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Abstract:
Background: KDM5 enzymes are H3K4 specific histone demethylases involved in transcriptional
regulation and DNA repair. These proteins are over-expressed in different kinds of cancer,
including breast, prostate and bladder carcinoma, with positive effects on cancer proliferation and
chemo-resistance. For these reasons, these enzymes are potential therapeutic cancer targets.
Methods: In the present study, we analyzed the effects of three different inhibitors of KDM5
enzymes in MCF-7 breast cancer cells over-expressing JARID1B. In particular we tested H3K4
demethylation (western blot); target gene transcription (RNAseq and real time PCR);
radio-sensitivity (citoxicity and clonogenic assays) and damage accumulation (kinetics of H2AX
phosphorylation).
Results: we show that two compounds with completely different chemical structure can selectively
inhibit KDM5 enzymes and that both compounds are capable of increasing sensitivity of breast
cancer cells to ionizing radiation and H2AX phosphorylation.
Conclusions: These findings confirm the involvement of H3K4 specific demethylases in DNA
damage signaling and repair and suggest new strategies for the therapeutic use of their inhibitors.
Keywords: Histone demethylase inhibitors, DNA damage, epigenetic drugs, breast cancer.
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1. Introduction
Histone lysine methylation is a post-translational modification that influences many aspects of
cell biology, such as transcription, epigenetic inheritance, nuclear architecture and genome stability
[1-2]. Unlike histone acetylation, histone methylation may lead either to transcriptional repression or
activation, depending on which residue is involved [3]. Due to the importance of this epigenetic
mark, a tight regulation of histone methylation has been evolved. The enzymes capable of erasing
methyl groups from histones are the histone lysine demethylase (KDMs) and in human these
enzymes are represented by two families of proteins: the Lysine Specific histone Demethylase (LSD)
family and the JmjC domain- containing family also known as the Jumonji Histone Demethylases
(JHDMs) [4-7]. These two families differ in their catalytic mechanisms. The LSD KDMs are
monoamine oxidases whereas JHDMs are hydroxylases that require two cofactors for their function,
Fe(II) and 2-oxoglutarate, which are bound in the JMJC catalytic domain. Among the latter ones,
particularly interesting are those using H3K4me2 and H3K4me3 as substrates, the KDM5 (or
JARID1) enzymes. H3K4 methylation seems to play an important role in development and
differentiation and transcriptional regulation [8-9]. Indeed, actively transcribed genes have
promoters often marked with H3K4 tri-methylation [10]. Therefore, at first glance, KDM5 enzymes
seem to act as transcriptional repressors but, recently, it has been proposed that KDM5 demethylases
could also remove tri- and di- methyl groups at enhancer regions. Since H3K4me1 modification
combined with acetylated H3K27 (H3K27ac) is predictive of active enhancers, KDM5 enzymes could
also have a role in transcription activation [11]. KDM5 subfamily (also known as JARID1 subfamily)
consists of four members, KDM5A (JARID1A), KDM5B (JARID1B), KDM5C (JARID1C) and KDM5D
(JARID1D) whose deregulation in various kinds of cancer has been widely documented to
contribute significantly to tumor initiation and progression [12-16]. Indeed, KDM5B was initially
identified as a gene markedly over-expressed in breast cancer even before the discovery of histone
lysine demethylases [14]. Nevertheless, it was later observed that the deregulation of this protein is
different among the different breast cancer subtypes, thus suggesting a crucial but ambivalent role
for KDM5B depending on the cell type context [17]. Later, it was also found to be over-expressed in
prostate, lung and bladder carcinoma [13,15]. In the same way, KDM5A was first named RBP2
because it was found to be associated with the master tumor suppressor pRb [18]. By inhibiting pRb
activity, KDM5A appears to be a positive regulator of proliferation [19], and it was, in fact, observed
to be upregulated in gastric [16] and cervical carcinoma [20]. Recent evidences suggest that KDMC
promotes tumor cells migration and invasion in breast cancer [21].
As regard the outcome of the action of these proteins on transcription, KDM5B interacts with
Cdh4 (a member of NuRD complex) and HDAC1 [22]. The cooperative action resulting by the
association of these three catalytic proteins provides a powerful mechanism for a rapid repression of
actively transcribed genes involving H3K4 demethylation, lysine deacetylation, and
ATPase-mediated chromatin remodeling.
Beside the role in transcriptional regulation, new findings suggest that KDM5 members are
involved in the mechanisms of maintenance of genomic stability. KMD5B is enriched at
DNA-damage sites after ionizing radiation and its demethylase activity is required for an efficient
DNA repair, in contrast with previous observations suggesting a positive role for H3K4 methylation
in DNA repair. An interesting model proposed by Li and colleagues [23] tries to establish a
connection between the different roles of KDM5B in transcriptional regulation and in DNA repair.
During transcriptional activation, PARP1 PARlylates KDM5B and prevents it from demethylating
H3K4 which would result in shutting off transcription. However, when chromatin is damaged,
PARylated KDM5B can be recruited to the damaged sites by histone variant macroH2A1.1 thanks to
its PAR binding domain. Local H3K4 demethylation performed by KDM5B is essential for Ku70/80
and BRCA1 recruitment, in NHEJ and HR pathways, respectively. Moreover, Li and colleagues
observed an enhanced and prolonged phosphorylation of H2AX and p53 when cells lacking KDM5B
are irradiated and the phosphorylation of these two key players in DNA Damage Repair (DDR)
occurs also in non-irradiated cells, suggesting a crucial role for KDM5B as in genome’s integrity
surveillance, regardless of irradiation. A similar mechanism has been recently proposed for KDM5A
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as well, even though it is still not clear whether the catalytic activity of this enzyme is necessary for
DNA repair or in this case the stimulation of repair is achieved by an indirect mechanism [24].
For the pivotal functions of KDM5 enzymes in different cellular processes, it is important to
understand the mechanisms underlying their regulation, Moreover, given the prominent role they
have in oncogenesis, they are also promiseful candidate as therapeutic targets.
In the last decade, an increasing number of epigenetic inhibitors has been developed [25].
Among these, compounds targeting histone lysine demethylase are of great interest because several
members of this family of enzymes plays a pivotal role in diseases [26]. Thus, histone lysine
demethylases are considered putative drug targets primarily because we acquired a good
knowledge of their active site structure [7; 27-29]. This feature allows us to develop high-affinity
inhibitors [30-32]. Small molecules that can regulate site-specific methylation can be used both as
chemical tools for studying the function of the epigenetic modifiers and as candidate therapeutic
agents for diseases caused by aberrant histone methylation [33-34].
Some inhibitors of KDM5 subfamily of JHDMs have been developed [33-38]. Since the catalytic
mechanism of these proteins relies on α-ketoglutarate, the inhibitors for JHDMs are mostly
compounds mimicking this cofactor [39-40], with very few exceptions [28].
2. Results
2.1. RS 3195 is a KDM5 enzymes inhibitor that induces a strong G2/M arrest in MCF-7 cells
We previously set up an in vivo screening system to select H3K4-Specific Histone Demethylase
inhibitors which allowed us to find a new potential inhibitor of KDM5 enzymes, starting from a
library of about 6000 compounds predicted to mimic the structure of α-ketoglutarate [36]. The
molecule identified, called RS 3195 is shown in Table 1. Further analysis showed that this compound
was able to selectively inhibit KDM5B and KDM5D activity in vitro and to decrease H3K4
demethylation in HeLa cells without affecting other lysines methylation [36]. Since we were
particularly interested to the role of KDM5 enzymes in oncogenesis and transcriptional regulation,
we decided to focus our analysis on the effects of our compound on MCF-7 breast cancer cell line in
which KDM5B over-expression is a crucial feature because it has wide effects on proliferation,
transcription regulation and drug resistance [41]. To assess the ability of RS 3195 to inhibit KDM5
enzymes, we treated MCF-7 cells with three different concentrations of inhibitor (1 μM, 10 μM and
30 μM). Since in human the only enzymes accountable for the demethylation of tri-methylated H3K4
are KDM5 histone demethylases, we monitored the levels of H3K4me3 upon RS 3195 treatment. As
previously observed in HeLa cells [36], RS 3195 induces a slight increase in H3K4me3 levels in bulk
chromatin of MCF-7 as well (SM Figure 1-2), although, due to high variability, this effect is not
statistically significant. However, we noticed that RS 3195 strongly affects cell cycle dynamics of
MCF-7 at 30 μM, inducing a clear increase of cells in G2/M (Figure 1A-B). No cell cycle perturbation
was observed at 1 μM and 10 μM. A similar result was previously observed in HeLa cells [36],
suggesting a cytostatic effect of this compound at higher concentrations.
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Table 1. Chemical Structures for RS Compounds 3195, 3152, 3183, 5033 and 4995.

Compd

R1

Position

RS3195

CH3O

3

RS3152

CH3O

3

RS3183

CH3O

3

RS5033

CH3O

3

RS4995

Br

4

4

R2
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Figure 1. RS 3195 is a KDM5 enzymes inhibitor that induces a strong G2/M arrest in MCF-7 cells. (A)
Flow-cytometry analysis of cell-cycle distribution of MCF-7 cells treated with three different
concentrations of RS 3195. The image is representative of three independent experiments. (B)
Quantification of three independent experiments of flow cytometry analysis, indicating a strong
increase in G2/M cells upon 30 μM RS 3195 treatment . Data are represented as the mean ± SD of the
corresponding percentage of cells in different cell cycle phases. (C) Transcript levels analysis by Real
Time PCR of CYP1A1 and AHRR, in MCF-7 cells treated with 10 μM RS 3195, indicating that this
compound activates Aryl-hydrocarbon response. TCDD is used as control of the activation of AhR
response as it is considered the best-known elicitor of the pathway. Data are represented as the mean
± SD of mRNA levels fold change from four independent experiments with respect to DMSO control.
Statistical significance was assessed according to two-tailed paired Student’s t test. * p<0.05; **
p<0.001.

2.2. KDM5 enzymes inhibition does not significantly change the transcriptome of MCF-7 cells
To define a transcriptomic signature of H3K4 tri-methylation and dissect the role of KDM5
enzymes in transcriptional regulation and oncogenesis, we performed an RNA-seq on MCF-7 cells
treated with RS 3195. To minimize the cytostatic effect of our inhibitor, we treated cells with a
concentration of 10 μM which does not significantly perturb the cell cycle dynamics. We found some
genes significantly modulated upon treatment (SM Table1) but a complete functional analysis (SM
figures 3-4) showed no remarkable alterations in specific gene expression patterns. This limited
effect on gene transcription is in accordance with the data provided by Yamamoto and colleagues
[41] who observed only modest variations of transcript levels in siKDM5B transfected breast cancer
cells, especially in luminal breast cancer cells. Thus, they suggested that KDM5B is not a strong
transcriptional repressor but rather a fine-tuning regulator of cell type-specific H3K4 methylation
and transcript levels. However, we noticed that the top up-regulated genes (SM Table1), CYP1A1,
CYP1B2, ALDH1A3 and AHRR) were all known to be involved in the aryl hydrocarbon receptor
(AhR) response [42-44], a signaling pathway activated by xenobiotics, suggesting that the most
significant transcriptomic changes caused by our compound could be due to its potential toxicity.
We verified the activation of AhR pathway by analyzing levels of CYP1A1 and AHRR transcripts by
Real Time PCR in MCF-7 cells treated with RS 3195. This analysis confirmed that RS 3195 induces the
genes involved in AhR pathway even in a minor extent as compared with the main known elicitor of
AhR, TCDD (Figure 1C). AhRR gene was previously shown to repress the growth of MCF-7 cells
affecting transcriptional and/or posttranscriptional regulations of estrogen responsive and cell
cycle-related genes [45].

2.3. Designing RS 5033, a selective KDM5 enzymes inhibitor with no effects on cell cycle dynamics
To gain more insight the RS3195 binding mode we performed docking experiments. The
binding mode of the inhibitor was evaluated at the α-KG binding pocket of the KDM5B crystal
structure [46-47]. Analyses of the docking poses led us to highlight some key binding interactions: (i)
the oxygen atoms of the carboxylate and of the carbonyl al position 1 of the pyrrole formed
coordination contacts with the catalytic iron atom; (ii) the pyrrole nucleus formed staking
interactions with the aromatic rings of the Tyr488 and Phe496; (iii) the sulfonamide oxygen atoms
were involved in H-bond with Arg98; (iv) the terminal phenyl ring formed staking contacts with
Trp486. (Figure 2)
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Figure 2. Proposed binding mode for RS3195 (green) and RS5033 (magenta). The iron atom is
reported as grey sphere; the coordinating residues are depicted as cyan sticks and the coordination
bond as dotted yellow lines. The residues involved in interactions with the inhibitors are reported as
white lines. H-bond is reported as yellow dot lines.

A test set of RS3195 analogues was synthesized and evaluated by Surface Plasmon Resonance to
confirm the proposed binding mode and to draw some structure activity relationships Compounds
lacking either the carboxylic moiety (RS 3152) or the pyrrole-2-carboxylic group (RS 3183) were
predicted to be less active than RS3195. Indeed, both compounds do not possess the iron chelating
moieties. We aimed to strengthen the aromatic interactions by replacing the pyrrole nucleus with a
phenyl ring (RS5033). Finally, we moved the R2 substituent (Table 1) from position 3 to position 4 of
the central phenyl ring (RS4995). All the new compounds were evaluated by docking experiments.
Worthily, derivatives RS4995 and RS5033 shared the same binding mode of RS3195, whereas RS3152
and RS3183 showed distinct binding mode.
We tested the relative affinity of these molecules for KDM5D enzyme by Surface Plasmon Resonance
(SPR) at various concentrations of compounds (Figure 3; SM Figure 5) and, as predicted, RS 3152 and
RS 3183 showed lower affinity for KDM5 compared to RS 3195. RS 4995 resulted to have a similar
affinity whereas RS 5033 proved to be the most affine compound for the catalytic site of the enzyme.
The SPR results were in good agreement with the proposed binding modes. The experimental
data highlighted the key role of the moieties that bound the catalytic iron atom.
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Figure 3. SPR sensorgrams showing the interaction of KDM5D immobilized on a COOH5 sensorchip
between analytes (inhibitors RS3152, RS3183, RS3195, RS4995, RS5033 in buffer HSP-1%D) at the
following concentrations: 6.25 μM; 12.5 μM; 25 μM; 50 μM; 100 μM. The increase in RU relative to
baseline indicates complex formation; the plateau region represents the steady-state phase of the
interaction, whereas the decrease in RU after 120 s represents dissociation of analytes from
immobilized KDM5D after injection of buffer HSP-1%D.

When tested in vitro (see Materials and Methods) RS 5033 proved to be slightly more active than RS
3195 (Table2). Hence, we tested the in vivo effect of different concentration of RS 5033 (1 μM, 10 μM
and 30 μM) on H3K4 tri-methylation and on the cell cycle dynamics in MCF-7 cells. Western blotting
analysis on bulk chromatin demonstrated that RS 5033 induces a more remarkable and significant
increase of H3K4me3 compared to RS 3195 (Figure 4A-B). Moreover, this compound does not
increase H3K9 and H3K27 methylation levels, suggesting a predominant inhibitory action of RS 5033
on KDM5 subfamily rather than a general effect on all JHDMs (Figure 4A-B). At higher
concentrations, H3K27 tri-methylation seems even to decrease, possibly due to regulatory cross-talk
effects. To assess whether RS 5033 perturbs cell cycle dynamics as previously observed with RS 3195,
we performed a flow cytometry analysis on MCF-7 cells treated with 10 μM and 30 μM of RS 5033.
The strong increase of cells in G2/M noted upon treatment with 30 μM of RS 3195 was not observed
when MCF-7 cells were treated with RS 5033 (SM Figure S6-7). Moreover, Real Time PCR analysis
indicated that RS 5033 treatment induces only a small increase the genes involved in AhR pathway
that were found to be upregulated upon RS 3195 treatment, suggesting that RS 5033 stimulates this
pathway to a much lesser extent compared to RS 3195 (SM Figure S8). Based on these results, RS
5033 proved to be a selective inhibitor of KDM5 enzymes that does not affect cell cycle nor
significantly stimulates AhR response.
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Table 2. in vitro IC50 of RS 3195, RS 5033 and KDOAM-25 toward KDM5 enzymes

Compound

IC50

Reference
Mannironi et
al., 2014

RS 3195

2 μM

RS 5033

1 μM

This work

KDOAM-25

<0,1 μM

Tumber et al.,
2017

Figure 4. RS 5033 is a selective KDM5 enzymes inhibitor. (A) Western blotting analysis of H3K4me3,
pan-methyl-H3K9 and H3K27me3 levels in MCF-7 cells after 24 hours of incubation with three
different concentrations of RS 5033. Shown images are representative from at least three independent
experiments. (B) Quantification of independent western blotting experiments indicating a strong and
significant increase of H3K4me3 levels upon treatment with all three concentrations of RS 5033.
H3K9me3 levels are not affected whereas H3K27me3 levels decrease upon treatment. Data are
normalized to DMSO control and represented the mean ± SD of relative modified histone levels.
Statistical significance was assessed according to two-tailed paired Student’s t test. * p<0.05

We also tested KDOAM-25 [48], a recently characterized potent and specific KDM5 enzymes
inhibitor with biochemical half maximal inhibitory concentration values of <100 nM for KDM5A-D
in vitro. This compound proved to be highly selective toward other 2-OG oxygenases sub-families,
and to exert no off-target activity on a panel of 55 receptors and enzymes [48]. KDOAM-25 was
reported to inhibit H3K4me3 demethylation of H3K4me3 at transcription start sites and to block
proliferation of MM1S multiple myeloma cells [48]. In our hands the compound leads to a modest
8
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(around 1.5-fold) but significant increase of H3K4 tri-methylation in MCF7 bulk chromatin at
concentrations 0.03-1 μM, while the effect is lost at higher concentrations (Figure 5A-B). As RS 5033
also this compound does not show any significant effect on cell cycle in the same range of
concentrations (not shown).

Figure 5. KDOAM-25 is a KDM5 enzymes inhibitor that increases H3K4me3 levels at lower
concentration in MCF-7 cells. (A) Western blotting analysis of H3K4me3 levels in MCF-7 cells
incubated for 24 hours with different concentrations of KDOAM-25. Shown image is representative
of four independent experiments. (B) Quantification of independent western blotting experiments,
showing a slight increase in H3K4m3 levels upon KDOAM-25 treatment at lower concentration. Data
are normalized to DMSO control and represented as the mean ± SD of relative H3K4me3 levels.
Statistical significance was assessed according to two-tailed paired Student’s t test. * p<0.05

2.4. KDM5 enzymes inhibition leads to differential expression of selected genes
The best characterized function of KDM5 enzymes is to regulate gene expression. Nevertheless,
transcriptome analysis of siKDM5B breast cancer cells indicated that loss of KDM5B does not
strongly affect global gene transcription but rather alters transcription of selected genes. Based on
available data of transcriptome analysis of siKDM5B in MCF-7 cells [41,49] and of RS 3195 treatment
(this work), we selected a set of relevant genes in breast cancer oncogenesis whose regulation could
be influenced by inhibition of KDM5 activity and analyzed their expression upon RS 5033 and
KDOAM-25 treatment. Among the best-known targets of KDM5B there is BRCA1, a gene well
known to play a role in DNA repair and found to be up-regulated upon KDM5B knock down in
MCF-7 [17].
Transcriptomic analysis by DNA microarrays, followed by ChIP assays confirmed BRCA1 as a
target gene of KDM5B and showed that KDM5B controls also the expression of several members of
the metallothionein (MT) family and genes required for a functional G2/M and/or spindle
checkpoint. Among the MT genes, MT2A was also found to be downregulated in siKDM5B MCF-7
9
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cells and upon RS 3195 treatment whereas MT1F was reported downregulated by overexpression of
KDM5B. Another interesting gene upregulated both by KDM5B silencing and RS 3195 is AKR1C2.
This gene is an onco-suppressor as it metabolizes progesterone, producing a catabolite which
contributes to suppress cell proliferation in breast cancer [50]. RS 3195 treatment induces also a
differential expression of another gene involved in breast cancer, PCDH10, coding for a
protocadherin whose transcriptional silencing and promoter methylation were frequently detected
in breast carcinoma cell lines [51]. We analyzed the transcript levels of this set of genes on MCF-7
cells treated for 24 hours with RS 5033 and KDOAM-25. At concentrations that proved to induce the
strongest increase of H3K4 tri-methylation on MCF-7 cells: 10 μM and 30 μM for RS 5033 and 0,01
μM, 0,03 μM and 0,1 μM for KDOAM-25. Real Time PCR analysis on RS 5033 treated cells showed
no significant modulation of BRCA1 and MT1F genes (SM Figure S9). KDOAM-25, on the other
hand, seems to induce a slight increase of the expression of these two genes, even though
up-regulation appears to be statistically significant only for BRCA1 at 0,01 μM dose with a modest
increase (around 1.4-fold). AKR1C2 levels resulted increased by both inhibitors, confirming
downregulation of this gene by KDM5B (SM Figure S10). PCDH10 resulted significantly
downregulated by 30 μM RS 5033 and by 0,01 μM and 0,1 μM KDOAM-25 (SM Figure S9-10). In
table 3 is reported a summary of the results compared to RS 3195 RNA-seq experiment and to
literature data. Taken together, our findings seem to confirm the role of KDM5 enzymes as
fine-tuners rather than true regulators of the expression of selected oncogenes.
Table 3. Summary of transcriptional modulations of genes involved in breast cancer.

Gene

BRAC1
MT1F
AKR1C2
PCDH10

RS 5033
treatment

KDOAM-25
treatment

No
modulation
No
modulation
UP
DOWN

Slight
increase
No
modulation
UP
DOWN

RS 3195
RNA seq

KDM5
silencing
(Yamamoto
et al., 2014)

KDM5
silencing
(Scibetta
et al., 2007)

KDM5
knock
down
(Yamane
et al., 2007)

N/A

N/A

N/A

UP

N/A

N/A

UP

N/A

UP
DOWN

UP
DOWN

N/A
N/A

N/A
N/A

2.5. KDM5 enzymes inhibition increases breast cancer cells sensitivity to ionizing radiation
Besides the well documented role of KDM5 enzymes in transcriptional regulation, recent
findings indicate a novel function for KDM5 enzymes in maintaining genome stability. KDM5A and
B were reported to play a crucial role in DDR [23-24,52]. To test the hypothesis that inhibiting KDM5
enzymes could impair the ability of the cell to achieve a correct DDR, we irradiated MCF-7 cells with
increasing doses of X-ray (0,3 Gy, 1 Gy and 3 Gy) after treatment with three different concentrations
of RS 3195 (3 μM, 10 μM or 30 μM); RS 5033 (3 μM, 10 μM or 30 μM) or KDOAM-25 (0,03 μM 0,1 μM
and 0,3 μM) in the growth medium. After irradiation cell viability was tested by CCK-8 assay (see
Materials and Methods, Figure 6A-C). This analysis showed that when MCF-7 cells are irradiated
with 3 Gy there is a significant reduction of viable cells in presence of all the concentrations of RS
5033 and KDOAM-25 compared to DMSO control. RS 3195 shows a more limited effect. To test if this
increase of radio-sensitivity produces effects in proliferative activity, we performed a clonogenic
assay [53]. This assay allows to evaluate the differences in the capacity of cells to produce progeny
between control untreated cells and cells treated with a chemical compound and exposed to X-ray.
By calculation of the plating efficiency and survival fractions after exposure of cells to radiation both
in untreated and treated cells, it is possible to set out a radiation dose-response curve for X-ray
irradiated cells. MCF-7 cells were treated either with DMSO, 10 μM RS 5033, 10 μM RS 3195 or 0.03
10
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μM KDMOA-25 and then irradiated with 0 Gy, 1 Gy, 3 Gy or 10 Gy (Fig. 6D-F). A slight but
significant decrease of proliferative capacity of MCF-7 cells was observed for 3 Gy irradiation dose
after RS 5033 and for 3 and 10 Gy after KDMOA-25 treatment compared to DMSO control, while no
significant effect was observed for the RS 3195 treatment.
These observations seem to confirm the recently proposed hypothesis that KDM5 enzymes are
crucial regulators of genome stability [23-24,52].

Figure 6. KDM5 enzymes inhibition increases breast cancer cells sensitivity to ionizing radiation.
(A-C) Viability assay on MCF-7 cells irradiated and treated with three different concentration of RS
3195 (A), RS 5033 (B) or KDOAM-25 (C). The histogram reports the mean of relative absorbance
measured at 450 nm ± SD from three independent experiments. In order to appreciate the effect of the
inhibitors on cell viability in each dose of radiation compared to DMSO control, the absorbance of
each dose of radiation (sham, 0.3, 1 and 3 Gy) was normalized to the corresponding DMSO control
and then, for each concentration of inhibitors, these values were normalized to the corresponding
sham control of alive cells and represent the average. (D-F) Clonogenic assay of MCF-7 cells treated
with RS 3195 10 μM (D), RS 5033 10 μM (E) or KDOAM-25 0,03 μM (F) and irradiated with 0 Gy, 2 Gy
5 Gy or 10 Gy X-rays. After the irradiation, cells are seeded again and incubated for 1 day with
inhibitor and stained with methylene blue after 13 days. For every dose it is indicated the mean value
of the cell survival ± SD of 3 independent colony forming assays. Data are normalized to
corresponding sham controls. Statistical significance was assessed according to two-tailed paired
Student’s t test. * p<0.05; ** p<0.001

2.6. Effects of KDM5 inhibitors on H2AX phosphorylation
To test the hypothesis that the observed effects of KDM5 inhibitors in enhancing the
radio-sensitivity of the MCF7 cells is due to less efficient DNA damage signaling and repair, we
tested the dynamics of H2AX phosphorylation following irradiation in MCF7 cells treated with the
11
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three different compounds. As a consequence of genotoxic damage, phosphorylated H2AX (ɤH2AX)
accumulates in the nucleus, not exclusively at damaged sites but proportionally to the extent of
damage. Its total increase, which can be measured by western blot, is more persistent than its
increase at the damaged sites (ɤH2AX foci) and can be used to estimate the total amount of damage
[54]. Fig.7A shows that irradiation with 6 Gy of X-rays leads to ɤH2AX accumulation in MCF7 cells.
Treatment with both RS 5033 and KDOAM-25 increases the amount of ɤH2AX both in
sham-irradiated and in irradiated cells. When normalized to the amount of H2AX (which is also
induced by irradiation) the ɤH2AX increase is statistically significant at 4h and 24h in RS5033 treated
cells while it is not significant in KDOAM-25 treated cells, due to higher variability (Fig. 7B).

Figure 7. KDM5 inhibition increases H2AX phosphorylation. Western blotting analysis of γ-H2AX
levels of irradiated MCF7 cells. MCF-7 cells treated with RS 5033 10 μM (A) or KDOAM-25 0,03 μM
(B) are exposed to 0 or 6 Gy of X-rays and irradiated samples are collected after 4, 8, 24 or 36 hours.
Shown images are representative from at least two independent experiments. (C-D) Quantification of
independent western blotting experiments, showing an increase in H2AX phosphorylation levels
upon RS 5033 and KDOAM-25 treatment. Data are represented as the mean ± SD of relative ɤH2AX
levels (normalized to total H2AX). Statistical significance was assessed according to one-way
ANOVA. * p<0.05; ** p<0.001

3. Discussion
KDM5 enzymes are histone lysine demethylases acting on H3K4. These enzymes, belonging to
the family of JHDMs, are hydroxylases capable of erasing H3K4me2 and H3K4me3 marks. For this
reason, KDM5 enzymes were initially proposed to be mainly epigenetic regulators of gene
transcription and chromatin organization. However recent findings are suggesting that these
enzymes are critical regulators of other important cellular processes, including DNA replication, cell
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cycle dynamics and DNA damage repair. Importantly, histone lysine demethylases seem even to
catalyze other hydroxylation reactions that regulate both protein and nucleic acid-based processes,
or to perform novel functions not relying on their demethylases activity, such as acting as molecular
scaffold exploiting their chromatin-binding capacity to recruit other proteins and chromatin
remodeling activities [55].
In view of all this, developing small molecules capable of inhibiting this subfamily of JHDMs
and finding novel mechanisms of regulation of their expression could be helpful to investigate their
emerging functions. Since there are growing evidences linking KDM5 enzymes deregulation to
several types of tumors, acting on them by epigenetic inhibitors could shed light on the role of these
proteins in cancer onset and pave the way to new strategies of therapy. In particular, KDM5A
(JARID1A/RBP2) and KDM5B (JARID1B/PLU1) contribute to cancer cell proliferation, reduce the
expression of tumor suppressor genes, promote the development of drug tolerance and maintain
tumor initiating cells.
In this work we tried to define a role for KDM5 enzymes in breast cancer cells, a cellular context
in which the major role of these histone demethylases is well established. First, we found a
compound, named RS 5033, capable of specifically inhibiting the catalytic mechanism of KDM5
enzymes. This molecule derives from a previous compound (RS 3195) identified a screening in
Saccharomyces cerevisiae of 45 compounds predicted to mimic the α-ketoglutarate cofactor of the
enzymes [36]. Although RS 3195 seemed to consistently increase H3K4me3 levels both in yeast and
in HeLa cells, it appears less effective in breast cancer cell line MCF-7 overexpressing KDM5B.
Nevertheless, we analyze its effects on MCF-7 transcriptome. The most remarkable modulation
caused by RS 3195 in the gene expression profile of MCF-7 cells was the up-regulation of the genes
involved in aryl-hydrocarbon response, a pathway involved in the regulation of biological responses
to planar aromatic (aryl) hydrocarbons, suggesting a potential toxic effect of our compound. Thus,
we moved on RS 5033 that proved to be more effective in binding the catalytic site of KDM5
enzymes and not to stimulate the AhR pathway. In a range of concentrations between 1 and 30 μM,
RS 5033 significantly increases tri-methylation of H3K4 in MCF-7 without increasing methylation of
other lysines whose demethylation is not under direct control of KDM5 enzymes. Indeed, H3K27
tri-methylation seems even to decrease at highest concentration of inhibitor (about two-fold)
through a still elusive mechanism. One speculation is the possibility of a cross-talk between these
two histone modifications by which an increasing of H3K4me3, which has a positive effect on gene
transcription, could indirectly lower the levels of H3K27me3, which on the contrary is correlated
with gene repression. We analyzed also the effect on bulk chromatin of KDOAM-25, a new
compound that proved to inhibit KDM5 enzymes in vitro with a IC50 <100 nM. In MCF-7 cells, this
molecule induces a slight increase of H3K4me3 levels at lower concentrations (0.03-1 μM) whereas
no effect is observed at higher doses. We used RS 3195, RS 5033 and KDOAM-25 inhibitors to
investigate the role of KDM5 enzymes in transcriptional regulation in breast cancer cells. Based on
our transcriptome data using RS 3195 and on data on KDM5B silencing available in literature, we
found some genes potentially regulated by KDM5 enzymes. Among these, AKR1C2 is noteworthy
because it catabolizes progesterone in 3 α HP that suppresses cell growth [50]. In accordance with
data from KDM5B silencing experiment, AKR1C2 was found to be upregulated upon RS 3195, RS
5033 and KDOAM-25 treatment. This result corroborates the involvement of KDM5 enzymes in the
regulation of this gene, suggesting a potential mechanism linking KDM5B to cell growth
deregulation in breast carcinoma. PCDH10, a gene coding for a protocadherin, also resulted to be
downregulated upon treatment with all three inhibitors. Once again, this outcome correlates with
data of Yamamoto and colleagues. Strikingly, the expression of two of the first characterized KDM5B
targets, BRCA1 and MT1F, resulted essentially unaffected by KDM5 inhibition. These findings
indicate, as previously reported, that KDM5 enzymes do not regulate gene expression at a global
scale but rather modulate transcript levels at specific genomic regions and in a context-dependent
way.
Next, we used these inhibitors to investigate the emerging function of KDM5 enzymes in
genome stability maintenance. Thus, we tested their effects on MCF7 cells radio-sensitivity. All three
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molecules led to a decrease in short-term viability of irradiated MCF-7 cells. As regard long-term
effects of radiation, RS 5033 and KDOAM-25 treatment decreased the capacity of forming clones in
MCF-7 cells exposed to X-ray, whereas such effect appeared not evident in the case of RS 3195. We
also tested the effects of RS 5033 and KDOAM-25 treatment on the kinetics of accumulation of
γ-H2AX, which has been shown to correlate with DNA damage. Treatment with both compounds
leads to an evident increase of γ-H2AX accumulation in sham-irradiated cells and between 4 and 24
hours after irradiation as compared with untreated cells. Taken together, these experimental
evidences revealed that chemical inhibitors targeting KDM5 enzymes increases sensitivity to
spontaneous and X-ray-induced damage. Our results are in line with recent discoveries emphasizing
the relevance of histone demethylase as key players of genome stability. According to a recent study,
the chemical inhibition of another histone lysine demethylase, KDM6A (UTX), results in enhanced
radio-sensitivity of three different tumor cell lines, including MDA-MB-231 triple-negative breast
tumor cells [56]. In view of this, a future therapy relying on inhibition of histone lysine demethylases
by small molecules to sensitize tumor cells to irradiation appears particularly promising.

4. Materials and Methods
4.1. Cell cultures
MCF-7 human breast cancer cells were purchased from ATCC (ATCC-LGC Standards). Cells
were grown in adherence in high glucose Dulbecco’s Modified Eagle Medium (DMEM)
(#FA30WL0101500, Carlo Erba) with 1% penicillin/streptomycin (#P11-010, PAA), 2 mM
L-Glutamine (#M11-004, PAA), 10% previously inactivated Fetal Bovine Serum (#A15-101, PAA).
Cells were maintained at 37°C and 5% CO2 in an incubator (Thermo Forma Series II Water Jacketed
CO2 Incubator) and routinely passaged removing DMEM, washing with PBS (#FA30WL0615500,
Carlo Erba) and detaching them using a suitable amount of Trypsin/EDTA (#T4299-100ML,
Sigma-Aldrich).

4.2. RNA-sequencing
Total RNA was extracted and quantified as previously described. RNA-Seq libraries
preparation and sequencing was performed by the IGA Technology Services (Udine, Italy) using the
Illumina TruSeq RNA Sample Preparation Kit V2 (Illumina, San Diego, USA) according to
manufacturer’s instructions. The final libraries for single-read sequencing of 50 base pairs were
carried out on an Illumina HiSeq2000. Each sample produced about 20 million of reads. Reads
quality was evaluated using FastQC (version 0.11.2, Babraham Institute Cambridge, UK) tool, then
reads were mapped to the mouse Ensembl GRCm38 build reference genome using Tophat (version
2.0.12) [57] with the default settings added with the “—no-novel-juncs" option. Gene structure
annotations corresponding to the Ensembl annotation release 75 were used to build a transcriptome
index and provided to Tophat during the alignment step using the “-G” parameter. The same gene
annotation was used to quantify the gene-level read counts using HTSeq-count (version 0.6.1) script,
subsequently the differential analyses for gene expression were performed using Bioconductor [58]
R (version 3.2.2) (R Core Team, 2015) package DESeq2 (version 1.4.5). The resulting filtered (adjusted
p-value < 0.1) genes were clustered by enrichment pathway analysis using Bioconductor R packages
ClusterProfiler [59] and with Gene Ontology Database [60].

4.3. Surface Plasmon Resonance (SPR)
Surface Plasmon Resonance (SPR) experiments were carried out using a SensiQ Pioneer system.
Immobilization of ligand (KDM5D) was carried out essentially as in Ilari et al. [61]. The sensor chip
(COOH5) was activated chemically by a 100 μl injection of a 1:1 mixture of
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N-ethyl-N’-(3-(diethylaminopropyl)carbodiimide (200 mM) and N-hydroxysuccinimide (50 mM) at
a flow rate of 5 μl/min. KDM5D was immobilized on activated sensor chips via amine coupling. The
immobilization was carried out in 20 mM sodium acetate at pH 4.5; the remaining unreacted groups
were blocked by injecting 1 M ethanolamine hydrochloride (100 μl). The amount of immobilized
KDM5D was detected by mass concentration-dependent changes in the refractive index on the
sensorchip surface and corresponded to about 11000 resonance units (RU); an empty flow cell was
used as a reference. Analytes, i.e. inhibitors RS3152, RS3183, RS3195, RS4995 and RS5033 were
dissolved in DMSO at a concentration of 10 mM and diluted in HSP buffer (10 mM Hepes pH 7.4,
150 mM NaCl + 0.005% surfactant P20) to yield 100 μM inhibitor concentration in HSP + 1% DMSO
(HSP-1%D). The analytes were automatically diluted in HSP-1%D and injected on the sensorchip for
120 s at a constant flow (30 μl/min); analyte concentrations were: 1) 6.25 μM; 2) 12.5 μM; 3) 25 μM; 4)
50 μM; 5) 100 μM. The increase in RU relative to baseline indicates complex formation; the plateau
region represents the steady-state phase of the interaction, whereas the decrease in RU after 120 s
represents dissociation of analytes from immobilized KDM5 after injection of buffer HSP-1%D. The
sensorgrams were analysed using the SensiQ Qdat 4.0 program and using simple Scatchard plots.

4.4. Chemical compounds
Molecular Modelling
All molecular modelling studies were performed on a MacPro dual 2.66 GHz Xeon running
Ubuntu 16LTS. The KDM5B structures were downloaded from PDB [http://www.rcsb.org/.] Pdb
code: 5FPL. [46-47]. Hydrogen atoms were added to the protein using Maestro (Small-Molecule
Drug Discovery Suite 2015-1, Schrödinger, LLC, New York, NY, 2017) protein preparation wizard
[62]. Ligand structures were built with Maestro and minimized using the MMFF94x force field until
a rmsd gradient of 0.05 kcal/mol/Å2 was reached. The docking simulations were carried out by
Plants [63]. The images depicted in the manuscript were generated by Pymol (PyMOL version 1.2r1;
DeLanoScientificLLC: SanCarlos, CA http://www.pymol.org/). The residues are numbered
according to the crystal structure sequence.
KDOAM-25 was purchased from Sigma-Aldricht (#SML1588).
4.5. Enzymatic inhibition assay
Inhibition by RS5033 (IC50) was determined by The Epigenase™ JARID Demethylase Activity/Inhibition
Assay Kit (Fluorometric) (#P-3083-48 Epigentek) which is a complete set of optimized reagents,
designed for an easy and fast fluorometric measurement of JARID activity or inhibition. The
antibody-based, immune-specific method directly detects JARID-converted demethylated products,
rather than by- products, in a 96 stripwell microplate format.

4.6. Protein analysis
4.6.1. Protein isolation
Total protein isolation was performed with RIPA buffer. DMEM was removed, cells were
washed with Dulbecco’s Phosphate Buffered Saline (PBS, #FA30WL0615500, Carlo Erba Reagents)
and then resuspended in 80 μl RIPA buffer (#R0278-50ML Sigma-Aldrich) with phosphatase
inhibitor (Phosphatase Inhibitor Cocktail 2, #P5726, and Phosphatase Inhibitor Cocktail 3, #P0044,
Sigma-Aldricht) and protease inhibitor cocktail (Complete Tablets, Mini EDTA-free, #04693159001,
Roche, Mannheim, Germany). Proteins were extracted according to producer’s protocol guidelines
and stored at -20°C until use. BIORAD Quick Start Bradford Dye assay (#5000205) was used to assess
protein concentration.
Histone isolation was performed according to acid extraction of histones protocol of Shechter
and colleagues [64]. Histone concentration was determined by running 5 μl of samples and known
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concentrations of commercially available purified calf thymus histones (from Sigma Aldrich Cat.
#000000010223565001) on a SDS-PAGE gel. The gel is stained with Coomassie blue G 250 (BIO-RAD
Cat. #161-0786) for 1 hour at room temperature and then destained in distilled water. The gel image
is acquired with ChemiDoc XRS+ Imaging System (Bio-Rad) and the volumes of bands of the
samples are compared to standard concentrations of calf thymus histone.
4.6.2. Western blotting analysis
Proteins were resolved on a 12% denaturing polyacrylamide gel, using either 4 μg of histone
preparation or 40 μg of cell lysate. After electrophoresis, proteins were transferred on a
nitrocellulose membrane (AmershamTM ProtranTM 0.45 μM NC, # 10600002) via wet transfer
method using a Bio-Rad tank. Transfer efficiency was verified via ponceau staining (#P7767, Sigma
Diagnostics). Filters were blocked with either milk (#70166, Sigma-Aldricht) or Bovin serum albumin
(#A3069, Sigma-Aldricht) and then hybridized over night at 4 °C in gentle rotation with the
following antibodies: rabbit anti-H3K4me3 (1:1000, #39915, Active Motif, RRID:AB_2687512);
rabbit-anti-H3K27me3 (1:1000, #9733, Cell Signaling Technology, RRID:AB_2616029); rabbit-antiH3K9pan-methylated (1:1000, #4473, RRID:AB_10544693); rabbit-anti-H3 (1:100000, Cat#1791,
ABCAM, RRID:AB_302613); rabbit anti-H2AX (1:1000, Cat#7631, Cell Signaling Technology,
RRID:AB_10860771), rabbit anti-Phospho-H2AX (1:1000, Cat#9718, Cell Signaling Technology,
RRID:AB_2118009). Goat-anti-Rabbit Horseradish Peroxidase conjugated (1:10000, #31460, Thermo
Fisher Scientific, RRID:AB_228341) was used as secondary antibody for 1 hour hybridization at room
temperature. Blots were scanned and analyzed with a ChemiDoc XRS+ Imaging System (Bio-Rad).
The volumes of each band of protein was acquired using Bio-Rad’s ImageLab software by means of
volume tools using global quantification. The signal for each protein was normalized to the
housekeeping protein and ratios with average control values were determined.
For histones as loading control was used either total histone H3 detected by a specific antibody
or histone H1 levels by staining the upper part of the gel properly cut before protein transfer on
nitrocellulose membrane.

4.7. Gene expression analysis
4.7.1. RNA extraction and reverse transcription
Total RNA from treated cells was isolated using miRNeasy® mini kit (#217004, Qiagen),
according to producer’s protocol guidelines. One μg of total RNA was reverse-transcribed using
QuantiTect® Reverse Transcription Kit (#205311, Qiagen), according to producer’s protocol
guidelines (Qiagen).
4.7.2. Quantitative RT-PCR
Relative quantification of gene expression was performed with the Applied Biosystems 7500
Real Time PCR System using SensiFAST™ SYBR® Lo-ROX Kit (#BIO 94020, Bioline). The relative
amount of mRNA expression was determined by means of ΔΔCt method [65], using GAPDH as internal
control. Primers were designed using www.ncbi.nlm.nih.gov/tools/primer-blast/ and purchased from
Sigma-Aldricht. The following oligos were used:
BRCA1 mRNA:
- Fw: 5’- GGAGTGGAAAGGTCATCCCC -3’
BRCA1 mRNA:
- Rv: 5’- TGAGCTCCTCTTGAGATGGGT -3’
MT1F mRNA:
- Fw: 5’ - TCCTGCAAGTGCAAAGAGTG-3’
MT1F mRNA:
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- Rv: 5’ - AAAGGTTGTCCTGGCATCAG-3’
CYP1A1 mRNA:
- Fw: 5’- CCCCACAGCACAACAAGAGA-3’
CYP1A1 mRNA:
- Rv: 5’- CAGGGGTGAGAAACCGTTCA-3’
AHRR mRNA:
- Fw: 5’- CAATTACTCAGCAGGAAGGAGC-3’
AHRR mRNA:
- Rv: 5’- CTTGGGGTCAAGGACAAGGTC-3’
AKR1C2 mRNA:
- Fw: 5’- CCAGTGTCTGTAAAGGAGGACA-3’
AKR1C2 mRNA:
- Rv: 5’- ACATGCAATCACGGAAGTATGG-3’
PCDH10 mRNA:
- Fw: 5’- GTGCAAACGTGTTCGCAGAT-3’
PCDH10 mRNA:
- Rv: 5’- TTTCTGCCAATCCTGGGGTC-3’
GAPDH mRNA:
- Fw: 5’- TCCTCTGACTTCAACAGCGAC-3’
GAPDH mRNA:
- Rv: 5’- CGTTGTCATACCAGGAAAT-3’

4.8. Clonogenic assay
One hour after treatment with inhibitors, cells were exposed to X-ray using a Gilardoni MLG
300/6-D apparatus set to 200 V and 6 mA, in order to produce an equivalent absorbed dose of 1cGy/s.
Afterwards, cells were harvested, counted and then diluted in inhibitor containing growth medium.
Appropriate cell numbers were seeded in quadruplicate according to the doubling time of the cell
line and to radiation dose. 24 hours after this seeding, the medium with inhibitor was replaced with
fresh DMEM and cells were then incubated for 14 days (enough time to allow at least six cell
divisions). After this period of growth, cells were washed twice with PBS and then fixed and stained
with a suitable volume of a solution made of 0.3% Methylene Blue and 80% Ethanol for 30 minutes at
room temperature. After washing cells twice with ddH2O, plates were pictured with ChemiDoc
XRS+ Imaging System (Bio-Rad) in colorimetric mode. Colonies were detected using Fiji software
[66], with the “Find maxima” function setting a background noise threshold of 3000. Radiation-dose
response curveS to X-ray for DMSO and inhibitor samples were calculated using surviving fraction.
Plating efficiency and surviving fraction were calculated as follows:
Plating efficiency = number of colonies counted / number of cells plated
Surviving fraction = Plating efficiency / plating efficiency of shame sample

4.9. Citotoxicity assay
The cytoxicity assay was performed with Cell Counting Kit-8 (#96992, Sigma-Aldricht)
according to the manufacturer’s instructions. 100 μl of MCF-7 cell suspension (5000 cells/ well) was
dispensed in a 96-well plate. After 24 hours, inhibitor or DMSO was added in growth medium and
then cells were irradiated. 48 hours post irradiation, 10 μl of CCK-8 solution was added to each well
of the plate and incubated again for 1 hour. Incubate the plate for 1-4 hours in the incubator. The
absorbance at 450 nm was read using a Wallac VICTOR2 1420. The absorbance at 450 nm of each
sample, which is proportional to the number of viable cells, was first normalized on the same value
of absorbance of blank (a well with only growth medium). The absorbance of each dose of radiation
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(sham, 0.3, 1 and 3 Gy) was normalized to the corresponding DMSO control and then, for each
concentration of inhibitors, these values were normalized to the corresponding sham control.

4.10. Flow-cytometry
Flow-cytometry analysis of DNA content was carried out using an EPICS xl flow-cytometer
(Beckman-Coulter). DMSO and inhibitor treated MCF-7 cells were trypsinized, pelleted, washed
with PBS and finally resuspended in PBS containing 0.1% Triton-X-100 (#A1388.1000, AppliChem)
and 40 μg/ml propidium iodide (#P-4170, Sigma). After 20 min incubation at 37 °C the samples were
analyzed. 10000 events were acquired for each sample. Acquired data were analyzed using the
WinMDI software by Joe Trotter, available at http://facs.scripps.edu
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