13026-13038
doi: 10.1093/narlgkul 021

Nucleic Acids Research, 2014, Vol. 42, No. 21

Published online 05 November 2014

RNA-dependent chromatin localization of KDM4D
lysine demethylase promotes H3K9me3 demethylation

Muhammad Zoabif, Prathamesh T. Nadar-Ponniah’, Hanan Khoury-Haddad, Marko Usaj,
Inbal Budowski-Tal, Tali Haran, Arnon Henn, Yael Mandel-Gutfreund and Nabieh Ayoub®

Department of Biology, Technion - Israel Institute of Technology, Haifa 3200003, Israel

Received July 20, 2014; Revised September 26, 2014; Accepted October 09, 2014

ABSTRACT

The JmjC-containing lysine demethylase, KDM4D,
demethylates di-and tri-methylation of histone H3 on
lysine 9 (H3K9me3). How KDM4D is recruited to chro-
matin and recognizes its histone substrates remains
unknown. Here, we show that KDM4D binds RNA in-
dependently of its demethylase activity. We mapped
two non-canonical RNA binding domains: the first
is within the N-terminal spanning amino acids 115 to
236, and the second is within the C-terminal spanning
amino acids 348 to 523 of KDM4D. We also demon-
strate that RNA interactions with KDM4D N-terminal
region are critical for its association with chromatin
and subsequently for demethylating H3K9me3 in
cells. This study implicates, for the first time, RNA
molecules in regulating the levels of H3K9 methyla-
tion by affecting KDM4D association with chromatin.

INTRODUCTION

Histones are subjected to a variety of reversible post-
translational modifications including lysine methylation,
which acts as a platform for chromatin modifier pro-
teins and leads to either gene activation or repres-
sion. Tri-methylation of histone H3 lysine 9 (H3K9me3)
is enriched in condensed pericentric heterochromatin,
while di-methylation (H3K9me2) and mono-methylation
(H3K9mel) are associated with transcriptionally silent re-
gions within euchromatin (1-3). Aberrant histone methyla-
tion has been linked to different human diseases including
cancer (4-6).

Lysine methylation can be erased by the activity of the Ju-
monji C (JmjC)-domain-containing proteins that demethy-
late lysine through an amine oxidative reaction in the pres-
ence of iron and a-Ketoglutarate (7-10). One of the lysine
demethylases (KDM) is KDM4D that specifically catalyzes
the demethylation of H3K9me2/me3 (10-13). KDM4D en-
codes 523 amino acids containing one JmjN and one JmjC
domain at its N-terminal region (encompassing amino

acids 1-350), whereas the C-terminal region (encompassing
amino acids 350-523) is unstructured (Figure 1A). Recent
studies from our and other laboratories show that KDM4D
accumulates at DNA damage sites and promotes double-
strand break repair (14,15). Furthermore, various types of
human cancer show misregulated expression of KDM4D
(16-18). Moreover, KDM4D can also stimulate cell prolif-
eration, survival and differentiation (19,20). How KDM4D
is recruited to chromatin and recognizes its genomic bind-
ing sites is largely unknown. In this study we show, for the
first time, that KDM4D binds RNA through two distinct
RNA-binding domains at its N- and C-terminal regions.
We also map the residues at KDM4D N-terminal region
that regulate KDM4D-RNA interactions. Interestingly, we
demonstrate that the binding of KDM4D to RNA is inde-
pendent of its demethylase activity and reveal that the JmjC
domain possesses two distinct functions: the first demethy-
lates H3K9me3 and the second binds RNA.

Finally, we show that RNA interactions with the N-
terminal domain are essential for KDM4D association with
chromatin and for demethylating KDM4D histone sub-
strate, H3K9me3, in cells.

MATERIALS AND METHODS
Plasmids constructions

The pet28a-KDM4D-6xHis, pet28a-KDM4D!!-330a2),
pGEX-4T3-KDM4D®@4-523a) and pEGFP-N1-KDM4D-
WT were constructed as previously described (14). The
construction of the plasmids used in this study is described
in Supplementary Table S1. A complete list of all the
primers and their sequences is described in Supplementary
Table S2. All point mutations were introduced using site-
directed mutagenesis. All constructs used in this study were
verified by nucleotide sequencing or restriction digestion.

Cell lines and transfection

U20S cells and U20S-TetON-EGFP-KDM4D cell lines
were cultured as previously described (14). Transient trans-
fections were carried out using Poly Jet (Bio Consult) or
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Figure 1. KDM4D histone demethylase binds RNA. (A) Schematic di-
agram of KDM4D lysine demethylase depicting the position of the N-
and the C-terminal, the JmjC and the JmjN domains. aa: indicates amino
acids. (B) Western blot showing doxycycline-dependent expression of func-
tional myc-KDM4D fusion. Protein lysates were prepared from untreated
and doxycycline-treated U20S-TetON-myc-KDM4D and immunoblotted
with the indicated antibodies. (C) RIP shows that myc-KDM4D protein
is associated with RNA molecules in cells. U20S-TetON-myc-KDM4D
cells were subjected to RIP in the presence and absence of formaldehyde
crosslinking and in untreated and doxycycline-treated cells. Results show
that RNAs are associated with myc-KDM4D but not in the anti-IgG con-
trol sample. 2% of the supernatant was used as input control. (D) Ex-
pression and purification of full length KDM4D protein fused to 6xHis
tag (His-KDM4D-FL) from bacteria. Eluted proteins were resolved by
SDS-PAGE and stained with Coomassie. Mr: indicates protein marker.
(E)In vitro demethylation assay showing that His-KDM4D-FL demethy-
lates H3K9me3 in a dose-dependent manner. Increasing amounts of His-
KDM4D-FL were incubated with 5 ug of bulk histones. Reaction mixtures
were immunoblotted using the indicated antibodies. The bands intensities
of H3K9me3 were normalized relative to the intensities of their respective
H3 bands and the ratios are shown at the bottom of the blot. (F) EMSA as-
say shows that KDM4D binds total RNA in a dose-dependent manner. 2.5
ug of total RNA were heat fragmented for 9 min at 90°C, incubated with
His-KDM4D in EMSA binding buffer for 30 min, run in agarose gel and
stained with ethidium bromide. BSA was used as a control. (G) EMSA
shows that KDM4D binds radioactive 100nt RNA in a dose-dependent
manner with estimated apparent Kp~20 nM. As in (F), except using ra-
dioactive RNA and the reaction mixture was run in 6% native polyacry-
lamide gel and autoradiographed using phosphoimager. Full competition
was achieved using 10 and 20 nM cold RNA as evident in the last two lanes.
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TransIT®-2020 (Mirus) transfection reagents according to
the manufacturer’s instructions. To establish U20S-TetON
stable cell line that conditionally expresses myc-KDM4D or
EGFP-KDM4D-1H4R-HRK-FL fragments including the
myc-KDM4D or EGFP-KDM4D-1H4R-HRK-FL were
subcloned into pTRE2-puro plasmid (Clontech). The
resulting pTRE2-puro-myc-KDM4D and pTRE2-puro-
EGFP-KDM4D-1H4R-HRK-FL vectors were transfected
into U20S-Tet-ON cells (Clontech). Puromycin-resistant
clones (0.6 pg/ml Puromycin) were selected and tested
for doxycycline-induced expression of myc-KDM4D or
EGFP-KDM4D-1H4R-HRK-FL by western blot. Clones
that showed expression only after the addition of 1 pM
doxycycline (Sigma, D9891) were selected for further char-
acterizations.

Western blotting and immunofluorescence

Western blotting and immunofluorescence were performed
as described previously (14). A complete list of antibodies
and their dilutions used in this study is described in Supple-
mentary Table S3.

RNA-binding protein immunoprecipitation (RIP)

U20S-TetON-myc-KDM4D cells were treated with doxy-
cycline for 24h, and subjected to in vivo RNA immunopre-
cipitation as previously described (21) using anti-myc an-
tibody. The RNAs that are bound to the immunoprecipi-
tated KDM4D were extracted from the samples using Tri-
zol reagent according to the manufacturer’s protocol (Invit-
rogen), run in 10% denaturing urea gel and visualized by
SYBR Gold.

RNase A and RNase H treatment

U20S cells were trypsinized, washed twice with PBSX1,
permeabilized with 0.05% Tween-20 in PBSX1 for 10 min
on ice, washed once, resuspended with PBSX1 and treated
with 1 mg/ml RNase A (Sigma) or 5U/ul of RNase H
(NEB) for 30 min at RT. Cells were centrifuged at 1200 rpm
and lysed in NP-40 lysis buffer (50 mM Hepes-KOH, pH
7.4, 100 mM NaCl, 0.5% NP-40, 10 mM EDTA, 20 mM -
Glycerophosphate and 1% protease inhibitor cocktail) for
10 min on ice. The cytoplasmic and nuclear fractions were
isolated by centrifugation at 13 000 rpm for 5 min at 4°C.
Chromatin-bound fraction was isolated by adding hot-lysis
buffer as previously described (14). The biochemical frac-
tionation shown in Figure 6A was performed as previously
described (22).

Expression and purification of recombinant proteins

BL21(DE3) Escherichia coli cells were transformed with
pet28a expression vectors, induced by IPTG (0.1 mM) for
24 hrat 18°C. Cells were lysed by EmulsiFlex (Avestin) in ly-
sis buffer (50 mM Tris-HCI, pH 8.0, 10% glycerol, 400 mM
NaCl, 5 mM B-mercaptoethanol, 15 mM Imidazole, PMSF,
and protease inhibitors) treated with 25 units of Benzonase
(Novagen) for 1 hr at 4°C and centrifuged for 50 min at 13
000 rpm. The recombinant proteins were then purified from
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the supernatant using Ni*>-NTA resin (Thermo scientific)
according to manufacturer’s instructions.

In vitro histone demethylation assay

Performed as described in (14,23). Briefly, 5 g of calf thy-
mus histones (Sigma; H9250) were incubated with 2—4 g
of purified His-tagged KDM4D protein in a demethylation
buffer (20 mM Tris-HCI, pH 7.3, 150 mM NaCl, 1 mM «-
ketoglutarate, 50 .M FeSOy4, 2 mM ascorbic acid) at 37°C
for overnight. Reaction mixtures were resolved in gel and
analysed by western blotting using H3K9me3 and H3 spe-
cific antibodies.

Total RNA isolation and binding assay

RNA was isolated from 293T cells using Trizol reagent (In-
vitrogen) according to manufacturer’s instructions. Cyto-
plasmic and nuclear RNA from 293T cells were isolated as
previously described (24). 2.5 pg of total RNA was heat
fragmented for 9 min at 90°C. The binding assay was per-
formed as previously described (25). In brief, increasing
amounts of recombinant His-KDM4D-FL was incubated
with the fragmented RNA in RNA binding buffer (20 mM
Tris-HCI, pH 7.6, 1.5 mM MgCl,, 80 mM KCI, 0.5 mM
EGTA, 10% glycerol) for 30 min at RT. Samples were run
in 2% Agarose gel for 60 min, 95 voltage and stained with
SYBR Gold.

RNA radiolabeling

RNA oligonucleotides (1 ng) were end-labeled with [y-
32P] ATP (Institute of Isotopes) using T4 polynucleotide
kinase (NEB). Reactions were incubated for 1 hr at 37°C,
unincorporated radioactivity were removed by G-25 spin
columns (GE Healthcare) according to the manufacturer’s
instructions followed by purification from 10% Urea-
polyacrylamide gels.

EMSASs and Ky determination

Binding reactions were carried out in 30 pl volumes of bind-
ing buffer (20 mM Tris, pH 7.4, 5 mM MgCl,, 0.5 mM
EGTA, 250 mM KCI, 10% (v/v) glycerol and 0.5 mg/ml
BSA). Increasing concentrations of the His-KDM4D pro-
teins were incubated with 1 wl of 2000 cpm/wl (2 nM) of
32P-labeled single-stranded RNA (ssRNA). In the compet-
itive assay, fixed amount of the protein were incubated with
labeled ssRNA at RT for 20 min, then 5 or 10 folds amounts
of unlabeled ssRNA were added to the reaction for 10 min.
All reactions were assembled on ice and incubated at RT
for 25 min. ¥P-labeled and unlabeled ssSRNA were dena-
tured at 70°C for 8 min and cooled on ice for 2 min before
being added to the reactions. Samples were separated on 6%
native polyacrylamide gels (1 x Tris/Glycine buffer; 4°C; ~1
hr at 550V). Gels were dried and exposed to phosphoim-
ager screens. Quantification was done using Totallab quant
software. Kp determination was done as described in (26).
Briefly, the sums of the free and migrated RNA were defined
as total RNA in the reactions. The region of the lane above
RNA in RNA only reaction was defined as background and

subtracted from all other lanes. The ratio between free RNA
to total RNA and the migrated RNA to total RNA was
calculated for each lane and the percentage complex forma-
tion was plotted as a function of KDM4D concentration
using nonlinear regression analysis performed with Origin-
Lab software.

Fluorescence anisotropy measurements and Kp determina-
tion

Equilibrium  binding determined by Fluorescence
Anisotropy (FA) measurements was performed with PC1
spectrofluorimeter (ISS, Champaign, Illinois) designed as
T-format for simultaneous acquisition on two emission
channel monochromators equipped with automatic polar-
izers. Fluorescein labeled RNA (IDT, Coralville, lowa) was
equilibrated with the specific protein constructs samples
(60 min, room temperature). Samples were excited at A
= 494 nm using vertical polarized light and the emitted
vertical and horizontal polarized light was simultaneous
monitored at \epy = 523 nm. G-factor for correction of
the different gain between the dual PMT detectors was
calculated as described by the instrument manufacturer.
The fluorescence intensity (S) and total anisotropy (A) are
given by:

S=(GIj+21I,) (1)
(G- 1)
G +21 @

where G is the G-factor for correction of the difference gain
between the parallel and perpendicular PMTs. Our binding
model for a simple bimolecular reaction is as follows:

: _ [PIR]

P+ RPR, Kp=-——,
[PR]

under the condition of Rio<< Kp the general solution for
this equilibrium binding scheme is in the form of the follow-
ing quadratic equation:

[PR]

— (Port Rt Kp) =/ (Piort Rior+ Kp)*—4 Pros Rios
- 2

where Ry 1s monitoring species, Py is titrating species and
[RP] is the bound species.

We used OriginPro software (OriginLab Corporation,
Northampton, MA; Ver. 9.0) to perform NLLS fitting for
the binding data.

FRAP

U20S cell lines transfected with pEGFP-N1-KDM4D-WT
or pEGFP-N1-KDM4D-1H4R-HRK were subjected to
FRAP (27) with small modifications. FRAP was performed
in a Zeiss LSM700 (Carl Zeiss, Germany) using a 40X oil
EC Plan Neofluar objective, a zoom factor of 4 with the
confocal pinhole set to 70 pm. The image size was 80x 80
pm. Images were acquired every 0.458 s for GFP-KDM4D
using 5% 488nm lase. The circle bleach region had a diame-
ter of 1 wm. The bleach iteration number was set to 50 and
100% of the 488nm laser. Background was measured within
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Figure 2. KDM4D binding to RNA is independent of its demethy-
lase activity. (A) Coomassie staining showing the protein amount of
the demethylase-dead mutant, KDM4D-N202M. Mr: indicates protein
marker. (B)In vitro demethylation assay showing that KDM4D-N202M is
catalytically inactive. The bands intensities of H3K9me3 were normalized
relative to the intensities of their respective H3 bands and the ratios are
shown at the bottom of the blot. (C) EMSA shows similar RNA binding
affinity of the wild-type (Kp~20 nM) and the demethylase-dead mutant
(Kp~15nM).

a region with no bleaching and subtracted from the FRAP
data. The results of 12 cells were averaged and graphs were
visualized in OriginLab with nonlinear regression analysis.

FLIP

In FLIP experiment (28), the cells were bleached in a rect-
angular region 3.5x3.5 pwm. Bleaching was started after 1
scan, and the bleach iteration number was set to 30 for 160
cycles and 100% 488nm laser. Images were acquired from
a rectangular region 5x 5 wm after each bleaching cycle for
484 ms using 5% 488nm laser. Each bleach cycle consisted
of a bleaching event of ~1 s. To evaluate the data, the mean
intensity of a rectangular region 5x5 pm was determined
over time. Afterward, the background was subtracted from
these results. The measurements of 12 cells were averaged in
Excel, and graphs were visualized in OriginLab with nonlin-
ear regression analysis.

Predicting the candidate RNA binding residues in KDM4D

To search for candidate RNA binding residues, an efficient
structure based computational method for detecting struc-
tural similarities, named FragBag (29), was employed to
compare the KDM4D structure (PDB ID: 3DXT, chain A)
to all 188 226 protein chains in the PDB. The advantage
of FragBag over other structural comparison methods is
that it allows the detection similar sub-structures within the
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large data set of all possible structures. Results with a Frag-
Bag score of less than 0.3 (a threshold that assures similar
structures), which were annotated in PDB as RNA binding
or were part of a protein-RNA complex were considered.
Further a pairwise structural alignment software was used
to examine each structure, aligning it to the KDM4D se-
quence.

RESULTS AND DISCUSSION
KDMA4D lysine demethylase is an RNA-binding protein

To study the RNA-binding of KDM4D we used RNA-
binding protein immunoprecipitation (RIP) method. To
this end, we established a U20S-TetON cell line that
expresses functional KDM4D-6xmyc fusion following
the addition of doxycycline (Figure 1B). Untreated and
doxycycline-treated cells were crosslinked using formalde-
hyde and subjected to RIP using myc antibody. RNA
molecules that are bound to the immunoprecipitated
KDM4D were purified, resolved and visualized by SYBR
Gold staining. Results show that KDM4D-6xmyc is associ-
ated with RNA in vivo (Figure 1C). Since RIP assay can also
detect indirect RNA interactions with proteins, we set up an
electrophoretic mobility shift assay (EMSA) to assess direct
KDM4D-RNA interactions. To do so, we have bacterially
expressed and purified full-length human KDM4D protein
fused to 6xHis tag (His-KDM4D-FL) (FigurelD). To as-
sure the functionality of the His-KDM4D-FL fusion, an in
vitro demethylation assay was carried out, where the His-
KDM4D-FL protein was incubated with bulk histones and
the efficiency of the demethylase activity was assessed by
measuring the levels of H3K9me3 mark. Results show that
His-KDM4D-FL is catalytically active and its demethy-
lase activity increases in a dose-dependent manner (Fig-
ure 1E). To test if KDM4D can directly bind to RNA, in-
creasing concentrations of His-KDM4D-FL protein were
incubated with heat-fragmented total RNA of sizes rang-
ing from 250 nt to 500 nt. The reaction mixtures were re-
solved by agarose gel electrophoresis and stained with ethid-
ium bromide. Results show that His-KDM4D-FL protein
binds total RNA in a dose-dependent manner (Figure 1F).
As a control, RNA was incubated with increasing amounts
of bovine serum albumin (BSA) and no significant shift in
RNA mobility was observed (Figure 1F). In addition, no
detectable differences were observed between the binding
of heat-fragmented cytoplasmic and nuclear RNA to His-
KDM4D-FL protein (Supplementary Figure S1). To deter-
mine the binding affinity of KDM4D to RNA, EMSA was
performed using 3>P-radiolabeled random RNA sequence
of 100 nt and the dissociation constant (Kp) was deter-
mined as the protein concentration at which 50% of RNA
was bound (30). Results show that KDM4D binds 100 nt
RNA sequence in a dose-dependent manner with appar-
ent Kp ~20 nM (Figure 1G). KDM4D-RNA interaction
was further confirmed by competition experiments with in-
creased amounts of unlabeled 100 nt RNA at 10 and 20 nM
(last two lanes of Figure 1G). Binding curve representing
the binding of His-KDM4D-FL protein to 100nt RNA is
shown in Supplementary Figure S2A. To address whether
His-KDM4D-FL can bind RNA sequences shorter than
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line.

100nt, we performed EMSA using 32P-radiolabeled ran-
dom RNA sequence of 37 nt (correspond to the first 37
nt of the 100 nt RNA sequence). Results show that His-
KDM4D-FL binds the 37nt RNA with apparent KD<50
nM, suggesting that His-KDM4D-FL’s binding to RNA
is length-dependent with lower affinity for shorter RNA
(Supplementary Figure S3A). Binding curve obtained from
EMSA results is shown in Supplementary Figure S3B. Al-
together, we concluded that KDM4D is an RNA binding
protein (RBP) and KDM4D-RNA interactions can occur
in a sequence-independent but length-dependent manner in
vitro.

KDM4D-RNA interaction is independent of KDM4D
demethylases activity

We sought to address whether the demethylase activity of
KDM4D is required for its binding to RNA. Toward this
end, we generated a KDM4D demethylase-dead mutant.
According to the crystal structure of KDM4D JmjC do-
main (12) (PDB ID: 4HON), substituting asparagine 202
with methionine is expected to disrupt the coordination of
a-ketoglutarate within the catalytic site and consequently
abrogates KDM4D demethylase activity. To test this pre-
diction, we carried out an in vitro demethylation assay and
confirmed that KDM4D-N202M is indeed a demethylase-
dead protein (Figure 2A and B). Next, we used EMSA to
test the ability of KDM4D-N202M mutant to bind 100 nt
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purification of wild-type and His-KDM4D!-3%0- ] H4R mutant. (C) EMSA shows that KDM4D!%0-1H4R has reduced affinity to RNA (Kp>600 nM)
comparing to KDM4D!-330.WT (Kpa:80 nM). (D) Coomassie staining showing the purification of wild-type and His-KDM4D!3*0_.HRK mutant. (E)
EMSA shows that KDM4D!3%0-HRK has lower binding affinity to RNA (Kp~550 nM) comparing to wild-type (Kp>80 nM). (F) Coomassie staining
showing the purification of wild-type and His-KDM4D'! 33" 1H4R-HRK mutant. (G) EMSA shows that the double mutant KDM4D! 33" 1H4R-HRK
lost its ability to bind RNA in vitro. (H) Equilibrium binding measurements of the [KDM4D!33*-1H4R-HRK]-dependence to fluorescein-labeled 22 nt
RNA by fluorescence anisotropy. The best-fitted curve is shown for each graph as a black line. (I) KDM4D!-3%0-|H4R-HRK demethylates H3K9me3 in
vitro. KDM4D!3%0 or KDM4D!-3%0-|H4R-HRK was subjected to in vitro demethylation assay as described in Figure 1E.

RNA molecules. Results show that the RNA binding affin-
ity of KDM4D-N202M mutant is comparable to the wild-
type protein. The estimated apparent Kp of KDM4D-WT
is 20 nM comparing to Kp~15 nM for KDM4D-N202M
(Figure 2C). Binding curves of KDM4D-N202M to100 nt
RNA can be seen in Supplementary Figure S2B. We there-
fore concluded that KDM4D binding to RNA is indepen-
dent of its demethylase activity.

KDM4D has two non-canonical RNA binding domains

We sought to test the ability of the KDM4D N-terminal re-
gion (encompassing amino acids 1-350 and containing the
JmjN and JmjC domains) to bind RNA. Toward this end,
we purified a catalytically active His-KDM4D!3 protein
(Figure 3A and B). EMSA shows that His-KDM4D'!3%
protein binds 100 nt RNA in a dose-dependent manner
with apparent Kp ~80 nM (Figure 3C). Furthermore,
competition assay using 10 nM unlabeled RNA severely
impairs KDM4D'3%-RNA interaction (Figure 3C, last



lane). Binding curves representing the binding of His-
KDM4D!3% protein to 100 nt RNA are shown in Sup-
plementary Figure S2C. This result suggests that the N-
terminal region of KDM4D has a lower affinity to RNA
(Kp~ 80 nM) comparing to the full-length KDM4D pro-
tein (Kp~ 20 nM).

The lower RNA binding affinity of KDM4D N-terminal
region compared to the full-length protein suggests that
KDM4D protein has an additional RNA binding region
at its C-terminus. To address this point, we performed
EMSA using the C-terminal region fused to GST (GST-
KDM4D?348-523a2) (expressing the C-terminal of KDM4D
fused to 6xHis tag proved unsuccessful (14)). Results show
that GST-KDM4D?348-5232 binds 100 nt RNA with appar-
ent Kp>100 nM. GST was used as a control and no sig-
nificant shift in RNA mobility was observed (Figure 3D
and E). Binding curves obtained from the EMSA result of
GST-KDM4D?3#8-52322 i5 shown in Supplementary Figure
S2D. We concluded therefore that KDM4D has two distinct
RNA binding domains mapped to the N- and C-terminal
regions.

To further substantiate our conclusion, we used Fluo-
rescence Anisotropy (FA), a complementary fluorescence-
based approach, to measure the equilibrium-binding
constant of fluorescein labeled 22 nt RNA (RNAF??)
to His-KDM4D-FL, His-KDM4D!3%2 and GST-
KDM4D38-523a2 - The protein concentration-dependent
binding to RNA exhibits hyperbolic behavior for His-
KDM4D-FL and His-KDM4D!53%%2 byt not for the
His-KDM4D3#8-33222 I agreement with the results ob-
tained by EMSA measurements, our FA equilibrium
binding determined that His-KDM4D-FL has stronger
binding affinity with Kp~ 126422 nM compared to Kp~
12174+ 246 nM for His-KDM4D!3%2 (Figure 3F and
G, respectively), suggesting again the contribution of the
KDM4D C-terminal to RNA binding. The small differ-
ences in the affinity observed by FA and EMSA could be
due to either the shorter RNA substrate used in FA and/or
the differences in the methodologies. We also measured the
RNA binding affinity of the GST-KDM4D3*-332a2 How-
ever, it did not exhibit any hyperbolic dependence on the
protein concentration up to 10 fold higher than needed for
saturation by His-KDM4D-FL (Figure 3H). We assumed
therefore that the affinity for the GST-KDM4D?38-332a2
is very weak and we estimated Kp> 5000 nM. Nonethe-
less, this region must contribute to the overall affinity
as observed when comparing the His-KDM4D-FL with
His-KDM4D! 3%,

Characterization of the RNA binding domain at the N-
terminus of KDM4D

We sought to map the residues within the N-terminal of
KDM4D that regulate its interaction with RNA. Given
that KDM4D does not possess any canonical RNA binding
domain, we used BindN software (31) to predict residues
that might interact with RNA. This analysis revealed two
close stretches of 8 amino acids (87-94 and 106-113) be-
tween the JmjN and the JmjC domains that have high confi-
dence score for binding RNA (Supplementary Figure S4A).
Therefore, we generated KDM4D-16M mutant, where the
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16 residues were substituted with alanine, and proceeded
to testing its RNA binding ability by EMSA. Results show
that KDM4D-16M mutant has only slightly weaker RNA
binding affinity (Kp~ 28 nM) than KDM4D wild-type
(Kp~ 20 nM), suggesting that the mutated residues are
not implicated in KDM4D-RNA interactions (Supplemen-
tary Figure S4B). The binding curve of KDM4D-16M mu-
tant is shown in Supplementary Figure S4C. This result
prompted us to look for RNA binding motifs within the
catalytic JmjC domain. We searched for arginine-rich mo-
tifs within the JmjC domain as these motifs are found in
several known RBP and provide a platform for binding
RNA (32). We observed that the sixth and the seventh al-
pha helixes of the JmjC domain (10) contain four exposed
arginine residues (arginine-222, 225, 228, 236) and one his-
tidine residue (histidine 219) that can provide a binding
site for RNA (Figure 4A and Supplementary Figure SSA).
To address this prediction, His-KDM4D! 3" 1H4R mu-
tant, which includes the substitution of the histidine and
the four arginine residues with alanine, was tested for its
ability to bind RNA. EMSA shows that the RNA bind-
ing affinity of His-KDM4D!3**1H4R mutant is signifi-
cantly reduced with estimated Kp> 600 nM comparing to
Kp~ 80 nM for KDM4D wild-type (Figure 4B and C).
This result strongly suggests that the mutated residues of
the JmjC domain provide an interface for binding RNA. To
specify additional RNA binding regions within KDM4D,
we searched the structural database (PDB) for homologous
structures already known to bind RNA. Using Fragbag
software (see materials and methods), we revealed 10 struc-
tures of candidate RNA binding proteins. Among these
10 candidates was the cleavage and polyadenylation speci-
ficity factor subunit 6 (PDB ID: 3P6Y, chain A), which
showed a relatively high structural similarity to KDM4D
(Supplementary Figure S5A). Interestingly, the local re-
gion, which aligned best to KDM4D, included the known
RNA binding residues of the cleavage factor. Based on
the homology results we selected 3 surface residues on
KDM4D close to the JmjC domain, histidine-115, arginine-
123 and lysine-127 (hereafter called HRK), which were
aligned to specific residues on the cleavage factor known
to bind RNA (Figure 4A and Supplementary Figure S5B).
As above, we substituted the HRK residues with alanine
to generate His-KDM4D'***-HRK mutant. EMSA shows
that the RNA binding affinity of KDM4D!3-HRK is
severely reduced with Kp> 550 nM. This result suggests
that the HRK residues are also involved in KDM4D-RNA
interactions (Figure 4D and E). Next, we sought to ad-
dress whether the combination of the 1H4R and the HRK
mutations has cumulative effects on KDM4D binding to
RNA. To do so, we generated His-KDM4D! 3% 1H4R-
HRK mutant that includes the substitution of 1H4R
and HRK residues to alanine and tested its ability
to bind RNA. EMSA shows that KDM4D!3% | H4R-
HRK mutant lost its ability to bind RNA (Figure 4F
and G). Binding curves for His-KDM4D!3*-1H4R, His-
KDM4D!3%.HRK, and His-KDM4D1-3% 1H4R-HRK
are shown in Supplementary Figure S6. Equilibrium bind-
ing experiments of His-KDM4D'!**-]H4R-HRK mutant
to RNAF-22 (Figure 4H) by FA exhibit basically no bind-
ing up to 2500 wM in comparison to Kp ~1217 + 246 nM



13034 Nucleic Acids Research, 2014, Vol. 42, No. 21

A B
His-KDM4D-FL His-KDM4D-FL
WT  1H4R-HRK WT 1H4R-HRK
QQ QQ QQ 00 —_ 1
(nM): 2 P His
Mr r ‘ - GE— —-‘ |
- ‘ I -— ‘ H3K9me3
70
- da ‘——_______‘H3
55 s
H3K9me3/H3: 1 0.1 0.05 1 0.15 0.03
C

His-KDM4D-FL (nM)

WT 1H4R-HRK

S o &

O & 8

N
>

RNA-KDM4D
complex

Free
<
RNA

Figure 5. The full-length KDM4D-1H4R-HRK mutant is defective in RNA binding. (A) Coomassie staining showing the purification of wild-type His-
KDM4D-FL and His-KDM4D-FL-1H4R-HRK mutant. (B) KDM4D-FL-1H4R-HRK demethylates H3K9me3 in vitro. In vitro demethylation assay was
performed as described in Figure 1E, except of using His-KDM4D-FL-1H4R-HRK and His-KDM4D-FL as a control. (C) EMSA shows defective RNA
binding of His-KDM4D-FL-1H4R-HRK mutant comparing to wild-type protein.

for His-KDM4D'!3% (Figure 3G). This is again in agree-
ment with the EMSA results. Altogether, we mapped the
regions within the JmjC domain that mediate KDM4D-
RNA interactions. Next, we sought to address whether
the demethylase activity of KDM4D! 3% |H4R-HRK mu-
tant, which is defective in RNA binding, was affected. In
vitro demethylation assay shows that the catalytic activity
of KDM4D!3%1H4R-HRK mutant is indistinguishable
from the N-terminal His-KDM4D!3% protein (Figure 4I).
This important finding allows us to draw two conclusions:
first, that defective RNA binding of KDM4D!33-1H4R-
HRK is not due to its incorrect folding as it retains its
demethylase activity. Second, we genetically uncoupled the
catalytic KDM4D demethylase activity from its ability to
bind RNA in vitro.

Next, the IH4R-HRK mutations were introduced into
the full-length KDM4D coding sequence and the observed
His-KDM4D-FL-1H4R-HRK mutant (Figure 5A) was
tested for its ability demethylate histones and to bind RNA.
Results show that whereas the in vitro demethylase activ-
ity of His-KDM4D-FL-1H4R-HRK mutant remains intact
(Figure 5B), its interactions with RNA were disrupted and
show different RNA binding pattern comparing to the wild-
type His-KDM4D-FL protein (Figure 5C). The Binding

curve shows that His-KDM4D-FL-1H4R-HRK has Kp>
100 nM (Supplementary Figure S7). The ability of His-
KDM4D-FL-1H4R-HRK to bind RNA is likely mediated
by the second RNA binding domain at its C-terminal re-
gion.

RNA interaction with KDM4D N-terminus is essential for
KDMA4D association with chromatin

Given the emerging role of RNA molecules in recruiting
various protein complexes to chromatin (33), we sought to
test whether KDM4D interaction with RNA is required
for its association with chromatin. Initially, we showed us-
ing biochemical fractionation that KDM4D is enriched at
the chromatin-bound fraction (Figure 6A). Next, to address
whether RNA molecules are required for the chromatin lo-
calization of KDM4D, U20S cells were mock or RNase
A treated and subjected to biochemical fractionation us-
ing NP-40 lysis buffer (see materials and methods). Re-
sults show that RNase A treatment severely disrupts the lo-
calization of KDM4D at the NP40-resistant-fraction, sug-
gesting that RNA molecules might be indeed required for
KDM4D association with chromatin (Figure 6B). Similarly,
the chromatin localization of PARP1 was also disrupted
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Figure 6. RNA interactions with KDM4D N-terminal region are critical for KDM4D association with chromatin and for the demethylation of H3K9me3
mark. (A) KDM4D is enriched at the chromatin-bound fraction. U20S cells were subjected to biochemical fractionation as previously described (22).
Samples from the different fractions were resolved and immunoblotted using the indicated antibodies. (B) RNase A treatment disrupts the KDM4D
localization at the NP-40-resistant fraction. Mock and RNase A-treated cells were subjected to biochemical fractionation using NP-40 lysis buffer and
protein samples were resolved and immunoblotted using the indicated antibodies. (C) The chromatin localization of KDM4D is not affected by RNase
H treatment. U20S cells were treated with Mock or RNase H and subjected to biochemical fractionation as described in (B). (D and E) FRAP and
FLIP analyses show that the IH4R-HRK mutations lead to a remarkable increase in the mobility of KDM4D in cells. U20S cells were transfected with
constructs encoding EGFP-KDM4D-WT or EGFP-KDM4D-1H4R-HRK and subjected to FRAP (D) or FLIP (E) assay. In (D) the plot shows the relative
fluorescence intensity over time at the bleached area, normalized to the pre-bleached levels. In (E) the cells were subjected to continuous bleaching in a
particular area and the relative fluorescence at a nearby region was plotted against time. The FRAP and the FLIP results are the averages for 12 different cells
and similar results were obtained in two different experiments. (F) Biochemical fractionation shows that, unlike EGFP-KDM4D-WT, EGFP-KDM4D-
FL-1H4R-HRK lost its association with chromatin. (G) Shows that overexpression of EGFP-KDM4D-FL-1H4R-HRK has no detectable effect on the
overall levels of H3K9me3. U20S-TetON cells were treated with doxycycline for 24 h to induce the expression of EGFP-KDM4D-FL or EGFP-KDM4D-
FL-1H4R-HRK, and protein extracts were prepared using hot-lysis procedure and subjected for western blotting using the indicated antibodies. The
intensities of H3K9me3 bands were normalized against the corresponding H3 signal and the ratios are shown at the bottom of the blot. (H) Representative
cells showing that EGFP-KDM4D-FL-1H4R-HRK is unable to demethylate H3K9me3 mark (red). Cells were transfected with constructs encoding
either EGFP-KDM4D-WT or EGFP-KDM4D-1H4R-HRK mutant (green) and subjected to immunofluorescence analysis. Nuclei were stained with
DAPI (blue). These results are typical of 3 independent experiments and at least 30 different cells were acquired each time. White arrowheads indicate
cell transfected with EGFP-KDM4D-WT (top) and EGFP-KDM4D-FL-1H4R-HRK mutant (bottom). C: cytoplasmic; N: nuclear soluble fraction; Chr:
chromatin-bound fraction.
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in RNase A-treated cells (Figure 6B). This result is con-
sistent with previous report showing that noncoding RNA
(ncRNA) molecules mediate PARP1 association with chro-
matin (34). On the other hand, the localization of histone
H3 and EGFRI1, a known chromatin-bound protein were
not affected by RNase A treatment, suggesting that RNase
A treatment has no global disruptive effect on the local-
ization of chromatin proteins (Figure 6B). To get further
insight on the identity of the RNA molecules that might
regulate KDM4D localization to chromatin, U20S cells
were treated with RNase H, which specifically cleaves RNA-
DNA duplexes. We observed that, unlike RNase A, RNase
H treatment has no detectable effect on the chromatin lo-
calization of KDM4D (Figure 6C). This result suggests that
RNA molecules that form a duplex with DNA are not in-
volved in KDM4D chromatin localization.

The effect of RNase A treatment on KDM4D localiza-
tion indicates that RNA molecules might be required for
KDM4D association with chromatin. To further substanti-
ate this observation, we applied interventional microscopy
techniques to measure the mobility of KDM4D-FL-1H4R-
HRK mutant. U20S cells were transfected with con-
structs encoding either EGFP-KDM4D-FL-1H4R-HRK
or EGFP-KDM4D-FL-WT and subjected to Fluorescence
Recovery After Photobleaching (FRAP) assay, where we
recorded the recovery of fluorescence signal in the bleached
area by time-lapse imaging. FRAP shows that ~40%
of EGFP-KDM4D-FL-WT molecules are immobile with
halftime of recovery t;,, = 2.5 s (Figure 6D). This result is
in line with our previous findings, showing that KDM4D is
enriched at the chromatin bound fraction (Figure 6A). In
contrast, EGFP-KDM4D-FL-1H4R-HRK is highly mo-
bile as less than 10% of the molecules are immobile and
show a remarkable faster recovery of the fluorescence signal
with t,, = 0.6 s (Figure 6D). To further validate the mo-
bilization of EGFP-KDM4D-FL-1H4R-HRK mutant, we
used a complementary approach called Fluorescence Loss
In Photobleaching (FLIP), which can detect more accu-
rately the exchange of high mobility molecules. In FLIP,
the cells are exposed to continuous bleaching and the rate
of fluorescence loss is measured in a nearby region of the
bleached area. Results show that the rate of fluorescence
loss of KDM4D-FL-1H4R-HRK mutant is much faster
than KDM4D-FL-WT and only 9% of the fluorescence sig-
nal of EGFP-KDM4D-FL-1H4R-HRK remains after 67
bleach pulses comparing to 43% of EGFP-KDM4D-FL-
WT (Figure 6E). Collectively, these observations strongly
suggest that the mobilization of the defective RNA bind-
ing KDM4D-FL-1H4R-HRK mutant results from its in-
ability to bind chromatin. Indeed, biochemical fractiona-
tion shows a dramatic decrease in the levels of KDM4D-
FL-1H4R-HRK mutant at the chromatin-bound fraction
(Figure 6F). This observation further confirms the defec-
tive association of KDM4D-FL-1H4R-HRK mutant with
chromatin.

Next, we wanted to address whether the inability of
KDM4D-FL-1H4R-HRK mutant to bind chromatin af-
fects its ability to demethylate histones in vivo. Toward
this, cells expressing KDM4D-FL-WT and KDM4D-FL-
1H4R-HRK mutant were subjected to western blot and
immunofluorescence analysis and stained with H3K9me3

antibody. Results demonstrate that overexpression of
EGFP-KDM4D-FL-1H4R-HRK mutant has no effect
on H3K9me3 levels. On the other hand, cells express-
ing KDM4D-FL-WT protein show a dramatic decrease in
H3K9me3 intensity (Figure 6G and H). These observations
suggest that the RNA-dependent association of KDM4D
with chromatin is critical for demethylating H3K9me3 on
chromatin.

We show here, for the first time, that the JmjC-
containing demethylase, KDM4D, is an RBP. We mapped
the RNA binding regions and demonstrated that KDM4D
N-terminal-RNA interaction is critical for its association
with chromatin and for its in vivo H3K9me3 demethyla-
tion. Future studies will be required to decipher the bio-
logical significance of the interactions between KDM4D
C-terminal region and RNA and to identify whether the
RNA sequences that bind KDM4D in vivo are specific
or non-specific. Noticeably, EMSA experiments (e.g. Fig-
ure 1G) show that the addition of increasing amounts
of KDM4D protein results in the appearance of multi-
ple shifted bands of KDM4D-RNA complexes, which cor-
respond most likely to the binding of multiple KDM4D
molecules to one molecule of RNA. The appearance of mul-
tiple retarded bands was reported for several known RNA
binding proteins such as, hnRNP F, Fox-1 and ZNF180ZF
(35), SCML2 (36) and hnRNPK (37).

Given that some of KDM4D residues that mediate its
interaction with RNA are conserved across the JmjC-
containing demethylases, we propose that other KDM pro-
teins are recruited to chromatin by similar mechanisms. In
this regard, it should be noted that according to the cata-
log of somatic mutations in cancer (http://www.sanger.ac.
uk/cosmic), four of the residues that mediate KDM4D-
RNA interactions, arginine-123, arginine-225, arginine-222
and lysine 127 are mutated in lung, esophagus and large in-
testine carcinomas. Interestingly, the aforementioned muta-
tions might disrupt other activities of KDM4D. For exam-
ple, we have recently shown that KDM4D is recruited to
DNA breakage sites in a PARP1-dependent manner (14).
Follow-up studies will be needed to knock in 1H4R-HRK
mutations into the endogenous KDM4D gene and assess
their effect on KDM4D recruitment and subsequently on
double-strand breaks repair.

Our findings are in line with growing number of evi-
dence implicating RNA molecules in regulating chromatin
structure and organization (33,38,39). For examples, snoR-
NAs interact with Df31 decondensation factor protein to
open the chromatin and promote transcription (25). More-
over, ncRNA interacts with chromatin remodeling com-
plexes such as SWI/SNF to induce transcriptional silenc-
ing (40). Interestingly, ncRNAs play a central role in mod-
ulating histone methylation. For instance, Xist ncRNA
recruits PRC2 repressive complex that promotes H3K27
methylation to silence X chromosome (41,42). The Air
ncRNA promotes H3K9me3 by recruiting G9a methyl-
transferase to its genomic binding sites (43). Furthermore,
it was shown that HOTAIR ncRNA binds PRC2, known
to drive H3K27 methylation, and LSDI1, capable of cat-
alyzing H3K4 demethylation (44). Finally, by showing that
the disruption of KDM4D-RNA interactions inhibits the
demethylation of H3K9me3 by KDM4D, we hereby pro-
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vide a novel avenue for developing small molecules inhibitor
that target KDM4D catalytic activity in cancer driven by
KDM4D amplification.
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