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Abstract

The histone H3 N-terminal protein domain (N-tail) is regulated by
multiple posttranslational modifications, including methylation,
acetylation, phosphorylation, and by proteolytic cleavage.
However, the mechanism underlying H3 N-tail proteolytic cleavage
is largely elusive. Here, we report that JM)D5, a Jumonji C (JmjC)
domain-containing protein, is a Cathepsin L-type protease that
mediates histone H3 N-tail proteolytic cleavage under stress condi-
tions that cause a DNA damage response. JM)D5 clips the H3 N-tail
at the carboxyl side of monomethyl-lysine (Kme1l) residues. In vitro
H3 peptide digestion reveals that JM)D5 exclusively cleaves Kmel
H3 peptides, while little or no cleavage effect of JMJD5 on
dimethyl-lysine (Kme2), trimethyl-lysine (Kme3), or unmethyl-
lysine (KmeO) H3 peptides is observed. Although H3 Kmel peptides
of K4, K9, K27, and K36 can all be cleaved by JMJD5 in vitro, K9 of
H3 is the major cleavage site in vivo, and H3.3 is the major H3
target of JM)D5 cleavage. Cleavage is enhanced at gene promoters
bound and repressed by JM)D5 suggesting a role for H3 N-tail
cleavage in gene expression regulation.
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Introduction

In all eukaryotes, DNA is tightly associated with histone proteins in
order to form chromatin, of which the fundamental subunit is the
nucleosome [1]. Histone proteins are subjected to a large number
and variety of small chemical group modifications, such as methyl

and acetyl groups and, together with DNA methylation, have a
central role in regulating gene transcriptions [2].

A histone molecule can be divided into two distinct regions: a
carboxy terminus that organizes DNA on the surface of each unit of
the nucleosome, and a flexible amino terminus called the N-tail,
which spread out from the nucleosome. The histone H3 N-terminal
region is a flexible tail, which bears residues, with their side chains,
that can be methylated, acetylated, and phosphorylated by different
nuclear enzymes. Through these side-chain posttranslational modifi-
cations, the H3 N-tail contacts with other histones or transcription
machinery to regulate chromatin folding, gene expression, DNA
repair, and cell cycle regulation [3,4].

There is evidence that histone turnover is regulated by prote-
olytic activities. An histone H2A-specific protease activity during
granulocyte differentiation removes a pentadecapeptide from H2A
C-terminus region, cutting between V114 and L115 [5]. The result-
ing H2A-H2B dimer has a reduced affinity for the H3-H4 tetramer,
destabilizing the whole nucleosome. This function may contribute
to a more “open” chromatin, facilitating gene transcription or DNA
replication. Likewise, H3 N-tail modifications also include cleavage
of its peptide bond at different sites and emerging evidences reveal
that H3 N-tail cleavage differs from H3 protein turnover [6]. Histone
H3 N-terminal region proteolytic cleavage by Cathepsin L has been
shown to be required during early differentiation of mouse embry-
onic stem cell (mESC) [7,8]. Similar clipping events of H3 associated
with other cellular processes including viral infection [9,10], aging
[11,12], and yeast sporulation [13] have also been reported. Addi-
tionally, H3 protease activity was also found in chicken liver and
Tetrahymena micronuclei [14-17]. Therefore, H3 N-tail cleavage
sweeps away various kinds of N-tail histone modifications and
serves as one of the posttranslational modifications in response to
environmental changes [18].

Although the molecular consequences of any histone clipping
event are yet to be defined, histone cleavage seem to suggest an
evolutionary conserved process. So far, several cytoplasm or
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nuclear enzymes have been identified to contain histone H3 cleavage
activity, such as Cathepsin L, which cleaves histone H3 between A21
and T22 to create a new N-terminus starting at residue T22, Gluta-
mate dehydrogenase and endopeptidase PRB1, which cleaves
between K23 and A24 in vivo or in vitro to create a new N-terminus
starting at residue A24, and MMP-9, which cleaves between K18 and
Q19 to create a new N-terminus starting at residue Q19 [6,7,19-22].

JMJDS, a Jumonji C (JmjC) domain-containing protein, was
reported to be responsible for gene transcription regulation through
its histone H3 lysine 36 dimethylation (H3K36me2) demethylase
activity [23-25] and to regulate osteoclastogenesis with its hydroxy-
lase activity [26]. Jmjd5 plays an important role in several biological
processes, such as embryogenesis [23,24], circadian rhythms [27],
pluripotency of stem cells [28], cancer cell proliferation [25], and
glucose metabolism [29].

We report here that change of cell stress conditions also leads to
histone H3 N-tail proteolytic cleavage at the carboxyl side of
monomethylated lysine 9 (mMK9) by JMJD5. JMJD5 binds to gene
promoters and cleaves H3 N-tail; therefore, JMJDS cleavage activity
may play a role in gene transcription regulation.

Results

Appearance of a modified histone H3 is correlated with JM)D5
expression under the stressed conditions

Using antibody against H3 C-terminal region (C-terminal 10-20 resi-
dues) or antibodies against H3K27mel, H3K27me2, and H3K36mel,
a weak faster-migrating band was often detected in cells grown
under the normal conditions, and expression of this protein band
could be enhanced by serum starvation or TdR double block and
release (Figs 1A and B, and EV1A-C). Interestingly, expression level
of JMJDS, a Jumonji C (JmjC) domain-containing protein responsi-
ble for H3K36me2 histone demethylation [24,25], was elevated by
serum starvation or TdR double block and release (Figs 1B and C,
and EV1B and C), suggesting a correlation between induction of
JMJDS and appearance of fast-migrating band. The faster-migrating
species was recognized by the antibodies recognizing H3K27mel,
H3K27me2, or H3 C-terminal region but not by the antibodies recog-
nizing H3K9mel, H3K9me2, or H3K4mel (Figs 1A and B, and
EV1B), suggesting this species represents a form of modified histone
H3 and probably lacks those common K9-tail modifications. A simi-
lar pattern of H3 faster-migrating species induction was detected in
both acid-extracted histones (Fig 1B) and whole cell extracts
(Fig EV1B). Induction of this faster-migrating species and expres-
sion of JMJDS gradually decreased after cells were released from
serum starvation and cultured in fresh medium for longer time
(Fig EV1D). Moreover, UV treatment or addition of DNA damage
reagents to cultured cells, such as Camptothecin (CPT) and Etopo-
side (ETO), which arrest cells at different cell cycle phase, also
induced expression of JMJDS and H3 faster-migrating species
(Fig EV1E and F). Note that induction of this H3 faster-migrating
species is independent of senescence, as only ETO treatment of cells
induced senescence (Fig EV1E). Consistent with previous reports
[30-32], serum starvation or TdR double block and release, but not
G2 phase inhibitor RO-3306, induced phosphorylation of H2AX at
Ser 139 (yH2AX), a marker of DNA damage response [33]

EMBO reports Vol 18 | No 12 | 2017

JMJDS cleaves monomethylated H3 N-tail  Jing Shen et al

(Fig EV1G). These results suggested that DNA damage response,
but not cell cycle arrest itself, induced expression of JMJD5 and H3
faster-migrating species. Immunostaining revealed that, in cells
expressing ectopic JMJDS, level of H3K9mel or H3K9me2 to a lesser
extent but not H3K9me3 and H3K27mel was affected (Figs 1D and
EV1H). The numbers of Myc-JMJDS transfected cells detected with
H3K9mel intensity reduction was significantly higher than those
with other sites based upon three independent experiments (Fig 1E).
These results indicated that N-tail of histone H3 might undergo
methylation-dependent proteolysis, which correlated with the induc-
tion of JMJDS expression under stressed conditions.

JmjC domain is for JM)D5 dimerization and modular H3
N-tail docking

JMJIDS5 can be divided into the N-terminal helical domain and a
C-terminal JmjC domain [34] (Fig 2A). The JmjC domain was previ-
ously demonstrated as the catalytic domain for H3 demethylation
[34]. To investigate whether JMJD5 was involved in H3 N-tail
manipulation, we constructed the N-terminal domain (1-270), the
JmjC domain (271-416), and full-length JMJD5 (1-416) in
glutathione S-transferase (GST) recombinant form (Fig 2A). These
GST-JMJDS protein variants prepared from bacteria were incubated
with H3 proteins isolated from HeLa cells. As shown in Fig 2B, GST-
JMJDS indeed interacted with histone H3. Intriguingly, the C-term-
inal JmjC domain rather than the N-terminal helical domain
retained the major H3 binding activity (Fig 2B).

To identify the residue(s) responsible for histone H3 binding, we
introduced mutations into the JmjC domain. JMJD5 with the puta-
tive o-ketoglutarate (¢-KG) binding site mutation [34] (R335K—
A335A) largely lost its interaction with H3, whereas JMJD5 with
Fe** binding site mutation (H321QD—A321QA) or Cathepsin L light
chain-like positive motif mutation (KY398WH—KA398AA) retained
the capability for H3 association (Fig 2C). Notably, histone H3 bears
four “RK” motifs, three of which are RK9S, RK18Q, and RK27S
located in the N-tail. To test whether the histone H3 N-tail provided
the modular binding for JMJD5, Myc-tagged histone H3 with S10—
A substitution, as well as Myc-tagged H3 with T3—»A, K9—R, or
K27-5R substitution, was cotransfected with Flag-JMJDS in 293T
cells. Immunoprecipitation with Flag-JMJDS revealed that histone
H3 with the S10—-A or T3—A, or K9—R mutation greatly reduced
its binding with JMJD5 (Fig 2D), suggesting that residues T3, S10,
and K9 in histone H3 are important for interaction between H3 and
JMIDS.

The JmjC domains of JMJD6 interacted with each other during
JMJD6 homodimerization [35]. We incubated GST-JMJDS JmjC
domain with Myc-tagged full-length JMJDS5, JmjC domain, or
N-terminal helical domain. A strong interaction between two JmjC
domains with different tags was detected, suggesting JMJD5 prefer-
entially underwent a cis-homodimerization between two monomers
through its C-terminal JmjC domain (Fig 2E). In addition, endoge-
nous JMJD5 dimerization was stabilized in A549 cells treated with
bis-maleimidohexane (BMH) a cross-linking reagent (Fig 2F).

JMJD5 is a Cathepsin L-type protease for H3 N-tail cleavage

The histone H3 N-tail can be hydrolyzed by lysosomal cysteine
protease Cathepsin L, which cleaves dibasic and monobasic

© 2017 The Authors
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Figure 1. Induction of histone H3 N-tail proteolysis correlates with JM)JD5 expression under stressed conditions.

A

HeLa cells were double-blocked with TdR and released into fresh medium for indicated times. Western blots were performed with specific antibodies as indicated.
GAPDH is used as protein loading control. Data shown are representative of three independent experiments.

After serum starvation for 42 h, Hela cells were released into fresh medium for indicated times. Acid-extracted histones were analyzed with indicated H3 antibodies.
JM)D5 induction was analyzed in whole cell extracts in Western blot (left panel). The bars and error bars shown in right panel represent mean + SEM; n = 3 of
densitometry analysis of three independent experiments for indicated induction of JMJD5 and faster-migrating band detected with H3K27me2 or H3 C-term antibody.
A549 cells were double-blocked with TdR and released into fresh medium for indicated times. Western blots were performed with specific antibodies as indicated.
Data shown are representative of three independent experiments.

Hela cells were transfected with Myc-JMJD5, and immunostaining was performed to show H3K9mel, H3K9me2, H3K9me3, or H3K27me1l (red), and ectopic JMJD5
(green). Nuclei were stained with DAPI (blue). The scale bar represents 10 um. Grey arrows indicate cells transfected with Myc-JM)D5. Data shown are representative
of three independent experiments.

In Hela cells transfected with JM]D5, the percentage of cells with the intensity reduction in H3 K9, K27, and K36 methylation were plotted as mean + SEM; n = 3 of
three independent experiments.

Data information: Red arrow points to fast-migrating band detected by indicated antibody.

processing sites [7,36]. Protein 3D structural alignment revealed that H276 of Cathepsin L1 locates spatially near the active site H321 of
JmjC domain of JMJDS and Cathepsin L1 catalytic domain shared a JMJDS (Fig 3A) [25,37]. For both JMJDS5 and Cathepsin L, their
similar structural orientation (Fig 3A). Importantly, the active site N-helical regions represent the regulatory domains and their

© 2017 The Authors EMBO reports Vol 18 | No 12 | 2017
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Figure 2. The JmjC domain is necessary for JMJD5 dimerization and modular H3 N-tail docking.

A Schematic representation of full length (FL), helical N-terminal domain (ND), and C-terminal JmjC domain (CD-1) of JM)D5 tagged with GST.

B Bacterial purified GST control (mock), GST-JM]D5-FL, GST-JMJD5-ND, or GST-JMJD5-CD-1 proteins were incubated with histone H3 prepared from HeLa cells. GST-
JMJD5 and GST-JM)DS precipitated H3 were analyzed with anti-GST and anti-H3 C-term antibodies, respectively.

C GST-JMJD5-CD1, wild type (WT) or variants with different point mutations as indicated, was incubated with purified H3 histones. GST-JM|D5-CD1 precipitates were

analyzed with anti-GST and anti-H3 C-term antibodies, respectively.

D Different Myc-H3 variants were cotransfected with Flag-JM|D5. Anti-Flag immunoprecipitates were analyzed for co-immunoprecipitates with anti-Myc antibody in

Western blot.

E GST-JMJD5-CD-1 was incubated with whole cell lysates prepared from 293T cells transfected with empty vector (EV) or Myc-tagged JM)D5 (FL, CD-1, and ND) as
indicated. GST-JM)D5-CD-1 was stained with Ponceau S. GST protein precipitates were subjected to anti-Myc blotting.
F  A549 cells were serum-starved for 48 h followed by releasing for indicated times, and then cells were treated with DMSO or 1 mM BMH for 1 h. JM]D5 monomers

and dimers were detected with anti-JMJD5 antibody.

Data information: Data shown are representative of three independent experiments.

C-terminal enzymatic regions extend into a B-sheet conformation
similar to trypsin 1, which was reported to cleave histone tails at
the carboxyl side of lysine or arginine residue, that is, “K-X”, or “R-
X” motifs (X can be any residues; Fig EV2A) [38]. A similar pattern
of histone H3 cleavage was clearly induced by transient transfection
of either JMJDS or Cathepsin L1 (Fig 3B). Pretreatment of the trans-
fectants with cysteine protease inhibitor E64 blocked H3 cleavage
by JMJD5 or by Cathepsin L1 transfection (Fig 3B). While JMJD5
was exclusively nuclear localized (Fig 1D), Cathepsin L, however,
was overall a cytoplasmic protein (Fig EV2B), despite that an
isoform of Cathepsin L devoid of the signal peptide was capable to
locate in nuclei [36,39]. Serum starvation/releasing induced histone
H3 cleavage was dramatically reduced or even completely blocked
by JMJDS depletion with JMJD5-specific siRNA but not with the

EMBO reports Vol 18 | No 12 | 2017

control siRNA in A549 cells (Fig 3C) or HeLa cells (Fig EV2C). In
contrast, depletion of Cathepsin L or trypsin showed no apparent
effect on H3 cleavage in A549 cells (Fig 3D). Therefore, JMJDS is
apparently the nuclear protease responsible for histone H3 N-tail
cleavage under stressed conditions.

Total histone proteins purified from HeLa cells were then incu-
bated with or without His-JMJD5 prepared from bacteria under dif-
ferent in vitro cleavage conditions. The faster-migrating H3 species
was detected only when bacterial His-JMJDS5 from bacteria (Figs 3E
and EV2E) or Flag-JMJD5 from 293T cells (Fig EV2D) was
presented. Level of faster-migrating H3 species gradually increased
after incubation with His-JMJDS for longer time (Fig 3F). We did
not detect any faster-migrating species from other core histones
under same experimental condition (Fig EV2F). Although

© 2017 The Authors
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Figure 3.

exogenous addition of a-ketoglutarate and/or Fe’* had a modest
effect on H3 digestion, the overt negative effect of EDTA on H3
digestion (Fig 3E) supported an indispensable cofactor role of Fe?*
in JMJDS enzymatic activity during H3 N-tail cleavage. H3 cleavage
by JMJDS in vitro was further confirmed by using K9-monomethy-
lated H3 as the substrate and this JMJDS cleavage activity was
completely abolished by treating with E64 (Fig 3G). To test whether
other core histones, such as H2A, H2B, and H4, are substrates of

© 2017 The Authors

JMIDS in vivo, cell lysates transfected with Myc-JMJDS were blotted
with antibodies that targeting C-terminal region of those histones
and result showed that only endogenous histone H3 is targeted by
JMJDS (Fig EV2G). Of three histone H3 variants, H3.3 is most effi-
ciently cleaved by JMJDS (Fig EV2H). Next, chromatin was
extracted from JMJDS transfected cells and subjected to blot with
H3 C-terminal antibody, and result showed that chromatin-bound
histone H3 is also cleaved by JMJDS (Fig EV2I). Interestingly, of six

EMBO reports Vol 18 | No 12 | 2017 2135
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Figure 3. JMJD5 is a Cathepsin L-type protease for H3 N-tail cleavage.
A

JMJDS cleaves monomethylated H3 N-tail  Jing Shen et al

PDB file for CTSL (2xu3) and JM|D5 (4gjz) was downloaded from RCSB protein data bank. The structure alignment of these two proteins was performed using RCSB

PDB protein comparison tool “Calculate Structure Alignment.” Partial catalytic domain of CTSL: 146-330aa and partial JmjC domain of JM)D5: 305-405aa were chosen
for structural comparison. Amino acids marked by different colors means they are aligned with each other in 3D structure.

indicated antibodies.

for indicated times. Western blot was performed with indicated antibodies.

In A549 cells transfected with JM|D5 or Cathepsin L1, H3 N-tail cleavage was blocked by treating the cells with E64. The faster-migrating H3 was detected with
A549 cells were transfected with control (CTL) siRNA or JMJD5 siRNA-1 or JM]D5 siRNA-2. After serum starvation for 24 h, the cells were released into fresh medium

AS549 cells were transfected with control siRNA, or siRNA against Cathepsin L, JMJD5, or trypsin. Western blot was performed with indicated antibodies.
JMJDS5 proteolytically processed H3 in vitro. Bacterial purified His-JM]D5 was incubated with histone H3 purified from Hela cells in the buffer with different chemicals

as indicated. Full-length H3 and H3 cleavage species were analyzed in Western blot with indicated antibodies. “a-keto” represents “a-ketoglutarate”.
F Bacterial purified His-JMJD5 was incubated with histone H3 purified from HeLa cells as in (E) for different time. Full-length H3 and H3 cleavage species were analyzed

in Western blot with indicated antibodies.

analyzed with anti-H3 antibody (C-terminal) in Western blot.

K9mel-H3 was incubated with bacterial purified His-JM]D5 in reaction buffer in the presence of absence of E64. Full-length H3 and H3 cleavage species were

Data information: (B—GC) Red arrow points to cleaved histone H3. Data shown are representative of three independent experiments.

Source data are available online for this figure.

JmjC-containing proteins, JMJD4 also showed a much weaker H3
N-tail cleavage activity compared to JIMJD5 (Fig EV2J).

JMJD5 preferentially cleaves monomethyl-lysine H3 peptides
in vitro

To verify that histone H3 N-tail cleavage was methylation-
dependent and identify its cleavage site, synthetic methyl-peptides
of H3-K4, H3-K9, H3-K27, and H3-K36 sequences with N-terminal
cysteine were used as substrates for JMJDS in vitro digestion
analysis (Figs 4A-D and EV3A-C). Mass spectrometric analysis of
in vitro peptide cleavages revealed that JMJD5 clipped all mono-
methyl-peptides at the carboxyl side of K4mel, K9mel, K27mel,
and K36mel residues (Figs 4B and EV3A-C). Monomer and/or
dimer cleavage products were observed. Cleavage efficiency by
JMJID5 on K9mel was not affected by increasing the length of

synthetic peptides (Fig EV4H). However, JMJDS failed to cleave
unmethyl-K-, Kme2-, or Kme3 peptide with the exception of a
modest cleavage effect on K9me2 peptide (Figs 4A, C and D, and
EV4A-F). Although R335K336 sites were critical for JMJDS to
interact with H3 as shown in Fig 2C, JMJD5-R335K336A variant
could still catalyze K27mel peptide digestion with reduced effi-
ciency (Fig EV3C). JMJD5 showed no cleavage effect on R2-mono-
methylated H3 (H3 mMR2) peptide (Fig EV4G). Another His-
tagged recombinant protein ribonucleoside-diphosphate reductase
M2 subunit (RRM2) prepared under the same conditions failed to
cleave monomethylated H3 peptides (Fig EV4I). It is worth to
emphasize that no any JMJD5-inducible monomethyl (-14 Dalton),
dimethyl (-28 Dalton), or trimethyl (-42 Dalton) mass change of
H3 peptides was detected in our extensive mass spectrometric
analysis. Thus, the results of in vitro peptide digestion further
support the trypsin-like proteolytic activity of JMJD5 in clipping
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Figure 4. JM)D5 predominantly cleaves H3K9me1/2 peptides.

Peptide: H3K9me3, QTARKSTGGC

A-D MALDI-TOF mass spectra of H3 peptides cleaved by |M|D5 in vitro. Data shown are representative of three independent experiments.
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specifically the carboxyl side of monomethylated lysine residues of
histone H3.

JMJDS5 catalytic domain is responsible for H3 cleavage between
monomethyl-K9 and S10

We then examined JMJD5 on histone H3 N-terminal digestion in
cells. Although a basal level of H3 cleavage was sometime observed
with anti-H3 C-terminal antibody (Fig 5A), overexpression of JMJD5
increased H3 N-terminal cleavage in either whole cell extracts
(Fig 5A) or in acid-extracted H3 proteins (Fig EV5A). Next, histone
H3 N-terminal cleavage in HeLa cells was systemically analyzed
with an array of antibodies against different sites and posttransla-
tional modifications in the H3. The fast-migrating H3 species was
detected by anti-pS10-H3 and all antibodies for those sites between
S10 and K79 in addition to anti-C-terminal H3, which binds to last
10-20 amino acids of C-terminus of H3 (Figs 5A and EV5A). In
contrast, none of the antibodies against those different types of post-
translational modifications between N-terminal K4 and K9 detected
the fast-migrating H3 (Fig 5A). A similar H3 cleavage pattern by
overexpression of JMJDS was obtained in A549 cells (Fig EV5B). H3
faster-migrating species from either HeLa cells transfected with
JMJD5 or incubation of purified H3 with JMJD5 were separated in a
15% gel and trypsinized for subsequent mass spectrometry analysis.
The peptides recovered from the mass spectrometry supported the
notion that JMJDS5 only cleaved histone H3 within the N-tail
upstream of K27, most likely between K9 and S10 (Table EV1).
When histone H3 N-tail mutants were tested for digestion by JMJD5
in 293T cells, both H3 wild type and H3 K4R mutant could be
effectively digested by transient transfection of JMJDS5 (Fig 5B). In
contrast, both H3 K9R and to a lesser extent H3 S10A mutants were
resistant to JMJD5 digestion (Fig 5B). To better verify H3 N-tail
cleavage site by JMJD5, an antibody H3KS was generated commer-
cially to recognize the primary site of H3 N-tail cleavage between
residue K9 and S10 with high specificity (Fig EVS5C). We then
used this antibody H3KS to immunoblot samples in previous experi-
ments (Figs 1B and C, 5A, EVID, E and F, and EV2J). Results
showed that those faster-migrating H3 sub-band can also be recog-
nized by H3KS antibody. Collectively, these results indicated that
JMIJDS cleaved H3 N-tail between K9 and S10 residues in cells.
Compared with wild-type JMJD5, JMJD5 mutants (H321QD—
AQA, Y398WH—AAA, and R335K—AA) all failed to increase H3
cleavage when they were overexpressed in HeLa cells (Fig 5C), even
though they may have the potential to digest methyl-peptide in vitro
(Fig EV3C). The JMJD5 N-terminal domain alone functioned domi-
nant negatively on histone H3 N-tail cleavage for overexpression of
this domain dramatically reduced the basal H3 cleavage level in
HeLa cells (Fig 5C). This dominant negative effect in H3 N-tail
cleavage was N-terminal domain level-dependent (Fig 5D), suggest-
ing its interaction with the C-terminal JmjC domain, though weak
(Fig 2E), inhibited the proteolytic activity of JMJDS. Sharing struc-
tural homology with Cathepsin L1 light chain (critical for its prote-
olytic activity) as well as trypsin to certain degree (Figs 3A and
EV2A), the JmjC domain of JMJD5 (CD-1) was most likely for
histone H3 N-tail cleavage. In order to further confirm the catalytic
domain of JMJDS responsible for H3 digestion, a series of domain
deletion constructs in addition to the CD-1 (JmjC) and ND were
prepared (Fig EV5D). In HeLa cells, the digestive effect of CD-1 on
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H3 N-tail was not conclusive presumably due to a relatively high H3
cleavage background in HeLa cells (Fig 5C). In A549 cells that bear
a relatively low H3 cleavage background, increased H3 faster migra-
tion species was detected with CD-1 transient transfection (Fig SE).
This indicates that the JmjC domain of JMJDS is the catalytic
domain responsible for histone H3 N-tail digestion.

Regulation of H3 N-tail dependent transcription by JM)D5
cleavage activity

Histone H3 N-tail methylation and demethylation are involved in
gene activation and silencing regulation [3]. High levels of
H3K4mel and H3K9mel were detected in active promoters
surrounding transcription start sites, suggesting their roles in tran-
scriptional activation [40]. JMJDS was reported to be a putative
tumor suppressor and reduced expression of JMJD5 was noted in
lung cancer tissues [41]. In A549 cells, JMJDS overexpression
suppressed those genes including statl and stat4 with H3K4mel or
H3K9mel in their promoters for expression (Fig 6A) [40]. In
contrast, JMJD5-ND, the dominant negative form, failed to inhibit
H3K4mel- and H3K9mel-dependent gene regulation (Fig 6A). Both
full-length JMJDS and JMJD5-ND were expressed at similar level
(Fig 6A, lower panel). To confirm above results, we performed
chromatin immunoprecipitation (ChIP) assay. Full-length JMJD5
but not JMJD5-ND greatly reduced histone H3K9mel association
with promoters of those genes involved in cell cycle or growth/
survival (Fig 6B, upper panel). In contrast, JMJDS overexpression
showed no effect on H3K9me3 association with the same promoters
(Fig 6B, lower panel). Importantly, ChIP assay by using H3KS anti-
body and Flag antibody showed that level of N-terminal cleaved H3
was enhanced at those gene promoters, where exogenous Flag-
tagged JMJD5 was also enriched, suggesting a positive correlation
between occupation of JMJDS5 and cleavage of H3 N-tail at specific
gene promoters (Fig 6C). These results have thus established the
role of JMJDS as a specific histone H3 protease in H3 monomethyl-
N-tail activity regulation involved in gene expression.

Discussion

Limited proteolysis of nuclear proteins is an important means of
regulating transcription and other cell processes [39,42]. Histone
cleavage was first reported several decades ago [43,44]. However,
histone cleavage was not come into epigenetic landscape until
recently with the discovery of transient histone H3 clipping in dif-
ferentiating mESC [19] and sporulating yeast [13]. By histone H3 N-
tail clipping, multiple H3 posttranslational modification (PTM)
marks including methylation, acetylation, and phosphorylation are
simultaneously removed from the N-tail of histone H3 in mouse and
yeast cells, respectively. This mechanism involves enzymatic cleav-
age of the first 21 amino-acid residues at the N-terminus of H3, thus
sweeping away en masse all modifications present in this region.

In mammalian cells, histone H3 N-tail cleavage is initiated under
various conditions, such as mouse ESC differentiation, osteoclasto-
genesis, and senescence [7,8,22]; especially, histone H3 N-tail cleav-
age between K18 and Q19 is greatly enhanced by K18 acetylation
during mouse osteoclastogenesis [22]. In oncogene-induced senes-
cent cells, however, one histone H3 N-tail cleavage site lies between
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Figure 5. JMJD5 cleaves H3 between K9 and S10.

A
indicated.

EV or Myc-JM)D5 was transiently transfected in Hela cells, and H3 obtained from whole cell lysates was analyzed in Western blot with specific H3 antibodies as

HA-tagged WT, K4R, K9R, and S10A mutation form of H3 were cotransfected with or without Myc-JMJD5 in 293T cells. H3-HA was detected with anti-HA antibody in

Western blot. Myc-immunoprecipitates were blotted with anti-Myc antibody to show Myc-JM|D5 expression.

indicated H3 antibodies. Red asterisk indicates corresponding protein expressed

cells were analyzed with indicated H3 antibodies in Western blot.

Hela cells were transiently transfected with different domains or mutants of JMJD5 as indicated. Whole cell lysates were subjected to Western blotting analysis with

by vector.

The dominant negative effect of JMJD5-ND form on H3 cleavage was examined in Hela cells with increasing amount of Myc-JM]D5-ND. Proteins extracted from these

Full-length |M|D5 and a series of domain deletion constructs of |[M|D5 were transiently transfected in A549 cells. Histone proteins were prepared as above and blotted

with anti-H3K27me2 antibody. J]MDJ5 was blotted with anti-Myc antibody. Red asterisk indicates corresponding protein expressed by vector.

Data information: Red arrow points to cleaved histone H3. Data shown are representative of three independent experiments.

residue A21 and T22, and another one lies between K9 and K14,
though exact clipping site for the latter is not determined [8]. Those
reports suggest that histone H3 N-tail clipping can be initiated at
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different residues on a context dependent manner. We reports here
that histone H3 N-tail is also proteolytically cleaved between the site
K9 and S10 by JMJDS, a Jumonji C (JmjC) domain-containing
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Figure 6. Cleavage activity of JMJD5 modulates N-tail-dependent gene transcription.

A In A549 cells transiently transfected with JM]D5-FL (upper left panel) or JMJD5-ND (upper right panel), the indicated genes were analyzed for their mMRNA expression
by real-time PCR. The values for individual genes were normalized to beta-actin. Data shown represent the mean & SEM; n = 3 of three independent experiments.
One representative full-length |MJD5 or JMJD5-ND protein expression in above samples was analyzed with anti-Myc antibody (lower panel).

B A549 cells were transiently transfected with |MJD5-FL or JMJD5-ND, and the levels of H3K9mel or H3K9me3 on promoter regions of indicated genes were examined by
ChIP assay. IgG was used as a negative control. Data shown are representative of three independent experiments.

C A549 cells were transiently transfected with Flag-JM|D5. ChIP assays were performed using indicated antibodies and primers for promoter regions of indicated genes.
IgG was used as a negative control. Data shown represent mean + SEM; n = 3 of three independent experiments. *P < 0.05; **P < 0.01. P-values were calculated by

a one-tailed paired Student’s t-test using Microsoft Excel.

protein, under the stressed conditions in the cells. This histone H3
N-tail clipping event is a monomethylation-dependent process,
which may represents a novel mechanism by which JmjC domain
proteins regulate histone activity in cells.

Currently, there are more than 30 known mammalian JmjC
domain-encoding genes, and some have been reported to be
involved in cell proliferation by regulating the expression of cell
cycle inhibitors [34]. JMJDS has been reported to be required for the
cell cycle progression through transcriptional regulation of cell cycle-
related genes [24,25,28]. JMJDS is a nuclear protein, and the N-term-
inal domain of JMJDS is necessary for its nuclear localization [45].
Though JMJD5 was originally identified as a histone demethylase for
dimethylated lysine 36 of histone H3 [25], the enzymatic activity of
JMJDS is still controversial. Crystal structure analysis has suggested

© 2017 The Authors

that JMJD5S functions as a protein hydroxylase rather than a histone
demethylase [46,47]. In addition, a recent study has indicated that
JmjdS works as a protein recruiter to translocate the binding protein
into the nucleus [29]. Under the stressed conditions, such as thymi-
dine block and release and DNA damage response, we found that
histone H3 N-tail is cleaved by JMJDS, which is independent of cell
cycle and/or senescence, suggesting JMJDS plays a role in DNA
damage response. Interestingly, JMJDS in C. elegans is important for
DNA damage response and repair by demethylating H3K36me2 [48].
In mammalian cells, however, DNA damage-induced dimethylation
at H3K36 is counteracted by KDM2, suggesting JMJD5 is not a
major demethylase for H3K36me2 under the DNA damage response
in mammals [49]. DNA damage response resulted in reduction in

H3K9mel at the sites of damaged chromosome loci, which is
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achieved by either degradation of methyltransferase G9a or induc-
tion of demethylase such as KDM4B and PHF8 [50-53]. Because
H3K9mel is a preferred substrate for JMIDS clipping activity in our
study, it is possible that cleavage of H3K9mel by JMJD5 may also
contribute to reduction in H3K9mel under DNA damage response.
Furthermore, depletion of JMJD5 in mouse embryo results in
upregulation of p53 gene expression, which is independent of
H3K36me2 level [23]. We observed that overexpression of JMJD5
downregulated p53 mRNA level, which may resulted from reduced
H3K9mel at p53 gene promoter, as active promoter marker
H3K9mel is cleaved by binding of JMJD5 to p53 promoter. Interest-
ingly, we found that histone H3.3 is a major target of JMJD5 cleav-
age activity. H3.3 has been shown to be a clipping substrate of
protease Cathepsin L under condition of oncogene-induced senes-
cence [8]. Like senescence, DNA damage response leads to tran-
scriptional inhibition at some gene promoters [8,54]. As H3.3 is
closely associated with transcriptionally active foci in the cells
[55,56], it is possible that cleavage of H3.3 N-tail at different amino
acids by different protein enzymes may represent a common way
of gene expression regulation under specific stressed conditions.
However, precise molecular mechanisms of JMJD5 functions in
gene expression regulation under specific conditions have not been
fully characterized and are waiting for further investigations.

Our data suggest here that the JmjC domain proteins may have
functions more diverse than previously thought including H3
dMR2 demethylation, U2AF65 lysyl hydroxylation, and recently
discovered mRNA binding [57-59]. Interestingly, JMJD4 also exhi-
bits a much weaker H3 N-tail cleavage activity compared to
JMID5. Both JMJD4 and JMJDS are the only JmjC domain-
containing proteins that have a serine residue in place of the
normal threonine in the first aKG-binding site. As opposed to the
less bulky serine residue, threonine is preferred in forming an
enzymatically competent JmjC domain active site [34]. Notably,
the JmjC domain (101-C) alone without the N-terminal domain of
JMJD5 has been recently reported as a potential H3K36me2
demethylase in breast cancer cells [60], suggesting that the N-term-
inal domain of JMJDS (ND) blocks the JmjC domain to function as
a conventional H3 demethylase. We were also unable to detect any
intrinsic demethylation activity of JMJDS in full length. The JmjC
domain is not only for histone H3 N-tail modular interaction and
JMJD5 homodimerization, but also for the H3 N-tail cleavage.
Moreover, H3 N-tail cleavage by JMIDS is specifically H3 Kmel
dependent. While Cathepsin L1 clips the H3 N-tail between “A21-
T22” and between “K27-S28” in stem cells [7], it was unclear
whether K27 methylation would affect Cathepsin L proteolytic
activity. In S. cerevisiae, however, a trimethylation mark,
H3K4me3, which prevents clipping by the yeast endopeptidase
in vitro, is maintained in chromatin at promoters during gene acti-
vation [61]. This observation supports a mechanism that nucleo-
somes that do not contain K4me3 are marked for H3 cleavage and
subsequent displacement. Our study showed that JMJDS preferred
to clip “K9-S10” site over other Kmel sites in vivo. Given that
JMID5 was able to cleave H3 peptides between “K27-S28” and
between “K36-K37” in vitro, it did not rule out the possibility that
JMJD5 might also cleave these sites of H3 either inefficiently in the
cells we tested or under different yet unknown conditions in vivo.

In summary, histone H3 N-tail cleavage is specifically designated
to counteract H3 N-tail monomethylation, as it eventually depends
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on disassembly of the nucleosome and replacement of the histone
molecule to regenerate an intact unmodified nucleosome. This
process causes loss of a portion of the histone monomethylation
marks. Our data suggest that mammalian cells employ another regu-
lated H3 proteolysis mechanism that may serve to alter epigenetic
signatures made in cells during stress.

Materials and Methods
Antibodies, peptides, and other reagents

Antibodies: Antibody H3KS is commercially generated by Hangzhou
Jucheng Bio-Technology Co. Ltd (China). A 2x branched peptide
corresponding to histone H3 sequence 10-14 was conjugated to
KLH and injected into rabbits. Serum was collected, purified, and
tested for specificity as described in Fig EV5C; anti-K4mel-H3
(Abcam #8895), anti-Kdme2-H3 (Abcam #7766), anti-pT6-H3
(Abcam #14102), anti-K9me0-H3 (Abcam #61251), anti-K9mel-H3
(Abcam #8896), anti-K9me2-H3 (Abcam #1220), anti-K9me3-H3
(Abcam #8898), anti-acK9-H3 (Abcam #4441), anti-pS10-H3 (Abcam
#5176), anti-pT11-H3 (Abcam #5168), anti-K14me2-H3 (Upstate
#07-427), anti-acK14-H3 (Abcam #52946), anti-K27mel-H3 (Upstate
#07-448), anti-K27me2-H3 (Abcam #24684), anti-K36mel-H3
(Abcam #9048), anti-K79me2-H3 (Abcam #3594), anti-H3 C-term-
inal region (Abcam #1791), anti-JMJDS (Abcam #28883), anti-Myc
(Santa Cruz Biotech #40), anti-H2A (CST #12349), anti-H2B (CST
#2934), anti-H4 (Abcam #abl10158), o-GAPDH (MultiSciences
#Mab5079), anti-GST (GenScript #A00865), anti-HA (Santa Cruz
Biotech #7392), Alexa-680 or IRDye-800 goat anti-mouse or -rabbit
secondary antibody (Li-COR).

Peptides: K4mel-H3 peptide (Abcam #1340), K4me2-H3 peptide
(Abcam #7768), K4me3-H3 peptide (Abcam #1342), K9mel-H3
peptide (Abcam #1771), K9me2-H3 peptide (Abcam #1772), K9me3-
H3 peptide (Abcam #1773), K27mel-H3 peptide (Abcam #1780),
K27me2-H3 peptide (Abcam #1781), K27me3-H3 peptide (Abcam
#1782), K36mel-H3 peptide (Abcam #1783), K36me2-H3 peptide
(Abcam #1784), K36me3-H3 peptide (Abcam #1785), and R2mel-H3
peptide (Abcam #1775).

Cathepsin L inhibitor E64 was purchased from Sigma, and Cathepsin
L1 gene was obtained from Addgene (Boston, MA).

Protein purification

JMJIDS5 (NP_079049) was expressed as a GST-tag fusion using the
PGEX-4T3 expression vector or as a His6-tag fusion using the pET-
28b(+) expression vector. All protein coding sequences were veri-
fied by sequencing. Following expression in Rosetta Escherichia coli
at 25°C induced by 1 mM IPTG when the OD reached 0.5-0.6,
proteins were purified using glutathione agarose beads (Amersham
Biosciences) or Ni-NTA beads (Qiagen) according to the manufac-
turer’s instructions.

In vitro H3 N-tail cleavage assay
Acid-extracted H3 from HeLa cells, K9mel H3 purchased from Active

Motif (Carlsbad, CA), or synthetic H3 peptides were incubated with
purified His-tagged JMJDS in buffer (150 mM NacCl, 20 mM Tris-HCl
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pH 8.0, 2 mM ascorbic acid, with or without 1 mM a-ketoglutarate,
20 mM EDTA, and 50 pM (NH4),Fe(S04),) at 37°C for 2-3 h. A total
of 20-50 g of full-length His-tagged JMJD5 was added to the reac-
tions. The reactions were stopped by 2x SDS loading buffer or
desalted using a p-C18 Ziptip. Reaction products were analyzed
either by standard Western blot analysis or mass spectrometry.

Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry

Synthetic peptide substrates derived from H3 were incubated with
purified recombinant JMJD5 protein in demethylation buffer at
37°C. Then, the demethylation products were enriched and desalted
using a p-C18 Ziptip (Millipore) and eluted directly onto a MALDI
plate containing 2 pl of a CHCA (a-cyano-4-hydroxy cinnamic acid)
saturated solution in 50% acetonitrile (ACN) and 0.1% trifluo-
roacetic acid (TFA). MALDI-TOF spectra were acquired on a
Voyager DE Pro mass spectrometer (Applied Biosystem, Foster City,
CA). For histone digestion analysis with mass spectrometry, acid-
extracted H3 prepared from HeLa cells transfected with or without
JMID5 or in vitro digested K9mel-H3 and H3 faster-migrating
species were separated in 12% gel. Selected Coomassie Blue-stained
H3 and H3 fast-migrating species were excised from gels using a
scalpel blade. Excised bands were subjected to tryptic digestion
(trypsin or chymotrypsin). Mass—mass spectrometry was performed
with an Applied Biosystems 4800 Proteomics analyzer.

Cell culture, transfection, and immunostaining experiments

HeLa cells, A549 cells, and human embryonic kidney (HEK) 293T
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
or RPMI medium supplemented with 10% fetal calf serum, peni-
cillin (100 U/ml), and streptomycin (100 pg/ml) at 37°C, 5% CO,.
No mycoplasma contamination was found in cell cultures.

For microscopy, cells were grown to 50-70% confluence on 18 x 18
glass coverslips and transfected with the indicated expression
constructs using Lipofectamine 2000 transfection reagent (Invitro-
gen) or Superfact reagent (Qiagen) according to the manufacturer’s
instructions. After 48 h, cells were washed with cold phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde for 15 min.
The cells were washed three times with PBS and then permeabilized
for 15 min with 0.2% Triton X-100. Then, the samples were blocked
with 1% BSA, stained with antibodies, and visualized using a fluo-
rescence microscope (OLYMPUS).

GST-JM)D5 pull-down and co-immunoprecipitation assays

GST precipitation was carried out by incubating acid-extracted
histones from HeLa cells or whole cell extract from HEK293T cells
expressing Myc-JMJD5 with GST-fusion proteins.

For co-immunoprecipitation assays, HEK293T cells were transfected
with Myc-JMJDS and HA-H3 using Lipofectamine 2000.

3D protein alignment

PDB file for CTSL (2xu3) [62] and JMJDS (4gjz) [46] were down-
loaded from RCSB protein data bank. The structure alignment of
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these two proteins was performed using RCSB PDB protein compar-
ison tool “Calculate Structure Alignment” via Java webstart [63].
Ranges of “Chain A: 1-220” for 2xu3 and “Chain A: 183-416” for
4gjz were chosen for structural comparison, and jCE Circular
Permutation algorithm with default parameters (except that the
penalties for gap open and extension were increased to 6.0 and 0.6)
was applied in this alignment [64].

RNA interference, QRT-PCR, and ChIP assay

For RNA interference, siRNAs were provided by Sigma or Santa Cruz
and transfected according to the manufacturer’s instructions using
Lipofectamine 2000 (Invitrogen). Small interfering RNA against luci-
ferase was used as a control. The siRNA sequences were as follows:
JMJDS siRNA in sense strand, 5-GUGAUCCUGGGCUACUCCUTT-3';
luciferase siRNA (control) in sense strand, 5-CGUACGCGGAAUA
CUUCGATT-3'. Total RNA was prepared using the Qiagen RNeasy kit
and reverse-transcribed using Invitrogen’s First Strand Synthesis kit.
Quantitative PCR was performed in accordance with standard proce-
dures with SYBR Green mix (Takara). The primer sequences used
for JMJDS were 5-CGTGCATGCAGAAGTGGAGT-3’ and 5'-TACCC
GACGTCCCTTGGCTC-3'.

ChIP assay was performed by using Upstate kit (Catalog # 17-
295). JMJD5 transiently transfected A549 cells (1 x 10°) were
washed once with PBS and placed in PBS containing 1%
formaldehyde at 37°C for 10 min to covalently cross-link any
DNA-protein complexes. Cells were lysed in 200 pl of SDS lysis
buffer for 10 min on ice and sonicated for 20 min. The samples
were precleared with 75 pl protein-A/G agarose slurry; 1% of the
precleared chromatin sample was set aside as input DNA.
Immunoprecipitations were prepared with ~1 mg chromatin and
2 ug of antibody (i.e., control IgG, anti-K9mel-H3, or anti-K9me3-
H3). 60 pl protein-A/G agarose slurry was added to each sample
and rotated at 4°C for 2 h. DNA was then purified with spin
columns (QIAquick PCR purification Kkit). Primer sets used in
subsequent qPCR for ChIP are survivin-F: TGGCACCCTGTAAAG
CTCTCC; survivin-R: ATGCCTGTAATCCCAACTACTCG. pS3-F:
GGGCGCAGCAGGTCTTG: p53-R: TCAGTACATGGAAACGTAAG
CCT. c-myc-F: GTGCGTTCTCGGTGTGGAG; c-myc-R: GCTCCCTCT
CAAACCCTCTCC. statl-F: GTCAACTCTGCCCCATGCTT; statl-R:
CCGAGAATCCAGGCAGAGG.

Statistical analysis

An one-tailed paired Student’s t-test was used to calculate P-values
in statistical analysis.

Expanded View for this article is available online.
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