sigma-Aldrich) for 6 h. Cell viability was mea-
sured 6 h after treatment by MTT assay (Roche Applied Sci-
ence), as described previously (18).

3 The abbreviations used are: MEF, murine embryonic fibroblast; Hprt, hypox-
anthine-guanine-phosphoribosyltransferase; MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; PCNA, proliferating cell nuclear
antigen; qRT-PCR, quantitative real-time PCR.
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Quantitative Real-time PCR (qRT-PCR)—RNA was
extracted with PureLink RNA Micro scale kit (Invitrogen)
according to the manufacturer’s protocol. cDNA syntheses
were performed with 0.5 �g of RNA employing SuperScriptIII
(Invitrogen), and qRT-PCRs were done as described by Lim et
al. (18). Control values were set to 1, and hypoxanthine-gua-
nine-phosphoribosyltransferase (Hprt) was chosen as a house-
keeping gene. The following primers were used for qRT-PCR:
Hprt, 5�-tcctcctcagaccgctttt and 5�-cctggttcatcatcgctaatc;
Col2A1, 5�-cggtcctacggtgtcagg and 5�-ttatacctctgcccattctgc;
Lama5, 5�-ggccaggaagaaccagcta and 5�-gcaatcttctcactggtctcg;
Xist, 5�-ctactgctcctccgttacatca and 5�-aggagcacaaaacagactcca;
Sfrp2, 5�-gacaacgacctctgcatcc and 5�-tcacacaccttgggagctt;Ccl2,
5�-catccacgtgttggctca and 5�-gatcatcttgctggtgaatgagt; Ccl5,
5�-tgcagaggactctgagacagc and 5�-gagtggtgtccgagccata; Ccl7,
5�-ttctgtgcctgctgctcata and 5�-ttgacatagcagcatgtggat; Cxcl10,
5�-gctgccgtcattttctgc and 5�-tctcactggcccgtcatc; Cx3cl1,
5�-cgcgttcttccatttgtgta and 5�-catgatttcgcatttcgtca; Fbxl10,
5�-taccagggggacttcgtg and 5�-gaccctgagagcttctctctgta; Crabp2,
5�-ttgaggaaatgctaaaagctctg and 5�-tcctgtttgatctcgactgct;
Mme3, 5�-gggaggctttatgtggaagc and 5�-ccggatttgtgcaatcaagt;
RipK3, 5�-ggcttctaaagcgagtgatgtc and 5�-tgaagtcttgtctaccaact-
cagc; Xlr, 5�-tcttgaggaagccgagaagt and 5�-tcccatcttgcatttcatca;
E2f5, 5�-gcgtcctggatctcaaagc and5�-gatatcataaattcttcgcttttgc;
Tll1, 5�-aaagagtgcacgtgggtgat and 5�-aacctcaaactcattgaaggcta.
PCR—Genomic DNA was extracted from a 12-well plate by

incubating cells in cell lysis buffer (10mMNaCl, 10mMTris, pH
7.5, 10mMEDTA, 0.5% sarkosyl, 1mg/ml proteinaseK) at 56 °C
overnight. Pellets were washed with ethanol and resuspended
in water. PCR was performed with 100 ng of DNA and recom-
binant Taq (Invitrogen) according to the manufacturer’s
protocol. Primers were 5�-atgtatcctttatgatgttcctga and 5�-
catgaccatccaccaaacggcg.
Proliferation Assay—Proliferation was measured with the

Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen) as rec-
ommended by the manufacturer. Percentage of proliferating
cells was assessed by counting the number of positive cells com-
pared with the total number of cells on 8 visual fields 3 and 24 h
after EdU treatment.
Mitosis Assay—Cells were prepared for immunofluorescence

as described above. Staining was done with the mitosis marker
H3S10P antibody (1:400, ab5176; Abcam) and Alexa Fluor 594
goat anti-rabbit (1:400; Invitrogen). Ratio of mitotic to total cell
number was measured by counting positive cells on 8 visual
fields 24 and 48 h after plating.
Histone Preparation—Histone preparation was done using

acidic extraction. Briefly, cells were incubated in Triton extrac-
tion buffer (PBS with 0.5% Triton X-200, 2 mM PMSF, and
0.02% NaN3), washed, and incubated overnight in 0.2 N HCl.
Purified histones were analyzed by Western blotting as
described above.
Microarray Analysis—Microarray experiments were per-

formed with AffymetrixMouse Gene St 1.0 arrays using 300 ng
of total RNA. Analysis was performed according to Lim et al.
(18).
Chromatin Immunprecipitation (ChIP)—ChIP was per-

formed with SimpleChIP Enzymatic Chromatin IP Kit (Cell
Signaling) according to the manufacturer’s protocol. 10–15 �g

of chromatin was immunoprecipitated with 3 �g of HA
(ab9110; Abcam), H3K4me3 (ab1012; Abcam), or H3K36me2
(07-274, Upstate;) antibody. Equal amounts of IgG antibodies
(kch-819-015; Diagenode) were used as control antibody. ChIP
after knockdown of Fbxl10 was performed as described previ-
ously (19). RecoveredDNAwas analyzed by TaqMan qRT-PCR
using the following loci-specific primers: Xist, 5�-tctggtcctcatt-
tggagtacata and 5�-ggtttgacggatagtgagtgtctc; Ccl7, 5�-gattccaa-
gatctgaatccttctg and 5�-acatgatgccttaaagtgtccag; Ccl2, 5�-gact-
taaccaaaaggcatgtttct and 5�-agtagatgctgttactccccattc; Crabp2,
5�-ctccctgtcacccaaaagaa and 5�-aggtcccgtttcaccagttc; RipK3,
5�-tgccgcttagtaggcaaaat and 5�-gggtcagtttgttctctgctg; Cxcl10, 5�-
tgtcacctctatgcgagatctatg and 5�-aagaggaattgcaaagctaattgt.
Ccl2 ELISA—D5 and control cells were seeded in 12-well

plates in normal growth medium. After 24 h cells were washed
twice with PBS, and medium was replaced by serum-reduced
medium for another 24 h. Supernatant was collected and
cleared from cellular debris by rotation. Cleared supernatant
was then used in mouse Ccl2 ELISA Ready-SET-Go! (eBio-
science, San Diego, CA) following the manufacturer’s
instructions.
siRNA—UntransfectedMEF cells (controls) were transfected

with Fbxl10-specific siRNA (EMU092751; Sigma-Aldrich)
using HiPerfect (Qiagen) according to the manufacturer’s pro-
tocol. All star negative siRNA (Qiagen) was used as a control.
PathScan RTK Signaling—PathScan RTK Signaling Anti-

body Array Kit (Cell Signaling) was used according to the man-
ufacturer’s instructions.
Statistical Analysis—For statistical analysis one-sampled t

tests and Student’s t tests were performed. Results were consid-
ered significant with a p value � 0.05 and marked with an
asterisk.

RESULTS

Fbxl10 Is a H3K4me3 Rather Than a H3K36me2 Histone
Demethylase—Fbxl10 is a protein of the JmjC domain family
which is expressed in three different isoforms (Fig. 1A). Isoform
1 represents the full-length Fbxl10 protein containing the four

FIGURE 1. Fbxl10 is a H3K4me3 demethylase consisting of four distinct
domains. Fbxl10 exists in three isoforms. Two isoforms contain the four
major domains: JmjC, CxxC, PHD, and Fbox. A and B, the third isoform lacks
the JmjC domain (A). Incubation of JmjC domain of Fbxl10 together with bulk
histone (B) resulted in demethylation of H3K4me3 but not in demethylation
of H3K36me2 in vitro. C, specificity of H3K4me3 demethylation was verified by
incubation with recombinant H3K4me3 and H3K36me2.
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main domains of the potential histone demethylase. Isoform 2
differs only slightly from isoform 1 in the 5�-UTR and coding
region of the gene, still harboring all four main domains,
whereas isoform 3 lacks the JmjC domain. The isoforms are
known to be expressed in vivo as shown by Fukuda et al. (16).
This is of particular interest because Fbxl10 research has
focused mainly on its role as a histone demethylase requiring
the presence of the JmjC domain. However, expression of iso-
form 3 suggests a potential function of the short isoform other
than histone demethylation. With respect to the existing con-
troversial data on the specificity of histone demethylation by
Fbxl10, we first tested the capacity of a recombinant GST-
tagged JmjC domain of Fbxl10 to demethylate H3K4me3 or
H3K36me2 in vitro. Therefore, we purified the GST-tagged
JmjC domain and incubated the recombinant protein and bulk
histone as substrate. Changes in H3K4me3 and H3K36me2
were detected via Western blotting and compared with an
input control. Incubation of the purified JmjCdomain of Fbxl10
with bulk histones led to a strong reduction of the H3K4me3
signal compared with the input control. However, H3K36me2
methylation levels were not altered (Fig. 1B). To further vali-
date the substrate specificity, we also tested a commercially
available recombinant H3K4me3 or H3K36me2 as substrate.
The strong decrease in H3K4me3 and the unchanged signals in
H3K36me2 confirm that the JmjC domain of Fbxl10 functions
as H3K4me3-specific demethylase (Fig. 1C).
The PHD Domain of Fbxl10 Binds to H3K4me3 and

H3K36me2 and Shows E3 Ligase Activity—Recently, several
reports described PHDdomains beside bromo- and chromodo-
mains as the main reader domains of histone modifications (7).
To investigate the role and function of the PHD domain of
Fbxl10, we purified theGST-tagged PHDdomain of Fbxl10 and
performed GST pulldown assays with bulk histones. We ana-
lyzed the binding of the PHD domain to histones by Western
blotting using methylation state-specific antibodies.
Our results shown in Fig. 2A demonstrate binding of the

Fbxl10 PHD domain to H3, H3K4me3, and H3K36me2. Other
modifications like H3K4me2, H3K9me2, or H3K36me1 were
not enriched by the pulldown experiments, indicating specific-

ity of binding (lane 2). To exclude binding of the histone to the
GST tag, GST-only protein was used as a control (lane 3). The
input control in lane 1 showed comparable amounts of the dif-
ferent proteins.
PHD domains are closely related to RING domains (20),

which are known E3 ligases (21). Interestingly, recent publica-
tions also propose E3 ligase activity for some PHD domains (8,
22). Furthermore, Fbox domain proteins are also considered to
be part of E3 ligase complexes (9). Therefore, we subjected the
PHDdomain of Fbxl10 to an E3 ligase activity assay. Incubation
of the purified PHD domain of Fbxl10 together with ATP,
recombinant E1, recombinant E2, and ubiquitin resulted in
multiple bands reflecting ubiquitination of various proteins
in the preparation by the PHD domain. This expected pattern
clearly indicates E3 ligase activity similar to the GST-tagged
RINGdomain of humanXIAP thatwe used as a positive control
in the same assay (Fig. 2B, lanes 1 and 6). Replacement of the
PHD domain by GST (lane 2) or absence of either E2 (lane 3),
E1 (lane 4), or ATP (lane 5) abolished the presence of ubiquiti-
nated proteins (Fig. 2B). These results indicate a dual function
for the PHD domain of Fbxl10, linking Fbxl10 not only to chro-
matin remodeling but also to ubiquitin-mediated protein deg-
radation or signaling.
Stable Overexpression of Fbxl10 Leads to an Increase in Cell

Size andChanges the Transcriptome—To investigate the role of
Fbxl10 in cell physiology we generated a stable Fbxl10-overex-
pressingMEF cell line. This cell line was generated by co-trans-
fection of a pUHD10–3 plasmid containing HA-tagged Fbxl10
cDNA and a pTKHyg 343 plasmid containing a hygromycin
resistance gene. Screening for HA tag expression revealed sev-
eral cell clones strongly overexpressingHA-tagged Fbxl10 (data
not shown). One of these clones, D5, was used for further stud-
ies. Overexpression of Fbxl10 was verified by qRT-PCR. West-
ern blotting indeed visualized the Fbxl10 protein of the
expected size (144 kDa) which was not detected in the untrans-
fected control cells (Fig. 3,A and B). In addition, stable integra-
tion of the HA-Fbxl10-cDNA was confirmed by PCR analysis
on genomic DNAusing theHA tag sequence as forward primer
and the Fbxl10 sequence as reverse primer (Fig. 3C).
Interestingly, the Fbxl10-overexpressing cell line showed a

significant increase in total cellular and nuclear size compared
with control cells (Fig. 4A). We next asked whether the overex-
pression of Fbxl10 also affects other important cellular features,

FIGURE 2. PHD domain of Fbxl10 shows binding affinity for H3K4me3 and
H3K36me2 and exhibits E3 ligase activity. A, GST pulldown assays were
performed with purified GST-tagged PHD domain of Fbxl10 and bulk his-
tones. Lane 1 shows signals of input control for all histone marks. Lane 2 shows
binding of PHD domain to H3, H3K4me3, and H3K36me2. Lane 3 indicates
that GST does not bind to H3K4me3 and H3K36me2. B, incubation of PHD
domain of Fbxl10 with E1, E2, ATP, and ubiquitin led to an E3 ligase typical
pattern (lane 1) similar to that of RING domain from human XIAP used as
positive control (lane 6). The exchange of PHD through GST (lane 2) or the
removal of either E2, E1, or ATP (lanes 3–5) abolished ubiquitination of target
proteins (lanes 2–5).

FIGURE 3. MEFs stably overexpressing Fbxl10. MEFs were transfected with
pUHD10 –3 containing HA-tagged Fbxl10 cDNA and a pTKHyg 343 selection
plasmid. Cell clones were screened for HA-Fbxl10 expression by qRT-PCR
(A) and Western blotting (B). In addition, stable integration of the HA-
Fbxl10 cDNA was tested with PCR on genomic DNA and resulted in the
amplification of a 358-bp band using primers derived from the HA tag and
the Fbxl10 cDNA (C).
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including proliferation, mitotic count, and apoptosis. Contra-
dictory reports on Fbxl10 promoting or blocking proliferation
(10, 12) prompted us to investigate proliferation of Fbxl10-
overexpressing cells with Click-iT EdU Alexa Fluor 488 Imag-
ing Kit which relies on the incorporation of EdU in the DNA of
proliferating cells. The assay clearly demonstrated an equal
amount of proliferating cells per time unit in D5 and control
cells 3 and 24 h after treatmentwith EdU (Fig. 4B). These results
were further validated by Western blotting of the proliferation
marker PCNA (Fig. 4C) and identical mitotic rate of clone D5
and control cells determined by immunofluorescence against
phosphorylated histone H3 24 and 48 h after plating (H3S10P;
Fig. 4D).
To examine whether the stable overexpression of Fbxl10 has

an effect on apoptosis we treated our cell lines with increasing
concentrations of staurosporine, menadione, or thapsigargin
known to induce apoptosis by different mechanisms. Cell via-
bility was measured after 6 h of treatment using anMTT assay.
At this time point the cell viability for both cell lines was
decreased compared with untreated cell lines in a very similar
manner. Results shown in Fig. 4E and supplemental Fig. 1
revealed an identical degree of apoptosis in both cell lines.

Fbxl10 was previously reported to confer specific changes in
histonemodification either directly via its JmjC domain or indi-
rectly by its binding partners (10, 12, 23, 24). Whereas
H3K4me3 and H3K36me2 were discussed as direct targets,
H3K27me3 and H2Aub were reported as indirect targets
because Fbxl10 was found in Polycomb complexes with H3K27
methylation activity andH2Aubiquitination capability (23, 24).
H3K4me2 and H3K36me1 have not been described as Fbxl10
targets and were therefore used as negative controls. To inves-
tigate potential changes in global histone modification after
Fbxl10 overexpression, we purified histones by acidic extrac-
tion and analyzed the histone modifications H3K4me2/3,
H3K36me1/2, H3K27me3, and H2Aub (Fig. 4F). Indeed, global
levels of histonemodificationswere not affected by overexpres-
sion of Fbxl10, indicating its function through gene locus-spe-
cific modifications.
Fbxl10 Regulates Genes Involved in the Cellular Metabolome

and Anatomical Structures—To investigate gene expression
patterns regulated by Fbxl10 we next analyzed transcriptome
changes resulting from Fbxl10 overexpression using amicroar-
ray approach. Comparing three independently reproduced
transcriptomes of untransfected control cells and the D5 cell

FIGURE 4. Stable overexpression of Fbxl10 leads to an increase in cellular and nuclear size but has no effect on proliferation, mitosis, and apoptosis or
global histone marks. A, stable Fbxl10-overexpressing D5 cell clone shows an increase in nuclear and total cellular size. B and C, number of proliferative cells
per time unit did not change by permanent overexpression, demonstrated by EdU incorporation assay 3 and 24 h after EdU addition to the media (B) and PCNA
protein levels by Western blotting (C). D, mitotic events 24 and 48 h after plating were not altered between control cells and D5 cells measured by H3S10P-
positive cells per visual field in immunofluorescence analysis. E, inducing apoptosis by staurosporine and measuring cell viability by MTT assays led to equal
levels of cell viability indicating similar apoptosis responses. F, global histone marks were analyzed between control cells and D5 cells by Western blotting. No
changes were observed.
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clone, respectively, we identified 131 genes with a -fold change
�2 (supplemental Table 1) and an additional 133 genes with a
-fold change �1.72 (supplemental Table 2 and Supplemental
Fig. 2). The microarray data were released into the GEO data-
base for public access (accession number GSE34691).
To confirm these data, we validated selected sets of both up-

anddown-regulated genes by qRT-PCR. Steady-state transcript
levels of Col2A1 and Lama5 were increased and expression of
the noncoding RNA Xist and Sfrp2 were decreased confirming
the microarray analysis (Fig. 5A). Interestingly, among the 131
regulated genes we identified a group of chemokines (Ccl2,
Ccl5, Ccl7, and Cxcl10), strongly down-regulated in the D5 cell
clone. Even a fifth down-regulated chemokine, Cx3cl1, was
identified among the 133 genes with the slightly reduced
threshold of �1.72-fold change. Reduced expression levels of
these chemokines were verified by qRT-PCR (Fig. 5B).We then
further verified the microarray data on protein level using a
Ccl2 ELISA, showing a significantly decrease of Ccl2 protein in
supernatant of D5 cells compared with control cells (supple-
mental Fig. 3). As fibroblasts arewell known to produce chemo-
kines (25, 26) our observation suggests an important role for
Fbxl10 in chemokine repression.
To assess whether the promoters of Xist and the chemokine

Ccl7 are direct or rather indirect targets of Fbxl10, we per-
formed ChIP assays using �-HA, �-H3K4me3, �-H3K36me2,
and IgG control antibodies followed by qRT-PCR. Results
shown in Fig. 5C clearly reveal direct binding of Fbxl10 to both
of these promoters. In addition, we observed significant reduc-
tion of H3K4me3 levels, emphasizing the function of Fbxl10 as
a gene locus-specific H3K4me3 demethylase at the promoters
of these target genes. H3K36me2 levels remained unchanged at
the Ccl7 and increased at the Xist promoter. IgG antibody was
used as a control and confirmed specificity of the HA,
H3K4me3, and H3K36me2 antibodies (Fig. 5C).
Functional classification of all differentially expressed genes

revealed that �49% of all Fbxl10-regulated genes in fibroblasts
are involved inmetabolic processes indicating a strong involve-
ment of Fbxl10 in metabolic regulation (Fig. 5D). From the 264
genes significantly changed by a threshold of -fold change
�1.72, 101 genes are involved in metabolism (supplemental
Table 3 and supplemental Fig. 4A). Considering that the entire
gene list for metabolic processes contains only 1376 genes, we
calculate that overexpression of Fbxl10 in fibroblasts alters
expression of almost 8% of all genes involved in cell metabolism
(supplemental Fig. 4A).
As illustrated in supplemental Fig. 2 themetabolic regulators

Crabp2 and RipK3 were regulated by Fbxl10. We assessed
whether the promoters of Crabp2 and RipK3 are targets of his-
tone modification by Fbxl10. Indeed, we found that Fbxl10
binds to the promoter of these genes. We found significantly
reduced levels of H3K4me3 and a nearly unchanged
H3K36me2 level when Fbxl10 is overexpressed (Fig. 5E).
Biological pathway analysis of these metabolism genes indi-

cated that they are strongly involved in phosphor metabolism
and oxidation and reduction reactions (supplemental Fig. 4B).
Due to the enrichment of phosphor processes in this analysis
we asked whether main receptor tyrosine kinase pathways are
altered inD5 cells. However, using the PathScan RTK Signaling

Kit we could not detect different activation of these pathways
(supplemental Fig. 4C).
Gene ontology analysis revealed a further 26 genes belonging

to the cluster “anatomical structure morphogenesis.” In
accordance with Fig. 5A we could show here that Fbxl10 regu-
lates the expression of genes encoding cell adhesion molecules
and extracellularmatrix proteins includingCol2A1 andLama5.
Further genes of this cluster like Efnb2 and Efna5 were previ-
ously described to alter cell morphology whereas Edn1 is
known to influence cell size and is involved in cellular hyper-
trophy (27–29). These genes are of special interest regarding
the altered morphology of D5 compared with the control cell
line (supplemental Fig. 5).
To assess whether the knockdown of Fbxl10 leads to an

inverse regulation of previously identified target genes, we used
siRNA approaches against the demethylase in the control cell
line. Interestingly, reduction of Fbxl10 levels resulted in
increased Xist, Ccl2, Ccl5, Ccl7, and Cxcl10 RNA expression.
Other genes differentially expressed in D5 cells were not
affected by the knockdown of Fbxl10 (supplemental Fig. 6A).
ChIP analysis at the promoters of Xist, Ccl2, Ccl7, and Cxcl10
confirmed the qRT-PCR data and showed significantly
increased H3K4me3 levels and unchanged H3K36me2 levels at
both promoters (supplemental Fig. 6B).

DISCUSSION

Fbxl10 Is a H3K4me3 Demethylase—In this report, we show
that Fbxl10 functions as a H3K4me3 demethylase. Our data
obtained from purified JmjC domain in vitro are confirmed by
decreased gene locus-specific H3K4me3 levels upon binding of
Fbxl10 to its direct targets Xist, Ccl7, RipK3, and Crabp2. In
agreement with our data, Frescas et al. also observedH3K4me3
demethylase activity for Fbxl10 (12). This is further supported
by a very recent publication analyzing the demethylase function
of the Drosophila homolog dKdm2 which was described as a
H3K4me3 demethylase in vivo (30). Nevertheless, it has to be
considered that histone demethylases act inmultienzyme com-
plexes, and the specificity of histone modifiers may be depend-
ent on interaction with other proteins or modifications on his-
tone residues nearby (1, 5). Thus, we cannot completely exclude
a potential H3K36me2 demethylase function of Fbxl10 in vivo.
Distinct substrate specificity depending on the complex
involved has already been described for the histone demethy-
lase LSD1 (31, 32). We also do not know whether the demethy-
lation reaction of Fbxl10 is dependent on other modifications
on the histone tail. This has beendescribed forH3K36mewhich
depends on H3P38 isomerization (33) or for the influence of
H3T6, which in consequence prevents removal of activemethyl
marks from H3K4 during AR/LSD1-stimulated gene expres-
sion (34).
The PHD Domain of Fbxl10 Binds to H3K4me3 and

H3K36me2—In addition to bromo- and chromodomains, PHD
domains are well known for their function as histone readers,
recognizing and binding to methylated lysines on histones (7).
Interestingly, we identified H3K4me3 as a binding partner for
this PHD domain. Regarding the ability of Fbxl10 to demethy-
late the same mark, this finding clearly offers a trans mode
action for Fbxl10. Although binding to H3K4me3 on one
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nucleosome, Fbxl10 might demethylate the same mark on a
neighboring histone or nucleosome. In addition to binding
H3K4me3, we also showed for the first time the binding of a
PHD domain to H3K36me2. Binding to this mark would offer a
cismode for Fbxl10 in that it binds toH3K36me2 and demethy-
lates H3K4me3 on the same histone tail. As mentioned above
we cannot completely exclude the previously proposed role of
Fbxl10 as a H3K36me2 demethylase. Under these circum-
stances binding to H3K36me2 would also offer a transmode of
action for Fbxl10 (35).
Fbxl10 Exhibits E3 Ubiquitin Ligase Activity—Besides bind-

ing to histones some PHD domains were also reported recently
to function as E3 ligase in ubiquitination (8) as well as sumoy-
lation reactions (22). PHD domains are closely related to RING
domains (20)which have already been identified as E3 ubiquitin
ligases (21). Furthermore, the Fbox domain of Fbxl10 has been
regarded as an anchor protein in E3 ubiquitin ligase complexes
(9). These data prompted us to analyze whether the PHD
domain of Fbxl10 also possesses E3 ubiquitin ligase potential.
The PHD domain, however, is present in the short isoform 3 of
Fbxl10 and might mediate a demethylase-independent protein
function. As the ubiquitin pattern mimicked that of the RING
domain of human XIAP and was abolished after the replace-
ment of PHD, E1, E2, or ATP, these data unambiguously reveal
a functional E3 ubiquitin cascade in which the PHD domain
serves as an E3 ligase.
Previous reports postulated that Fbxl10 contributes to the

BCOR complex and may be indirectly involved in H2A ubiq-
uitination (23, 24). Offering bulk histones as substrate in the in
vitro ubiquitination assay, however, did not result in H2A ubiq-
uitination, indicating that Fbxl10 cannot ligate H2A with ubiq-
uitin or might require an essential co-factor (data not shown).
Fbxl10 Regulates Chemokines, the Metabolome, and the Cell

Anatomy in Fibroblasts—To get a deeper insight into Fbxl10
function, we generated a cell line stably overexpressing Fbxl10
and investigated Fbxl10-regulated target genes. Notably, we did
not detect any changes in proliferation or response to different
proapoptotic stimuli. Comparing our results with published
data (10, 12) regarding effects of Fbxl10 on proliferation, it is
important to point out that results from transient transfection
of Fbxl10 are of limited value andmay explain the different data
sets. Moreover, we cannot exclude that distinct multienzyme
complexes in different cell lines are favored by Fbxl10 leading to
a complete different outcome. However, our stably transfected
cell may better reflect the in vivo situation than the relative
short time of transient overexpression or siRNA approaches
(12).
Here, we provide the first insights into Fbxl10 transcriptome

regulation by identifying a set of 264 genes differentially
regulated by permanent Fbxl10 overexpression. Consistently,
Cdkn2b, the most frequently described Fbxl10 target gene, was
amongour gene set regulated in fibroblasts. Fbxl10was recently

linked to senescence by regulating Cdkn2b expression (10, 36).
In addition, we identified an entire set of chemokines and ver-
ified that Fbxl10 indeed binds directly to and demethylates his-
tones of the Ccl7 promoter in a gene locus-specific manner.
Remarkably, a knockdown of Fbxl10 led to inverse regulation of
these chemokines.
Most interestingly, pathway analysis of all significantly regu-

lated transcripts revealed that nearly 50% of all putative Fbxl10
target genes are linked to metabolic processes including the
direct targets RipK3 and Crabp2 (37, 38). Further analysis
showed significant increase of phosphor metabolism genes
among the putative Fbxl10 targets. This finding strongly sug-
gests an important role of Fbxl10 in cellularmetabolism.More-
over, the analysis also emphasized our observation that Fbxl10
overexpression does not alter cell proliferation and mitotic
index because genes association were not enriched in the
microarray. Strikingly, the permanent overexpression of Fbxl10
resulted in an increase in total cellular and nuclear size. Consis-
tently, regulation through Fbxl10 may provide a pathway in
response to external signals by changes in cell morphology and
metabolome.
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