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Dear Editor,

Histone lysine methylations are essential components of the
epigenetic regulatory mechanisms. Although major histone lysine
methylations have been extensively investigated, low-abundance
methylations remain largely elusive. Among the low-abundance
methylations, H3K14me3 has been identified in mammalian cells
upon pathological infection by Legionella pneumophila, a gram-
negative bacterium and causative agent of a severe form of
pneumonia. Global host chromatin H3K14 trimethylation and
transcription repression are mediated by an H3K14 methyltrans-
ferase, regulator of methylation A (RomA) encoded by the
bacterial genome.! Importantly, previous mass spectrometry
studies also suggested the presence of endogenous H3K14
methylations among eukaryotes,”” although these findings have
not been confirmed by independent means. In addition, the
genomic distribution as well as the H3K14me3 regulatory enzymes
have not been identified. Here, using an H3K14me3-specific
antiserum we report the identification of distinct and shared
H3K14me3 distribution patterns in HEK293T and human embryo-
nic stem cells (hESCs), two cell lines with extensive epigenome
profiles allowing cross comparisons with other known histone
marks. H3K14me3 heavily decorates the KRAB-ZNF (Krupple-
associated box containing zinc finger gene) clusters in both
HEK293T and hESC cells but is only strongly associated with active
transcription in HEK293T cells, where it binds thousands of active
promoters. We further profiled H3K14me3 in a mouse melanoma
cell line, B16, and discovered similar distribution features to those
in HEK293T cells. Importantly, we identified members of the KDM4
family of histone demethylases (KDM4A, KDM4B and KDM4C)
as H3K14me3 demethylases. As the KDM4 family members
have been shown to mediate H3K9me3 and H3K36me3 demethy-
lation,® our findings also revealed crosstalks among these
modifications.

To understand H3K14me3 regulation and function, we first
set out to confirm the previous mass spectrometry results
by generating a highly specific antiserum for H3K14me3. We
used a branched peptide (H3 11-20 aa) as antigen, and the
resulting antiserum demonstrated substrate specificity towards
H3K14me3 in various specificity tests (Supplementary informa-
tion, Fig. S1a-e). Using the antiserum, we detected H3K14me3
signals in protein extracts from human and mouse cell lines, and
in calf thymus histones (Supplementary information, Fig. S1f),
and its abundance in HEK293T cells was estimated to be ~ 0.4%
of total histone H3 protein (Supplementary information, Fig. S1qg),
consistent with a recent study.? We then used the antiserum to
profile H3K14me3 genomic distributions in both HEK293T and
hESC cells. In HEK293T cells, we identified 10,393 H3K14me3
peaks, and notably, these binding events were enriched > 5-fold
at the Transcription Start Site (TSS) regions (13.3% vs. 2.3% of
genome average), and moderately enriched over exonic regions

(8.1% vs. 3.2% of genome average) (Fig. 1a). Through systematic
comparisons with other well-studied histone H3 trimethylations,
we found that H3K14me3 co-existed with H3K4me3 at 1,387 TSS
regions, and also identified an association, albeit weak, with
H3K9me3 over the non-TSS regions (Fig. 1b). In contrast,
H3K14me3 and H3K27me3 appeared to be mutually exclusive
(Fig. 1b). Importantly, H3K14me3 was strongly associated
with active transcription (Fig. 1c), and the transcription levels
of genes decorated by H3K14me3 were significantly higher than
the genome average in HEK293T cells (Supplementary informa-
tion, Fig. S2a).

In hESCs, we identified significantly more H3K14me3 peak
regions (22,126), and most of them fell into intergenic regions
(Fig. 1a). The relative intensities of H3K14me3 peaks in hESCs were
much lower compared to the peaks in HEK293T cells, although its
enrichments over KRAB-ZNF genes were comparable between the
two cell lines (Fig. 1d and see below). Further analyses only
identified a modest association of H3K14me3 with H3K9me3 and
H3K36me3 in hESCs (Supplementary information, Fig. S2b), a
pattern very different from that in HEK293T cells. Notably, instead of
enrichment over TSS regions found in HEK293T, H3K14me3 was
generally depleted at TSSs in hESCs (Fig. 1d; Supplementary
information, Fig. S2c). Consistently, we also failed to observe a clear
correlation of H3K14me3 with active transcription in hESCs
(Supplementary information, Fig. S2c), indicating potentially differ-
ential regulation and functions of H3K14me3 in the two cell lines.

We next analyzed H3K14me3-decorated genes in both cell lines,
and identified 6,487 and 3,022 target genes in HEK293T and hESC
cells (Supplementary information, Fig. S3a), respectively. Interest-
ingly, ZNF (Zinc-Finger containing) genes, especially KRAB-ZNF
genes, represent the top functional category of H3K14me3-
decorated genes in both cell lines (Supplementary information,
Fig. S3b). Consistently, among the 1,217 shared target genes in
both cell lines, 383 are ZNF genes (Supplementary information,
Fig. S3¢, significantly enriched). Significantly, H3K14me3 enrich-
ments over KRAB-ZNF gene clusters were also much higher than
other genes (Fig. 1d), which was readily observable even at the
layer of chromosomal view of Chromosome 19 (Supplementary
information, Fig. S3d-e). Of note, chromosome 19 contains most
H3K14me3 target genes since it possesses most KRAB-ZNF gene
clusters in human genome.

To further extend our understanding of H3K14me3, we
performed H3K14me3 ChiIP-seq analyses in a mouse melanoma
cell line, B16 (Supplementary information, Fig. S4a). Our ChIP-seq
identified 10,659 H3K14me3 peaks covering 9,325 genes in the
B16 genome. Interestingly, we found that H3K14me3 in B16 cells
showed similar distribution features to those in HEK293T cells,
including a significant enrichment at promoter regions (23.5%
versus 1.1% as control), positive correlations with transcription, as
well as stronger enrichment over ZNF gene bodies compared to

Received: 12 May 2018 Revised: 20 August 2018 Accepted: 4 September 2018

Published online: 18 October 2018

SPRINGERNATURE

© IBCB, SIBS, CAS 2018


http://crossmark.crossref.org/dialog/?doi=10.1038/s41422-018-0095-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41422-018-0095-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41422-018-0095-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41422-018-0095-6&domain=pdf
www.nature.com/cr
http://www.cell-research.com

KDM4A-C are H3K14me3 demethylases

B. Zhao et al.
a Cc
Correlation between H3K14me3 occupancies
0,
% of Gerioms: HEK203T = HESC and gene expression in HEK293T WB SD70
Genome Control H3K14me3 H3K14me3 o i i ‘ i 5 g g o —=
; i 1 o == @ =5 3
Promoter 2. 18: : ® — High o =
Dol . S Sl §§-3-0' Medium high] £88 8 3¢
0 L — Medium
EXoN 32 Bt 2 Eg o — Medium low H3K14me3 [=—= - |[~ == ==
Intron 35.0 18.0 17.6 2 o 201 _'é‘i’lve"m i H3K9me3 |— __”.-. — —]
; 815 -
Intergenic 59.5 60.6 74.4 E Z . H3K27me3 [w= == _||——.—|
. Eﬂ- 05/ Ponceau | || |
b Heatmap analysis in HEK293T Es Gene body
T = w B B 2° 0 h
E © @ £ £ TSS TES 2
< £ £ © ~ o i 8 Vector
% % % g % gr 2 @ KDM4C
N T £ £ I I d HEK293T hESC £g 151
%g ? i -c.@ 8 ZnF 4| = ZNF %510-
Ex = 8§ 6/ = NonzNF 3 | = Non-zNF Ex 4
= = T 4 2 X
s £ 2
g N~ P E 2 1 NC ZNF134 ZNF134 GAPDH SNRNP40
™M 8 2 3 0 TTS TSS TSS TSS
w = § 0 Gene body Gene body .
co T TSS TES Tss TES 1 © DMSO
o 5 . 8 10uM SD70
‘E. © g 10 8 25uM SD70
£ 2
= = e MALDI-TOF £z
= No Enzyme KDM4A  KDM4C 25
@ L
P 236 3
E‘_ 8 (zego) (me2) 2950 (,?:26) 2050 §
- me
& N mes) (me3) NC  ZNF134 ZNF134 GAPDH SNRNP40
= » = TTS  Tss  Tss  TsS
C~ T At A AR AL sAMNA ..
Y .
< N ] B Vector
e © B 30ng RomA
5 f WB N i B B 15 8 300ng RomA
b= g i
anti:H3K14me3 5 2 2 & 3 ¥g 1 p
Z X X X X =2
o=
Peak Center Colorkey 3
Gars Octamer 1147 o
° = GAPDH PHF14 HOXA5 GNL3 PSDM7

gg 00 02 05 08 1
oo

=
8

-200%

®
8

200

Fig. 1

a Genomic distribution of H3K14me3 ChiP-seq peaks in HEK293T and hESC cells. b Heatmap analysis of the co-occupancy of H3K14me3

and other major histone lysine trimethylations in HEK293T cells. ¢ H3K14me3 ChIP-seq densities are profiled according to the indicated
expression levels of the target genes in HEK293T cells. d Distribution of H3K14me3 over the gene bodies of the ZNF and non-ZNF target genes
in HEK293T (left) and hESC (right) cells. @ MALDI-TOF analyses of KDM4A and 4C activities on H3K14me3 peptides. f Western blot analyses of
KDM4 demethylase activities on the histone H3 and octamer premethylated by RomA. g Western blot analyses of the indicated histone
methylation levels in KDM4A- and KDM4C-overexpresing or SD70-treated HEK293T cells. h, i ChIP-qPCR analyses of H3K14me3 levels at the
selected loci in HEK293T cells with KDM4C overexpression (h) and SD70 treatment (i). TSS: transcription start site, TTS: transcription
termination site, NC: negative control. j ChIP-gPCR analyses of H3K9me3 levels at the selected active gene promoters in RomA-overexpressing
HEK293T cells. All g-PCR data are represented as mean + SD from two biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001, T test

Non-ZNF genes (Supplementary information, Fig. S4b-d). These
findings suggest that H3K14me3 may be subjected to similar
regulations in B16 and HEK293T cells.

We next wished to identify methyltransferases and demethy-
lases of H3K14me3 using a candidate approach (Supplementary
information, Fig. S5a). This approach led to the identification of
KDM4A, 4B and 4 C, which robustly demethylated H3K14me3 to
H3K14me2 on peptide substrates (Fig. 1e; Supplementary
information, Fig. S5b). Interestingly, the closely related family
member, KDM4D, showed no activity under the same assay
conditions (Supplementary information, Fig. S5b). Of note, when
demethylating H3K9me3 and H3K36me3, KDM4 enzymes are
capable of removing one or two methyl groups, resulting in di-
and mono-methylated products® (Supplementary information,
Fig. S5b, right). However, these enzymes could only remove a
single methyl group from H3K14me3 to yield di-methylated
products in vitro (Supplementary information, Fig. S5b, left).
Consistently, these enzymes also showed no activities towards
H3K14me2 peptides (Supplementary information, Fig. S5b, mid-
dle). To further characterize the robustness of H3K14me3
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demethylation mediated by the KDM4 enzymes, we compared
KDMA4C activities towards H3K14me3 and H3K9me3 peptides. As
shown in Supplementary information, Fig. S5¢, KDM4C showed
comparable activities towards H3K14me3 and H3K9me3 peptides
(Kcat[H3K14me3] = 0.019s~', Kcat[H3K9me3] = 0.064 s~ ). Consis-
tently, the substrate Kms were also comparable (Km[H3K14me3] =
1.65 uM and Km[H3K9me3] = 1.03 pM; Supplementary information,
Fig. S5¢). We next utilized RomA to generate H3K14me3-decorated
recombinant histone H3 and octamers, and found that KDM4A/4B/
4C were also active in removing H3K14me3 from these substrates
(Fig. 1f). Again, we found that KDM4A and 4C showed stronger
activities than KDM4B, whereas KDM4D showed no activity (Fig. 1f).
These data further demonstrated that KDM4A, 4B and 4C are
H3K14me3 demethylases in vitro.

To further explore whether KDM4 enzymes regulate H3K14me3
in cells, we took advantage of the previous findings that
overexpression of KDMs generally resulted in detectable, global
demethylation in cultured cells.? In support of our in vitro findings,
KDM4A and 4C overexpression significantly reduced the global
level of H3K14me3 in HEK293T cells (Fig. 1g, left). In addition, we
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confirmed reduction of H3K14me3 at 4 out of 4 selected genomic
regions (identified by ChIP-seq assays) (Fig. 1h). Consistently,
treating cells with a reported KDM4C inhibitor, SD70,° led to a
significant increase of both the global and site-specific levels of
H3K14me3 (Fig. 1g, right, and Fig. 1i).

Finally, we found that RomA, encoded by Legionella pneumophila
genome, could induce a significantly higher level of ectopic
H3K14me3 when compared to the endogenous H3K14me3 level
as reported’ (Supplementary information, Figs. S5d and S1d-e). We
thus hypothesize that such ectopic H3K14me3 sites could compete
for the KDM4 enzymes and therefore reduce available enzymes for
demethylating H3K9me3 and H3K36me3. Supporting our hypoth-
esis, RomA overexpression indeed led to a significant, albeit
moderate, increase of H3K9me3 and H3K36me3 levels (Supplemen-
tary information, Fig. S5d). Importantly, we also observed an
apparent increase of H3K9me3 along with H3K14me3 at 5 randomly
selected active promoter regions, where were absent of H3K9me3 in
the control HEK293T cells, upon ectopic expression of RomA (Fig. 1j).

In summary, we identified distinct genomic distributions of
endogenous H3K14me3 in human and mouse cells (HEK293T, hESC
and mouse B16 cells), and uncovered a strong association of
this modification with active transcription in HEK293T and
B16 melanoma cells. In contrast, we did not observe an association
of H3K14me3 with active transcription in hESCs, suggesting a
differential regulation in hESCs. We also found that KRAB-ZNF genes
are enriched for high levels of H3K14me3 over the gene bodies in all
three cell lines and represent the top functional group of H3K14me3-
decorated genes shared by HEK293T and hESC cells. Importantly, we
identified KDM4A, 4B and 4C as demethylases for H3K14me3 both
in vitro and in vivo, and revealed a previously unappreciated
crosstalk between H3K14me3 and H3K9me3/H3K36me3.

Of note, our data demonstrate that KDM4 family demethylases
are only able to catalyze H3K14me3 to H3K14me2, suggesting that
H3K14me2 may, as another potential histone mark, play roles in
epigenetic regulation and its demethylaion to mono- and un-
methylated forms may involve different mechanisms. With recent
mass spectrometry studies detecting all three methyl forms of
H3K14 in a mouse epithelial to mesenchymal cell culture model,?
we believe that investigations in the future will shed further light
on the roles and regulations of H3K14 methylations.

Histone H3K14 residue could also be acetylated, which is
associated with gene activation. The abundance of H3K14Ac has
been measured to be ~20%-30% in human cell lines.> Our data
estimated the abundance of H3K14me3 to be ~04% in
HEK293T cells (Supplementary information, Fig. S1g), indicating
a locus-specific function. It is conceivable that a single histone H3
tail can either be methylated or acetylated, thus H3K14me3 could
potentially be involved in gene regulation by antagonizing
H3K14Ac. Importantly, RomA orthologs have been found in
several Legionella strains causing lung infection in humans and
animals, and it has been reported as a transcriptional repressor by
suppressing H3K14Ac through its robust activity towards
H3K14me3.! Our observation now raises another interesting
possibility that RomA may compromise H3K9me3 and
H3K36me3 similarly during infection."® Since our analyses were
carried out in an overexpression system, this hypothesis will have
to be tested experimentally in an infection model in the future.
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