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as compared to the reverse sequence. Accordingly, retrospective follow-up data from 65 stage-
IV melanoma patients with irradiated melanoma brain metastases confirmed a shortened
duration of local response of mitogen-activated protein kinase (MAPK)-inhibitor—pretreated
compared with MAPK-inhibitor—naive intracranial metastases. On the molecular level, we
identified JARID1B/KDMS5B as a cellular marker for cross-resistance between BRAFi and
radiotherapy. JARID1B"2" cells appeared more frequently under upfront BRAFi as
compared with upfront radiation. JARID1B favours cell survival by transcriptional regulation
of genes controlling cell cycle, DNA repair and cell death.

Conclusion: The level of cross-resistance between combined MAPK inhibition and radio-
therapy is dependent on the treatment sequence. JARID1B may represent a novel therapy-
overarching resistance marker.
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1. Introduction

Cutaneous melanoma is the most aggressive form of
skin cancer, and once it metastasises, survival rates
dramatically drop [1]. Systemic therapy of advanced
melanoma greatly improved with the approval of small
molecule kinase inhibitors of mitogen-activated protein
kinase (MAPK) signalling (mutated in ~70—80% of
patients) and immune checkpoint blockers [1]. However,
metastatic melanoma is still associated with a poor
overall survival [1], largely because of the presence and/
or rapid emergence of drug resistance across surviving
melanoma cells, particularly in MAPK inhibitor
(MAPKIi)-treated patients [2].

Moreover, deadly systemic melanoma progression is
associated with development of anatomically critical
metastases that require immediate therapy intervention,
particularly in the brain (affecting ~40—50% of stage
IV melanoma patients [3]). Owing to the imminent
threat in such individuals, oncologists worldwide feel
obliged to enhance the existing intracranial activity of
MAPK-targeted agents or immune checkpoint blockers
by combination with radiotherapy protocols. A number
of retrospective analyses and also first clinical trials
indicate favourable outcomes and acceptable toxicities
of such combination therapies [4—10], but there are no
data available that systematically addresses the effect of
therapy sequencing on the durability of clinical re-
sponses and development of therapy overarching resis-
tance (cross-resistance). A prime example of how
important therapy timing will become in the clinical
routine has been recently demonstrated by Hugo et al.
Their findings have suggested that melanomas with ac-
quired clinical resistance to MAPKi recurrently lose
CDS8 T-cell numbers and antigen presentation functions,

which points to cross-resistance to anti-PD1/PD-L1
immunotherapy [11]. Moreover, this observation could
indicate that once melanoma cells have acquired the
MAPKi-resistant phenotype, they may be resistant
against any exogenous stressor including also ionising
radiation.

A number of genetic and phenotypic molecular
mechanisms of therapy resistance have been identified in
melanoma under MAPKi treatment [2,12—14]. The
most common include genetic alterations in for example
BRAF, NRAS and MEK as well as epigenetically driven
adaptive plasticity of melanoma cell subpopulations.
Yet, it is not fully understood how some melanoma cells
escape initial therapeutic hits including radiation-
induced killing. Our lab has previously described the
existence of a small subpopulation of slow-cycling cells
that survives multiple available drugs and significantly
repopulates melanomas, irrespective of the genetic
background of the melanomas analysed [15,16]. This
multidrug-resistance seems to be dependent on a high
expression level of the histone H3K4 demethylase
JARIDIB/KDMS5B  (Jumonji  AT-rich interactive
domain 1B/lysine-specific demethylase 5B) [15,17,18]. In
the therapeutic context in vitro, in vivo and in patients,
melanoma cell populations that survive therapies have
been shown to be significantly enriched for the JAR-
ID1B"e" cell phenotype [15,17,18]. In a recently pub-
lished paper, Bayo et al. showed that the inhibition of
JARIDIB sensitises lung cancers to radiation in vitro
and in vivo, through the involvement of JARIDIB in the
cellular response to double-strand breaks [19].

Based on JARIDI1B’s role in multidrug resistance and
tumour maintenance in melanoma, we now examined its
applicability as a universal resistance marker also to
radiotherapy and implemented this idea into a novel
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preclinical test platform for outcome prediction of
radiotherapy combination sequences. As a proof of
concept, we assessed the levels of cross-resistance be-
tween BRAFY®°’F inhibition (BRAFi) and radiotherapy
and examined the molecular mechanisms downstream of
JARIDI1B that mediate cell survival.

2. Materials and methods

2.1. Cell culture, reagents, in vitro radiation, siRNA and
ShRNA constructs

Human melanoma cell lines were provided by M. Herlyn
(The Wistar Institute, Philadelphia, USA) or commercially
acquired. For details see, Supplementary Table 1, [15,43].
In brief, WM3734 and WM9 cells were established from
human metastases of melanoma and are both BRAF"*"%
and NRAS wt, while MelJuSo was established from a
primary human melanoma and is BRAF wt and
NRAS?'E, Cells were cultured with 2% foetal bovine
serum (FBS)-substituted melanoma medium (Tu2%) as
previously described [44] and grown at 37°C in 5% CO..
Radiation was performed at room temperature with an X-
ray machine (Precision X-Ray Inc., North Branford, CT)
operated at 320 kV, 12.5 mA with a 1.65 mm Al filter, at a
distance of 50 cm and a dose rate of 3.71 Gy/min. Cells were
returned to the incubator immediately after exposure to
ionising radiation. PLX4720 (Cat # SI1152) and
GSK2118436—referred to as GSK436 throughout the
manuscript—(Cat # S2807) were purchased from Sell-
eckchem (Munich, Germany). All compounds were stored
at —20°C in dimethyl sulfoxide (DMSO) as 10 mM stocks.
JARIDIB siRNA (5 —A CGCACCAAGCCGAAAG-
TAAA-3') was purchased from Qiagen (Hilden, Germany)
and transfected (8 nM) using jetPRIME® Polyplus ac-
cording to the manufacture’s protocol. Knockdown effi-
ciency was determined by Western blot analysis and
quantitative PCR (QPCR). A ‘non-functional’ siRNA
clone (Cat #S100090314, did not affect JARID1B expres-
sion) was used as a control. Tet-3GshJARID1B doxycy-
cline-inducible vectors were generated according to the
publicly available protocol of Wiederschain et al [45],
using Tet-pLKO-puro (Plasmid# 21 915, Addgene, Cam-
bridge, MA, USA) as a backbone. The melanoma cell line
WM3734 was transfected either with a non-targeting
shRNA (5-CAACAAGATGAAGAGCACCAA-3)
termed WM3734T¢3575¢ o1 with shRNA targeting JAR-
IDIB (5-ACGCACCAAGCCGAAAGTAAA-3) termed
WM3734Te3G-shJARIDIB

The first treatment sequence applied radiation (IR)
followed by BRAFY**E_selective inhibition [PLX4720
or GSK2118436 (TT)], while the second sequence star-
ted in the reverse order, i.c., BRAFi followed by radi-
ation. In brief, once WM3734 melanoma cells reached
~70% confluence, the cells were either irradiated at day
0, then treated with BRAF inhibitors (PLX4720 or

GSK436) at day 3 (IR — TT) or vice versa (TT — IR).
The cell numbers used for the assays and the temporal
sequences were designed in such a way that cell density
effects could be excluded as good as possible. As
readout, the JARID1B expression level was assessed on
day 6 and total cell counts on day 9. The PLX4720 and
GSK436 concentrations were chosen based on preceding
drug titration assays particularly considering the JAR-
ID1B enrichment to ensure an ideal read-out for this
proof-of-principle approach. PLX4720 [0.2 puM] and
GSK436 [3 nM] were the concentrations resulting in the
highest JARID1B enrichment as determined by JJEGFP
flow cytometry in WM3734’ARID1Bprom=EGFP oojq

2.2. Patient tissue samples and clinical data collection

Immunohistochemical staining of the 17 archived
human melanoma samples was approved by the ethics
committees of the contributing clinical skin cancer cen-
tres according to local informed consent protocols
(Essen 16-7191-BO and 11-4715, Dresden EK 59032007,
Mannheim 2014-835R-MA, Tiibingen 494/2017BO2).
The retrospective data analysis of 65 stage IV melanoma
patients with brain metastases who received radio-
therapy plus MAPKi was collaboratively done within
the German DeCOG network based on local patient
records (contributing sites: Dresden, Mannheim,
Munich, Tiibingen, Liibeck, Hannover, Freiburg and
Essen). Multicentric data collection was approved by the
ethics committee of the leading centre (Dresden
EK270062016). All patients received BRAF and/or
MAP kinase (MEK) inhibitors within 6 weeks of
radiotherapy. There were 26 females and 39 males, and
the median age was 58 years (range, 29—87 years). For
further details, see Supplementary Table 2.

2.3. Flow cytometry

Flow cytometric detection of double staining of
JARIDIB expression levels and Live/Dead® (Ther-
moFisher Scientific, Oberhausen, Germany) was per-
formed using a Gallios flow cytometer (Beckman
Coulter, Krefeld, Germany) following standard pro-
tocols. In brief, cells were stained with Live/Dead®
for 30 min at 4°C, fixed in 2% formalin with 0.1%
Triton X-100 in phosphate buffered saline (PBS) for
20 min at room temperature (RT) and then per-
meabilised in 90% methanol for 30 min at —20°C. For
detection of endogenous JARIDIB protein, primary
(NB100-97821, Novus Biologicals, Colorado, USA)
and secondary (Alexa Fluor® 568 goat anti-rabbit
IgG (H + L), Life Technologies, Orlando, USA) an-
tibodies were incubated for 30 min at RT at a dilution
of 1:1200. Before and after antibody incubation, cells
were washed with FACS buffer (0.5 M ethylene
diamine tetra-acetic acid [EDTA], 1% FBS, 1x PBS).
Data were analysed using FlowJo, V7.6.5 (Tree Star,
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Ashland, OR, USA). For assessment of endogenous
JARIDIB expression, an analytical threshold was set
to 1% of the isotype control. Experiments were per-
formed as three independent replicates. Assessment
of JARIDIB expression by the human JARIDIB-
promoter-EGFP (enhanced green fluorescent protein)-
reporter construct in WM3734/ARID1Bprom—EGEP o011
was done as described previously [15,16].

2.4. Proliferation, cell cycle and apoptosis assays

Trypan blue and crystal violet staining were performed
to assess cell numbers and viability according to com-
mon standard protocols. In short, cells were seeded in
24-well plates and allowed to proliferate to ~70%
confluence. Trypan blue-negative living cells were
counted using a haemocytometer. For crystal violet
staining, the cell culture medium was removed; the cells
were washed and fixed with 70% ethanol for 1 h at
RT and then stained with 1% crystal violet for 30 min.
The cells were washed with tap water and dried on filter
paper. After the plates were photographed, the dye was
dissolved in 70% ethanol and emission was measured at
550 nm using an Epoch Microplate Spectrometer (Bio-
Tek, Winooski, VT, USA). The images were also
quantified using the ImageJ-win64 software. Three in-
dependent experiments were performed, and standard
deviation (SD) was calculated. Propidium iodide stain-
ing for cell cycle analysis was performed as previously
described (Roesch et al., 2010). In brief, melanoma cells
were seeded in 6-cm plates and allowed to proliferate to
~70% confluence. The cells were then irradiated with 0,
5 or 10 Gy. After 1, 3 or 6 days, cells were trypsinised
and washed with PBS containing 5 mM EDTA. After
incubation with 100% ethanol, RNase A was added.
Propidium iodide was added to a final concentration of
100 pg/mL, and intercalation into chromosomal DNA
was measured using a Gallios cytometer (Beckman
Coulter). Data were analysed using FlowJo software
(version 7.6.5). Dead cells (sub-G1) have been gated out.

2.5. Western blot

Proteins were extracted as described previously [46], and
20 pg of cell extract was separated on a 10% poly-
acrylamide-sodium dodecyl sulphate gel before being
transferred onto a membrane (Roth, Karlsruhe, Ger-
many). Primary antibodies were incubated at 4°C
overnight in Tris-buffered saline containing 0.1%
Tween-20 and 5% milk. Primary antibodies were rabbit
anti-JARID1B  1:1200 (NB100-97821), Rb (Cell
Signaling, Cat# 9309) and Tubulin (Cell Signaling, Cat#
2148). Then the blots were washed with TBST and
incubated for 1 h with either anti-rabbit (115-035-046)
or anti-mouse (115-035-003) horseradish perox-
idase—conjugated  secondary antibody  (Jackson
Immuno Research Laboratories Inc., Missouri, USA)

diluted 1:10 000 in tris buffered saline Tween 20 (TBST)-
milk 5%. Western blots were visualised using the
enhanced chemiluminescence system (WesternBright
Chemiluminescence Substrate, Biozym, Hessisch Old-
endorf, Germany). The western blots were scanned
using the LAS300 Imaging System (Fuji, Munich, Ger-
many). For quantification, signals were densitometri-
cally normalised to tubulin with ImageJ-win64 software.

2.6. OPCR

RNA was isolated using the RNeasy Mini Kit according
to the manufacturer’s protocol (Qiagen, Hilden, Ger-
many). The primer sequences for JARIDIB detection
have been published previously (Roesch et al, 2010).
20 ng RNA and 0.1 nM primers were used together with
Precision Onestep qRT-PCR master mix (PrimerDesign,
UK) for the evaluation of JARIDIB and 18S house-
keeping gene expression. A negative control without
RNA was run in each assay. Amplifications were per-
formed in a StepOneplus™ detection system (Applied
Biosystems, CA, USA). Thermal cycler conditions for all
genes were 95°C for 20 min, then 40 cycles of 3 min at
95°C, followed by 30 s at 60°C. All experiments were
performed at least in triplicates. Baseline and threshold
values were set using the StepOneplus™ software. mMRNA
expression was calculated using the standard curve
method according to the Applied Biosystem’s Guide.
Expression ratios of controls were normalised to 1.

2.7. Mouse in vivo studies

Mouse experiments were performed in strict accordance
with the recommendations of the Guide for the Care and
Use of Laboratory Animals of the German Government,
which was approved by the Committee on the Ethics of
Animal Experiments of the responsible authorities
[Landesamt fiir Natur, Umwelt und Verbraucherschutz
(LANUYV), Regierungspriasidium Diisseldorf  Az.
84—02.04.2012.A246; Az.84—02.04.2013.A092]. Immu-
nodeficient NMRI-(nu/nu)-nude mice were purchased
from the University Hospital Essen (age 6—12 weeks).
Animals were housed in an individually ventilated cage
rack system (Techniplast, Italy) and were fed with sterile
high calorie laboratory food (Ssniff, Germany). Drinking
water was supplemented with chlorotetracycline and po-
tassium sorbate acidified to a pH of 3.0 with hydrochloric
acid and was provided ad libitum. Xenograft tumours of
the human melanoma cell line WM 3734 were generated by
injection of 2 x 10° cells in 50 pl medium [1:2 mixture of
Tu2% with Matrigel® (BD Biosciences)] into the hind leg.
Radiation started at an average tumour volume of
100 mm®. Mice were randomised into two groups/cell line
(0 Gy and 10 Gy). Mice were anesthetised (2% isoflurane),
and tumours were exposed to a single dose of 10 Gy + 5%
in 5 mm tissue depth (~1.53 Gy/min, 300 kV, filter:
0.5 mm Cu, 10 mA, focus distance: 60 cm) using a
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collimated beam with a XStrahl RS 320 cabinet irradiator
(XStrahl Limited, Surrey, UK). Tumour growth was
measured twice weekly using a caliper, and volume was
calculated according to the formula V= (W XD X H)/2
[mm?]. Tumour samples were either snap frozen in liquid
nitrogen for subsequent protein analyses or fixed in
formalin for histological assessment and immunostaining.
For the mouse data in Fig. 2, we performed two in vivo
experiments. In the first experiment, we xenografted
WM3734 melanoma cells into nude mice (n = 28,
200 000 cells/mouse) and radiated half of the mice (n = 14)
with a single dose of 10 Gy, when the tumours reached a
volume of ~ 100 mm®. The dose was chosen based on our
in vitro observation that 10 Gy resulted in a more persis-
tent increase of JARID1B. The remaining 14 mice served
as non-irradiated controls. Seven tumours of the controls
and seven of the irradiated mice were collected on day 34
(early time point). The rest of the mice (7 controls and 7
irradiated) were collected on day 48 (intermediate time
point, p = 0.013). In the second experiment, seven mice
were irradiated, and seven served as non-irradiated con-
trols. The tumours were collected when they reached a
maximum volume of ~ 1000 mm? at day 48 for the con-
trols and at day 58 for the radiated mice (late time point).

2.8. Immunostaining and immunohistochemistry

For JARIDI1B and Ki-67 coverslip staining, the cell cul-
ture medium was removed; the cells were washed and
fixed with 2% PFA (paraformaldehyde) (+0.1% Triton
X-100) for 20 min at RT and then blocked with 5% bovine
serum albumin (4+0.1% Triton X-100) for 30 min. Then,
the cells were washed with PBS (4-0.1% Triton X-100),
and primary antibody was added for 30 min at RT.
Subsequently, the Dako REAL™ Detection System
(Dako, Glostrup, Denmark) was used according to the
manufacturer’s instructions. The cover slips were
mounted on a glass slide using Dako Mounting Media.
For immunohistochemical staining of FFPE tissue sam-
ples, tissues were fixed in 10% formalin, dehydrated and
embedded in paraffin and followed the manufacturer’s
protocol (Dako REAL™ Detection System) as described
previously [30]. Samples were evaluated using Zeiss
AxioObserver.Z1 microscope at 20x and 40x magnifi-
cation. For JARIDIB assessment, a nuclear stai-
ning—intensity score was designed, where 0 is no staining
and 4.0 is a very high staining (meaning intensity of >75%
of cells showing red nuclear staining, indicating JAR-
IDI1B staining). The staining was assessed by two inde-
pendent investigators in a blinded fashion (A.R. and
F.V.). Immunoreactivity was scored using uniform
criteria to maintain the reproducibility of the method.

2.9. The cancer genome atlas and gene ontology

The gene analysis shown here is based on the cancer
genome atlas (TCGA) generated data (http:/

cancergenome.nih.gov/). TCGA  skin cutaneous
melanoma data have been accessed and downloaded
via cBioPortal (http://www.cbioportal.org/). Gene
ontology (GO) analysis was performed using the
GSEA software (http://software.broadinstitute.org/
gsea). The software identifies the top 100 significantly
regulated pathways with regards to the gene(s) in
question.

2.10. Statistical analyses

The student’s #-test was used to evaluate mean differ-
ences between groups. Error bars are defined in the
figure legends. Fisher’s exact test was used to assess the
correlation between therapy sequences and response to
treatment in patients. One-way analysis of variance
(ANOVA) was used to test the association between Gy
doses and cell cycle. Statistical tests were performed
using GraphPad Prism (version 6.0), conducted at the
two-sided significance level, where p-values of less than
0.05 were considered significant.

3. Results
3.1. In vitro modeling of radiation-resistance in melanoma

To model cell survival in melanoma following radiation
(IR), we setup a cell culture—based system that allowed
the adjustment of radiation doses and evaluation of the
radiation-resistant melanoma cell population. The ra-
diation doses used in our model were selected based on
previous cell culture experiments, where differences be-
tween IR-resistant and IR-sensitive tumour cells were
observed at a dose of 5 Gy or higher [20]. Consequently,
WM3734 cells, a typical BRAF"°"’“_carrying melanoma
cell line, were irradiated with either 5 or 10 Gy, and the
remaining cell fraction was quantitated by crystal violet
staining on day 3 and day 6 after radiation (Fig. 1A). As
expected, there was a significant dose-dependent, mostly
cytostatic decrease in total cell numbers. Higher, more
cytotoxic radiation doses were avoided because of the
limited controllability of delayed radiation-induced cell
death, which would particularly hamper the subse-
quently planned drug combination experiments.
Accordingly, we observed a dose-dependent increase in
the G2/M phase of the cell cycle and a loss of Ki-67
staining after radiation (Fig. 1B and C), which is
consistent with radiation-associated cell-cycle arrest as
reported by others [21—23].

Since previous work from us and others has shown that
multitherapy-resistant melanoma cells [15,16,24] and
radiation-resistant fibroblasts [25] were both associated
with elevated expression of the H3K4 demethylase JAR-
IDIB/KDMS5B, we wondered if the cell-cycle—arrested
radiation-resistant melanoma cell fraction observed in
our model is also enriched for JARIDIB. Using a
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Fig. 1. Cell cycle arrest and JARID1B enrichment after radiation treatment in vitro. (A) Crystal violet assay of WM3734 melanoma cells
following 0, 5 or 10 Gy irradiation for 3 and 6 days. (B) Propidium iodide-based cell cycle analysis of WM3734 melanoma cell lines 1, 3 or
6 days after 0, 5 or 10 Gy irradiation. Statistical significance for the G2/M phase across Gy doses and days of treatment was analysed by
one-way ANOVA. (C) Ki-67 staining of WM3734 melanoma cells at 6 days after irradiation with 0, 5 or 10 Gy. Scale bar represents
100 pm. (D) Flow cytometry analysis showing the percentage of JJEGFP-positive cells in WM?3437/ARID1Bprom=EGEP o116 3 and 6 days
following 0, 5 or 10 Gy irradiation. Representative images of JJEGFP-positive cells (6 days postradiation) are shown below the corre-
sponding radiation dose. (E) Antibody-based flow cytometry analysis of JARID1B protein expression 3- and 6-days following irradiation
with 5 or 10 Gy. Results were normalised to the respective 0 Gy values for each cell line. Statistical significance was confirmed by one-way
ANOVA, which shows the overall significance between each cell line (p values indicated in table under figure). (F) Immunostaining of
JARIDIB in WM3734 melanoma cells at days 3 and 6 following either 0 or 10 Gy irradiation. Scale bars represent 100 pm. Error bars
represent SD from three independent experiments (A, B, D, E).

ANOVA, analysis of variance.
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Fig. 2. Radiation-depended JARID1B enrichment in a melanoma mouse xenograft model. (A) Left: Nude mice were xenotransplanted with
WM3734 melanoma cells, and tumours were radiated with 10 Gy when they reached a volume of ~100 mm?® (red triangle). Tumour
volumes were measured twice a week (n = 14 mice/group, 2 groups, i.e., control and irradiated). At day 34 and day 48 (black arrows),
seven mice of each group were sacrificed, and JARIDI1B expression was assessed in explanted melanomas by immunohistochemistry
(IHC). JARIDI1B staining was scored from 0.0 (no staining) to 4.0 (high intensity staining). #-Test was performed between the mouse
groups at the last measurement on day 48 (p = 0.013). Right: Scatter plot representing the JARID1B IHC score in the different mouse
groups. (B) Nude mice were xenotransplanted and irradiated as indicated in (A), n = 7 mice/group, but sacrificed at a later time point,
when tumours reached a maximum volume of ~ 1000 mm?® (controls day 48, irradiated day 58). (C) Representative images of IHC
staining’s from intermediate time point xenografts of JARID1B, caspase 3, p21 and PCNA. Scale bar represents 100 um.
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Left: Schematic diagram detailing the flow of the treatment sequence IR (radiation) — TT (targeted therapy), where cells are treated with
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and 9 following the indicated treatment (complete live/dead data set is shown in Supplementary Fig. 2). Results were normalised to the
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JARID1B-promoter-EGFP-reporter construct [15,16],
we could detect a statistically significant dose-dependent
enrichment for JARID1B-driven EGFP expression in
WM3734 cells after radiation (Fig. 1D). To validate this
observation, two additional melanoma cell lines, WM9
and MelJuSo representing different genetic backgrounds
(Supplementary Table 1), were analysed for their endog-
enous JARIDI1B protein levels after radiation. Flow
cytometric quantitation confirmed a strong JARIDIB
protein enrichment in WM3734 and WM cells with a less
prominent effect in MelJuSo cells (Fig. 1E). The discrep-
ancy between the different melanoma cell lines was
possibly because of their different growth Kkinetics
(Supplementary Table 1). The elevated JARIDIB
expression after radiation was additionally confirmed on
the subcellular level by anti-JARIDIB immunostaining
(WM3734 cells shown as an example in Fig. 1F).

In sum, our observations suggest a dose-dependent
increase of JARIDIB expression in the radiation-
resistant fraction of melanoma cells in vitro. Since
JARIDI1B expressing cells are highly capable of tumour
repopulation [15], they may represent a critical source of
melanoma relapses after radiation therapy. However, it
was unclear at this point, if the JARIDIB expression
also changes in vivo and in patients following radiation.

3.2. JARIDIB marks radiation-resistant melanoma cells
in vivo

Based on our in vitro observations, our next step was to
longitudinally assess the enrichment for JARID1B"e"
melanoma cells also in vivo at different time points after
radiation. Therefore, we designed two in vivo experi-
ments, where we investigated JARID1B expression at an
early (day 34), intermediate (day 48) (Fig. 2A) and late
time point (day 58) (Fig. 2B) after radiation. The later
time point tumours were collected when the tumours
gained the ability to ‘re-grow’ after radiation (Fig. 2B).
Then, we assessed the endogenous JARIDIB protein
expression in the collected tumours using immunohis-
tochemistry and designed a nuclear staining—intensity
score, where 0 indicated no staining and 4.0 very high
staining (Fig. 2A and B, right panels, Fig. 2C left panel).
Interestingly, at day 34, when radiated and control tu-
mours still had comparable sizes, i.e., before the prolif-
eration phase of the controls has started, the selection
for the surviving JARID1BME" subpopulation had not
yet reached statistical significance. At day 48,

JARIDI1B-enrichment became statistically significant.
At day 58, when the surviving cells in the radiation
group had fully repopulated the tumours, the statistical
significance vanished again. Also, this phenomenon
matches previous observations showing that JAR-
ID1B"#" melanoma cells maintain tumour growth by
reconstituting the original tumour heterogeneity and
that the JARIDI1B phenotype can be transient [15].
Furthermore, we stained the tumours collected from the
intermediate time point for proliferation (PCNA,
proliferating cell nuclear antigen), cell cycle arrest
(p21) and apoptosis (caspase 3) markers (Fig. 2C).
Indeed, the irradiated tumours showed a decrease in
PCNA that was paralleled by an increase in p21 and
caspase 3 expression levels as compared with the non-
irradiated controls.

3.3. Sequence-dependent levels of cross-resistance between
BRAF"®"E inhibition and radiotherapy in melanoma

Anatomically critical melanoma metastases, e.g. in the
brain, often require immediate tumour control and are
commonly treated with combined signalling-targeted
plus radiation therapy [1]. To further explore whether
the JARIDI1B-associated multitherapy-resistant cell
phenotype is also enriched under such combination
regimens, we designed two experimental treatment
protocols in vitro resembling two scenarios that are
commonly occurring in daily clinical routine (see
Materials and Methods for more details). In brief, the
first treatment sequence applies radiation (IR) followed
by BRAFY*Eselective inhibition (PLX4720 or
GSK2118436 [TT]) (Fig. 3A, right panel). The second
sequence started in the reverse order, i.c., BRAFi fol-
lowed by radiation (left panel). Targeted therapy drug
concentrations were based on results in Supplementary
Fig. 1A and 1B (see Materials and Methods for more
details). As expected, both treatment sequences had an
additive effect on the cell killing efficiency (Fig. 3B).
However, despite the significant reduction in cell
numbers, still ~20% of cells were able to survive in the
IR — TT sequence (left panel) and ~5% in the TT —
IR sequence (right panel) indicating that also those
combination regimens did not kill all melanoma cells.
Next, we assessed the JARIDI1B expression in flow
cytometry assays following the combination treatment
in both sequences (Fig. 3C). Interestingly, pretreatment
of melanoma cells with PLX4720 ahead of radiation

DMSO at 0 Gy for each day. Error bars represent SD from three independent experiments. (D) Left: Tumour cell repopulation capacity of
pretreated cells as assessed by crystal violet staining. WM3734 cells were co-treated as indicated, harvested on day 6, and the surviving cells
were re-seeded (600 cells/well in 24-well plates). Cells were then allowed to repopulate for 3 additional weeks. Right: Quantification of
crystal violet staining. The values were normalised to the DMSO control (set as 1) of each treatment group. Statistical significance was
confirmed by one-way ANOVA. (E) Flow cytometry analysis of the J/JEGFP-positive subpopulation after WM3437'ARID1Bprom—EGEP (o)1
were treated the same way, re-seeded (10,000 cells/well in 6-well plates) and analysed after another 4 days. The JJEGFP signal intensity was
normalised to the cell number upon cell collection. Statistical significance was performed using one-way ANOVA to determine the overall
significance between treatment groups. The p values < 0.05 were considered significant.

ANOVA, analysis of variance.
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Fig. 4. Intracranial responses of stage IV melanoma patients depend on the sequence of radiotherapy and MAPKi. (A) Radiologic intracranial
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complete response (CR) and mixed response (MR). The data are shown as the percentage of the total number of patients per treatment
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resulted in a higher relative enrichment for alive JAR-
IDIB"e" cells (Fig. 3C is an extract of the data for
WM3734 cells from Supplementary Figure 2A, which
shows the complete data of live/dead JARID1B double-
staining for all three cell lines, Supplementary Fig. 2B
and 2C). Cells were gated as either: JARID1B"&"/live,
JARIDIB"#"/dead, JARID1B!*%/live and JARID1B""/
dead. The same experiment was performed in WM9 and

MelJuSo (Supplementary Fig. 2B and 2C), where com-
parable effects of JARID1B enrichment were observed
in BRAF"°E_driven WMO 9 days after start of treat-
ment, but as expected, not in BRAFwt MelJuSo cells.
Since our former findings suggest that JARID1B"i"
cells have a high potential to re-establish tumour growth
[15]; in the next experiment, WM3734 cells were sequen-
tially co-treated as indicated above, and surviving cells
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were re-seeded in fresh medium at day 6 to examine their
tumour repopulation properties. After 21 days, crystal
violet staining indeed showed that cells surviving BRAFi
or radiation can principally repopulate the cell culture
and that the combination sequence TT — IR resultsin a
significantly higher culture repopulation as compared
with the opposite sequence (Fig. 3D, quantification
shown in 3D right panel, p = 0.0212). Additional flow
cytometry analysis of WM3734'ARID1Bprom=EGEP ¢o11q 4
day 10 after treatment accordingly confirmed a higher
increase of JARID1B"" cells in the TT — IR sequence
(Fig. 3E).

Next, we analysed retrospectively collected clinical
follow-up data of 65 stage IV melanoma patients with
brain metastases for their intracranial responses after
radiotherapy depending on the sequence of co-
administered MAPK inhibition (MAPKi) (dabrafenib
or vemurafenib as monotherapy or in combination with
trametinib and cobimetinib) (for patient details, see
Supplementary Table 2). Twenty-seven patients first
received radiotherapy and then targeted therapy (IR —
TT), i.e., their brain metastases were MAPKi-naive at
the time point of radiation. In contrast, the brain me-
tastases of the other 38 patients had been first treated by
MAPKIi or developed under MAPKi and then were
irradiated (TT — IR, with a median TT duration of 118
days). The intracranial responses were routinely staged
by magnetic resonance imaging or computed tomogra-
phy scans after an average time of 21.6 for 1st, 40.0 for
2nd, 60.2 for 3rd and 78.5 weeks for 4th staging after
radiotherapy in the IR — TT group and 17.2, 36.5,
49.3 and 63.5 weeks in the TT — IR group. The intra-
cranial tumour load as defined by the number of irra-
diated brain metastases was comparable between the
two therapy groups (Supplementary Figure 3A). What is
more, the different methods of radiation (fractionated
stereotaxic, single stereotaxic, whole brain radiotherapy
[WBRT] and WBRT + boost) were also comparable
between the two therapy groups (Supplementary Fig. 3B
and C). In fact, we observed that the brain metastases,
which were treated with radiotherapy in the MAPKi-
naive situation, had a better and longer clinical response
than metastases treated with upfront TT as indicated by
a lower rate of intracranial progressive disease (Fig. 4A,
B, and C; 16% versus 18% [p = 1.00], 16% versus 50%
[p = 0.0157], 14% versus 53% [p = 0.0159] and 23%
versus 60% [p = 0.1023] at Ist, 2nd, 3rd and 4th staging,
respectively). Despite the limitations of such a non-
controlled retrospective approach, this clinical ‘real-
world’ observation considerably supports our in vitro
and in vivo findings. However, it did not allow address-
ing the best time interval between radiotherapy and

MAPKI, since therapy timing and staging time points
were not standardised in the analysed patient cohort.

In sum, our preclinical and clinical results support the
hypothesis that upfront treatment of melanoma cells
with MAPK:is could lead to a high enrichment for cross-
resistant cell subpopulations followed by a high proba-
bility of tumour relapse.

3.4. JARIDI B expression favours the escape of melanoma
cells from radiation

To further explore the mechanistic basis for JARID1B-
associated cell survival, JARIDIB-dependent gene
expression profiles were identified in publicly available
human melanoma transcriptomes using the TCGA
browser v0.9 software tool (see Materials and Methods
for more details) [26,27]. Supplementary Table 3-sheet 1
shows the 669 genes that were identified by the TCGA
browser to be co-regulated with JARIDIB when the
expression percentile was set to 10%. Subsequently,
GO analysis was done for all the co-regulated genes (either
significantly upregulated or downregulated if JARIDI1B is
expressed) using the GSEA software [28,29]. The top 100
identified GO_pathways are shown in Supplementary
Table 3-sheet 2. A subset of survival-relevant JARID1B-
associated GO_pathways is shown in Fig. SA. In addition,
we aligned the 669 JARIDIB co-regulated genes with
Ingenuity™ signalling networks that are assigned either to
cellular growth and proliferation, cellular movement and
cancer, cell death and survival or DNA repair to further
narrow down candidate genes that are both significantly
co-regulated with JARID1B in melanoma and involved in
cell survival (Fig. 5B and Supplementary Table 3- sheet 3).
From those genes, CARDI1, E2F3, IGFIR, TP53BP2,
TREXI1, ILF2, SOX4 and FXYD5 could be connected by
Ingenuity™ in one signalling network and were picked for
further confirmation (Fig. 5C).

Using JARIDIB siRNA (clone HS6), we next
confirmed the differential expression of the selected genes
depending on short-term JARID1B knockdown (Fig. 6A).
The way of expression regulation (upregulation or down-
regulation depending on presence of JARID1B) matched
with the co-expression levels seen before in our TCGA
analysis (Supplementary Table 3). For functional analyses,
we established a Tet3G-shJARID1B doxycycline-induc-
ible system to ensure also long-term knockdown of JAR-
ID1B (Supplementary Figure 3D). Subsequent cell cycle
analyses, which were performed up to 6 days after com-
bined radiation and JARID1B knockdown, demonstrated
a clear rescue from the G2/M arrest seen in respective
scrambled controls (Fig. 6B) or before in naive cells
(Fig. 1). Additionally, we found a considerable decrease in

the respective DMSO control in WM3734Te3G=5 control and WM3734Te3GshIARIDIB 1 ockdown cells. The cells were treated as
indicated in Fig. 3A, harvested on day 6, and the surviving cells were re-seeded (600 cells/well in 24-well plates). Cells were then allowed to
repopulate for 3 additional weeks. #-Test shows a significant decrease in the repopulation ability in 2 Gy PLX4720 and GSK436 only in TT

— IR sequence (p = 0.006 and 0.0165, respectively).
TT, targeted therapy; IR, radiation.
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the expression of the cell cycle regulatory protein pRB
following JARID1B knockdown further confirming the
ability of JARIDIB to stabilise pRb-mediated cell control
knockdown matching JARID1B’s previously described
role in supporting cell cycle arrest via stabilisation of active
pRB (Fig. 6C) [30]. The effect of JARID1B knockdown
and pR B decrease on the protein level became particularly
visible after cells were irradiated, i.e. when the surviving
cell fraction normally is enriched for JARID1B.

Finally, we aimed to demonstrate that the repopulation
ability of radiation-resistant melanoma cells is truly
dependent on the presence of JARIDIB. Thus, we
repeated the repopulation experiment described in Fig. 3D
now additionally using the Tet3G-shJARID1B doxycy-
cline-inducible system (Fig. 6D). In brief, WM3734T536-
shIARIDIB and WM3734Te8G-5¢ were sequentially co-
treated as indicated in Fig. 3A, and surviving cells were
re-seeded in fresh medium at day 6 to examine their tumour
repopulation properties. Doxycycline induction was not
stopped and was refreshed every 72 h. After 21 days, crystal
violet staining was performed and quantified. We observed
that WM3734Te3GsHARIDIB  ofjs showed  decreased
repopulation ability in both treatment sequences as
compared with the respective scrambled controls, but,
interestingly, this effect only became statistically significant
in the TT — IR sequence, which also yielded before (see
Fig. 3) in a higher enrichment for JARID1B"&" cells.

In sum, our preclinical experiments and retrospective
clinical observations support the hypothesis that upfront
treatment of melanoma cells with MAPKis could lead to
a high enrichment for cross-resistant cell subpopulations
followed by a high probability of tumour relapse.

4. Discussion

Despite the historic success of MAPK-targeted drugs
(MAPKI) and immune checkpoint blockers in the ther-
apy of advanced melanoma, most patients are still
suffering from disease progression, particularly in crit-
ical anatomical locations such as the brain. Radio-
therapy is a major treatment option in clinical routine
that is commonly used to quickly control such critical
organ metastases [1,31]. The combination of MAPKIi
plus radiation has been shown to effectively control
melanoma cells in preclinical models and in clinical
studies [8—10,32,33]. As a result, nowadays many pa-
tients receive (non-standardised) combinations of
MAPKI plus radiotherapy. However, in light of the
tremendous complexity of MAPKi-resistance that in-
volves fundamental phenotypic switches in surviving cell
subpopulations [2], it is currently not clear if such ill-
characterised therapy combinations may even worsen
disease progression and little is known on any potential
cross-resistance mechanisms.

Our study demonstrates that melanoma cells which
survived radiotherapy in vitro and in vivo are enriched for

a cell subpopulation, which has been previously
described by us and others to be slow-cycling, intrinsi-
cally multidrug-resistant and characterised by an
elevated expression of the H3K4 demethylase JARID1B/
KDMS5B [16,18]. Certainly, we are aware that
JARIDI1B-associated resistance only reflects a fractional
part of the actual complexity of resistance in melanoma
[16,18]. But since the radiation-induced enrichment of
JARIDIB seems to be a common phenomenon occur-
ring across different tissue types including carcinomas
like human oral cancer [34] and normal fibroblasts [25],
we thought it might be worth investigating JARID1B’s
role as a universal cross-resistance marker, especially in
models for the sequential combination of drugs and
radiotherapy. Thus, we have set up a preclinical proof-
of-principle platform to examine the influence of
different therapy sequences (radiation and targeted
therapy: IR — TT, TT — IR) on the degree of surviving
melanoma cells using JARIDIB as a surrogate marker
for cross-resistance. Our results suggest that the level of
JARIDIB"&" cells is higher when melanomas are
sequentially treated with upfront BRAFi followed by
radiation as compared with upfront radiation followed
by BRAFi. In congruence with previous findings on the
elevated tumour repopulating capacity of JARID1B"e"
melanoma cells [15], the in vitro treatment of melanoma
cells with upfront MAPKi showed higher tumour repo-
pulation than the reverse order. However, one limitation
of our preclinical models is the use of a single radiation
dose (10 Gy), which is not reflecting all different radia-
tion regimens currently used in the clinics. Further in-
vestigations will address other clinically relevant settings,
particularly fractionated low-dose radiation.

To analyse if the JARIDIB enrichment after radia-
tion also occurs in melanoma patients, we immuno-
stained FFPE sections from 17 human melanoma brain
metastases (n = 7 before and n = 10 after radiation
treatment). Patients who were irradiated had a tendency
of higher JARIDI1B expression (an example for a strong
JARIDIB enrichment is shown in Supplementary
Figure 3E). However, this effect was not statistically
significant across all the samples stained (Supplementary
Figure 3E), probably because of the non-controlled and
rather long time intervals between radiation and tissue
collection (on average 6.3 months). Thus, comparable to
the observations in our mouse xenografts, also relapsing
human melanoma metastases may revert to a heteroge-
neous JARIDIB expression pattern over time after
initial radiation survival.

Owing to the lack of prospective clinical trial data, we
performed a retrospective analysis of pooled unmatched
real-life follow-up information (collaboratively collected
within the German DeCOG network) to confirm our
preclinical observations. An important drawback of this
retrospective cohort was that patients were not stratified
according to the time point of metastasis detection in the
brain nor their overall tumour load making it difficult to
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assess overall survival. As a result, local disease response
to therapy was the only clinical response parameter that
could be standardised for this study. Despite the limita-
tions of such an approach, the comparison of the
recorded staging results significantly supported the hy-
pothesis that brain metastases, which received upfront
radiotherapy followed by MAPKIi therapy, have a better
and more stable clinical response than MAPKi-
pretreated metastases. In light of the present knowledge
on the diversity and penetrance of MAPKIi resistance
mechanism in melanoma, this may be an expected result.
However, to our knowledge, this is the first report that
systematically examines melanoma responses to different
sequences of radiotherapy and TT including underlying
tumour-intrinsic cross-resistance mechanisms.

A first hint that our findings could also be true in a
prospective setting comes from the recently published
interim analysis of the COMBI-MB trial. Davies et al.
have observed in this prospective phase 2 study that
patients with asymptomatic melanoma brain metastases
who received prior local therapy (whole brain radio-
therapy, stereotactic radiosurgery, craniotomy) showed
a better intracranial disease control rate, a better median
intracranial duration of response and even a higher
progression-free and overall survival than patients
without prior local therapy (cohort B versus A) [35].
Certainly, this study was not designed to measure dif-
ferences in sequential combination treatment of IR —
TT versus TT — IR, and the effects seen could be just
due to the additive effect of radiation plus systemic
therapy irrespective of the therapy timing. Thus, further
randomised trials are highly needed to address this
unmet clinical need and improve daily therapeutic de-
cision-making.

Regarding possible molecular mechanisms that
mediate the multitherapy resistance of JARID1BMeh
melanoma cells, we found that JARID1B is co-expressed
with a number of genes important for cellular movement
(e.g., FXYD)), cell death and survival (e.g. CARDII1,
SOX4, IGFIR and ILF2) and cellular proliferation and
DNA repair (e.g. TREX1, TP53BP2 and E2F3) in mel-
anoma patients. This matches previous reports high-
lighting JARID1B’s role as a key regulator of cellular
homeostasis comprising not only survival and cell-cycle
control but also in a broader context regulating cell fate
and differentiation [15,36—38]. Moreover, Bayo et al. just
recently showed that following radiation in lung cancer,
the catalytic activity of JARID1B is required for complete
and efficient repair of double-strand breaks. Also,
knockdown of JARIDI1B phenocopies the effects of its
pharmacological inhibition on DNA repair. Mechanis-
tically, inhibition of JARID1B activity was demonstrated
to result in defective recruitment of repair factors [19].
Since it is known that JARIDI1B is a histone demethylase
and transcription factor that controls gene transcription
on a genome-wide level [15,39—41], the factors selected

here for proof-of-principle certainly represent only snip-
pets of the entire picture. Nevertheless, the JARID1B-
dependent regulation of cell survival and associated fac-
tors identified here seems to be evolutionarily conserved.
Analysing mouse preimplantation embryos, Liu et al
have recently performed genome-wide analyses of
H3K4me3 signatures in promoter regions via CHIP-Seq
and identified gene signatures that are significantly co-
regulated with JARIDIB including also FXYDS5,
SOX4, IGF1R, ILF2, E2F3 and TREXI1 [42]. Certainly,
these results and especially the mechanism of JARIDI1B
in cell proliferation and DNA repair in melanoma need
further mechanistic evaluation in future studies.

In conclusion, we could establish a novel preclinical
test platform to predict the outcome of different
BRAFi-radiotherapy sequences in melanoma. The
H3K4 demethylase JARIDIB may represent a therapy-
overarching resistance marker that could indicate the
level of cross-resistance in melanoma. The evaluation of
both our preclinical results and the retrospective ana-
lyses of patients’ intracranial therapy responses supports
a higher rate of tumour relapse when melanomas are
treated with upfront MAPK inhibition as compared
with upfront radiation. Further prospective studies with
concomitant translational research programs are needed
to further investigate the effects of radiotherapy com-
bination sequences on patients’ long-term responses.
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