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Abstract

Background: Maintaining a proper supply of soluble histones throughout the cell cycle is important to ensure chro-
matin and genome stability. Following their synthesis, histones undergo a series of maturation steps to prepare them
for deposition onto chromatin.

Results: Here, we identify the lysine demethylase JMJD1B as a novel player in the maturation cascade that con-
tributes to regulate histone provision. We find that depletion of JMJD1B increases the protein levels of the histone
chaperone tNASP leading to an accumulation of newly synthesized histones H3 and H4 at early steps of the histone
maturation cascade, which perturbs chromatin assembly. Furthermore, we find a high rate of JMJD1B mutations in
cancer patients, and a correlation with genomic instability.

Conclusions: Our data support a role for JMJD1B in fine-tuning histone supply to maintain genome integrity, open-
ing novel avenues for cancer therapeutics.
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Background

Histone synthesis is tightly coupled to DNA replication
and peaks during the G1/S phase transition to account
for doubling the genome. At this time, canonical histone
genes are expressed, in contrast to histone variant genes,
that are expressed at basal levels throughout the cell cycle
[21, 22]. Outside S-phase a histone pool is maintained in
case of unanticipated changes to histone demand, such
as DNA damage [9]. Maintaining a proper level of solu-
ble histones is critical. While depleting the histone pool
induces profound cell growth defects such as sensitivity
to DNA damage, S-phase slow down and G2/M arrest
[12, 24], excess histones also have deleterious effects as
shown in yeast [32]. Cells therefore utilize various mech-
anisms to ensure proper histone provision, including
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degrading excess histones by the proteasome and chap-
erone mediated-autophagy in yeast and mammalian cells,
respectively [5, 12].

Following biosynthesis, histones H3 and H4 proceed
through a maturation cascade to acquire their correct
folding and to establish post-translational modifications
[1, 3, 7-9, 30, 31]. In this processing pathway histones
H3 and H4 are escorted by chaperones such as Hsp90,
Hsc70, Hsp70; histone chaperones such as NASP, Asfl,
RbAp48; and histone interacting proteins, such as PP32/
SET, HAT1, and Importin4 [1, 3, 30]. Newly synthesized
histone H3 is monomethylated at lysine 9 (H3K9mel)
during translation by the enzyme SetDB1 that is able to
associate with ribosomes [28]. At chromatin, H3K9mel
can be further methylated by the Suv39H1 methyltrans-
ferase to H3K9me3, which recruits heterochromatin pro-
tein 1 (HP1) during heterochromatin replication [20, 23,
27, 33] to ensure genome stability. Newly synthesized his-
tone H4, on the other hand, is acetylated at both lysine
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5 and 12 by HAT1 in a timely regulated manner. Thus,
PP32/SET proteins protect acetylation of newly synthe-
sized histone H4 to regulate the timing of acetylation
[30].

Here, we identify the histone demethylase JMJD1B as
a novel player in newly synthesized histone metabolism.
Specifically, we find that if JMJD1B is not present, chro-
matin assembly defects and DNA damage are observed.
At the molecular level, we find that upon reducing the
JMJD1B levels, histones H3 and H4 accumulate at early
stages of the processing pathway due to an accumula-
tion of the histone chaperone tNASP. Notably, JMJD1B
is mutated in several cancers. Therefore, we propose a
working model where JMJD1B ensures histone supply
and thereby impacts genome integrity.

Results

Cells treated with siJMJD1B accumulate soluble histones
H3 and the histone chaperone tNASP

Our lab previously described that SetDB1 establishes
H3K9mel during translation [28]. We further charac-
terized SetDB1 interactions by mass spectrometry from
cytosolic extracts derived from HeLa cells and, in addi-
tion to known players in metabolizing newly synthe-
sized histones, we identified a new interacting partner,
the demethylase JMJD1B (also referred to as KDM3B), a
candidate tumor suppressor [10] with H3K9mel/2 and
H4R3me2 demethylase activities [2, 16] (Additional file 1:
Figure S1). We investigated its cellular localization and
found it in both cytosolic and nuclear extracts derived
from HeLa cells (Fig. 1a). We therefore asked what role
JMJD1B plays in newly synthesized histone matura-
tion by exploiting the knockdown of JMJD1B by treat-
ing HeLa cells with siRNA against J]MJD1B (si/]MJD1B)
and observed the reduction of both JMJD1B protein on
cytosolic extracts (Fig. 1b) and mRNA levels (Fig. 1c)
72 h after the treatment. Remarkably, upon sifMJD1B we
observed an increase in the cytosolic histones H3 and H4
protein levels (Fig. 1b). This accumulation was not due
to changes in gene expression, since H3 mRNA levels
did not change upon siJMJD1B (Fig. 1c). Histone chap-
erones of the early histone H3 maturation complexes,
including tNASP and Hsp90, also accumulated (Fig. 1b).
Accumulation of NASP was not due to changes in gene
expression, as its mRNA levels do not change (Fig. 1c).
In contrast, other proteins that interact with newly syn-
thesized histone H3 did not change their protein levels,
including SetDB1, Importin4, Hsc70, HAT1, Asfla/b
(Fig. 1b), and sNASP (Fig. 1d, second graph, compare
lanes 1 and 2). To investigate whether the demethylase
activity of JMJD1B participates in the H3 maturation
process, we performed a transcomplementation assay on
sif]MJD1B treated cells and found that upon decreasing
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the levels of JMJD1B, cytosolic histone H3 and tNASP
accumulate (Fig. 1d, lanes 1 and 2). However, cytosolic
H3 and tNASP are not accumulated in cells transcom-
plemented with the catalytic JmjC-domain of JMJD1B
48 h after the si]MJD1B treatment (Fig. 1d, lanes 3 and 4).
Unexpectedly, upon sifMJD1B cytosolic H3K9mel levels
are decreased (data not shown), suggesting that JMJD1B
is acting on non-histone substrate. Therefore, these data
show that upon siJMJD1B treatment, components of the
early H3 maturation cascade complexes accumulate in
cytosolic extracts, including tNASP, Hsp90, H3, and H4.

tNASP overexpression mimics the H3 accumulation
observed upon siJMJD1B

Given that sifMJD1B leads to increasing tNASP protein
levels and previous data showed that NASP protects
cytosolic histone H3 from degradation [5], we examined
whether the accumulation of H3 observed upon siJM-
JD1B is dependent on the accumulation of tNASP. For
this, we performed a double knock-down of JMJD1B
and NASP (Fig. 2a). We observe that upon siNASP, both
tNASP and sNASP protein levels diminish, JMJD1B lev-
els do not change, and H3 levels diminish, as previously
described [3, 5]. While siJMJD1B treatment accumu-
lates both H3 and tNASP, H3 does not accumulate upon
sif]MJD1B in the absence of tNASP, arguing that tNASP
is required for H3 accumulation. We next investigated
whether overexpression of tNASP could mimic the siJM-
JD1B phenotype. We performed Western blot analyses
and observe that when tNASP is overexpressed, Hsp90,
H3, and H4 accumulate (Fig. 2b). In contrast, HAT1,
sNASP, or B-actin protein levels do not change.

We then explored why tNASP accumulates upon
siJMJD1B. Since tNASP mRNA levels are not changed
(Fig. 1d), we analyzed tNASP degradation. By incubat-
ing HeLa cells with cycloheximide for 0-7 h, we deter-
mined that the half-life of tNASP is 3.6 h (Fig. 2¢). In
contrast, the tNASP half-life increases to 6.4 h upon
sifMJD1B (Fig. 2c), suggesting that JMJD1B reduction
leads to a defect in tNASP degradation. This degrada-
tion defect is tNASP specific, as the sNASP half-life
does not change (Fig. 2c). Importantly, both ubiquitin—
proteasomal and lysosomal degradation pathways are
not affected upon siJMJD1B, as p53 (proteasomal deg-
radation target) and p62 (lysosomal degradation tar-
get) half-lives are not affected upon siJMJD1B (Fig. 2c).
We then characterized how tNASP is degraded by
incubating HeLa cells with cycloheximide and protea-
some (MG132) or lysosome (NH,Cl/leupeptin) inhibi-
tors. Upon proteasomal inhibition, p53 and tNASP are
not degraded, whereas NH,Cl/leupeptin increases the
LC3-1I/LC3-1I ratio, and tNASP is degraded (Fig. 2d).
Therefore, we conclude that the ubiquitin—proteasome
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Fig. 1 si/MJD1B cells accumulate tNASP, Hsp90, H3, and H4. a Western blot of 0and 20 g of cytosolic and nuclear extracts derived from

Hela cells. As control of the extract preparation, HIRA and Topo-I were analyzed as nuclear extract markers, showing that cytosolic extract is not
contaminated with nuclear components. TE, total cell extract derived from Hela cells. b Western blot of 5 and 15 pg of cytosolic extracts derived
from either siControl or siJMJD1B treated Hela cells. ¢ Levels of mRNA from samples derived from siControl or si/MJD1B treated Hel a cells
measured by real-time PCR. The graph shows the fold change of the different mRNAs relative to siControl. Each expression level was normalized to
that of GAPDH. The standard deviation was obtained from three independent experiments. ***p <0.001, Student’s t-test. d Cells were treated with
either siControl or siJMJD1B for 48 h. Then, cells were treated with either empty or the JMJD1B derived JmjC-domain containing vector, for 24 h.
Cytosolic extracts were prepared and analyzed by Western blot. To the left, Western blot of 20 ug of cytosolic extracts derived from either siControl
or siJMJD1B treated Hela cells that have been transcomplemented with either empty vector or JmjC-domain. To the right, graphs showing the
quantitation of tNASP, sNASP, and histone H3 normalized by (-actin. The standard deviation was obtained from three independent experiments.
***p<0.001, Student’s t-test

pathway is the primary mechanism for tNASP deg- siJMJD1B cells accumulate histones H3 and H4 at early

radation (Fig. 2d). Our data strongly suggest that steps of the maturation cascade associated with tNASP/

siiMJD1B blocks the tNASP ubiquitin—proteasome Hsp90

degradation pathway by an as yet uncharacterized To biochemically characterize histone H3 complexes

mechanism, leading to the accumulation of cytosolic  accumulated upon sifMJD1B treatment, we fractionated

histone H3. cytosolic extracts derived from untreated and sifMJD1B
HeLa cells by size-exclusion chromatography. In control
cytosolic extracts, histone H3 elutes with a molecular



Saavedra et al. Epigenetics & Chromatin (2020) 13:6 Page 4 of 15

siCtrl siCtd  siUMJ siJMJ
a siCtrl_ sINASP siCtrl_ siNASP
180 kDa - -—— - JMJD1B
180 KDO | e iy = st il —= == [tNASP

T2 kDA~ e i e SNASP

A3 KDa ™ — e e e B-Actln

17 kDa - — — — - (H3

b Mock Flag-tNASP
] [ |

180kDa—{ " | Flag (Flag-tNASP)
55 kDa _
43 KDa_| === p-Actin

17kDa—| < -3 °

17 kDa
| L

w

=

Fold change
relative to Mock

c S s £1004, INASP  jee_SNASP
0051 357 0051357 his : \""‘k%
1303031-——-—-——«-«--———-—-—-‘INASP o 90 o siCtrl
% o siJMJ
72K08f e . e m wm = = —=|sNASP § ¢
72 kDa D100 PB2  F P53
55kDa~|------------‘p62 3
55 kDa {2 : c 20 o siCtrl
1“-“&&&---*&1-_»&“‘;)53 o § o siJMJ
o
| @ 02 46 802 46 8
43 kDa ~|_-" —— |B-Actin hours CHX hours CHX
i N
d AT O

CHX - + + +

43 kDa - [ mrmr] p-Actin
LC3-ll

Fig. 2 tNASP overexpression mimics the H3 accumulation observed upon siJMJD1B. a Western blot of 5 and 15 ug of cytosolic extracts
derived from siControl, SINASP, and/or siJMJD1B treated Hela cells. b Western blot of 5 and 10 pg of cytosolic extracts derived from Mock or
overexpressed-Flag-tNASP Hela cells. The graph shows the fold change of proteins in the Flag-tNASP conditions, respect to Mock, normalized by
B-actin. The standard deviation was obtained from three independent experiments. **p <0.01, ***p <0.001, Student’s t-test. ¢ Western blot of 20 ug
of total cell extracts derived from siControl or siJMJD1B Hela cells that were treated for 0 to 7 h with 100 pg/mL of cycloheximide (CHX). The graphs
show the mean value of each protein, normalized by 3-actin at each time-point, from three independent experiments. d Western blot of 20 ug
of total cell extracts derived from Hela cells treated with vehicle (DMSO), 100 pg/mL CHX, or 100 ug/mL CHX plus protein-degradation inhibitors:
50 uM MG132 (ubiquitin-proteasome pathway) or 20 mM NH,Cl 4200 pM leupeptin (lysosomal pathways)
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Fig. 3 siJMJD1B cells accumulate histones H3 and H4 at early steps of the maturation cascade associated with tNASP/Hsp90/Hsc70. a Western blot
of fractions derived from the sizing exclusion chromatography S200, loaded with 0.2 mg of cytosolic extracts derived from siControl or siJMJD1B
Hela cells. The corresponding molecular size of each fraction is specified at the top of the western blot. b Western blot of samples derived from
immunoprecipitation assays using 1.5 mg of cytosolic extracts derived from siControl or si/MJD1B Hela cells that express exogenously low levels
of Flag-H3.1 protein. Immunoprecipitation was performed using antibodies against Flag. Input corresponds to 15 g of cytosolic extracts. c Left,
Western blot of 20 and 40 ug of cytosolic extracts derived from siControl and of 13 and 26 ug of cytosolic extracts from siJMJD1B Hela cells. These
amounts of cytosolic proteins correspond to equal amounts of histone H3. Right, the graph shows the quantitation of global H3ac and H4K12ac,
normalized by either the amount of histone H3 or H4. The data is showed as fold change with respect to siControl. The standard deviation was
obtained from three independent experiments. *p <0.05, Student’s t-test. d Left, Western blot of 20 ug of cytosolic extracts derived from Mock
or overexpressed-Flag-tNASP Hel a cells. Right, the graph shows the quantitation of global H3ac and H4K12ac, normalized by either the amount
of histone H3 or H4. The data is showed as fold change with respect to Mock. The standard deviation was obtained from three independent
experiments. ***p <0.001, Student’s t-test

weight of about 250 kDa (fractions 26-28, Fig. 3a, top), comprising fractions 22-24, of about 600 kDa (Fig. 3a,
as previously described [1, 3]. tNASP, Hsp90, Hsc70, bottom). Although we cannot formally exclude the for-
and histone H4 elute in these fractions. Another com- mation of a new cytosolic H3 complex upon sijMJD1B,
plex composed of sSNASP, HAT1, H3 and H4 elutes with ~ we favor a model in which the higher molecular weight
a molecular weight of about 100 kDa (fractions 30-32). complex is the result of the buffering of accumulated
Remarkably, in sifMJD1B derived cytosolic extracts, the  histones H3 and H4 by tNASP, Hsp90, and Hsc70. To
complex composed of tNASP, Hsp90, Hsc70, histones test this hypothesis, we performed histone H3 immu-
H3 and H4 is shifted to a heavier molecular size fraction, noprecipitation experiments with cytosolic extracts
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derived from siControl and siJMJD1B cells. To improve
the immunoprecipitation efficiency, we used HeLa cells
expressing low levels of Flag-H3 (Fig. 3b). Flag-H3 immu-
noprecipitation from siControl cells reveal the interac-
tion of H3 with components of its maturation cascade:
tNASP, Hsp90, Hsc70, Importin4, sNASP, H4, and HAT1
(Fig. 3b). As a control, B-actin, a protein that does not
interact with histone H3, was not immunoprecipitated.
Interestingly, in the Flag-H3 immunoprecipitation from
sif]MJD1B cytosolic extracts, we observed a clear shift in
the H3 interaction towards tNASP, Hsp90, and Hsc70,
compared to Importind, sNASP, and HAT1 (Fig. 3b).
Thus, the results strongly suggest that upon siJMJD1B
histone H3 accumulates with tNASP, Hsp90, and Hsc70
chaperones in a larger molecular weight complex, at early
steps of its maturation cascade.

To investigate this further, we analyzed post-trans-
lational modifications of soluble histones H3 and H4
(Fig. 3c). Newly synthesized histones H3 and H4 display
small quantity of modifications that are imposed along
their maturation cascade [11, 19]. The mark H3K9mel
is imposed at the ribosome [28], H3ac is imposed at
Complex II [1, 3], and acetylation of histone H4 lysine 5
and 12 occurs in Complex III [1, 3]. Interestingly, upon
si]MJD1B, the levels of global H3ac and H4K12ac show
a marked decrease when compared to control (Fig. 3c).
This is consistent with an arrest of histones H3 and H4
at early steps in the maturation pathway. When overex-
pressing tNASP, we observe the same effects on histone
post-translational modifications: reduction of H3ac and
H4ac (Fig. 3d). Taken together, we conclude that accumu-
lation of tNASP, either by sifMJD1B or by overexpressing
tNASDP, leads to an increase of the soluble pool of cyto-
solic histones H3 and H4 at early steps of the histone
maturation pathway.

Histone deposition is affected upon siJMJD1B

Our results show that histones H3 and H4 are arrested
at early steps in the maturation cascade upon siJ]MJD1B.
Thus, we investigated whether deposition into chroma-
tin is also altered. We examined newly synthesized his-
tone deposition in vivo utilizing HeLa cell lines stably
expressing H3.1- and H3.3-SNAP-tagged proteins [4, 26]
under siControl and siJMJD1B. As illustrated in Fig. 4a,
the SNAP tag allows in vivo covalent labeling with a
cell-permeable small molecule. To distinguish parental
from newly synthesized histones, parental histones H3
are quenched 30 min with a non-fluorescent molecule
(TMR-block). A 120-min chase time permits the synthe-
sis of new SNAP-H3 proteins, which are subsequently
labeled for 20 min with a fluorescent probe (TMR-star).
As a control, we depleted the H3.3 chaperone HIRA (his-
tone regulation A) using siRNA. Western blot analyses
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confirmed the reduction of HIRA and JMJD1B protein
levels after siHIRA and siJMJD1B treatments, respec-
tively (Fig. 4b). We tested the incorporation of the newly
synthesized histone H3 variants H3.1 and H3.3 on chro-
matin. We find that H3.3 but not H3.1 chromatin depo-
sition is decreased when HIRA levels are diminished
relative to control (Fig. 4c), as previously described [26].
We then investigated the effect of sifMJD1B and found
that deposition of H3.1 and H3.3 significantly decreased
relative to control (Fig. 4c). We thus conclude that
JMJD1B knockdown impairs histone H3 assembly onto
chromatin.

siJMJD1B cells undergo DNA damage

Given that sifMJD1B cells are affected on histone deposi-
tion, we investigated whether sifMJD1B cells have signs
of cell cycle arrest and DNA damage. We first analyzed
the impact of the JMJD1B knockdown on the cell cycle
distribution. We synchronized either siControl or siJM-
JD1B HeLa cells with a double thymidine block. We then
performed flow cytometry analysis of DNA content at
several points up to 10 h after cell cycle release (Fig. 4d).
The data revealed that upon sifMJD1B cells accumulated
in S-phase quickly (2 h) and after 6 h there are more cells
in G2/M phase, suggesting G2/M arrest due to DNA rep-
lication stress. We then performed immunofluorescence
microscopy for yH2AX, a double-strand DNA dam-
age marker. We found yH2AX foci in the si]MJD1B, but
not in the control cells (Fig. 4e). Interestingly, we also
observed the presence of micronuclei upon sijMJD1B,
which are positive for YH2AX, suggesting that cells were
able to evade the G2 damage checkpoint to form micro-
nuclei, an indication of chromosome instability. There-
fore, we conclude that the JMJD1B knockdown induces
replication stress and DNA damage and, therefore that
JMJD1B could be important for maintaining genome
stability.

JMJD1B gene mutations correlate with cancer incidence
and genomic instability

To investigate whether the observed defects in the mat-
uration of newly synthesized histones H3 and H4 upon
sif]MJD1B could have an impact in genomic instabil-
ity, we assessed the occurrence of mutations in JMJD1B
gene among cancer patients in the NIH Cancer Data
Portal. We first evaluated the incidence of point muta-
tions and INDELS (insertions/deletions) in the J]MJD1B
gene among patients with different types of cancer. We
observed that patients from several cancers have a rate
of occurrence of JMJD1B mutations higher than 20%
(Fig. 5a), with four cancer types (KIRC (kidney renal clear
cell carcinoma), ACC (adrenocortical carcinoma), OV
(ovarian cancer) and UCEC (uterine corpus endometrial
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synchronized with a double 2 mM Thymidine block. The graphs show DNA profiles of cells released from the Thymidine block after 0, 2, 4, 6,
8,and 10 h.The standard deviation was obtained from three independent experiments. *p <0.05; **p < 0.01; ***p <0.001, Student’s t-test. e
Immunodetection of yH2AX from siControl and siJMJD1B treated Hela cells after 72 h. The arrow points to micronuclei. On the right, quantitation
of micronuclei observed in siControl and siJMJD1B, expressed as the mean of micronuclei per cell upon counting 100 cells of each condition. The
standard deviation was obtained from 4 independent countings **p <0.01, Student’s t-test

cancer) displaying high incidence of JMJD1B mutations
(>30%). We also scored the number of mutation events
in the gene of interest per cancer (Fig. 5b). These ranged
between a total of 215 in the case of KIRC patients and
less than 10 in UVM (uveal melanoma) and TGCT (tes-
ticular germ cell tumor) patients. While KIRC patients
displayed the highest number of different INDEL events
in the JMJD1B gene, UCEC patients showed the highest
diversity of point mutations (Additional file 1: Figure S2).

We next investigated whether mutations in the JMJD1B
gene correlated with increased genomic instability levels

in cancer, using as a proxy the copy number variation
available for each dataset. For this, we selected patient
samples from the four types of cancers with the highest
incidence of JMJD1B mutations and calculated the global
genomic instability index (see “Methods”). For each can-
cer type we analyzed the data derived from healthy tis-
sue (blood and/or solid tissue samples) and primary
tumor biopsies in the JMJD1B mutated patient popula-
tion (Fig. 5c and Additional file 1: Figure S3). In all the
genomes of patients from the four cancers we observed
significantly higher genomic instability in primary
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tissue) in the four cancers of interest

Fig. 5 JMJD1B gene mutations correlate with high cancer incidence and with genomic instability. a The graph shows the incidence of JMJD1B
mutations among patients with different types of cancers. Mutations include point mutations and insertion/deletions. Affymetrix data were
obtained from the NIH Cancer Data Portal. b The graph shows the total number of mutations found per each cancer type on the JMJD1B gene.
The data include point mutations and insertion/deletions. ¢ Genomic instability index, expressed as log10, was calculated from the population

of patients that contain mutations (point mutations and insertion/deletion) on the JMJD1B gene. The data are shown for the following cancers:
KIRC, OV, ACC, and UCEC, from data derived from healthy tissues (blue) and primary tumor (red) of the same patients. Abbreviations are defined in
Additional file 1: Figure S2. d Statistical analyses between the JMJD1B vs. SETD2 mutant populations and sample types (primary tumor vs. normal

tumors with respect to healthy tissue samples. Interest-
ingly, we observed increased genomic instability in the
primary tumor samples for the four cancers examined,
when mutations occurred in the Jumanji domain com-
pared to other positions in the gene (Fig. 6). Previous
reports showed that tumors from patients with SETD2
gene mutations have low levels of genomic instabil-
ity [29], thus we retrieved a subset of JMJD1B wild type
patients with mutations in SETD2 from the four cancers
types alluded above and compared the genomic insta-
bility between the two populations (SETD2 mutants vs.
JMJD1B mutants) using one-way ANOVA tests. The
analysis of variance showed that the effect of muta-
tions in JMJD1B on genomic instability was significant
(Fig. 5d). Variance in the data, as well as the maximum
instability values observed (absolute values), were higher
in the JMJD1B mutant population than in the SETD2
mutants, in all four cancers analyzed. These results indi-
cate that JMJD1B mutations positively correlate with
genomic instability in the cancers analyzed, and suggest
that downstream effects, such as defects in the newly
synthesized histone H3 maturation, could trigger the
observed genomic instability.

Discussion

The assembly of eukaryotic DNA into nucleosomes rep-
resents the first level of chromosome organization, in
which histone proteins contribute to chromatin structure
and regulate the accessibility of factors to the underly-
ing DNA. Proper chromatin structure and fine-tuning
histone levels are connected and have crucial roles in
maintaining viability and genomic stability. Here, we
investigated how JMJD1B contributes to the maturation
of newly synthesized histones H3 and H4 to ensure an
adequate supply of histones in the cell. We propose the
model illustrated in Fig. 7. Upon decreasing the levels
of JMJD1B, tNASP protein levels are accumulated. This
leads to the accumulation of histones H3 and H4 at early
steps of the maturation cascade associated with Hsp90,
Hsc70 and tNASP. As a consequence, defects in the flow
of histones to chromatin assembly occur, which might
contribute to G2/M arrest, and DNA damage, suggesting
genomic instability. Support for this model came from

the fact that mutations in the JMJD1B gene correlates
with an increased genomic instability in cancer patients.
Thus, our data indicate that the proper maturation of
newly synthesized histones H3 and H4 is pivotal to war-
rant an adequate histone supply to the nucleus for chro-
matin assembly ensuring genome stability.

Fine-tuning histone levels

Histone levels are regulated at several steps, and a fine-
tuning is necessary since both high and low levels are
dangerous for the cell. Many groups have shown that his-
tone amounts are regulated at the level of transcription,
mRNA stability, translation, and histone degradation
[21]. Here, we propose another level of regulation that
has been under-appreciated and that involves the matu-
ration of newly synthesized histones. In the maturation
cascade, histones H3 and H4 are processed to get their
correct folding and to establish post-translation modifi-
cations. If this maturation is hindered, then histones are
defective, which turns into failures in the histone supply.
Thus, any way that affects the histone supply to chro-
matin impacts into chromatin organization. For exam-
ple, the absence of the histone chaperone Asfl in yeast
increases chromatin accessibility and leads to genomic
instability and sister chromatid exchange [25, 34]. As
discussed previously, depletion of histones correlates
with genomic instability [12, 24]. Here, we showed that
by affecting the levels of the histone chaperone tNASP,
newly synthesized histones are stalled at early steps of the
maturation cascade.

JMJD1B is necessary for genome stability

JMJD1B (KDM3B or JHDM2B) is a member of the
JMJD1 family that also includes JMJD1A and JMJD1C,
and shows histone H3K9mel/me2 [2, 12] and H4R3me2
[16] demethylase activity mainly towards gene-dense
regions of chromosomes [15]. It is involved in tran-
scriptional activation [12, 16]. Knockout mice are viable,
although females and males are infertile and display cell
growth defects [17, 18], as well as defects in hematopoie-
sis [16]. However, JMJD1A and JMJD1B double mice
knockout is embryonically lethal [15]. JMJD1A/IMJD1B
knockout correlates with increased levels of H3K9me2/3
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Fig. 6 Genomic instability in patients with cancer having high incidence of mutations in the JMJD1B gene. Mutations in JMJD1B were mapped

in the scheme in panel A according to their location in the gene with respect to the Jumanji domain as colored boxes: point mutations (white),
insertions (IN: green) and deletions (DEL: blue). When mutations occurred in both the Jumanji domain (orange) and regions of the gene outside the
domain (gray), the scheme is highlighted in yellow, regardless of the type of mutation. Color-coding used in the scheme was also applied to the
symbols representing the data points in the graphs in panels B to E. The global genomic instability index was calculated as indicated in “Methods".
For each cancer type, data derived from healthy tissue (blood and/or solid tissue samples) and primary tumor biopsies was analyzed in the
JMJD1B-mutants patient population. The cancer datasets considered were: KIRC (kidney renal clear cell carcinoma), ACC (adrenocortical carcinoma),
QV (ovarian cancer) and UCEC (uterine corpus endometrial cancer). Missing datasets are highlighted in gray

in euchromatic regions of the genome, suggesting that
JMJD1A and JMJD1B proteins play a role in establishing
the appropriated H3K9 methylated state at early embryo-
genesis [15]. It is worth pointing out that, although the
loss in the newly synthesized histone pools upon reduc-
ing JMJD1B levels might explain the increase DNA dam-
age observed, we cannot rule out that additional factors
could contribute to DNA damage, giving the nuclear
functions of JMJD1B. Our results indicate another type
of regulation achieved by JMJD1B, which operates at the
level of the maturation of newly synthesized histones on
the cytoplasm. Future work will focus on further eluci-
dating the mechanism by which JMJD1B regulate tNASP
protein levels.

Interestingly, previous reports suggested that J]MJD1B
is a tumor suppressor [10, 35]. Our analyses on cancer
patients show high incidence of JMJD1B gene mutations
in several types of cancers. In addition, our results also
show a correlation between JMJD1B gene mutations
and genomic instability. Most of the mutations in cancer
patients corresponded to insertions and deletions and
likely loss of function. We propose that the deregulation
in the cytosolic processing of the newly synthesized his-
tones H3/H4, that lead to defects on the histone supply to
chromatin assembly, contributes to the genomic instabil-
ity observed on JMJD1B mutations. Our work highlights
the importance of the correct metabolism of newly syn-
thesized histones and finds a new potential therapeutic
target to restore genome integrity.

Conclusions

We revealed the demethylase JMJD1B as a novel player
in the histone maturation cascade that contributes to
regulate histone supply by controlling the histone chap-
erone NASP protein levels. Furthermore, we find a high
rate of JMJD1B mutations in cancer patients, and a cor-
relation with genomic instability. Thus, our data point
to a novel mechanism where JMJD1B is a key player to
ensure a proper supply of H3 and H4 to maintain genome
integrity.

Methods

Antibodies

Asfl (Dr. Almouzni), pB-actin (Sigma Aldrich A5316),
Flag (Sigma Aldrich F3165), yH2AX (Abcam ab2893),
HA (Sigma clone 12CA5), HAT1 (Abcam abl12164),
HIRA (Abcam ab20655), Histone H3 (Abcam ab7834),
H3ac (Merck Millipore, 06-599), Histone H4 (Abcam
ab10158), H4K12ac (Merck Millipore 07-595), Hsc70
(Abcam ab19136), Hsp90 (Santa Cruz sc-7947), Impor-
tin4 (Abcam ab283887), IMJD1B (Cell Signaling Technol-
ogy 2621S), NASP (Dr. Almouzni), Topo I (Santa Cruz
sc-32736), SetDB1 (Abcam ab12317).

Extract preparation

HeLa cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) (GE healthcare Life Sciences
SH3008102) supplemented with 10% fetal bovine serum
(Gibco 16000044). Cytosolic and nuclear extracts were
prepared as previously described [6]. In brief, HeLa cells
were ice-cold PBS washed, and trypsinized. Cell pel-
let was resuspended in hypotonic lysis buffer (10 mM
Tris, pH 7.9, 1.5 mM MgCl, 10 mM KCl, 0.5 mM DTT,
0.2 mM PMSF) and incubated for 10 min at 4 °C, after
which it was centrifuged at 10,000 rpm for 10 min. Pellet
was resuspended in hypotonic lysis buffer and homoge-
nized with 10 strokes with the type B Dounce. Homoge-
nate was centrifuged at 10,000 rpm for 10 min and the
supernatant (cytosolic extract) was collected and pro-
teins quantified using Bradford assay.

siRNA treatment

Either 30 nM of human JMJD1B siRNA duplex (Santa
Cruz, sc-91707), 10 nM of human HIRA siRNA duplex,
20 nM of human NASP siRNA duplex (Santa Cruz,
sc-78745), or negative control siRNA (Ambion, Silencer
Negative Control #1 siRNA, AM4611) were transfected
on HelLa cells with Lipofectamine 2000 (Invitrogen) for
72 h, according to the manufacturer’s instructions.

mRNA analysis

HelLa cells treated with either siControl or sifMJD1B for
72 h were lysed and RNA extracted using the RNeasy®
Mini Kit (Qiagen). cDNA was synthesized using
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Fig. 7 Model of the role of JMJD1B in histone H3 and H4 processing
pathway. We propose that JMJD1B regulates the degradation of
tNASP, thus in the absence of JMJD1B, tNASP is not degraded by

the proteasome and its protein level increases. As a consequence,
histones H3 and H4 accumulate early in the maturation pathway,
leading to chromatin assembly defects, which could impact into
G2/M arrest, DNA damage and genome instability

GoScript™ Reverse Transcription System (Promega),
according to the manufacturer’s instructions. qPCR
was performed in a real-time PCR Cycler Rotor Gene Q
(Qiagen) using KAPA SYBR® FAST qPCR Master Mix
(2x) (Kapa Biosystems). The following primers were
used: GAPDH: forward: 5-AGAAGGCTGGGGCTC
ATTTG-3/, reverse: 5-AGGGGCCATCCACAGTCT
TC-3’; HIST1H3A: forward: 5-GTCACTATCATGCCC
AAGGA-3/, reverse: R: 5-GACCGTCAGAGAGACCAC
AG-3'; HIST1H3B: forward: 5'-GAGAAATCGCCCAAG
ACTTC-3; reverse: 5-ACCAAGTAGGCCTCACAA
GC-3’; HIST1H3]J: forward: 5-TGCCATTTCAGCGCC
TGGTG-3/, reverse: 5-CACGGATACGACGCGCAA
GC-3’; HIST2H3C: forward: 5'-GCTACCAGAAGTCCA
CGGAG-3/, reverse: 5-GATGTCCTTGGGCATAAT
GG-3; tNASP: forward: 5-TGAGGAAGCAAGGGA
AGAGT-3/, reverse: 5-CCACCCTTCTCCATTTCA
CT-3'; t/sNASP: 5'-AAAGGAACTGCTACCCGAAA-3/,
reverse: 5-GACTGAAGAGCCTCCTCCAC-3'; IMJD1B,
forward: 5-TGCTGTTCGCGGACACTG-3/, reverse:
5'-CAAAGATCGCTAGGTCCTGGG-3'. For relative
quantification, mRNA expression was normalized by
comparison with GAPDH mRNA expression using the
ddCT method.

Half-life tNASP
4 x 10° cells were seeded on 15-cm plates and transfected
the next day with siControl or sifMJD1B. Next day, cells
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were collected and seeded on 6-well plates (0.25 x 10°
cells per well). Next day, cells were incubated with 100
pg/mL cycloheximide (CHX) for 0, 0.5, 1, 3, 5 and 7 h.
Total cell extracts were immediately prepared incubat-
ing the cell pellet in RIPA buffer (20 mM Tris—-HCl pH
8, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS,
1 mM EDTA, 10 pg/mL leupeptin, 10 pg/mL aprotinin,
10 pug/mL pepstatin, 100 uM PMSF) and the protein lev-
els over time were evaluated by Western blot.

Inhibition of protein degradation

0.25 x 10° cells were seeded on 6-well plates the day
before treatment and then incubated with 100 pg/mL
CHX or 100 pg/mL CHX plus 50 uM MG132 or 20 mM
NH,C1+200 uM leupeptin for 7 h. DMSO was used as
vehicle control. Total cell extracts were immediately pre-
pared incubating the cell pellet in RIPA buffer and ana-
lyzed as described above.

Size-exclusion chromatography

0.2 mg of cytosolic extracts derived from siControl or
sifMJD1B treated HeLa cells were loaded onto a GE
Healthcare Superdex 200 10/300 GL column equili-
brated with a buffer containing 150 mM KCl plus 0.05%
NP40. Fractions of 0.5 mL were collected at a flow rate of
0.5 mL/min. Protein standards (Amersham Pharmacia)
were fractionated under similar conditions to estimate
the complexes size.

Immunoprecipitation assay

HeLa cells expressing Flag-H3.1 at low levels [19] were
transfected with either siControl or sifMJD1B. Seventy-
two hours after, we prepared cytosolic extracts and incu-
bated 1.5 mg of siControl or si]MJD1B derived cytosolic
extracts with 10 pL of anti-Flag antibodies conjugated
with agarose beads, in a buffer containing 150 mM KCl
and 0.05% NP40. The beads were washed three times and
the bound proteins eluted with 0.2 mg of Flag-peptide.
Western blot analyses were performed with the immuno-
precipitated samples.

Histone deposition assay

The assay was performed on HeLa cells as previously
described [26]. In brief, 10 pM of SNAP-Cell Block
(Biolabs) were added for 30 min to quench SNAP-tag
activity and then performed a 2 h chase step in com-
plete medium. After in vivo labeling with SNAP-Cell
TMR-Star (Biolabs) for 20 min, cells were pre-extracted
with Triton before fixation to allow the visualization of
new incorporated H3-SNAP by fluorescent microscopy.
Quantification of mean fluorescence intensity was done
as previously described [4, 26] with minor modifications.
EdU was added during pulse stage allowing visualization
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of replicating cells with Click-It technology (Life Tech-
nologies). For H3.1 cell line, only EdU-positive nuclei
were considered for TMR fluorescence quantification
whereas all the nuclei were quantified for H3.3.

Cell cycle analysis

5.5 x 10° HeLa cells were plated and transfected with
siRNA, as described above. Twenty-four hours after
transfection, 1.1 x 10° cells were re-plated, and 2 mM
thymidine was added to the cells. Sixteen hours later,
the medium was changed to remove thymidine. Nine
hours later 2 mM thymidine was added for another 16 h.
Medium was changed to allow the release of the cells for
up to 10 h. Cells were then collected and fixed with 70%
ethanol overnight at — 20 °C. Then cells were incubated
overnight at 4 °C with 40 pg/mL RNase A. The DNA con-
tent was analyzed by flow cytometry, staining the DNA
with 40 pg/mL propidium iodide (Life Technologies).
Histograms obtained were analyzed by FlowJo software
(Vx 0.7, Tree Star) and the percentage of cells in G1, S
or G2/M phases was analyzed in GraphPad Prism 7.
Cells with DNA content less than 2 N and over 4 N were
included in the analysis.

Immunofluorescence

HeLa cells seeded on cover glasses were transfected with
siRNAs as described above. Seventy-two hours later,
cover glasses were washed 3 times with PBS, and fixed
with 2% PFA for 20 min. Covers were then washed 3
times with PBS, and cells were permeabilized with 0.2%
Triton X-100 for 10 min. After washing the cells 3 times
with PBS, cells were blocked with 5% BSA, 0.1% Tween—
PBS. Covers were incubated for 45 min in humid cham-
ber with anti-yH2AX and then washed 3 times with 0.1%
Tween—PBS, and incubated for 30 min with secondary
antibody anti-rabbit/FITC. After 3 washes with 0.1%
Tween—PBS, covers were incubated for 5 min with DAPI,
washed 3 times with 0.1% Tween—PBS and 2 times with
PBS. Covers were mounted over glass slides and yH2AX
foci were detected by epifluorescence.

Genomic instability index calculation

To evaluate genomic instability in cancer patients, we
used Affymetrix SNP 6.0 array-based CNV (Copy Num-
ber Variation) data, accessible from the National Can-
cer Institute (NIH) website (https://portal.gdc.cance
r.gov). All publically available CNV files (in “Copy Num-
ber Segment” format) from cancer patients with known
mutations in the JMJD1B gene or SETD2 (27 cancers in
total) were retrieved from the repository. In addition,
the files containing cancer/patient/sample metadata and
the MAFFT files containing information on all associ-
ated point mutations were downloaded and parsed into
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a single table for further calculations. To extract a high-
confidence data from the CNV files, segment mean sig-
nal intensity thresholds of 0.3 (for copy number gain)
and — 0.3 (for copy number loss) were utilized as rec-
ommended by Kim and colleagues (Kim et al. 2016),
and remaining data were transformed into CNV values
(https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipel
ines/CNV_Pipeline/). This data was used to derive the
genomic instability index LDR (Length of Destabilized
Regions) according to the following equation:

LDR = segment_length % (CNV —2),

where segment length corresponds to the length of the
region destabilized in base pairs and the CNV is cor-
rected to exclude the normal diploid dosage. Insertions
events (IN) scored values of GII >0 (positive sign), while
deletions (DEL) scored GII<O0 (negative sign). Absence
of INDELs resulted in a genomic instability values of
GII equal to zero. Differences between the two mutant
populations of interest (JMJD1B vs. SETD2) and between
sample types (primary tumor vs. normal tissue) were
assessed for each cancer through a one-way analysis of
variance (ANOVA), the Tukey HSD (honest significant
differences) a posteriori multiple pairwise-comparison
between groups and the mean differences comparison
for samples with uneven variance using the Welch ¢-test.
Statistical analysis of the data was performed with the
R Package (modules ANOVA and aov) (https://www.r-
project.org/).

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513072-020-00331-1.

Additional file 1: Figure S1. Mass spectrometry (MS) data of enriched
SetDB1 complex isolated from cytosolic Hela cell extracts, indicating the
number of peptides identified and the function for each protein. Figure
S2. (A, Q) The graph shows the incidence of either JMJD1B point (A) or
INDEL (insertion/deletion) (C) mutations among patients with different
types of cancers. Affymetrix data was obtained from the NIH Cancer Data
Portal (B, D) The graph shows the total number of either point (B) or INDEL
(D) mutations found per each cancer type on the JMJD1B gene. TCGA
Project Abbreviations are as follows, ACC: Adrenocortical Carcinoma; BLCA:
Bladder Urothelial Carcinoma; BRCA: Breast Invasive Carcinoma; CESC: Cer-
vical Squamous Cell Carcinoma and Endocervical Adenocarcinoma; COAD:
Colon Adenocarcinoma; ESCA: Esophageal Carcinoma; GBM: Glioblastoma
Multiforme; HNSC: Head and Neck Squamous Cell Carcinoma; KIRC: Kidney
Renal Clear Cell Carcinoma; KIRP: Kidney Renal Papillary Cell Carcinoma;
LAML: Acute Myeloid Leukemia; LGG: Brain Lower Grade Glioma; LIHC:
Liver Hepatocellular Carcinoma; LUAD: Lung Adenocarcinoma; LUSC: Lung
Squamous Cell Carcinoma; OV: Ovarian Serous Cystadenocarcinoma;
PAAD: Pancreatic Adenocarcinoma; PRAD: Prostate Adenocarcinoma;
READ: Rectum Adenocarcinoma; SARC: Sarcoma; SKCM: Skin Cutaneous
Melanoma; STAD: Stomach Adenocarcinoma; TGCT: Testicular Germ Cell
Tumors; THCA: Thyroid Carcinoma; UCEC: Uterine Corpus Endometrial Car-
cinoma; UCS: Uterine Carcinosarcoma; UVM: Uveal Melanoma. Figure S3.
Genomic instability index was calculated from the population of patients
that contain mutations (point mutations and insertion/deletion) on the
JMJID1B gene. The data is shown for the following cancers: KIRC, OV, ACC,
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and UCEC, from data derived from healthy tissues (blue) and primary
tumor (red) of the same patients.
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