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Supplemental methods

Animal experiments

Ethics:

All mouse experiments were conducted according to protocols approved by the Danish Animal Ethical
Committee adhering to the three R’s (refine, reduce, and replace) of animal experiments under
supervision of veterinarians of the Department of Molecular Medicine, University of Copenhagen.. Mice

were housed in individually ventilated cages.

In vivo shRNA screen:

The in vivo shRNA screen was performed using a published library(1) consisting of 849 shRNAs
targeting 315 known or putative chromatin-associated factors sub-cloned from pGIPZ (Dharmacon)
into pMLS (MSCV-LTRmir30-SV40-GFP)(2). Lp30 murine AML cells were transduced with library sub-
pools (60-250 shRNAs, Supplemental Table 4), transplanted into sub-lethally irradiated recipient mice
and analyzed four weeks later as previously described(3). Lp30 cells transduced with individual pools
were injected in duplicate, and references were stored for later analysis. Amplified viral inserts were
barcoded with di-nucleotide tags and subjected to next-generation sequencing as depicted in
Supplemental Table 5. Raw sequence reads and frequencies for shRNA samples in the reference
sample as well as in each of the output samples are indicated in Supplemental Table 6. shRNAs with
less than 100 reads in the reference sample were omitted, and, to be able to assess shRNAs with zero
reads in either of the output samples (i.e. strongly depleted shRNAs), these were given an arbitrary
frequency of 5x10-8 (0.5 times the frequency corresponding to one read). The shRNAs were then ranked
based on the average frequency fold change between the reference sample and the two output samples.
Ranked shRNAs and their respective targets and frequencies in the reference- and output samples are
shown in Supplemental Table 7. The genes in the shRNA-library were divided into subcategories based

on Gene Ontology analysis. Genes with unknown function were categorized based on domain structure.

Competitive Bone Marrow Transplant (BMT) assays:



Recipients were transplanted with a 1:1 mix of target-shRNA and control-shRNA transduced Lp30 cells
as previously described(3). The ratio of target/control shRNA Green Fluorescent Protein (GFP)* and
control-shRNA Yellow Fluorescent Protein (YFP)* AML cells was analyzed by flow cytometry four weeks

post-transplant.

Survival assay:

Recipients were transplanted with 2.5x104 sorted shRNA-transduced (GFP)* Lp30 cells plus carrier cells
and euthanized when moribund.

For the rescue assays with KD of Etv4, Cbx6 or Trib3, Lp30 cells were double transduced with the
relevant targeting or Scrambled shRNA constructs on GFP- and YFP encoding vectors. (GFP)+, (YFP)+
cells were sorted, and used for transplantation as described above.

For the rescue assay with JUN overexpression, shRNA-transduced Lp30 (YFP)* cells were expanded in
vivo (three weeks), transduced with pMIG-empty or JUN overexpression vectors, and 1.5x105 sorted

double positive cells were transplanted into recipients.

In vivo expansion of leukemias for phenotyping assays:

To reach an equal disease load at BM harvest, 105 shRNA-control or 25x10* Kdm5c-KD GFP+ Lp30 or
MLL-AF9 AML plus carrier cells were transplanted and harvested 3-4 weeks post-transplant.
Experiments were carried out according to protocols approved by the Danish Animal Ethical Committee.
Mice were bred and housed locally at the Department of Experimental Medicine at the University of

Copenhagen.

Plasmid constructs

Murine shRNAs cloned into pMLS(2) using EcoRI and Xhol. A non-targeting shRNA (shControl) was used
as control. pMIG-JUN(4) (Addgene #40348) and empty pMIG-vector were used for rescue experiments.
Kdm5c-targeting guide-RNAs (gRNAs) were designed using GT-Scan software(5) and cloned into the pL-
CRISPR-SFFV-GFP(6) backbone using BsmBI.

Human KDM5C-shRNAs (shKDM5C) were expressed from the pLKO.1-puro(7) backbone (Sigma). Anon-

targeting ShRNA was included as control.



All shRNA and sgRNA sequences are listed in Supplemental Table 1

In vitro experiments

Competitive culture:

Murine c-Kit+ cells, Inv(16)/Tet2/- cells or MLL-AF9 cells transduced with target-shRNA (GFP+) were
mixed in a 1:1 ratio with competitive control-shRNA (YFP+) cells and seeded at 3-5x105 cells/ml. Cells

were kept sub-confluent and counted and re-seeded every second day.

Colony-forming-unit (CFU) assay:
Transduced Lp30 cells were expanded in vivo as described above. 5,000 Fluorescence-Activated-Cell-
Sorted (FACS)-sorted GFP+ Lp30 BM cells were plated in 1ml MethoCult M3434 (Stemcell Technologies).

Colonies were counted after eight days.

Human cell lines:
For growth curves, cells were counted and reseeded at 4x105 (NB-4) or 2x10> (HL-60) cells/ml in fresh
2ug/ml puromycin supplemented medium at each time point. Doubling times were calculated using

GraphPad Prism’s Exponential growth equation for individual replicates (Yo= cell number at day 0).

Cell culture conditions:

Human cell lines were acquired from ATCC and passaged before freezing. Murine cells were generated
in-house. All cell lines and primary cells were mycoplasma-tested before freezing and not cultured for
more than 3 months after thawing.

Lp30 cells(8) were thawed one day prior to transduction and cultured in X-vivo complete medium(3),
added 10ng/mL murine GM-CSF (Prepotech) and maintained at a density of 5x105 cells/mL.

MLL-AF9 cells derived from a MLL-AF9-transduced murine AML(1) were cultured in R20/20 medium
consisting of RPMI-1640 medium (Life Technologies) supplemented with 20% fetal bovine serum
(Hyclone), 20% WEHI conditioned medium(9), 20 ng/ml SCF (Peprotech), 10 ng/ml hIL-6 (Miltenyi),
and 1% penicillin/streptomycin (PAA). The cells were maintained at a density of 1.5-3x105 cells/mL
and split every second or third day.

Inv(16)/Tet2/- cells were cultured in StemSpan™ SFEM Il medium (Stem Cell Technologies) containing
5mg/mL Primocin (Invitrogen), human 20ng/ml IL-6 (Peprotech), 10ng/ml murine IL-3 (Peprotech), 20ng/ml
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murine GM-CSF (Peprotech), 20ng/ml murine G-CSF (Biolegend), 50ng/ml murine SCF (Peprotech), 10ng/ml
murine IL-1B (Biolegend), 50ng/mL murine FLT3L (Biolegend), 10mM Stem Reginin-1 (Stem Cell
Technologies), and 10mM UM729 (Stem Cell Technologies)., 1% penicillin/streptomycin (PAA) The cells

were maintained at a density of 1-3x105 cells/mL and split every second or third day.

c-Kit* BM: Wild-type (WT) murine BM cells were enriched for c-Kit* cells by positive selection on LS
columns (Miltenyi Biotec) following incubation with anti-CD117 microbeads (Miltenyi Biotec). c-Kit-
enriched cells were cultured in R20/20 medium. The cells were maintained at a density of 5x105
cells/mL and split every second or third day.

NB-4 cells were cultured in RPMI-1640-GlutaMAX™ (Thermo Fisher Scientific) with 10% added fetal
calf serum (FCS) (HyClone) and 1% penicillin/streptomycin (PAA).

HL-60 cells were grown in DMEM with high glucose and pyruvate (Life Technologies), supplemented
with 20% FCS (HyClone) and 1% penicillin/streptomycin (PAA.)

Phoenix-Eco and HEK293FT were cultured in tissue-culture treated dishes (TPP) in DMEM with high
glucose and pyruvate (Life Technologies), 10% FCS (Hyclone) and 1% penicillin/streptomycin (PAA).
Cells were passaged 1:5 every two days by washing with PBS and trypsinization (0.25% Trypsin-EDTA,
Life Technologies).

Primary human AML cells were were cultured in StemSpan™ SFEM Il medium (Stem Cell Technologies)
containing 5mg/mL Primocin (Invitrogen), 20ng/ml human IL-6 (Peprotech), 10ng/ml human IL-3
(Peprotech), 10ng/ml human IL-1beta (Peprotech), 20ng/ml human GM-CSF (Peprotech), 20ng/ml human G-
CSF (Biolegend), 10 ng/ml human SCF (Peprotech), 50ng/mL human FLT3L (Stem Cell Technologies),
500nM Stem Reginin-1 (MedChemExpress), and 1uM UM729 (Selleckchem), 1% penicillin/streptomycin
(PAA). Cells were seeded at a density of 5 x 105 cells/ml], supplied with 1 volume of fresh media after 2

days and split after another 2 days. All cells were cultured at 37°C and 5% CO..

Virus production and transduction

Retro- and lentiviral supernatants were generated by Ca;POs-mediated transfection of Phoenix-Eco or

HEK293FT cells as previously described(3).



For transduction, retro- or lentiviral supernatants were spun down (2,000 xg, 50 min, 32°C) on
RetroNectin-coated (40ug/ml, Takara) non-tissue-culture-treated plates (Falcon). Virus was loaded and
spun down twice. Cells were seeded at densities of 5x105 cells/well (Lp30, c-Kit* murine cells, NB-4) or
3x105 cells/well (MLL-AF9, HL-60). For Lp30 cells, the transduction was repeated the following day.

All cells were expanded on the virus-coated plates for 24h prior to FACS sorting and transplantation.

Cells transduced with pLKO.1-puro constructs were selected with puromycin (2ug/ml, Sigma) for three

days.

MLL-AF9 CRISPR culture assay

MLL-AF9 cells were transduced with lentiviral CRISPR-constructs(6) targeting Kdm5c or a control.
Guide-RNA sequences are listed in Supplemental Table 1. Bulk GFP+ cells were sorted and expanded
for a week. For the growth curve, cells were seeded at 1.5x105 cells/ml. Cells were kept sub-confluent
and counted and re-seeded every second or third day. Doubling times were calculated using GraphPad
Prism’s Exponential Growth Equation for individual replicates. Yo= number of seeded cells at day 0.
CRISPR-efficiency was quantified by TIDE-analysis(10) at day 0 and day 10 of the growth curve. Primers

are listed in Supplemental Table 3.

Competitive growth assay of primary AML cells:

Cells were cultured 2 days after thawing, and electroporated with ribonucleoprotein complexes (RNPs)
generated as follows: 3ug Alt-R® S.p. HiFi Cas9 (Integrated DNA technologies)was mixed with 3.2ug of
sgRNA ,modified with 2’-0-Methyl at first 3bps and last 3bps, and 3’phosphorothioate bonds between
first 3bps and last 2bps (Synthego), to get a molar ratio of 1:5, and incubated 10 minutes at 25°C. 5 x
105 cells were electroporated with either sgAAVS1 or sgKDM5C (Supplemental Table 1) in a 4D
Nucleofector (Lonza) using the Primary cell P3 reagent (Lonza) and the DZ-100 protocol.

2 days post-electroporation (defined as day 0), the cells were mixed in a 1-1 ratio and cultured for
another 16 days. Insertion and/or deletion (indel) frequencies were quantified using ICE

(https://ice.synthego.com/#/) at day 0 and day 16. Primers are listed in Supplemental Table 3.



Frozen bone marrow aspirates from AML patients were obtained with a written informed consent in
accordance with the Declaration of Helsinki under the following ethical approval from the Danish

National Ethics Committe: 1705391.

Flow cytometry

Sort/competitive analysis:
Cells were washed with PBS/3%FBS and stained with 7-AAD (Invitrogen, 1:1,000) before sorting GFP+

(Arial or Arialll, BD Biosciences) or analyzing GFP/YFP cell ratio (LSRII, BD Biosciences).

Antibody staining:
20 million Lp30 cells per sample were pelleted (300g, 5 min., 4°C), stained in 200ul antibody cocktail
for 30 min, washed with 1mL PBS/3% FBS (300g, 5 min., 4°C), and resuspended in 500ul PBS/3% FBS.

7-AAD was added just before analysis on LSRII (BD Biosciences).

Immunophenotype :
Antibody cocktail: CD45.2 (PE-EF610; 1:50) CD45.1 (PECy7; 1:50), Macl (APC; 1:800), FcyR II/III
(Alexa700; 1:100), c-Kit (Alexa780, 1:200), CD3 (PE-Cy5; 1:400), Ter119 (PE-Cy5; 1:200), and B220

(PE-Cy5; 1:400).

Apoptosis analysis:

Lp30 BM cells (20mio.) were stained in antibody cocktail (15 min. on ice) and washed with 1mL
PBS/3%FCS (300g, 5 min., 4°C). Samples were re-suspended in Annexin-V-binding buffer and added 2l
Annexin-V-PE (BD Bioscience) and left to incubate at RT for 5 min in the dark. Cells were kept on ice
until running on a BD LSRII. 3.5ul of (70ug/ml) DAPI solution (Invitrogen) was added to the samples
just before running the samples. Single stains and fluorescence-minus-one samples (FMOs) were used
to set up cytometer settings and cell gates.

Antibody cocktail: CD45.2 (PE-EF610; 1:50) CD45.1 (PECy7; 1:50), Macl (APC; 1:800), FcyR I1I/11I
(Alexa700; 1:100), c-Kit (Alexa780, 1:200), CD3 (PE-Cy5; 1:400), Ter119 (PE-Cy5; 1:200) and B220 (PE-

Cy5; 1:400).



Cell cycle analysis:

Lp30 BM cells (20mio.) were stained in antibody cocktail (15 min on ice) and washed with 1mL
PBS/3%FCS (300g, 5 min, 4°C). Cells were fixed by resuspension in 2% paraformaldehyde (Sigma) and
incubated in the dark (RT for 10 min). Cells were washed with 1mL PBS/3%FCS (300g, 5 min, 4°C) and
permeabilized by resuspension in 200ul Perm Buffer (BD). Incubation was performed in the dark at
room temperature for 45 min, followed by a washing of the cells with 1mL PBS/3%FCS (200g, 5 min,
4°C). Cells were re-suspended in 0.5 mL of DAPI (Invitrogen) staining solution (0.5ug/mL) and
incubated at room temperature for 30 min in the dark. Excess DAPI was washed away by adding 1mL
of PBS/3%FCS (200g, 5 min, 4°C) before running the samples. Single stains and FMOs were used to set
up cytometer settings and cell gates. The frequencies of total Lp30 cells in G1, S and G2-M-phase were
determined by Dean-Jett-Fox model (FlowJo, BD). The frequencies of c-Kitres and Mac-1ros Lp30 cells in
G0/1, and S-G2-M-phase were determined by manual gating.

Primary antibody cocktail consists of: CD45.2 (PE-EF610; 1:50) CD45.1 (PECy7; 1:50), Macl (APC;
1:800), FcyR 1I/III (Alexa700; 1:100), c-Kit (Alexa780, 1:200), CD3 (PE-Cy5; 1:400), Ter119 (PE-Cy5;
1:200) and B220 (PE-Cy5; 1:400).

Antibody suppliers and catalog numbers are listed in Supplemental Table 2.

All flow cytometry data was analyzed using the Flow]o 10.1 software (BD).

Western blotting

1x10¢ GFP positive FACS-sorted cells were washed twice with cold PBS. Cell pellets were then lysed in
100 pl of 4xLaemmli Sample buffer (Bio-Rad) with freshly added 10% B-mercaptoethanol (Sigma-
Aldrich). The lysates were boiled for 5 minutes, diluted 1:2 in lysis buffer (300 mM NacCl, 50 mM 2-[4-
(2-hydroxyethyl)piperazin1-yl]ethanesulfonic acid (HEPES), 1 mM EDTA, 1% Igepal CA-630 and 0.25%
sodium deoxycholate) and boiled for another 5 min. 30 microliters of the resulting protein lysate was
separated by SDS-PAGE on a 3-8% gel (Invitrogen).

Protein was transferred to polyvinylidene difluoride (PVDF) membranes, which were blocked with 5%
skim milk in tris-buffered saline supplemented with 0.05% Tween 20 (TBST). After that, the membranes
were incubated overnight at 4°C with KDM5C antibody (Abcam, ab190180, 1:1000 in TBST) and

hereafter for 1 h at room temperature with HRP-conjugated polyclonal swine anti-Rabbit
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immunoglobulins (Dako, P0217, 1:4000 in TBST). Proteins were detected by ECL prime western
blotting system (GE Healthcare, RPN2232). Subsequently, the membranes were stripped with 0.2 M
sodium hydroxide and washed with TBST, followed by incubation of monoclonal anti-f-actin-
peroxidase antibody produced in mouse (Sigma-Aldrich, A3854, 1:4000 in TBST) for 1 h at room

temperature. 3-actin protein bands were detected as described for KDM5C.

Chromatin immuno-precipitation (ChIP)

GFP+Lp30 cells were FACS-sorted fresh from murine BM. Chromatin from 5x105 cells per sample was
crosslinked with 1% formaldehyde (Sigma), lysed and fragmented using the Diagenode Bioruptor Plus
(15 cycles, 30 seconds on/30 seconds off at high setting) following the small-cell-number protocol(11)
to 150-300bp. For the H3K27me3-ChIP, 25000 HEK-293 cells (fixed in 1% formaldehyde for 10
minutes) were spiked-in during the lysis step and chromatin was sonicated to 200-700bp length.
Fragmented chromatin was incubated with antibodies overnight rotating at 4°C. The antibody-bound
chromatin was captured with Protein-A Sepharose beads (Sigma), washed, de-cross-linked with
protease K at 65°C overnight as previously described(11).

Washing procedures were optimized for the individual antibodies as follows:

H3K4me3-ChIP: 2x rinse and 2x wash in with RIPA-low (140 mM NacCl, 10 mM Tris-HCl, 1 mM EDTA,
1% Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 1 mM PMSF), followed by 2x wash in RIPA with
0.5 M NaCl (RIPA-high), 1x wash in LiCl buffer (250 mM LiCl, 10 mM Tris-HCI, 1 mM EDTA, 0.5% Tergitol
(type NP-40) and 0.1% sodium deoxycholate) and 2x wash in TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH=8). H3K27me3-ChIP: 2x rinse and 3x wash in with RIPA-low, followed by 1x wash in RIPA-high, 1x
wash in LiCl buffer and 2x wash in TE buffer. H3K4me1/H3K27ac/IgG-ChIP: 2x rinse in RIPA-low
followed by 4x wash in RIPA-low, 1x wash in LiCl buffer and 2x wash in TE buffer. All chemicals from
Sigma.

After de-crosslinking, DNA was purified using Qiagen minElute columns. DNA libraries were prepared
following NEBNext® Ultra II DNA Library Kit for [llumina (New England Biolabs) guidelines and

sequenced on [llumina® NextSeq500.
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ChIP-seq analysis

ChIP-seq reads were mapped to mouse genome assembly (mm9) using Bowtie2(12), and converted to
bigwig (duplicates removed and transcripts per million (TPM) normalized) using deepTools
(bamCoverage)(13). For H3K27me3 ChIP-data, we included spikeln (hg19) and input controls; we here
made a combined genome index of mm9 and hgl9 to map the raw reads using Bowtie2(12).
Additionally, uniquely mapped and PCR duplicate collapsed reads mapping to mm9 and hg19 were
separated, and total reads mapping to hg19 were used to scale the reads counts in mm9 as in Orlando
et al. 2014(14) (scale factor = 1000000/total mapped reads in hg19). Read counts were further
subtracted from corresponding counts derived from input control.

We identified a reproducible set of H3K4me1-, H3K4me3-, H3K27ac, and H3K27me3-enriched regions
between biological duplicates using Irreproducible Discovery Rate (IDR)(15) (default cutoff of
FDR<0.01) and defined 46,594 regions enriched for H3K4mel and/or H3K27ac peaks in control or
Kdmb5c-KD cells. KDM5C ChIP-seq data (ESC and NPC) was retrieved from GEO (GSE34975)(16) and
were processed with IDR as above. Peak regions not overlapping with promoter regions (1,000 bp
region up-stream of the TSS) are annotated as enhancers (N=38,596). Normalized histone modifications
and KDM5C signals (TPM) were computed for each promoter and enhancer region using a fixed-length
window to the center of promoter (1,000 bp) and enhancer regions (500 bp). In case of H3K27me3, read
counts were normalized using spikeln scaling factor. Each enhancer was paired with its closest gene
(Refseq; N=24,446) as its potential regulatory target. Ngs.plot.r was used to plot enrichment plots as
heatmaps(17). CpG island information was obtained from UCSC table browser.

The signal strength of H3K27ac, H3K27me3, H3K4me1l and H3K4me3 in Kdm5c-KD vs. control within
promoter and enhancer regions was quantified using BEDTools(18) (multicov -q 10 -D), and differential
signals were determined using DESeq2(19) (downregulated: Log2FC<0, upregulated: Log2FC>0;

FDR<0.05). The plots were visualized using ggplot2(20).

Histone mass spectrometry preparation and analysis

Kdm5c knockdown or shRNA control Lp30 cells from mouse bone marrow were sorted on a BD FACS
ARIA I for GFP-expression 25 days post transplantation. Cells were washed with ice-cold PBS and snap-
frozen as cell pellets. Histones were extracted from 4 million cells per replicate sample as described by
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Sidoli et al(21) with optimized nuclei sedimentation at 2,000g. Trichloroacetic acid (TCA) precipitation
was substituted with desalting using disposable SEC PD-10 columns (GE Healthcare, #17085101) and
the samples were subsequently concentrated by SpeedVac to 100ul. The histone concentration was
quantified by bicinchoninic acid (BCA) assay (each sample produced 20-30ug) and 10ug were digested
with Trypsin and derivatized with phenyl isocyanate in 30ul of buffer, as previously decribed(22).
Histones were desalted using 3mg of 30um Oasis Hydrophilic-Lipophilic Balance (HLB) material
(Waters, cat 186007549) as recommended by the manufacturer. Desalted histone peptides were
resuspended with solvent A (0.1% v/v formic acid) to a final concentration of 200ng/ul total histones.
The samples were analyzed using the Data-Independent Acquisition (DIA) strategy with high resolution
orbitrap MS1 and low-resolution ion trap MS2 scans(23) on Orbitrap Velos (Thermo Fisher Scientific)
using nanoAcquity UPLC system (Waters), operating in direct injection mode. Peptides (600ng per
injection) were directly loaded on 30cm long with 150uM inner diameter packed with intertsil 2um
sorbent using flashPack method(24). The flow rate was kept at 1ul/min and column temperature was
30°C during analysis. The aqueous mobile phase A was 0.1% formic acid, the organic mobile phase B
was acetonitrile with 0.1% formic acid. The gradient was 4-25% B in 49 min, 25-40% in 13 minutes, 40-
80% in 4 minutes. Peptides were electro-sprayed through etched emitters according to Kelly et al(25).
MS1 scans were performed at 15K resolution in Orbitrap analyzer, for MS2 peptides were isolated in
ten 80Da windows and fragmented using collision induced dissociation (CID) with 35NCE. To improve
peak definitions every scan was acquired with two microscans.

The results were analyzed by epiProfile(26), and the code was modified to specify phenyl isocyanate

(119.037114) as N-terminal modification. The epiProfile-data are listed in Supplemental Table 8.

RNA-sequencing and sample preparation

RNA from 500,000 sorted GFP+ Lp30 cells from each transplanted mouse was purified using the RNeasy
Micro kit (Qiagen). Before purification, 5ul 100x diluted ERCC Spike-in Mix (Thermo Fischer Scientific)
was added to each cell lysate.

Indexed cDNA libraries were made from 250ng of each RNA sample using the TruSeq V2 protocol

(Ilumina). The libraries were pooled in an equimolar ratio, PhiX Spike-in was added to 1:100 ratio, and
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single-ended 75bp sequencing was performed on a NextSeq 500 (Illumina) using the High Output Flow

Cell Cartridge V2.

RNA-seq data analysis

Reads were mapped to mouse genome assembly (mm9) using STAR(27), and gene expression levels
were quantified using featureCounts(28) (GTF.featureType=exon, countMultiMappingReads=Y,
fraction=T) on Gencode gene annotation (release M1)(29). A total of 17,815 genes with >5 reads in at
least two samples were selected for differential expression analysis using the RUVSeq R-package (RUVg
function)(30). Differentially expressed genes were determined separately for each of the two shRNAs
(WT vs shRNA1 and WT vs shRNA2), and factors of unwanted variation between samples were
determined using 568 non-differentially expressed genes (FDR>0.95 in both shRNA comparisons).
Finally, significantly down- and up-regulated genes out of 12,530 protein coding genes were determined
based on the criteria of logFC>0.5 or < -0.5 (in both shRNAs) and FDR<0.05 (either of the two shRNAs)
(Supplemental Table 9). This analysis gave us a total of 167 down-regulated, 322 up-regulated and
12,041 neutral genes upon Kdm5c-KD that were used for further analysis.

Genes (N=12,530) were further classified as bivalent (N=451) if their promoter (£500 bp to TSS) is
enriched for both H3K4me3 and H3K27me3 peaks, as repressed (N=593) if enriched for H3K27me3
peaks, as active (N=9020) if enriched for H3K4me3 peak, and remaining 2466 genes having no
enrichment of either of the two histone modifications at their promoters (Supplemental Table 9).

RNA-seq data for normal hematopoietic populations were obtained from Pundhir et al 2018(31).

Bivalent gene set for Gene Enrichment Analysis (GSEA)

The curated bivalent gene set for GSEA was defined as the list of genes (n=854) with the presence of
both H3K4me3 and H3K27me3 ChIP-seq peaks at their promoters in shRNA control Lp30 cells

(Supplemental Table 9).

Gene Set Enrichment Analysis (GSEA)
GSEA was performed on shKdm5c (both shRNAs as one group) vs shControl Lp30 AML expression

profiles using the Broad Institute Desktop software(32, 33). GSEA was based on C2 and C5 MSigDB
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gene sets, a curated gene set for bivalent promoters (defined above) and curated hematopoietic
signatures (based on published data(34-36), kindly provided by Claus Nerlov). For all gene sets, 1,000

permutations and Signal2Noise metric were used to assess statistical significance.

Patient data

Mutational data from patients with hematopoietic neoplasms were obtained from Catalog Of Somatic
Mutations in Cancer (COSMIC)(37). Studies(38-42) with reported patient sex were used to calculate sex
specific mutation frequencies.

For the BloodPool data(43) analysis, RNA expression data was downloaded from BloodSpot.eu(43). The
sex of healthy donors and patients was determined by massiR(44) analysis based on the expression of
Y-specific probes using the default settings (threshold=3).

For the TCGA AML data(45) analysis, RNA-seq data and clinical attributes (sex, survival data and
disease-free survival data) of AML patients of all cytogenetic risk groups were downloaded from c-
Bioportal(46). Patients were grouped by sex and divided based on high (above median) and low (below
median) KDM5C expression. Male AML patients were additionally grouped based on high (above
median) and low (below median) of the summed of KDM5C and KDM5D expression (only including
patients where both KDM5C and KDM5D data were available). Long-term survival and long-term

disease free-survival was defined by a lower cutoff of six months post diagnosis.

14



Supplemental tables

Supplemental Table 1: ShRNA and gRNA sequences

Murine shRNA (pGIPZ ID)

Sequence

shControl

TGCTGTTGACAGTGAGCGATCTCGCTTGGGCGAGAGTAAGTAGTGAAGCCA
CAGATGTACTTACTCTCGCCCAAGCGAGAGTGCCTACTGCCTCGGA

shFos (V2LHS_42860)

TGCTGTTGACAGTGAGCGCAAGCATTGTTTGCTTATTGTTTAGTGAAGCCA
CAGATGTAAACAATAAGCAAACAATGCTTATGCCTACTGCCTCGGA

shjun (V2LMM_72808)

TGCTGTTGACAGTGAGCGCCCTTTGCTTGTGCATATTTATTAGTGAAGCCAC
AGATGTAATAAATATGCACAAGCAAAGGTTGCCTACTGCCTCGGA

shKdm5c-1 (V2ZLMM_66733)

TGCTGTTGACAGTGAGCGAGCATTGTTTATCCCTATGAAATAGTGAAGCCA
CAGATGTATTTCATAGGGATAAACAATGCGTGCCTACTGCCTCGGA

shKdm5c-IT (V2LHS_33786)

TGCTGTTGACAGTGAGCGCGCCCAGTTTATTGAGTCATATTAGTGAAGCCA
CAGATGTAATATGACTCAATAAACTGGGCATGCCTACTGCCTCGGA

shTrib3 CCGGTTGGAGTTTGATGACAATATTCTCGAGAATATTGTCATCAAACTCCA
ATTTTTG

shCbx6 CCGGGCAGTCCAATTTGCTTTATTTCTCGAGAAATAAAGCAAATTGGACTG
CTTTTTG

shEtv4 CCGGTGGAGGCAGGCCAAATCTAAACTCGAGTTTAGATTTGGCCTGCCTCCA
TTTTTG

Murine guide-RNAs Sequence

gControl GCGAGGTATTCGGCTCCGCG

g1-Kdm5c¢ TAGGCCCAGCCCCATCATCT

g2-Kdm5c TTTCCGCAGAGTCTTATCTT

Human shRNAs Sequence

shControl CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTG
TTTTTG

shKDM5C-I CCGGTCGCAGAGAAATCGGGCATTTCTCGAGAAATGCCCGATTTCTCTGCGA
TTTTTG

shKDM5C-II CCGGAGTACCTGCGGTATCGGTATACTCGAGTATACCGATACCGCAGGTACT
TTTTTG

Human single guide-RNAs Sequence

SgAAVS1 GGGGCCACUAGGGACAGGAU

sgkDM5C CUUACCGCCAUGACACACUU
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Supplemental Table 2: Antibodies

Antibody Supplier Product number
B220 PE-Cy5 eBioscience 15-0452-83
CD11b (Mac-1) APC BioLegend 101210
CD16/32 A700 eBioscience 56-0161-82
CD3e PE-Cy5 eBioscience 15-0031-82
CD45.1 PE-Cy7 BD 560578
CD45.2 PE-EF610 eBioscience 61-0454-82
c-Kit A780 eBioscience 47-1171-82
Ter119 PE-Cy5 BioLegend 116210
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Supplemental Table 3: Primer sequences

Murine RT-qPCR primers

Forward Reverse
for cDNA expression
Actb GGAGGGGGTTGAGGTGGT TGTGCACTTTTATTGGTCTCAAC
Fos TCCGGTTCCTTCTATGCAGC GTGACCACGGGAGTACACAG
Jun CAAAACTCCGAGCTGGCATC GCGTTAGCATGAGTTGGCAC
Kdm5a AGGTGCCATGGCTCTATGTG CTCGCCCCAATGCAAGTAGT
Kdm5b GCACTAGGACTGGCAAGGTAG TGCCAATCCTCGGAAAGTACG
Kdmb5c TTGGAGAGATGGCTGACTCC TTCCTCGATGCTATTCACCA
Etv4 GGACCTCAGTCACTTCCAAGA GAACAAACTGCTCATCACTGTCC
Cbx6 TGTATGGGCCCAAGAAGAGG ATCACTGATGCGGAGGGC
Trib3 AGCTATCGAGCCCTGCACT AGCCGGGCATAAGGTGC
Human RT-qPCR primers

Forward Reverse
for cDNA expression
KDM5C TTGTCTGCCTTTCCCACATC AGCCCGAACCTTCAGCTTAT
POLR2A TCTTCTGCTCCAAACTGCTTGTG ATGTGTGAGCCGCTTCTTGG
Murine PCR primers

Forward Reverse
for TIDE-analysis
gl-Kdmbc GAGTTGATTCTTCCCTTCTACCACC | GTTCCTTCGAAGCCTCATGGT
g2-Kdmbc TGTCAGGCTTGATGACTTAGCC CTTCGAAGCCTCATGGTCATCT
Human PCR primers

Forward Reverse
for ICE-analysis
sgKDM5C GCTGCTTTGAGTGCTTCCTT CTCCTGCTCCTTTCTCCCAA
sgAAVS1 AGGGAGTTTTCCACACGGAC CAAAGTACCCCGTCTCCCTG

Supplemental Table 4: ShRNA pools for screen

Included as additional file.

Supplemental Table 5: Di-nucleotide tags for sequencing of shRNA pools

Included as additional file.

Supplemental Table 6: Read counts and individual shRNA frequencies

Included as additional file.
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Supplemental Table 7: Ranked list with shRNA foldchanges

Included as additional file.

Supplemental Table 8: Histone PTM frequencies for individual peptides

Included as additional file.

Supplemental Table 9: RNA-seq expression matrix

Included as additional file.
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Supplemental Table 10: KDM5C mutations in hematopoietic malignancies

Genomic
Mutation AA Patient Hematopoietic
position pubmed ID Cosmic ID
type mutation sex malignancy
(GRCh38)
Adult T cell lymphoma-
Missense p.E208G X:53215934 Female 26437031 | COSM5711701
leukaemia
Adult T cell lymphoma-
Missense p.E275G X:53215934 Female 26437031 | COSM5711701
leukaemia
. Adult T cell lymphoma-
Missense p.R1481G X:53193209 Female 26437031 | COSM5711699
leukaemia
Acute lymphoblastic
Missense p.G1067E X:53194968 Female COSU533** | COSM5005309
leukaemia
Acute myeloid
Missense p-R677W X:53198990 Female 29253671 | COSM7003650
leukaemia
) Acute myeloid
Missense p.M504V X:53210449 Female 26438511 | COSM5985485
leukaemia
Substitution Acute myeloid
- X:53198759 Female COSU544** | COSM7219030
(intronic) leukaemia
Diffuse large B cell
Missense p-N7951 X:53197808 Female 26647218 | COSM5652245
lymphoma
Diffuse large B cell
Missense* p.C278R X:53214778 Female 28481359 | COSM6987468
lymphoma
Diffuse large B cell
Missense* p.-D270G X:53214801 Female 28481359 | COSM6987472
lymphoma
Diffuse large B cell
Missense p.P153L X:53216196 Male 28481359 | COSM6937436
lymphoma
Substitution Diffuse large B cell
- X:53201852 Female 28481359 | COSM6987637
(intronic) lymphoma
Myelodysplastic
Missense p.R614L X:53201569 Male 24850867 | COSM4169836
syndrome
Diffuse large B cell
Misssense p.P1046S X:53195395 NA 24531327 | COSM5621088
lymphoma
Essential
Misssense p.Q560K X:53210482 NA 24325359 | COSM3719986
thrombocythaemia
Nonsense p.C1247 NA NA Myelofibrosis 24150215 | COSM5881445
Chronic lymphocytic
Misssense p.R1059L X:53195355 NA 23415222 | COSM1293026
leukaemia

* Mutations found in the same patient. ** designate COSMIC study ID of unpublished studies.
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Figure S1. In vivo shRNA screen identifies KDM5C as a putative tumor suppressor in AML. (A) Waterfall plot of the screening results. The
mean Log2 fold-change (output/input) is ranked positive (enriched) to negative (depleted). The performance of shRNAs targeting candidate
genes and KDM5-family members is indicated. (B) Scatterplot depicting Spearman’s correlation coefficient between the Log2 fold-change of
individual shRNAs in duplicate mice. (C) Performance of selected shRNAs in biological duplicate experiments indicated by identical symbols.
Different symbol shapes represent different shRNAs targeting the same gene. (D) mRNA expression of Kdmb5a (pink), Kdm5b (purple) and
Kdm5c (green) in normal murine hematopoiesis (RNA-seq, extracted from BloodSpot.eu(43)). (E) KDM5 protein levels in murine wild type
(WT) and Lp30 AML cells. Based on label-free quantification (LFQ) mass spectrometry data adjusted using intensity-based absolute
quantification (iBAQ). The data was obtained from Jakobsen et al 2019(47). (F) Western blot showing KDM5C protein level in shControl and
Kdm5c-KD in Lp30 cells. (G-H) Competitive culture of control and Kdm5c-KD MLL-AF9 cells (G) and murine c-Kit-enriched BM cells (H)

(biological triplicates). Inserts: Relative expression of Kdm5c. (I) Western blot showing KDM5C protein level in shControl and Kdm5c-KD in
MLL-AF9 cells.
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Figure S2. Validation of Kdm5c-KD phenotype by CRISPR-knockout in MLL-AF9 cell line. (A) Schematic outline of a CRISPR-knockout cell
culture assay. MLL-AF9 cells were transduced with control or Kdm5c-targeting guide-RNA (gRNA) expressing lentivirus sorted for GFP-
expression and expanded in culture for a week in biological triplicates. The cells were counted and passaged every 2 -3 days. (B) Western blot
showing KDM5C protein levels in control and Kdm5c-KO MLL-AF9 cells. Beta-actin level is used as loading control. (C) Relative KdmS5c
expression in control and Kdm5c-KO MLL-AF9 cells assayed by RT-qPCR and normalized to Actb expression. (D) Mean doubling time of control
and Kdm5¢-KO MLL-AF9 cells of biological triplicates. (E) Growth curve of control and Kdm5c-KO MLL-AF9 cells. (F-G) Efficiency of gRNA-1 (F)
and gRNA-2 (G) determined by the frequency of indels and substitutions in the Kdm5c gene over time (day 0 vs day 10 of growth) in the
biological replicates (rep1-3). Del=deletion, Sub=substitution, Ins=insertion, WT=wild type sequence.
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Figure S3. H3K4me3 increases in Kdm5c-KD cells at expected KDM5C-bound regions. (A-C) Examples of KDM5C occupancy (ESC/NPC)
at promoter regions correlating with an H3K4me3-increase in Kdm5c-KD Lp30 cells. Boxes and arrow indicate regional changes. (D-G) Ratios
of global changes in histone modifications in Kdm5c-KD vs control Lp30 cells: (D) H3K9; (C) H3K14, H3K18, H3K23 and H3K36; (D) H3K56
and H3K79; (E) H4K5, H4K8, H4K16 and H4K20. P-values were calculated using two-tailed T-tests (not adjusted for multiple testing).

23



A B C
PCA plot shRNA1 shRNA2 Pearson corr: 0.67
shRNA2
— —_~
2 < © © 8 o
Ry - < E)’o
g KD2 4 o~ -
E ° —Tep CTR_rep2 E_) o o Yo
~ S CTR_rep3 5’ M : % T
K ep3
8 ! R%i&l"_‘reﬁ A ,;, & ©
T CTRrep] ;
T T T T T © L
04 02 00 02 04 06 @ ! 8 4 02
shRNA1 (logFC
PC 1 (24.89%) DE genes DE genes (logFC) shRNA1
E . F
Avarage gene expression KDMSC (NPC)
. . _ H3K4me3
— shControl replicate 1-3 E shKdmbc-I replicate 1-3 ‘ shKdm5c-lI replicate 1-4 R
down neutral up 3 ANTAN I
down neutral up 4 p=13e-6 P "\ Down
EE '
G |p<222e-18 87 \
8 22 R
g 5 Rol=—" =
= i Q71000 500 Center 500 1000
: ()]
a @ 0 £ H3K27me3
&4 o ‘G ; up
s ts) b / N Neutral
c £ = e s Down
o S oz Nl \V\
(U] \"4 . o . Y
0 SR A st |
° -
< g
_A| ——
5000 -2500 Cenmter 2500 5000
. | J K
Enrichment plot: BIVALENT_PROMOTERS CpG promoters Enhancers H3K4me1
—_ B8 shControl  [EE shKdmSc
ﬁ 05 down neutral up down neutral up
~q_; gg o7 —0.028 down neutral up
SEN — | pcooi 4] e0013 _ | w042 |p<222s-16| p=nnse
o 02 o =] pillaiin sl —_—
@ o8 — o
= 0.1 = o =4
@ 00 .% g , ‘_é‘
E o \j =4 4] k=]
(3] K ] »
= 02 - 2
c c o
@ RN : : 2
K < 3 £
% 6| S 3
KDMS5C_KD Control O] £ =0
0 2000 4000 G000 8000 10000 12000 8‘ I
Rank in Ordered Dataset 5 1
NES=1.77  Norm.pval=0.017  FDR=0.0325 -2
L M N 0
H3K4me3 H3K27ac H3K27me3 Deregulated enhancers
Bl shControl  [EH shKdmsc Bl shControl  [EH shKdmsc Bl shControl S shKdmsc ChlP-signal at enhancers:
W d  unchanged [l i
down neutral up down neutral up down neutral up H3K4mel H3K4me3
_ p0¢ (p<222e-t6| p0002S | pots |lpezzzets]| pns 5 p=34e-05 ||p<222e-16|| p=1.7e-07 1.00 m——— -
o o4 - - - o %]
o4 o =5p @
= = g o
= = © Q075
g g 2 5 §
o2 k=] B E
w w ™ 25 [=
© Q ® & oso
o] D g E —
g0 5 ~ 5]
N X ool Soos
© T_ « ©
I-2 2 T o
0.00 --.

w“‘“t\e;i\“’\ E w@ )
Gene Class (RNA-seq)

Figure S4. Deregulated genes display different promoter features. (A) Principle component analysis (PCA) of RNA-seq of replicate samples
of control (CTR) and Kdm5c-KD (KD1; KD2) groups after normalization. (B) Fold-changes of Kdm5c-KD vs control. Fold-changes of deregulated
genes were ranked by the shKdm5c-I (shRNA-1) group and show a similar trend of deregulated genes in the shKdm5c-1I (shRNA-2) group. (C)
Scatterplot depicting Pearson correlation coefficient between gene expression LogFC in Kdm5c-KD groups. (D) Overlap between deregulated
genes in Kdm5c-KD groups. Cutoff: <0.05 FDR and >0.5 absolute logFC in individual shRNA-groups. (E) Notched boxplots showing average Log
mRNA expression of the up, down or neutrally regulated genes in individual samples. (F) Notched boxplot showing KDM5C signal based on
NPC data (Outchkourov et al 2013)(16) at promoters of up-, down- or neutrally regulated genes in Kdm5c-KD cells. (G) Mean H3K4me3- and
H3K27me3 signals as transcripts per million (TPM) mapped reads in shControl Lp30 cells at promoters of up-, down-, or neutrally regulated
genes in shKdm5c-I vs. shControl Lp30 cells. Lighter shaded ribbons represent standard error of mean. (H) Gene Set Enrichment Analysis
showing enriched gene expression from bivalently marked promoters in Kdm5c-KD vs shControl (Lp30 cells). (I) Notched boxplots showing
the lengths of CpG island at promoters as in (F). (J) Notched boxplots showing the number of enhancers near promoters of up-, down- or
neutrally regulated genes in Kdm5c-KD cells. Outliers not shown. (K-N) Notched boxplots showing H3K4me1- (K), H3K4me3- (L), H3K27ac-
signal (M), or H3K27me3 (N) at enhancer categories defined in (J). Outliers not shown. (O) Distribution of enhancers with deregulated
H3K4me3 and H3K4me1 peaks. Frequency of enhancers with peak increase (red), decrease (blue) or no change (grey) closest to promoters of
the gene classes (up-, down- or neutrally regulated genes in Kdm5c-KD cells).
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Figure S5. The Kdmb5c-KD phenotype is not linked to changes in cell cycle or apoptosis. (A) Gating strategy for MLL-AF9 AML (singlets,
DAPI negative, GFP positive, assessed in BM, 3 weeks post-BMT). (B) Frequency of control and Kdm5c-KD MLL-AF9 cells with immature (c-
Kit+) and mature (Mac-1+) immune-phenotype in vivo. (C) Top panel: Gating strategy for the cell cycle assay on CD45.2+ Lp30 BM cells. Bottom
panel: Gating strategy for the apoptosis assay on GFP+Lp30 BM cells. (D) Cell cycle: Frequency of Lp30 cells in G1, S and G2M phases determined
by the Dean-Jett-Fox model (Flow]o). (E) Frequency of Lp30 cells in early (Annexin-V*, DAPI-) and late (Annexin-V*, DAPI*) apoptosis. Total
apoptosis is the sum of both. (F) Left panel: Flow cytometry gating strategy for the cell cycle assay on c-Kitand Mac-1 subpopulations of CD45.2+
Lp30 BM cells. Right panel: Cell cycle: Frequency of c-Kit* and Mac-1* Lp30 cells in GO/G1 and S-G2-M phases determined by DAPI staining.
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Figure S6. Direct and indirect downstream mediators facilitate the Kdm5c-KD phenotype. (A) Schematic model of the involvement of
AP-1 factors in myeloid differentiation. AP-1 factors can dimerize with CEBPA favoring monopoiesis over granulopoiesis which is promoted
by CEBPA homodimers. JUN can also act as a co-activator of PU-1 to upregulate monocytic genes. (B) RT-qPCR showing decreased Fos and Jun
expressions in Kdm5c-KD Lp30 cells in vivo normalized to Actb-expression. (C) Relative mRNA expression of Jun in control and Jun-KD groups
assayed by RT-qPCR and normalized to Actb expression. (D) Mimicking Kdm5c KD: Kaplan-Meier survival analysis of mice transplanted with
control or Jun-knockdown Lp30 cells (n=8 per group). (E) Relative mRNA expression of Fos in control and Fos-knockdown groups assayed by
RT-qPCR and normalized to Actb expression. (F) Performance of Lp30 Fos and Jun-KD cells in competitive BMT normalized to input ratio of
target/competitor cells (n=4). (G) Mimicking Kdm5c KD: Kaplan-Meier survival analysis of mice with transplanted control or Fos-knockdown
Lp30 cells (n=8 per group). (H) Rescuing Kdm5c KD: Kaplan-Meier survival analysis of mice transplanted with Lp30 cells transduced with
either control or Kdm5c-shRNA in combination with empty vector (EV) or JUN-overexpression (n=8 per group) (I) Frequency of Lp30 cells
with immature (c-Kit*) immunophenotype in vivo after transduction with either shControl or shjun.
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Figure S7. KDM5C in human AML cell lines and patients. (A) Schematic overview of the location and type (missense, nonsense or intronic)
of KDM5C mutations in human hematopoietic neoplasms (COSMIC(37), Supplemental table 10. Red= female patient, blue= male patients, clear=
patient sex unknown. (B) Western blot showing KDM5C protein level in shControl and Kdm5c-KD HL-60 cells. Beta-actin level is used as loading
control. (C-D) Growth curve of HL-60 (C) and NB-4 (D) shControl and KDM5C-KD cells. P-values were calculated using multiple unpaired two-
tailed T-tests. (D) Quantification of insertion and/or deletion (indel) frequencies in primary AML cells electroporated with sgKDM5C and
sgAAVS1 and subjected to competitive growth. NQ: Non-quantifiable (F) Log2 mRNA expression of KDM5C in male and female AML patients
(TCGA dataset(45)). P-value was calculated by unpaired two-tailed T-test with Welch’s correction. (G) Log2 KDM5C mRNA expression in
normal hematopoietic cells and in AML subtypes (female donors/patients from the BloodPool dataset(43)). HSC= hematopoietic stem cell,
MPP= multipotent progenitor, CMP= common myeloid progenitor, GMP=granulocyte monocyte progenitor, MEP= megakaryocyte-erythroid

progenitor, Early-PM= early promyelocyte, Late-PM=

late promyelocyte, BC= Band cell, MM= meta myelocyte, Mono= monocyte, MY=

meylocyte, PMN= Polymorphnuclear cell, MDS= myelodysplastic syndrome, N.Karyotype= AML with normal karyotype, C.Karyotype= AML
with complex karyotype, C._del(q5)= AML with complex karyotype and del(q5). Additional AML subtypes according to the indicated

aberrations.
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Figure S8. KDM5C in AML patients. (A-B) Overall survival (A) and disease-free survival (B) of female AML patients (TCGA dataset(45))
grouped according to KDM5C High (above median) and Low (below median) expression as indicated. (C-D) Overall survival (C) and long-term
(>6 months) overall survival (D) of male AML patients (TCGA dataset(45)) grouped according to KDM5C or KDM5C+D High (above median)
and Low (below median) expression as indicated. (E-F) Disease-free survival (E) and long-term (>6 months) disease-free survival (F) of male
AML patients grouped as in C. (G) Distribution of CEBPA mutations and the 20 most frequent differential mutations in female AML patients
(TCGA(45)) sorted from low to high KDM5C expression. Significant differentially mutated genes are marked in bold (calculated between
patients in the top and bottom quantile of KDM5C expression). Percentages relate to the general frequency of the mutation across the female
AML patients.
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