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1 Abstract

Cancer cells arise by acquiring genetic and epigenetic alterations. The transformation of healthy cells
towards a cancerous state is a rstiip process in which several driver mutations that increase cellular
fitness are selected for over time. Due tis #wvolutionary process cancer cells are genomically and
phenotypicallyheterogeneoud his clonal evolution and the resulting intratumoral heterogeneity (ITH)
have been recognized as major contributams to t
order tobetter explorelonal evolution and ITHwo complementary approaches were established that

allow to track and quantifihesubclonal compositiowithin hematopoietic neoplasms.

Establishment of an optimized, highly sensitive and-efftient singlemolecule Molecular Inversion
Probes (smMIPs) panel allowed targeted sequencing of hundreds of human gDNA samples within a first
cohort study. This panel allows to detect residual leukemic cells as well as expanded hematopoietic
clones. The latteare indicative of clonal hematopoiesis which represents the onset of clonal evolution
and often precedes the acquisition of hematopoietic neoplasms such as Acute Myeloid Leukemia
(AML). The established assay showed robust performance and high concardaonogarison to a
commercial targeted sequencing panel, while drastically reducing the costs for library preparations and
represents a useful tool for future studies of clonal evolution in the context of clonal hematopoiesis and
AML.

As a second approacbtellular barcoding assays were established to enable direct investigation of ITH
within a mouse model for AML patiemterived xenografts (Pdx). Advanced cloning strategies enabled
the construction of millions of different barcodes that are used to upitpg leukemic cells by
lentiviral transduction, allowing to directly identify changes in cell compositions of leukemic
populations. Within the first experimental setups the established barcoding constructs allowed to
guantify the bottleneck upon engrafin of cells within the mouse model, to determine the frequency

of Leukemia Initiating Cells (LICs) with fewer mice than traditional limititifution transplantation
assays (LDTAs) and provided direct prove foe thresence of subclones with increasedstasce
towardsin vivo chemotherapeutitreatment. Additionally, cellular barcodes enabled identification of
isolates derived from singleells, thereby allowing to isolate and further characterize genetically and

phenotypically distinct subclones fromx¥Psamples of a single AML patient.

Both established assays demonstrated their usefulness within first pilot experiments and represent

powerful tools to further study clonal evolution and heterogeneity associated with AML.



2 Introduction

2.1 Cancefi An evolutionary diseasef the genome

Cancer is one of the major causes for premature death with about 19 million new cases and almost 10
million caused deaths in 2020]. Although more than 270 types of cancer can be distinguished based
on the affected tissues and other characterigfifsits generalemergence can be simplified to
acquisition ofgenomicmutations which ultimately resulin cells with limitless potential to rejghte.
Additionally, among other general features, cancers aretaldeadecell deathand responses of the
immune systemandto invade tissueeading to impairment of normal tissue functi¢8s 4. Somatic

driver mutations that confer these phenotypes are randomly gained throughditisielhs in parallel

to neutralpassenger mutations that do not cause any advantate foell[5].

The development of cancer can therefore be seen as an evolutionary process in which those randomly
acquired somatic mutationghich increase the cellular fithess relative to competing eeliselected

for [6, 7]. Upon gain of a first driver mutation, different fractions of the transformed tumor population
may acquie additional functionally advantageous mutations, leading to the presence of subclones which
may differ genotypically as well as phenotypically among each okigurg 1). Therefore acquired

driver mutations not only differ between patients, but often also among different subwsltmiesa

single cancer, which is known as Intratumoral Heterogeneity (J8H)].

Background variation Q

Subclone3
* %k Cancer-specific mutation @

: : : Subclone1
o Dominant
Early Tumor subclone
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Figure 1. Concept of cancer evolution. Random mutations are acquired over time. Oc®uoERr first driver mutation
transforms the healthy clonal lineage inteuanor ancestor cell. More driver mutations may be acquired over time in fractions
of the cancerous cells, leading to emergence of different subclogegén with different genotymad phentypic properties.
Modified from Lin et a[12] (CCBY4.0)



ITH represents a major issue for the successful treatment of Gamewviously established subclonal
lineages resistant to chemotherapy may be selected for by standard therapies, in turn leading to a relapse

consisting of therapy resistactlls afterseeminglysuccessfuinitial treatmen{13-15].

Therefore, investigating the emergence and characterization of adverse subclones within cancerous
populatiors hashecome an important part in order to elucidate more details about cancer evolution and

to further improve existing therapeutic approaches as well as to dexsiames[15].

2.2 Clonal hematopoiesisa fiyetalti seased state preceding

The progression frm a normal, healthy cell towards a cancerous state usually happens gradually by
acquisition of multiple mutations that progressively disequilibrate the normal cellular state. In the case
of blood cancers hematopoietic stem or progenitor cellsfiretyacquire somatic mutations thanly

confer a slight proliferative advantage over the rest of the cell population. Subsequently the fraction of
blood cells derived from the mutated stem cell slowly expands over time making its acquired mutations
detectable videquencing of gDNA derived from peripheral bl¢adé, 17. This condition was termed

clonal hematopoiesis, derived from the observedatlpexpanded hematopoietic lineage.

Clonal hematopoiesis itself does not represent a diskasdias been shown to be associated with a
tenfold increase in the risk of developing blood cantgf as well as a two to four times increased risk

for atherosclerotic cardiovascular diseagEd]. Due to these associated risks withcg tmperative
advancement to diseased states, the presence of mutations associated with hematological neoplasia at a
variant allele frequency of at least 2% in absence of any evidence of a hematological neoplasm has been

termed Clonal Hematopoiesis of Indaminate Potential (CHIHRQ].
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Figure 2: Clonal hematopoiesis as a precursor of hematopoietic neoplasms such as Acute Myeloid Leukemia (AML).
Acquisition of a somatic mutation that confers slight proliferative advantage within a hematopoietic stem cell (HSC) leads to

a clonal expansion dfells derived from this HSCknown as clonal hematopoiesis. Acquisition of further driver mutations

can subsequently cause development of hematopoietic neoplasms such as Acute Myeloid Leukemia (AML). In many cases of
AML clonal hematopoiesis precedes #otual disease and can therefore be seethe starbf the clonal evolutionltimately

leading to leukemia.

While many individuals with detectable CH do pobgress to further disease pattétiams been shown
that leukemic mutations can precededhset ofacute myeloid leukemia (AMLyears before diagnosis
(Figure 2). Additionally over 80% of mutations detected in CHIP are related to leukeamic
lymphomaassociated gend®1]. Hence,these expandetlSCs can eventually gain further driver
mutations that may ultiately lead to development of AML or other hematopoietic disoydersh as
myelodysplastic syndre[22-24]. Clonal hematopoiesis camnsequentlpe seeras part of the clonal
evolutionwithin the hematopoietic system that precetthesinitial diagnosis oAML . Therefore tools
are necessary to enable @stigation of these early stage procesm#oere manifestation and diagnosis

of AML in order to fully ctaracterize clonal evolution from healthy towards leukemic cells.

2.3 Acute myeloid leukemia (AML) as framework to study intratumoral heterogeneity

and clonal evolution

Acute myeloid leukemia (AML) is a subtype leématopoieticancersaand represesthe most common
acute leukemia in adult®ver 20,000 new cases of AML are estimated within the USA for ZQ3jL

with a median age of 68 years at diagn{26}.



AML specifically affecs the myeloid cell lineages within the hematopoietic system. Acquired mutations
in either hematopoietic stem cells (HSCs) or myeloid progenitor residt in the inability to further
differentiate intofunctional cell typesKigure 3). Ultimately, the accumulation of immature myeloid
blastswithin the bone marroweads to leukocytosisand bone marrow failuras well as anemia,
thrombocytopenia and leukocytosis due todberease in matured functional cells like erythrocytes and
thrombocyteg27).

Lymphoid Myeloid
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stem cell § /;‘ K Stem Cell

A

| e |

(| )
® 0 @ «
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Figure 3: Basichierarchy of hemimpoietic cell typesHematopoietic cells can differentiate into lymphoid or myeloid stem /
progenitor cells, which furhter differentiate into functional cell subtypes within their linéagmse of myeloid leukemias,
acquired mutations lead tan inability to further differentiate within the myeloid stem cell compartmeggulting in
accumulation of immature myeloid blasts andecreasén terminally differentiated functional myeloidllse

Although themediannumber ofdetectediriver mutationswithin clinically reported AML cases is only

at 4 witha maximum often driver mutations[28] about half of all AML cases show intratumoral
heterogeneityi.e. the presence of different leukemic subclofiéese abdones have been shown to

not only differ genetically but also phenotypically and functionadlyg. in their differentiation potential

[29]. As some of subclones, like those carrying an internal tandem duplication kb Ti3etyrosine
kinase (FLT3-ITD), are associated with adverse outcof86, 31], targeted therapies have been
developed to directly targtheseadversesubcloneg32] in addition to the standard chemotherapy that
usually involves treatment using Cytarabine (&g Despite increased efforts to enhance AML
therapies only one third of patients will survive five or more years after diagnosis telapgsesfter

initial treatment[33]. Therefore further research is needed to deepen the understanding of clonal

evolution leading to AML in order to explaibore possibilities for its treatment and prevention.



2.4 Tracking of clonal evolution within patient samples by targetegeretypingof

driver mutations

Identification of subclones within cancer samples is mostly based on the detection of genaticrelte

that are preserait different frequencies within the sample. Detected somatic mutations can subsequently
be used to distinguish between different subclokesy studies investigating subclonal architectures
rely on whole exome sequencing (WESWtrole genme sequencing (WGS) to maximittee number

of variants that can be used to distinguish subclones from one af@#8§]. Besides the associated

high sequencing cast these approaches are limited in their sensitivity and therefore often
complemented by additional targetdskpsequencing to reliably detect low frequency vari@dts4Q].
Combininga priori knowledge about known driver genes allows to restrict the sequencing to recurrently
mutated genes, thereby decreasing asso@eatpeencingostsand enabling higher coveragkdisease

specificgenomic variantsknowno f uncti onal ly i nfldljluence the cell :

For the purpose dhvestigaing theclonal evolution already before diagnosis of AML, a effitient
and sensitive method for targeted sequencing of human gDNA samples will be estafiliss method
should allow the costfficient detecion of variantsdown tolow variant allele frequencies of2%
within recurrently mutated CHIP and AML driver genes to enable sequencing of larger cibleoetsy

allowing further insights intdTH andclonal evolution bfore and after diagnosis &ML .

2.4.1 Errorcorrected sequencing enabteBabledetection of subclonal, losivequency genetic

variants

Variants at low variant allele frequencies need to be reliably detected in order to identify minor
subclones within cancer samples. Howedeeto the reported typicagrror rate of around 1%42]
precise dtection of variantbelow orclose to 1% allele frequency reims challenging even at very

high sequencing depths

In the past years, several methods have been developed to increpeecigionof next generation
sequencing43-46]. Nearly all of these approaches share the same basic idea of molecularly tagging
target moleculesThese molecular tags, usually called Unigue Molecular Identifiers (UMIs) consist of
random nucleotide sequences that are attached to the library fragnfieresabeplification. Afterwards,

the library fragments are amplified by PCR and sequenced. Hence all library fragments derived from

the same original molecule, e.g. genomic DNA fragment, will carry the same UMI. Likewise, those

6



fragments derived from diffent template molecules will also differ in their UMI sequence. Upon
analysis, the UMIs allow to determine which sequencing reads were derived from which initial template
molecule. Consequently, this approach allows to remove any frequency biases intriogURER

amplification of the sequencing library.

IO I
T T T T
MMM, -
I]I{IIIIIIIIII IIIII!I‘IIIIIIIIIIIIIIII[III T IT

UMI Variant in NGS read Collapsing to
UMI-consensus

T T T T

Figure 4: Utilization of Unique Molecular Identifiers (UMIs) can significantly decrettee= number ofalsepositive variant

calls in sequencing dataibrary fragments derived ém the same template molecule are tagged with the same UMI sequence
(depicted in cyan and blue). During PCR amplification and sequencing stochastic errors can give rise to different variants
presentwithin the sequencing reads that cannot be distinguidhed real variants (depicted in red). By generation of a
consensus sequence per UMI, stochastic errors introduced by technical noise can be efficiently elthrénelvgthcreasing
precision of variant calling especially at low variant allele frequencies

Additionally, when sequenced deep engueyery UMI will be sequenced with multiple sequencing

reads enabling additional erroorrection. The reads obtained per UMI can be subsequently aised t
assemble a UMtonsensus readFigured) f or exampl e using a Omajority
only present in one or few reads carrying the same UMI, they are likely derived from technical artefacts

such as PCR errors amdll not be included in the consensus sequence. Only variants observed within

the majority of sequencing reads belonginghe respectivéJMI will be kept. Hence, precision of

sequencing is significantly increased resulting in approximatefp@dower errorrates [46].

2.4.2 Target enrichmerstrategies for targeted sequencing

As high sequencing depth is necessary to robustly detect low frequency variants, a strategy for target
enrichment is needed in order to reduce the sequencing to the target areas of interest. Here, two general

approachg can be distinguished.

The first approach is direct PCR amplification of the genomic regions of interest. PCR reactions

generally allow for highly specific amplification of genomic target areas, but is limited in terms of

7



multiplexing primers targeting fierent loci. Due to interactions between primer pairstafget
amplification as well as increased formation of prirdemnersoftenreduce the overall efficiency in
multiplex PCRg[47], thereby limiting the number of loci that can be efficiently targeted within one
reaction. As sequencing length is restricted to about 300 nucleotides on most Illumina seddié&ncer
amplicons need to be small in order to be completely sequence. Consequently, multiple PCR reactions
would be necessary in order ffig@ently larger sets of genomic lacThis,in turn increases the amount

of template gDNA needed as well as costs for setting up the enzymatic reactions. Although modified
approaches that allow to amplify hundreds of amplicons at once are commengdtpla, they are

not easily customizable amdquirespecialized equipment and primer librafi4g].

The second basic approach is enrichment of target fragments by hybridzgtomne reactionsdere,

most commonlythe gDNA is physically or enzymatically fragmented. The resulting DNA fragments
are subsemntly hybridized to oligonucleotide probes complementary to the genomic regions of
interest. As the probes are biotinylated they can be used for affinity purification of hybridized DNA
fragments using Streptavidin beads. The retained fragments are sulblyegiiched for the genomic
regions of interest. Although enrichment is less strmgpared tdaargeted PCRs, the size of genomic

regions that can be targeted within one readarsually not a limiting factdib0, 51.

For the planned targeted sequencing approach an intetmsididor target regions of several kilobases
will be necessary in ordén sequence the most importamighly recurrent known driver genes involved
in clonal hematopoiesis as well as AML. Additionally, a strong target enrichmdesiiablen order

to maximize costfficiency for sequencing.

2.4.3 Single molecule MoleculatnversionProbes provide a highly sensitive and flexible

approach for targeted-genotyping

An attractive method for targeted-genotyping that combines the advantages of hygheral
enrichment strategiedescribed abovare Molecular Inversion Probes (MIPs). Molecular Inversion
Probes are similar to Padlock Probes that were already described about 30 y¢ag$ agdwere

further refined to make use of massively parallel sequencing technologies as well as UMIs for enhanced

precision in genotypingsincecalled singlemolecule Molecular Inversion Probes (smMIPsJ).

The principle of smMIPs represents a mixture of hybridization and PCR approaches for target
enrichment. Molecular Inversion Probes are phosphorylated DNA oligonucleotides with a length of

about 80 nucleotides. The ends of the probes are used to hybridize the probe to the target region of the

8



template DNA, hence called hybridization arms, and are connected via a backbone sequence that is
constant for all probes-{gure5). After successful hybridization, a polymerase can fill the gap between

the hybridization sites by extending the douttianded hybridization site of the extensam, thereby

copying thesequence from the DNA template. A ligase subsequentlg jbim ends of the gafill
sequence and the phosphatgd ligatiorarm to produce aircularized DNA fragmentAfterwards,
exonucleaseareused to digest the linear gDNA template as well as prtitzswere not hybridized

and circularized. Due to the absence of complex template DNA the remaining circular probes can be
utilized within a highly specific PCRHere, primersvhich introduce lllumina sequencing adapters

anneal within the constant prebackbone sequence in order to create the final sequencing library.

1) Hybridization 2) Gap-Fill

smMIP

Polymerase
s/
template
(g)DNA
e
3) Ligation / Circularization 4) Exonuclease digest 5) PCR amplification
lllumina adapter
pUmes Amplicon
peR library
—_—
Exonuclease _J
[
y J_.LLI

Figure 5. Overview over smMIP (singimolecule Molecular Inversion Probes) reactions.TArgetspecific lybridization
arms(blue) which are connected by constéaickbone sequence (blac)the phoshorylated oligonucleotid@robeanneal

to the complementary target region on the denatured template BEdtAerror-correction the pobes carry UMI sequences
(red). 2) Apolymerase is used to copy the sequence igapebetween the hybridization arms from the template DNA. 3) A
thermostable Ligase circularizes the probeluding the captured sequendsy ligation. 4) Exonucleases are used to digest
any remaining linear DNA, i.e. probes without successful tezgpure and template DNAY) PCR amplification of probes
carrying the captured target sequences using lllumina adapter primers creates the final amplicon sequencing library.

The smMIP hybridization arms have similar function as primers in targeted PCRs. d¢dpinesontrast

to PCR both arms anneal to the same DNA strand, thereby enablingstesnifit targeting of DNA
loci. Additionally, the hybridization arms are connected via the pbatoébone which decreases the
likelihood of offtarget hybridizations,saboth annealing sequences need to be in close proximity within
the target DNAPrevious studies have shown multiplexingtiebusands of probes within one smMIP

capture reaction, enabling highly flexible target sizes up to whole eX{&#h&g)].



Furthermoe, published cost calculations demonstrate the higketfisiency of the approach, resulting

in total costs for library preparation and sequencing below 15 [83DMoreover hybridization, gap

fill reaction, circularization of probes and digestion of linear DNA can be carried out in a single reaction
which minimizes handsn times for library preparation atlous faciltates processing of up to tens of

thousands of samplésr large cohort studig®5, 58, 59.

Therefore singlemolecule Molecular Inversion Probespresent an optimal approach for highly
sensitve and cosefficient highthroughputargeted regenotypirg. smMIPs willconsequentlype used
to establish a new assay allowitige detection of lowfrequency variants associated with clonal

hematopoiesis and AML for further investigation of clonal evotut

2.5 A mouse modesystemallows for genetieengineering of patierderived xenograft

samples

Although analyses of subclonal compositions within patient sanspieprovide deepemsights into

clonal evolutionfurther experiments to phenotypicalljharacterize subclones, e.g. their response
towards newly developed drugse difficult to perform due to ethical restrictior®everal AML cell

lines exist that enabla vitro experiments and allow for furtheharacterization of the dised$®, 61.
However, many cancer cell lines fail to reflect the genomic and phenotypic heterogeneity observed
within patients, as some subclones may be eradicatet daiture to surive within the artificial cell

culture system whereas others may adapt to the altered environment, e.g. by changes in their gene
expressiong62]. Although tre useof patientderived cells allows taloser recapitulate the situation
within patients, most cells are hardly proliferatingniwvitro cultures and can be cultured only for limited

time [63]. Mouse models have proven to be valuable tool in order to allow for cultivation of patient
derived cancer cells while avoiding irreversible pbtgpic changes and a loss of heterogeriéidy 63.
Specifically, he use of NSG (NOD.GBrkdc®® IL2rg"™"Sz) mice allowed to establish a mouse
model systm for patiertderived AML cells at the Helmholtz Zentrum MuncHé#8.
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Figure 6: Mouse model for the generation of AML Pdx lines. Using the established model system leelkedngam AML
patients can be transplanted into immunodeficient mice. After initial expansion, the leukésraceckdntivirally transduced
to integrate marker genes whiehable cell enrichment by FACS or MACS as weihagvo bioluminescence measuorents
to noninvasively determine the leukemic burden within mice r@hidtingtransgenic patientlerived xenograft AML cells-(t
PDX AML cells)yreserve heterogeneity observed within thégpatsamplevhile allowing for efficient cultivation and further
in vivo characterization.

After injection of leukemic cells into the bloedream of these immunocompromised mice, the cells can
home within the bone marrowyhich providesa mae natural environmentna enableghe cells to
proliferate After expansion of cells, the leukemic population can bieakated from bone marrow of

the animal and subsequent cell sorting based on human cell surface nidkers6). The isolated
leukemic cells can be genetically engineered by lentiviral transduction, e.g. enabling expression of
fluorescent proteins or additional surface markers. Afteadditionaln vivo expansion, th&ransgenic

patient derived xenograft-RDX) AML cells can be easily fisolated by FACS or MACS enrichment

and used for further experimengdditionally, transgenic expression of luciferase within AML Pdx
cells allows to determine the leukemic burderhimitexperimental mice via vivo bioluminescence
imaging Bleedingthe mice in order to determine the fraction of human leukemic cells within peripheral

bloodcan consequently be avoided

This mouse model system enables loergn cultivation of patieatierived AML samples, which closely
resemble the original diseasithin patientsby retaining their subclonal heterogendig]. Moreover,

the possibility to genetically engineer Pdx samples via lentiviral transductions enables a multitude of
experimental approaches to investigate the intratumoral heterogeneity which is usually lost when

utilizing in vitro cultivations.

In order to expandth®mo u s € mo d eohnalgze thetbehhviot differént subclones withiAML
Pdx cell populationsa suitable methodill be establishedhat allows to distinguish betweecellsand

enables to detect phenotypic differences among them.
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2.6 Cellular barcding as a tool to enabtirecttracking of cell populations on a single

cell level
One key methodologio analyze the composition of heterogeneous cell populasana | | ed o6 cel | v
barcodingd, also known as i g sbastonmtedradionofartificial go . T

genetic markers into the celigenomes, which will consequently alse inherited by their offsprings.
Every cell receives a uniqaetificial gDNA tagthatallows toeasilydistinguish between cells and their
descendats within cell populationddence, this barcodggnificantly simplifiesdifferentiation between
similar cellsthat otherwise could not beasilydistinguished genotypically and phenotypicgiigure

7). As thecellularbarcode is inherited bl offspring cells pbarcodes of cells that show increased fitness
under the given environmental conditions will increase in their relative frequdttin the barcoded
cell population over tim&Consequently, cellular barcodes allow for diidentification and observation
of clonal heterogeneity within cell populations, makingitoaverfultool for the study of heterogeneous

cell populations.

e,
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Figure 7. General approach of the cellular barcoding technigdecell population is labelled with cellular barcodes via
lentiviral transduction, integrating a unique artificial sequence tagiheir genomes. Hencal cells as wa as their ofspring

can be distinguished based on the#llular barcodes. Cells can be exposed to selective pressures, e.g. toxins, to elucidate
whether cells within the population show differences in cellular fitness. The cellular composition gbulei@o can be
determined by amplification of barcodes from isolated gDNA via PCR and subsequent sequencing.

The first application of cellular barcoding 30 years §§d used a library of 100 different DNA
fragments to create a retroviral paaled to transduce cerebral cortical progenitor aeitlsin early
developing rat braing order to trackocalizationpatternsof their progeny neuron®CR amplification

of barcodes from genomic DNA (gDNA) and restriction digest of the obtained amplicons was used to
identify each of the barcodespresenting the clonal compositions within different regions of the cortex

The obsevation that some barcodes could be observed in different functional areas of the cerebral cortex
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demonstrated that specification of cortical areas occurs after neurogeitiesig restrictions of cell

intermixing during embryonic development

With the energence of next generation sequencing, allowing to easily sequence millions of different
DNA sequences at once the genetic tags used for labelling the cells evolved into shorterli@rcode
sequenceby utilizing degenerataucleotide position$or oligonucleotide synthesigg8g]. Since then,
cellular barcoding has beauccessfullyusedfor researchin many different contextsespecially for
investigatingdifferentiation patterns and heterogenaeifithin hematopoiesif69, 7qQ as well alonal

dynamics in various cancefgl-74], including leukemia§75-79.

To allow direct investigationof intratumoral heterogeneity within Pdx AML samples the cellular
barcoding technique will be established for use within the mouse model system at the Helmholtz

Zentrum Minchen.
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3 Materials and methods

3.1 Materials

3.1.1Enzymes

Tablel: Enzymes used experimental procedures

Enzyme
Actinase E

Ampligase
Avrll
DreamTaq Polymerase
Exonuclease |
Exonuclease llI
Hemo KlenTaq Polymerase
KpntHF
NhelHF

Manufacturer
SigmaAldrich
Biozym

New England BioLabs
Thermo Fisher Scientifi
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs

Phusion Il HotStart Polymeras Thermo FisheEcientific

Q5 Hot Start Polymerase
rSAP
SpetHF
T4 DNA Ligase
T4 DNA Ligase
T4 Polynucleotide Kinase

3.1.2Buffers, Chemicals & Media

New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
NewEngland Biolabs

Table2: Buffers and chemicals usatdexperimental procedures

Buffer/Reagent
Ampligase buffer

ATP
Buffer EB
CutSmart
dNTPs
DreamTaq Green Buffer
EDTA, 0.5M
GeneRuler 100 bp

DNA ladder

GeneRuler 100 bBlus
DNA ladder
Igepal CA630
NEBuffer 1
NEBuffer 3.1
NEBstable/NEB10beta

Outgrowth Medium

Manufacturer
Biozym

New England Biolabs

Qiagen

New England Biolabs
New England Biolabs
Thermo Fisher Scientifi

SigmaAldrich

Thermo Fisher Scientifi

Thermo Fisher Scientifi

SigmaAldrich

New England Biolabs
New England Biolabs

New England Biolabs
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Cat.No.
P5147100MG
114100
RO174L
EP702
M0293L
MO0206L
MO0332L
R3142L
R3131L
F549L
MO0493L
MO0371S
R3133L
M0202L
M0202M
M0201S

Cat.No.
115005
P0756S
19086
B7204S
N0446S
B71
E7889100ML

SM0242

SMO0322

1889650ML
B7001S
B7003S

B9035S



(Table 2continued)

Buffer/Reagent Manufacturer Cat.No.
PEGB000 SigmaAldrich 895101KGF
Phusion HighFidelity buffer Thermo Fisher Scientifi F518L
Q5 HotStart buffer New England Biolabs B9027S
SeraMag SpeedBeads SigmaAldrich GE6515210505025!
Sodium Azide (NaN SigmaAldrich S2002100G
Sodium Chloride (NacCl), 5! SigmaAldrich S51501L
TrisHCI, pH 8.0, 1M SigmaAldrich T2694100ML
UltraPure Water Thermo Fisher Scientifi 10977035

3.1.3Commercial Kits

Table3: Commercial kitautilized within experimental procedures

Kit Application Manufacturer Cat.No.

DNeasy Blood& Tissue Kit gDNA extraction Qiagen 69504
QIlAamp DNA Micro Kit gDNA extraction Qiagen 56304
QuantiT PicoGreen dsDNA Asse Quantification of DNA ThermoFisheBcientific P7589
PureYield Plasmid Midiprep Syste Isolation of plasmid DN/ Promega A2495

3.1.4 Oligonucleotides

Table4: Sequences ofilized oligonucleotidé n-3® 6 o r isedrn/ tPehtdisa m d i-phasphendatioa of thé respective
oligonucleotides.lllumina adapter primers( 6 [ tdrmy {lifferent eight nucleotides long index sequences denoted as
OXXXXXXXXH6. The respect i Suppenmental Eakles & 8. Gegaenceseos smiltigonutleotsde e d
probes are listed separately Bupplemental Table

Name Sequence Manufacturer  Purity Usage
Integrated Screening plasmid
DNABC _NT screen_ fwd AGTGAACGGATCTCGACGC DNA Desalted for presence of DNA
Technologies barcode insert
Integrated Screening plasmid
DNABC_NT screen_rev CCTTCTCTAGGCACCCGT1 DNA Desalted for presence of DNA
Technologies barcode insert
Integrated S;:or;—:‘enlng plasrTfnd
ExBC_AmpSeq_fwd  CTGGTACCTTTAAGACCAATC  DNA Desalted presence o
Technologies expre;sed barcode
insert
GGACACTCTTTCCCTACACG: amplification of
TCTTCCGATCTNNNNNNNNNT expressed barcodes

EXBC_AmpSeq_HP_Wd \\r56eaAAGAGTGTCCCTGG Samadldich — HPLC o iasmid or

TTTAAGACCAATGACT lentiviral inserts
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(Table 4 continued)

Name Sequence Manufacturer  Purity Usage
GTGACTGGAGTTCAGACGTG exa’:‘e‘;'gfj‘tt')%?‘c); dos
ExBC_AmpSeq_HP_rev CTTCCGATCTGCTTAAGCAG1 Sigma Aldrich  HPLC b : h
from plasmid or
TTCCCT S
lentiviral inserts
e s
ExBC_AmpSeq_rev GCTTAAGCAGTGGGTTCCC DNA Desalted P
: expressed barcode
Technologies i
insert
/Phos 1st strand of
CTTTAAGACCAATGACTTACA . .
ExprBC_1st CNNNNTTNNNAANNNTTAGCT Sigma Aldrich  HPLC expresirfggrtbarcode
AGATG
/Phos
2nd strand of
CTAGCATCTACAGCTAANNNT . .
ExprBC_2nd NAANNNNGCCTTGTAAGTCAT Sigma Aldrich  HPLC expre?ﬁggr?arcode
TCTTAAAGGTAC
CAAGCAGAAGACGGCATACG .
HP—N[Z]adaptg TIXXXXXXXX]GTGACTGGAGT Sigma Aldrich  HPLC 'fg‘;'rggi‘ozz "I"Ig?grtl‘;;
GACGTGTGCTCTTCCGATC
CAAGCAGAAGACGGCATACG .
MRS Pﬁ‘Ge” adapter iy Y XXXXX]GTCTCGTGGG( Sigma Aldrich Cartridge ';'(;Jr”;'r’:]";‘vﬁ; I"I"t‘:'r:l‘r’lfsr
GAGATGTGTATAAGAGACA
TruSeq P5 xGen adapter: AATGATACGGCGACCACCGA! [llumina P5 adapters
q M PIer T ACACIXXXXXXXXJACACTCT Sigma Aldrich Cartridge  for smMIP &
CTACACGACGCTCTTCCGA barcode libraries

3.1.5Bacterialstrains

Table5: Bacterial E.coli strainsused for transformation and propagation of plasmids during experimental procedures.

Strain Genotype Manufacturer Cat.No.
Nn(araleu) 7697 araD139huA
nlacX74 galk16 galE15 New
Electr';'foBmlitZtr?t c oo €14 UBCdIacZIMI5 recAlrelAl  England  C3020K
P ' endAl nupGpsL(StR) rph spoT1 Biolabs
n(mrr-hsdRMSncrBC)

F'proA+B+1aélk 0 f I O%0 a m|
(Tef®)/ k 6 ey 7697 araD139 fhu/

NEB Stable REEO-Tn Fktym _New
CompetentE. coli eld sy nRE T OWk am England C3040I
(High Efficiency) y P Biolabs

endAl nupG rpgIStM) rph spoT1
k 0 YHd@ARMSncrBC)
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3.16 Scientific instruments

Table6: Scientific instrumentatilizedthroughout experimental procedures.

Type Instrument name Manufacturer
Centrifuge Centrifuge 4K15 Sigma Aldrich
Centrifuge Centrifuge 5424 VWR Peglab

Capillary geklectrophoresis Bioanalyzer 2100 Agilent Scientific Instruments
Electroporator ECM 600 Genetronics, BTX
Incubator Innova 42 New Brunswick

Mini centrifuge SPROUT Biozym
PCR workstation PCR Waorkstation Pro VWR Peqglab
PlateCentrifuge PerfectSpin P VWR Peglab
Platereader POLARstar OPTIMA BMG Labtech
Platereader Infinite 200 PRO Tecan
Spectrophotometer ND-1000 NanoDrop Technologies
Thermocycler SimpliAmp Thermal Cycler Eppendorf
Thermocycler PEqSTAR 96 Universal VWR Peglab
Gradient
Vortexer VortexGenie 2 Scientific Industries Sl
Waterbath MB-5 Julabo
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3.2 Methods

3.21 Preparation of homemade SPRI bead9pfaoification ofDNA

For cleanup of DNA, e.g. PGRagments, homemade SPRI beads were prepared according to Rohland

& Reich, 201280].

Table7: Composition of the PEG solution used for preparation of homemade SPRI beads containing 22% PEG.

Ingredient Quantity
5M NacCl 10 mi
1M TrisHCI, pH 8.0 500 pl
0.5M EDTA 100ul
PEG 8000 119
10% Igepal CA630 50 pl
10%Sodium Azide 250 pl
UltraPure Water ad 49 mi

A PEG solution according fbable7 was prepared and incubated at 40°C until all PEG was dissolved.

1 ml of SeraMag Speed Beads (Thermo Fisher Scientific) was transferred to a 1.5 ml Eppendorf cup

and put onto a magnet rack.té&f separation of beads from the solution, supernatant was removed. The

pellet was washed two times by resuspension in 1x TE bdffemi TrisHCI, pH 8.0, 1 mM EDTA).

The pellet was eluted using 0.9 ml 1x TE buffer, resulting in a final volume of lateellihe resulting

bead supsension was added to the PEG solution and vigourously mixed by vortexing. The final bead

solution was stored at 4°C until usage.

3.2.2 DNA purification using homemade SPRI beads

Before usage of the homemade SPRI beads, thessisp was equilibrated at room temperature and

vortexed until magnetic particles were fully resuspended. For purification of DNA derived from PCR

or enzymatic reactions the respective samples were mixed with the SPRI beads suspension in a volume

ratio of 0.8:1 to 1.8:1 beads to reaction volume, depending on the desiremigiffefor short DNA

fragments. The solution was mixed by pipetting and incubated for 5 minutes at room temperature. The

sample vessel was transferred to a magnetic stand and inctdragetb 5 minutes until the solution

was clear. The supernatant was discarded and the pellet of SPRI beads was washed by dition of

pl 80% ethanallf the initial volume exceeded 200 gthanol volume was increased to the initial sample
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volume inorder to wash the whole pellefhe ethanol was discardadd the wash step was repeated.
SPRI bead pellets were allowed to dry for 2 to 5 minutes until the surface of the pellet was dried. The
sample was put off of the magnetic stand, resuspended in2BQucof ddHO or buffer EB for elution

and incubated for 5 to 10 minutes for elutiéiter SPRI beads had been completely separaled, t

sample was put back on a magnetic stand and the supernatant containing the clean DNA was transferred
to a new vessel

3.2.3 Design of a singlenolecule molecular inversion probes panel

For the design of smMIPs the software MIPdg@d] was used. Initial parameters usédhlfle 8)
comprised a target capture size of h2@leotidesn order to produce only one amplicon size after PCR

amplification at library preparations, hence allowing to easily identifytasfiet hybridizationsvith

differing capture lengths

Table8: Parameters used fahe MIPgensoftwareto desigrthe initial setof potential smMIP probe candidates

Parameter Value Description
min_capture_size 120 Minimum length of targesequence per probe
max_capture_size 120 Maximum length of target sequence per probe
tag_sizes 5,5 | Include 5 random nucleotides on each hybridization :
double_tile_strands_separate on Create overlapping probes on-stjand and-§-strand
score_method svr Predict probe performance based on support vectc
regression

As some target regions could not be covered using this parameter set, MIPgen was run again using a
relaxedtargetsizeof 1107 130 nucleotides. The resulting pool of potential probes covered both strands

of the target regions. In order to reduce the initial costs for the panel, the probe pool was reduced to
cover only one strand per position, with neighboring probes betiagdd on alternating strands, thereby
avoiding sterical hindmce of probes at hybridization si{€$gure22 A). Probes for the final panel were

picked based on MIPgéns pr edi cted performance score and t
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with their neighboring probes. For smMIPs having known SNPs within their hybridization tarons,
probes were included in the final $etvith and wthout the known polymorphisiinin order to provide

robust performance.

Additionally to targetingarms and UMIs the MHprobes comprise a fixed backbone sequence used for
annealing the primers in subsequent PCR amplifications after target capturing. However, the backbone
sequencedoesnotont ai n any of |-ktartpriming seduences, makimglitanecessarye a d

to use custom reastart primers when sequencing smMIP amplicons. Therefore, the original smMIP
backbone sequence as/ redesigned and replaced by
AGATCGGAAGAGCGTGTGTATAAGAGACAGH to allow for lllumina sequencing utilizing

standard readtart primers. The initial pool &3oligonucleotidgrobes was ordered at SigmaAldrich

at a synthesis scale of B&nole with subsequent revesgsehase chr omat ography <cl e
pur i f i Alsttofialbpnobeps contained within the final panel after rebalan@ags.2.2and 4.2.3

is includedin Supplemental Tablg.

3.2.4 Pooling and phosphorylation of smMIP probes

The initial pool of smMIP probes was podlat equimolar ratios. Phosplgtation was caied out in

50 pl reactions of 1x T4 DNA lgase Buffer, 12 units T4 Polynucleotide Kinase and 25 picomole of the
pooled smMIP probes. After incubation at 37°C for 2.5 hours in a thermocycler the reaction was heat
inactivated at 65°C for 25 minutes. Theolpe pool was subsequently diluted to a 10x working
concentration of 503 pM per smMIP using buffer EB and split up into simgealiquots in order to

avoid freezehaw cycles that potentially could impair the phosphorylation of the probes.

For refinemenbf the smMIP panel via fbalancing the probes were subset according to the planned
relative concentrations within the final pool, phosphorylated in independent reactions and pooled

together afterwards.

3.2.5 Preparation of smMIP sequencing libraries

In order to minimize the risk of cros®ntaminations all reactions were set up within a PCR workstation,

which was decontaminated using DM@wvay and U\¢light before and after each usage.
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gDNA samples were first diluted to a concentration ofg§il in orderto normalize the input for
hybridizatiors to 100ng genomic DNA within 12.5l. Samples that alreadyad concentratiorsightly

below a concentration ®y/pl were used undiluted.

Hybridizations and target captures were carried out ipl28actions withlx Ampligase buffer, 1 unit
Ampligase, 0.3211 Hemo KlenTaqg Polymerase, 320 dNTPs, 10(hg gDNA template an8 pl of the

100 pM smMIP poolcorresponding to a ratio of 1000 molecules of each smMIP probe per haploid
genome within the reaction. Reactionsres subsequently cycled within a thermocycler with an initial
denaturation of 98C for 10 minutes, followed by 6TC for 18 hours for hybridization and géfing

and subsequent storing&fiC.

After Hybridization and Gayfill reactions finished, an exanlease treatment was performed in order

to digest nortircularized probes as well as the gDNA template. 2 pl of an exonuclease mix, consisting
of 10 units Exonuclease | and 50 units Exonuclease IIl in 1x NEBuffer 1 were added to each reaction,
keeping theeactions on the cooled block of the thermocycler. After mixing, the reaction were incubated
for 1 hour at 37C, followed by heatnactivation at 8GC for 25 minutes and subsequent storage

8°C.

In order to utilize as much hybridization products assfie, two PCR amplification reactions per
hybridization reaction were set up for library construction. Each PCR reaction consisted of 1x
Q5reaction buffer, Lnit Q5HotStartHigh-Fidelity DNA Polymerase, 20AM dNTPs, 1% DMSO,

250nM of both P5 and F-adapter primers( NT + RS P7 x &éidraGapt e66,x Gen
seeTabled) and 12.5ul of the exonucleasteaed hybridization reaction in atad volume of 5Qul.

PCR reaction were cycled using 95 for 2 minutes for initial denaturation and 25 amplification cycles
consisting of 95C for 15 sec, 47.8C for 30 sec and 7ZC for 30 sec. Following a final elongation for

2 minutes at 72C, sampés were stored at°€.

PCR productdlerived from the same hybridization reactions were poatapurified twice using
homemade SPRI beads at a volume ratio of samples to beads of 0.8:1. The secend whk=an
necessary to further minimize unwantedpgducts derived from amplification of smMIPs that were

circularized without capturing a target, thereby producing amplicons of similar size

Samples were quantified using QuantPicoGreen dsDNA Assay (ThermoFisher) picoGreen and
subsequentlypooled in egimolar ratios. The final library pools were additionally quantified using a

High Sensitivity DNA Chip on an Agilent Bioahezer.

For each sample within the final cohort sequencing study smMIP libraries were prepared in two
technical replicates thereby bilizing a total of 200 ng gDNA per individual, in order to increase the

unigue coverage across target areas.
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Initial smMIP libraries for balancing of the probe pool were either sequenced lloraina MiSeq
(duatindexed 150B pairednd) or on & lllumina Hiseq1500 (duahdexed 100b pairednd).

The first five library batches of the cohort study were sequenced on an lllumina HiSeq 1500 at the
GeneCenter(Ludwig-Maximilians University Munich) within a dualindexed 100B pairednd
sequencing run. Due thiscontinued support of the HiSeq 1500, batch six as well as batch seven, which
contained additional quality controls, were sequenced on a NextSeq 1000 using the same sequencing

setup.

3.2.6 Balancingof smMIPsto improve uniformity of coverage acrossget areas

Initially, all probes were pooled at equimolar ratios in order to test their performance based on
hybridization efficiencies. Library preparations were carried out using genomic DNA isolated from
culturedB-Lymphocytecells of the GM18505 celine [82] via the DNeasy Blood&Tissue Kit (Qiagen)
according to the manufactur er theMIRgenanalysistodlg8l] NGS
to determinghe number of UMIs detected per smMIP probe and their relative performance within the
probe poolAll probes having more than 2f&ld fewer detected UMIs than the median across the panel
were defined as bad performers. Subsequently a new probe poakatesicincluding 25-fold or 50-

fold increase of relative concentration within the pool for these bad performers. Library preparations,
sequencing and analysis were repeated using the rebalanced prob& palatet of probes did not
benefit from higheconcentrations and still showed bad hybridization efficiencies as indicated by a low
number of detected UMIs. Therefore, 47 probes were ordered to replace these bad performing probes.
Additionally, dl probes targeting theEBPAgene were excluded due tacperformance aridcreased

tendency towards setfircularization.

The set of smMIPs included in the final panel, as well as their relative concentrations within the pool

are shown irsupplemental Tablg.

3.2.7 Design oflllumina sequencing adapters &mMIP libraries

As only a few million reads per smMIP sequencing library are necessary to achieve sufficient coverage
across the panemany samples can be multiplexed on one lane. Therefore enough gutapees
carrying different sequencing indices to discriminate the individual samples need to be available. For

this purpose, new adapters compatible with thdasgned smMIP backboneere ordered. 192 P5
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adapters were utilized, using the standard TrdSegdapter sequence
(AATGATACGGCGACCACCGAGATCTACACII5]JACACTCTTTCCCTACACGACGCTCTTCCG

ATCT) but with indices derived fromGen Dual Index UMI Adapters (Integrated DNA Technologies)

[83, 84, as the original set of TruSeq indices comprised only 8 sequélfvesndex sequences were

further filtered based on published recommermfatifor lllumina Index Desig[B5]. Index sequences
starting with AACO and indices containing homopoc
All remaining adapter sequences were checked for their Gibson free erséngyQuckfold [86]
(http://www.unafold.org/Dinamelt/applications/quickfold.phpdapters showing additional secondary

strudures due to their index sequence were excluded from further processing. The remaining index
sequences were filtered for a minimum hammirgjatices of 3 among all indices and the first 192

adaptersemainingwere used as final set of adapters.

Another sebf 96 P7adapters was ordered based on the sequence of NBxtadapters, additionally

including the mosaic sequence that would normally introduced by the Transposase in Nextera workflow
library preparationsGAAGCAGAAGACGGCATACGAGEGTCTCGTGGGCTCGGBATGTGTA
TAAGAGACAG . As the mosaic sequence contains the pr
this sequence is necessary to enable processing of prepared libraries on lllumina sequencers using
standard workflows and primers. Again, indices wagved fronxGen Dual Index UMI Adaptersas

the original set of 29 indices provided by lllumina was too small to multiplex enough saBgégion

of most suitable index sequences was carried out as for P5 adapters, except for skipping the initial

flt ering for indices starting with O6ACGH.

All oligonucleotides were ordered at Sigma Aldrichbatches of 96 oligonucleotided 50 nmole

synthesis scalgurified usingreversephase cartridge purification.

3.2.8 Setup of a custom analysis pipeline fol\diRs sequencing data

In order to process hundreds of samples an automated analysis pipeline was set up. First, samples get
demultiplexed based on their sample indices using dfg]version 1.13 and output files are named

in a standardized way.

Afterwards, lundreds osamples can beubmitted for processingsing asingleBash script that utilizes
the SLURM workload manager in order to optimize the resource management of the therety

minimizing the handson time necessary for processing of the sequencing data.
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In this workflow, it is assumed that for every biological sample two technical replicates sshihg

libraries were preparedkirst, UMIs are extracted using fasfyersion 0.2) by cutting the first five
nucleotides of all reads and moving them to thpeesve header in the fastq file. This is carried out for

both technicalibrary replicateqsee 3.2.5pf thesample. The resulting fastq files are modified to extend

the UMI by 6GC6 or O6ATO6 wusing O0sed?©6.canhémesgedwar ds
without the risk of UMI collisionsAdditionally, artificial UMI elongation preservethe information

from which technical replicatespecificreadwasderived and can potentially be utilized for downstream

analysis.

Hybridization arm sequees are trimmed using using cutadgdd (version 3.6.8in linked adapters
trimming mode with the following additional parametes0,-O 16 --no-indels,--discarduntrimmed,
--pair-adaptersi g [R1I-smMIP_arms.txt]i G [R2- smMIP_arms.txt] Linked adapter trimming mode
requires matches for both hybridization arms derived from one smMIP to be detected withipainread

in order to trim the equencesAll reads having no valid pair of arsequenesdetected are discarded.

Reads are mapped via BWAEM (version 0.7.1Yto the human genome versiorgth9 using standard

settings. Resulting SAM files are converted to sorted and indexed BAM files using safvéosisn

1.9). Sampl e names ar e adde Bicad ddddrReplaceRéatMEraiBaseM f i el
recalibration is calculated usinGATK BaseRetibrator (GATK version 4.1.6.Q) utilizing SNP

information from dbSNR89] (build 138) and EXAC noif CGA sites (release r0.3.1), as well as InDel
informati on from OMi | |I's and 1000Genomes Go
ANotDuplicateReadFiltér i s di sabl ed i ainabneatle The daloulated rechlibratien a n d
table is applied usinGATK ApplyBQSR

Variant calling is subsequently carried out usMgtec® in singlesample mode with the following

parameters in order to increase sensitivity and obtain a list of @htspossibly presenwithin the

sample: ft-intervalpadding 10, --maxreadsper-alignmentstart 0, --disablereadfilter
NotDuplicateReadFilter,--f1r2-maxdepth 500000,--minimumallele-fraction 0.002, --genotype
germlinesites true--mitochondriamodetrue, --force-active tru@. Calling of variantss subset to the
regions of i nterest by using a bed file contair
processing time. The resulting variaatsfiltered usingGATK FilterMutectCallswith fi--disableread

filter NotDuplicateReadFiltasy  atandtochondriamode trué .

Variantsarefiltered for allele frequencies above 0.2% and rows containing multiallelicasitesplit
and, if necessary, t@ormalized using bcftoolgsersion 1.8. The resulng variantsareannotatedvith
ANNOVAR [90] using the folloving databases: refGen®1], exac03, avsnpl47, dbnsfe30

clinvar_20190305, gnomad211 genome, cosmic91 coding.
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For the generation of a positi@pecific errorate the mapped and basedibrated bam file (see above)

gets deduplicated based on UMI information using genc®? with the following parameterst-
supporting_reads 2ratio_threshold 0.51;-umi_diff_threshold & Samtoolgversion 1.8 is used to

sort the resulting bam file and subsequently produceupiteusing the following parametersd 0-B

-Q 0. Error rates per positions are finalljadated by counting the number of matches and mismatches

at each position within all sequenced samples. Positions that showed more than 5% mismatches within
an individual sample were excluded for tlacalation of the overall erraate, as thy likely represent

true somatic variastrather than background errors.

In order to utilize the UMI information within the data, the final set of variants obtained\haect2
was used as input famivariant§93].He r e, UMI consensus sSemao@yces we
mode and UMIs observed with only one sequencing raegignored.The annotatetluted? variant
set was merged withmivariant®output table in order to creathe final raw set of varigs for each

sample.

3.2.9 Filtering ofraw variant call setslerived from smMIPs

In order to exclude SN potential artifacts anurelevantvariants preliminary filtering criteria were
establisheased on the data collectewrh the cohort sequencirgjudy: Synonymousand intronic

variants were excluded from further analysis. Remaining variants need to be supported by at least 3
UMls, as determined using umivariants. To further reduce technical noise, all variants below 0.5%
variant allele frequency were also excludegrthermore, all variants that are not associated to leukemia
were filtered for a Benjamifiiochberg adjusted-palue smaller than 0.005. To further reduce technical
noise, variants that are covered on both DNA strands were exciiniant allele frguencies differed

more than fivefold between the strands.

All variants above 80% were excluded as likely representing homozygous SNPs. Variants having no
association to leukemand more than 0.01 frequency within EXAC beilegected with more than 40%

VAF were filtered as potential SNPSimilarly all variants with more than 30% variant allele frequency
having a frequency of at least 0.01 within the gnomAD database were filtered as potensal SNP
Vari ant s stagigomasl Mytectdwere alsdlagged as potential artefacts within the set

of filtered variants.

A setof 7 loci comprising 13 nucleotidd®d to be excluded from variants call@ble9). These dci
showed recurring artefacts that were not excluded by the previous filtering, resultiegesied

artefactual lowfrequency variants.
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Table9: Genomic(hg19)positions of artefact lodhat were excluded from the final analysegyh recurrence of variants at
these positions indicated artefacts not removed by filtratiorgube positiorspecific errorrates.

#variants .
Chromosome Position after med'?‘” VAFs [%]

filtering (min - max)
chr2 2546748125467484 22 0.63 (0.50 3.52)
chr4 106162600 10 0.58 (0.50 1.57)
chr4 106164949 21 1.42 (0.83 3.90)
chr4 106196299106196302 210 0.97 (0.50 5.88)
chr17 7577042 22 0.80 (0.52 1.65)
chr20 31022677 7 1.06 (0.63 1.38)
chr20 31022794 8 0.95 (0.51 2.55)

For comparison of reequenced patients (s€2.5.3 a strict filtering was chosen in order to focus on
high confidence variantll variants were additionally filtered for variant allele frequencies being
greater than 1% and having reported a STRANDRevgreater than 70 dylutect2 In order to verify

absence or presence of variants missing within the variant call sets Integrated Genomicg§9jewer

(IGV, version 2.3.46) was used to examine the BAM files of raw argugécated reads.

3.2.10 Cloning of the expressed barcode plasmid pool

The expressed barcode plasmid library was based on a q@iNed vector backbone. In short, the
GLuc coding sequence in pCBHF 1Gluc-T2A-NGFR (Addgene #10483295] was replaced by a
gBlock encoding for H2Kk using the restriction enzymes EcoRI and BamHI. The Nhel restriction
enzyme site was destroyed by siisected mutagenesis. Additionally, a small PCR fragmentileasd

into the vector by using Kpnl and Pcil restriction enzymes, in order to introduce an additional Avrll
restriction site next to the Kpnl site. The preparation of the resulting pEBFHEH2Kk-T2A-NGFR

vector was carried out by Christina Zeller at iredmbholtz.

Thevector was subsequently digestedninltiple parallel reactionsachcontaining 1.5 g vector 5 units
Avrll and 10 units Kpnl in 1x CutSmart buffédReactions were incubated for four to six hours at 37°C.

The linearized backbone was purifiesing a SPRI bead cleap at a ratio of 1:1.

The expressed barcode insert was prepared by annealing two complementary HPLC purified,
phosphorylated oligonucleotideEXprBC_1st and ExprB@nd, Sigma Aldrich, Table4) in a 20 pl
reaction, containing 0.5x NEBuffer 3.1 and 10 ul of each 10 uM oligonucleotide, in a PCR cycler by

heating the reactiorte 90°C and decreasing the temperature by’Q.Every 10seconds for 700 times,
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followed by coolingto 8 °C. The annealedloublestranded insert includes sticlkends to allow direct

usage in downstream ligations without the need of an additenzymatic digest

For cloning the barcode insert into the vectocutligation was performed overnight in order to
maximize yields and minimize the amowfite-circularized vector not carrying a barcode insgetven

20 pl reactions containing 1.5 mM ATP, 250 fmol of the dowgttanded barcode insert, 120 ng of-pre
digested vector backbone, 2.5 units Avrll, 10 units NHEI and 400 units T4 Ligase (400 U/ul) in 1x
CutSmart buffer were set up. The reactions were incubated in a PCR cycler using the following program:
55 cycles consisting of 5 minutes at 37 °C and 5 resat 20 °C, followed by 30 minutes at 37 °C, 20

minutes at 80 °C and a final storage at 8 °C.

The reactions were pooled and 5 ul were used to transform each of 16 transformation reactions using
chemically competent NEB stable cells according to the maaouf ur er 6 s pr ot ocol . A
outgrowth 1% of four of the 16 transformations were used for plating as a proxy to determine overall
transformation efficiencies by colony counts. Four Midi cultures (90 ml LB medium with 100 mg/ml
Ampicillin) were inocuated with 4 transformation reactions each and incubated oveaiigitC and

220rpm. Liquid cultures were pelleted by centrifugatid000 xg for 10ninutesat 8 °C. Plasmid

isolations were carried out using tRereYield Midi Prep Kit (Promega) aétdry 3 (2 YI ydzF | O
protocol. Finally, the four plasmid preparations were pooled in equimolar ratios to create the final

plasmid pool for the expressed barcode.

3.2.11 Cloning of the highcomplexity DNAbarcode plasmid pool

The initial preparation othe pCDHE F 1Glluc-T2A-mtagBFP was carried out by Christina Zeller
from the Helmhotz Center Munich by P&Rplifyingthe coding sequence witagBFPandintroducing
EcoRI and Sall restriction sites via prir@rerhangs. Subsequently, the PCR product wasedlinto
thepCDH-E F 1Glluc-T2A-copGFPplasmid[96] using EcoRI and Salthereby replacing the copGFP
with mtagBFPR Lastly, the Nhel restriction site was destroyed by «iieected mutagenesidhe

resulting vector waused for cloning the DNA Barcode plasmid pool.

The vector pCDFE F 1GllucT2A-mtagBFP vectowas digested and dephosphorylatedninltiple

50 pl reactionseachcontaining 20 units SpélF, 2 unitsrSAP and 1.Jug of the prepared vector in 1x
CutSmart bufér. Reactions were incubated at°87for three hours and subsequently Heattivated

at 80°C for 20 minutes. Reactions were pooled and purified using the SV Gel and PCR Purification Kit

(Promega) according to the manufacturerds protoc
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Insertion ofthe barcode insert into the vector backbone was carried out using a cycling restriction and

| i gat i-binggtoiCundé) approach in order to maximize t
reactions were set up containing 1x CutSmart bufferr5ATP, 10 units SpeHF, 10 units Nhel

HF, 2,000 units T4 DNA Ligase, 12 of predigested vector backbone angi2of the 1:10 diluted

barcode annealing reactiocorresponding to 250 fmol insem, a total volume of 2@l per reaction.

Reactions wert&ransferred to a thermocycler and cycled 55 times with 5 minutes’@ &7d 5 minutes

at 20°C, followed by a final heaihactivation at 80 C for 20 minutes and subsequent sample storage at

8°C. In order to reduce unwanted ligation products, contaigitiger no or multiple barcode inserts,

100l of -Can 60Afitxeémur e c on s-HFsand 10 gnitsdSpeiFli01x QuiSimarts Nh e |
buffer were added per reaction and samples were further incubated for 2 hout€ atiBvsubsequent

heatinactivatian for 20 minutes at 8¢C.

Reactions were pooled and purified using homemade SPRI beads at a sample to beads Iratiw of

the clean productasqu ant i fi ed via picoGr eesprotacal.Che resuitingg t o t
vector was transformed via electroporation using NEB10beta cells taking special care to optimize
conditions in order to achieve high transformation efficiencies. Hence, electroporation cuvettes as well
as 0.5ml Eppendorf cups and the clonedctor were cooled on ice. Additionally,nd aliquots of
NEB10stable/NEB10beta Outgrowth Medium im2low-bind Eppendorf cups were pwarmed in a
ThermoMixer at 37C. NEB10beta cells were thawed on ice and aliquotedjd %o the prechilled

0.5ml cups. 2ul of the precooled vector, corresponding to about Hg0of plasmid, were added to

each aliquot of competent cells and gently stirred using the pipet tip. The mixture was quickly transferred
to the electroporation cuvette, taking care not tmthice bubbles. Immediately after electroporation at
2.1kV with 48 Ohm, resulting in an effective pulse of 2khv6for 2.5 ms, Iml of the prewarmed
outgrowth medium was added and the cuvette was inverted six times. As much as possible of the
suspensiowas transferred back into the psarmed 2ml cup and immediately put into an incubator at
37°C and 250pm. Cups were incubated horizontally in order to increase thmaetlium boundary.

After 1 hour of incubation, 0.025% of the transformation reactiese plated on LBAgar plates
containing 100 ng/ml Carbenicillin. Midi cultures containing DAICLB supplemented with 106g/mli
Carbenicillin were each inoculated with the rest of two transformation reactions. Midi cultures were
incubated overnight fol6 hours and 250pm at room temperature. Cultures were harvested by
centrifugation a#000 cf for 30 min at 8°C. The resulting cell pellets were used for pleification of

the plasmids utilizing thBureYield Midi Prep Kit (Promega) according to manufacr er 6 sThegr ot oc o
final Plasmid pool was created by pooling the plasmid preparations considering the complexities of the
included transformation reactions as estimated by their colony counts in order to achieve a uniform

frequency distribution of theascodes within the pool.
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3.2.12 Colony PCR to screen for the presence of the expressed barcode

To determine th&action of plasmid not carrying the barcode insert, colony PCRs were performed. 20pl
PCR reactions were set up utilizing 0.5 units DreamTdgnmrase, 200uM dNTPs, 300nM of the
forward and reverse primers ExBGCresen2_fwd and EXBC_screen2_r@able4) in 1x DreamTaq
Green buffer. Additionally 1.5nM magnesim chloride were added to enhance lysis of bacteria.
Colonies were picked from agar plates usingullfipette tips and added to the reaction by stirring the
tip in the reaction and pipetting up and down five tinfReactionscontaining 40(pg of thepCDH-

EF 1-H2Kk-T2A-NGFR vector either with or without a barcode insert warsed aspositive and

negative contral for later size comparisons of amplicon bands.

The reactions wereycled in a thermocyler with a prolonged iaitidenaturation of 3 minutes at 95°C
to increase lysis of bacteria. Subsequently, 35 cycles with 94°C &r587C for 30 sec and 72°C for

1 minutewere carried out, followed by a final elongation at 72°C for 1 minute.

5 ul of the samples were loaded onto a 2.5% agarose gel and eleasiphas carried out for 50

minutes at 90V.

3.2.13 Colony PCR to screen for the presence of the-b@hplexity DNA barcode

As for the expressed barcode clonitige fraction of plasmid not carrying the barcode ingeste
determined byolony PCRs. 20PCR reactions were set up utilizing 0.5 units DreamTaq polymerase,
200uM dNTPs, 300hM of the forward and reverse prime@®NABC_ NT_screen_fwdand
DNABC_NT_screen_rein 1x DreamTaq Green buffer. Additionally 1.5mM magnesium chloride were
added to enhandgsis of bacteria. Colonies were picked from agar plates using 10ul pipette tips and
added to the reaction by stirring the tip in the reaction and pipetting up and down five times. Reactions
containing200 pg pCDHEFlamtagBFPwithout a barcode insert wetsed as controls for later size

comparisons of amplicon bands.

Reaction were incubated in a thermdey with an initial denaturation of 3 minutes at 96 and 30
cycles with 94°C for 30seg 53°C for 30 sec and 7ZC for 1 minute, followed by a final@ngation at
72°C for 1 minute10 ul of thereactionswere loaded on 4.5% agarose gel arlthnds were separated

for 90 minutesat 90V.
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3.2.14 Amplicon library preparatiofor high-complexity DNA barcodes

In order to determine barcode frequenciesasii@te as possible, a PCR strategy including the use of
UMIs was utilized for the amplification of barcodes from plasmid or genomic DNA of barcoded
samples. Therefore, the SiIMS8eq[97] workflow was adapted for the purpose of amplifying barcodes

from genomic DNA, even when very few barcodes are present within the reaction.

For everysample SiMSenSeq libraries werprepared in technical triplicates, unless stated otherwise.
Generally 5ul of isolated genomic DNA were used as template for the first PCR, including 0.1 units
Phusion Hot&rt 1l Polymerase, 200M dNTPs and40nM of both primers, HIDNABC_amp_fwd

and HRDNABC_amp_rev2ijn 1x Phusion HF buffer in aolume of 10ul. Reactions are incubated in

a thermocycler at 98C for 30sec followed by 36 cycleswith 98 °C for 10seg 62 °C for 6 min, 72°C

for 45sec. The number of cycles necessary for sufficient ifiogilon was adjusted based on the on
target input amount within the reactions. The reactions are inactivated by additiopldA@ihase E

in 1x TE buffer (45 ng/ul). For efficient protease treatment samples are further incubated at 65°C for

15 min, fdlowed by heainactivation at 95C for 15 min and subsequent storage &£ 4

For each reactioaf thefirst PCR two downstream PCR reactiamsreset upin order b maximizethe
utilizedamount ofproducts. Eackecond PCR consisted2H0 uM dNTPS400nM of HP_N7 adapter
andTruSeq P5 xGen adaptprimersand 10ul of the previous PCR reactionlx Q5 HotStart buffer

in a final volume of 40ulSampes were incubated in a thermyoler at 98°C for 3 minutes for initial
denaturatiomnd3i 6 cyclesconsisting of denaturation at 98 for 10 £cand annealing and elongation

at 80°C for 1 ®x, 72°C for 30 ®¢ 76 °C for 30 £c Ramping rates between annealing and elongation
temperatures were set to 0Q/secto resolve hairpirstructures and allowof efficient amplification.

After amplificationthe samples were purified using homemade SPRI beads with a ratio of 0.8:1. PCR
reactions derived from the same technical replicate were pooled at the elution step using 20ul buffer

EB.

DNA-Barcodesequencindibrarieswere sequenceat LAFUGA with 150cyclessingleend and dual

index readaitilizing an Illumina HSeq 1500.

3.2.15 Amplicon library preparation for expressed barcodes

Similarly as forhigh-complexityDNA barcodes, expressed barcodes were araglifising an adapted

SiMSenSeq protocol as described 32.14 with the following alterationskor the first PCR primers
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ExBC_AmpSeq_HP_fwahd ExBC_AmpSeq_HP_revere utilizedwith an annealing temperatuic
58°C for 371 9 cycles The number of cycles was dependent on the gDNA input amount to ensure

sufficientamplification for all samples.

Expressedbarcodedibrarieswere sequenced using a 180singleendduatindexedayout

3.2.16 Analysis of sequencing dai@m high-complecity DNA barcode libraries

Sequencing data was demultiplexed using d¢8M], allowing for no mismatch within the index reads.

Barcodes were extracted from the demultiplexed samples bantgnder_extractof98], by defining

the barcode pattern( -p GATGG[4]ACT[2]CGA[2]CTT[2]CGA[2]CTT[2]GGA[2]CTA[2]ACT[2]
CGA[3ICCACKH ) . UMI s were extracted as the f-ur@t12@) se
and barcodes had toatch the noivariable nucleotides without mismatchésm( @ with an average

QScor e equal t o o-g gr eaCleusttehamg 3@f (barcodes
bartender_singl®8], bi nni ng barcodes wit h-d4 albth)dmnd enpge ndd isn
on the number of barcodes expected within the sample, without utilizing-areadi o t-h-ée)s.h ol d
The resultant lists of barcode clustensd their respective UMI countwere further analyzed using

R [99] and the packages tidyver(, ggplot2[101], upsetR 102 andfishplot[103.

3.2.16.1 Analysis of barcoding data for deterration of the bottleneck

To provide a conservative estimation of engrafted cell numbers a hamming distance of 5 was used for
clustering of detected barcodes. Additionally, barcode clusters detected with only one UMI were
discarded as they are likely repesting technical noisdzurthermore all barcodes that were only
detected in one of the three technical replicagesamplevere also discarded to further reduce potential
falsepositive barcode calls. As only one orientation of the DNA barcode was detectable using the
established amplification setup, the resulting number of detected barcodes was multiplied by two in

order to povide an estimate for thetal number okngrafted celiper mouse.

Gini indices providing a quantification of the inequality of detected barcode frequemriesalculated

using the inedR package.
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3.2.16.2 Analysis of barcoding data for the in viveatment experiment

Barcodes were extractétbm raw sequencing daesdescribed ir8.2.15 In order to exclude cross
contaminationsbetweensamples detected UMIs per barcode within each technical replicate were
filtered for detection with at least twdMIs beforeclustering. The resulting list of barcodes was used
for clustering as described abov&2.19 utilizing a hamming distance threshold of 4. Relative
frequencies of barcodgser samplaevere calculated based on theerage fraction of UMIs detesd

within each replicate.

For illustrationof barcodedata within the pseudiishplot the fishplot package for R03 was utilized.
For each experimental group, frequencies of detected barcodes were averaged acniss all
Additionally, all barcodes present with less than 0.00Egfency were excluded from the initial input
sample.Sporadic barcodes at very ldinequencies that were not deteciadntermediate stages (start
and/or controbroupg but at the final stage (theragyoup were manually set to fractions of 0.0001%
toallow for visualizationAdditionally, barcodesvere ordered based on their frequency within the initial

input samplébefore plotting

DEBRA[104 was used to determine statisily significant differences of barcode frequendiesveen

groups. As use of technical replicates is not directly supported, UMI counts of clustered barcodes per
sample were averaged across technical triplicates and rounded to integers. Differentide bar
representation analysis was carried oumgishe implemented DESeq2 Watkekst method(dnethod =
"DESeqg2(Wald) comparing either mice of the start group to mice of the cogtmipor mice of the

control group to mice of the therapy grougor ploting of significantly differentially represented

barcodes a falsdiscoveryratethreshold of 0.05 was used.

3.2.17 Analysis of sequencing dafiemm expressedbarcode libraries

Sequencing data was demultiplexed using d¢&M1], allowing for no mismatch within the indezads.
Barcodes and UMIs were extracted from raw fastq files using the bar{®&&iextractor, byutlizing

the barcode patt erpRmAGGERATTIBIANITIAGLI Xt drad chafei fidng
nucl eotides of-ubhfe) r eBarsc mbsesUMliad 6t o match all
patt-m@®n (abnd neededcoar |DBYr3dDg d 6Q
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Due to the high number of barcodes presentiwithe plasmid pool and Nalm6 control samples, no
barcode clustering was carried out in order to avoid overclustering, whereby real barcode would end up

in onecluster

3.2.17.1 Analysis of expressed barcodiesm barcoded Pdx samples

Barcodes were exdcted from raw sequencing data and clustered using bartender as described above.
Additionally, barcodes were clustered using starcp®s (version 1.1) with different haming

di st ance t hdig ®huwmtd3d sdistdd) and a fiked ratighreshold of 5¢r 59. Multiple

casesin which barcodes present at very high frequesegmingly contaminatedne or more other
samplesat very low frequenciesvere observedSubsequently, drcode crossontaminations were
identified kased on thenormalizedUMI counts of the respective barcodes within all samples and
discarded in alsamples in which the normalized UMI counts were less than 20% compared to the
highest count observed in all samplédl data were manually analyzédr cluster compositionso

exclude possible binning of true barcodes.

3.2.18 Transduction of Pdx cells using the lentiviral barcode pools

Production of lentiviral particles, as well as lentiviral transduction of Pdx and related work with NSG

mice cells werearried out by Christina ZelldHelmholtz Zentrum Minchérin the lalwratoryof Prof.

Dr. Irmela Jeremias. All workflows describéereafterarederivedf r om Chr i sdoctonah Z el | ¢
thesis[10€] in order to provide a comprehensive overview of the methods used to apply the genetic

barcoding systergenerated and use&dthin this work.

3.2.18.1 Production of lentiviral particles

Lentiviral particles were generated transfecting HEIT cells at 50 80 % confluency using pMD2.G

pMD2. G (1.25 Og/ ml ynal concentration)-Rew@BDLg/ pR
Og/ ml ynal concentr at i o nnplcomaemntration). Rlassitl BNA wasenixado r (2
in DMEM with 2.4% turbofect and incubated for 20 min at Rfie DNAturbofect mix was added

dropwise to the HERKR93T cell after changing their medium. After three days the supernatant was

withdrawn, centrifuged (4D x g, 5 mi n, RT) and yltered (0.45 ¢(
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ultrafiltrating the supernatant using an Amiedrt t r a 15 ml centrifugal yl t e
(2,000 xg, 340 min, RT). Concentrated virus was used directly for determinatioirus titer or

l enti viral transducti on. Alternatively, virus wa

3.2.18.2 Lentiviral transduction

Between  10° and 16 PDX AML cells in 1 ml of the appropriate medium were incubated with third
generation lentivirus(es) gether with 8 pg/ml polybrene. After one day cells were washed three times

with PBS (400xg, 5 min, RT) and either resuspendedphosphate buffered sali®BS) for the

injection into miceor culturedfor46 days in PDX AML celdorescenci um f o

activated cell sorting (FACS) enrichment.

3.2.18.3 Engraftment andxpansion oprimarypat i entdxé&llsand P

To engraft leukemic cells from AML patients, up td’ peripheral bloodpB) or bone marrow(BM)
cells in 100ul st er iPB®&weng injeceed iathvenously into-615 weeks old NSG micé-or
expansion freshly isolated or thawed PDX AML cellre injected. After transplantation of cells Baytril

(2.5%) was added to the drinking water of animals for 7 days to prevent infections.

Engraftment was monitored every2 weeks by pow cytometry measur em
in murine pB or bluminescence in vivo imaginlice wer e 6afr atyc eanisni@at t i me
signs of advanced leukemia (more than 50% leukemicgel wi t hi n muri ne pB), or
signs of disease (rough fur, hunchback, and/or reduced motility). If leukemia became not apparent, mice

were killed 52 weeks after transplantation by latest.

3.2.18.4 Isolation of RIx cells from the nrine bonemarrow

To isolate PDX AML cells from the murine BM, femur, tibiae, hips, spine and sternum were extracted
and crushed using mortar and pestl e. Cell s were
washed in PBS (40¢y, 5 min, RT). Cells wre resuspended in PBS or the required buffer, stained 1:10

with trypan blue and 10l were used for determination of cell numbers using abear counting

chamber
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3.2.18.5 In vivo treatment ofmice engrafted with RIX AML cells

To assess in vivo respse of PDX AML samples to treatment, NSG mice were transplamit&d
samples expressing eFFly luciferase treated systemicallyo@ithg/kg cytarabine (Ar&), dissolved
in 50% Sodium(S)lactate solution, intraperitoneally @days per week (day 25) for 3 consecutive
weeks starting at Bukemico ur den of alztl@qlalk 10P phatonsiskcArmal were
monitored every one tiwvo weeks using BLa n d s d 8 days @fterestop of therapy

3.2.18.6 Limiting Dilution Transplantation Assay

To determine the stem cell, lmukemiainitiating cell (LIC), frequency in PDX AML samples, limiting

dilution transplantation assays (LDTAs) were performed. Here fresh or frozen cells were counted with
trypan blue and suspended in PBS. Cells were dibutednjected into groups of mice. Engraftment and

di sease progression was moni t @eriphgralblgodrBblvivice yt o me t
wer e sacriyced &oated oD e BMA spleesflengsafted animals. Stem cell
frequenceés were determined by Poisson distribution using the ELDA softwd@7]
(http://bioinf.wehi.edu.au/softare/elda/).

3.2.18.7 FACSstaining

To analyzeexpression of huCD33 or transgenes such as H2Kk or NGFR in FACS, cell lines or PDX
AML cells, fresh or thawed, were stained with an appropriate antid®elyl0® cells were pelleted
(400xg, 5min, RT) and resuspended in 40100 yl PBE buffer. 5ul of huCD33-PE antibody,

2 ul H2KK-APC antibody or 2 pl of CD271(NGFMBITC/PerCPCy5.5 antibody was added and
incubated for 30 min at RT, 10 min at 4°C or 20 min at 4°C, respect®eliz were washed with PBE
(400xg, 5min, RT) and resuspended in an apprdpriamount of PBE or PBS for FACS analysis

sorting.

35



3.2.18.8 Enrichment of Bx Cells bymagneticcell separation

To enrich human PDX AML cells from murine BM cells negative selection by magnetic cell separation
(MACS) was performed using a cocktail obnoclonal antibodies against murine epitopes bound to
magnetic beads. After isolation from murine BM or thawing, cellsevgeispended in 3 ml PBS +
0.5%BSA and incubated with 100 p-1400 p | mouse cell depletion cktail for 15 min at 4°C.

10ml PBS + 05% BSA was added and the solution loaded to a LS column in a magnet prepared by
rinsing with PBS + 0.5% BSA. After washhroough t he
was collected, centrifuged (400 xg, 5 min, RT) and resuspended in a requfferddo medium for

further applications.

3.2.18.9 Enrichment of Bx cells andcell lines by Fluoresceneactivated Cell Sorting

In order to enrich PDX AML cells or AL cell lines carrying one or more transgenesasuel2Kk,
NGFR or a HmtagBRP celsFPo mGherry and/or iRFP720), FACS paformed using a
cell sorter BD FACS Arialll (BD Bioscierg; Heidelberg, GermanyyVhen H2Kk or NGFR was sordge
cells were antibody staineBDX AML cells suspended in PBS at a concentration of arouhdelig/ml
were sorted, gatingn leukocytes and subsequgnbn transgene carrying cellgjto a FACS tube

containing appropriate medium.

3.2.19 Preparation of illustrations

Figures2, 49, 16, 18, 22, 25 and 31&ere created with BioRender.com.

Figure3was adapted frohefi B1 o0 o d @mpiate ramBidRender.com (2022). Retrieved from

https://app.biorender.com/biorendemplates
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4 Results

4.1 Establishment of cellular barcodipgols to enable tracking of individual cells

within cell populations

The AML Pdx mouse model allows to engraft AML patient samples into immunocompromised mice
while conserving their subclonal heterogeneihereby closer resembling the actual diseasersied
in patients compared to established cell limédL Pdx cells can be genetically modified via lentiviral

transductions thereby making new methodological approaduoessibléo patient derived samples.

In order to @able distinction of single csllwithin a population of leukemic cellhecellular barcoding

techniquewill be established fonse withinthis Pdx model. Cellular barcodes are unique artificial DNA
sequences, l entivirally integrat edshicelsandthelme cel |
offspring from one another. This approach enableditectly measure the heterogeneityletikemic

populations over time and under selective pressurejreyMgvo chemotherapeutic treatment, thereby

enabling direct investigation of subclonal heterogeneity.

4.1.1 Design and cloning of barcode libramesi a UMttagged PCR readut

To enable cellular barcoding of AML cells two different constructs were chosea poebaredFor

clonal tracking of bigger cell populations the first construct was planned to contain at least 5 million
different barcodes in order to reduce the chance of barcaggage, i.e. two cells recang the same
barcode. A higlcomplexity barode design derived from Thielecke et[aDg wasplaced upstream of

t he mar ker & & the lentivina insert vectoiFiguhe8B). This design is composed of two
variable nucleotide pmitions alternatingwith three fixed nucleotides, thereby preventing longer
homopolymer stretches as well as extremedd@tents, which both can interfere with efficient PCR

amplification and sequencing.

The cloned barcode insert additionally comprisedhpriannealing sitenext to the barcode sequence
that were originally designed for amplification of a 1.5 kb fragment of the Phytochrom Interacting Factor
3 (PIF3) from Arabidopsis thaliana. Thesgimer annealingsequences, corresponding to the
At19095301f349r20 primer pair of the AtRTPrimer databagfE09 were chosen to ensure specific

amplification within PCR reactions containing mammal genomic background.
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These constargequenes at the fragment ends enadxerect positioning of the complementary single
stranded DNAoligonucleotides when anakng the singlestranded oligonucleotideswhich is

necessary for the generation of stiekyds.

Additionally, a second barcodeonst ruct, which contai AlRa&thes horter
lentiviral marker gene was designed and cloned. Due to its positioning the barcode is transcribed
together with the marker gene, thereby enabling -ceddwithin bulk and singlke e | -RNA&Seq§

libraries in addition to targeted PCR amplification from gDNAg@re 8A). In order to avoid side

effects like accelerated degradation of mMRNAs this barcode eyasak short as possible.

A

NNNNTTNNNAANNNTT

NNNNACTNNCGANNCTTNNCGANNCTTNNGGANNCTANNACTNNCGANNN

Figure 8 Schematic structure of lentiviral inserts and barcode sequeldgsThe lentiviral insert of the shoréxpressed
barcodeencodes for the two surface marker genes H2Kk and NGFR, which ae bglka T2A signal and under the control
of EFlalpha promoter. Thexpresseb ar code i s p | -&ERedd thewmatkdr tramscriptheeeby Jpbtentially
enabling directreaeb ut  u-$s¢c)RNAse@ndl consists of ten variable nucleotide positi@)sThe lentiviral insert for the
high complexity DNA barcodelhe EFlalpha promotercontrols expression of mtagBFP whiagked as marketo identify
successfully barcoded cells. Thigh-complexitybarcodeis located upstream of the promotand comprises 2variable
nucleotide positions.

For the insertion of the barcodes into the prepared vector backbones, a cycling restriction and ligation
approach was thgaenondhicompCused 55 cycles of r e
each at 37°C ah20°C, respectively, followed by a final digestion step at 37°C for 60 minutes after
addition of fresh enzymes. Compatible stiekyds on insert and vector fragments, allow to selectively

digest unwanted ligation products between two vector fratgrariwo insert fragments, wka upon

correct ligation of insert and vector fragments restriction sites are des{ifeigede 9). Compared to

classical restriction and kgion reactions carried out separately this setup maximizes the yield of correct

ligation products while minimizing unwanted-pyoducts like recircularized vectobackbone
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Figure 9: Overview of the cloning strategy for constiioa of barcode plasmid libraries. (A) The barcode insert is created by

annealing of complementary oligonucleotides containing the degenerate barcode as well as constant regions on both ends that
createsticky overhangs upon successful annealing. vidator backbone is digested using restriction enzymes that create
singlestranded overhangs that are compatible to those created for the insert but differ in flanking nucleotides. (B) Correct
ligation of insert and vector fragment destroys the restricsites. Upon ligation of two vector or two insert fragments, intact

restriction sites are produced which can subsequently be cut again. (C) Due to the use of compatHeledstipkyduced by

restriction enzymes that differ between the insert and vectbbae, a cycling reaction of alternating restriction digests and

|l igatiangatdOwmtd) can be used to maximize the efficiency of

In order to allow for efficient and precise reawgt of barcode frequencies within barcoded cell
populations via PCR, a moleculatbarcoded PCR strategy, SiMSgeq[97], was established for both
constructs. Here, a fir®®CR using primers that target the barcodes within the lentiviral inserts is
performed with very few cycles. These primers additionally carry twelve degenerate bases, also called
UMlIs (Unigue Molecular ldentifiers), which uniquely tag every amplified bagcatith a different

unigue sequencd.o prevent mispriming, the UMIs are located within a hairpin loop that is formed by

the primer at annealing temperatures and only opened at higher elongation temperatures, thereby
increasing the specificity of the assAysecond roundf PCR is subsequently used to generate sufficient
amounts of amplicon and to introduce lllumina adapters necessary for sequencing. The use of UMIs
allows to quantify the frequencies of distinct barcodes within the template more prezspelgially if

only few barcodes are contained within a sample and thus many PCR cycles are needed to generate

sufficient amounts of amplicon
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4.1.2 Quality control experiments for the validationto® bar code | i brariesbo

In order to assedhe suitability of the created barcoding plasmid pools dse in realexperiments
different quality controls were performed. The most important property of the plasmids pools is their
overall complexity given by the number of barcodes included in thes paslit limits the number of

cells that can be uniquely labelled and distinguished. In order to minimize the risk of labelling two
distinct cells with the same barcode, the pools complexity should exceed the nuiimderodecdcells
about100-fold [110.

The cloned barcoding constructa@ 6 undef i ne éxdctnumbéer arsequeacesf baracslest h e
within the final pools are unknown. To ensure wu
complexity was estimated using two approachest,Rhe number of total coloes for eaclplasmid

pool was estimated by counting the plated fractions of each transformation used to crpatd thk

plasmid preparations were pooled based on the number of diséiretidesexpected to be contained

within them in order to generageplasmid library with evegldistributed barcodes. As a second readout

the final barcodglasmidpools were used to create NGS libraries in order to directly metseire

complexities.

After assuring sufficient complexity within the plasmid pools, lerdivparticle pools were created by
Christina Zeller. Special care was taken to preserve a maximum complexity by scaling up production of
lentiviral particles into many replicates produced in paralfebrder to assess the minimal complexity

of these letiviral pools, samples of Nalm6 cells were transducelittiple replicatesand harvested
daysaftertransduction. gDNA was prepared from the resulting samples and used for the preparation of

NGS libraries.

4.1.2.1 The DNAdrcode plasmid pool contairsgbout ten million unique barcodes

To estimate the overall complexity of tisoned DNA-Barcode plasmid pool, two complementary
approaches were chosen. As a first estimate, the overall number of colony forming units achieved by
the electroporations wast&sated by counting the colonies on agar plates. In total, 16 electroporation
reactions were carried out to transform the cloned plasmid into NEB10Obeta. For 12 of these reactions,
0.025% of the totalolume wereplated on agar plates in order to determtime overall number of

transformantgTable10).
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Table10: Estimation of the plasmid pool complexity by colony forming units (CFUs) obtained from transformation reactions.
For 12 of 16 transformations 0.02586 the reactionsvere plated on agar plates in order to estimatettital number of
transformants. Ta@ccount for 22 potential cell divisions within the one hoofroutgrowth before platingptal CFUs were
divided by two or four The resultingestimats representhe maximum and minimum number of total transformants expected
to be present within thieansformation reactios.

Colony Maximum total | Minimum total
Transformation count Total CFUY transformants | transformants
Sample 1 520 2,080,000 1,040,000 520,000
Sample 2 227 908,000 454,000 227,000
Sample 3 1,404 5,616,000 2,808,000 1,404,000
Sample 4 2,155 8,620,000 4,310,000 2,155,000
Sample 5 1,022 4,088,000 2,044,000 1,022,000
Sample 6 2,120 8,480,000 4,240,000 2,120,000
Sample 7 686 2,744,000 1,372,000 686,000
Sample 8 814 3,256,000 1,628,000 814,000
Sample 9 400 1,600,000 800,000 400,000
Sample 10 1,771 7,084,000 3,542,000 1,771,000
Sample 11 1,578 6,312,000 3,156,000 1,578,000
Sample 12 1,425 5,700,000 2,850,000 1,425,000
H 14,122 56,488,000 28,244,000 14,122,000

Platings were carried out following a one hour incubation aftezléatroporation to allow for recovery

of bacteria and expression of antibiotic resistance markerthe generation time &. coliis expected

to be about 20 minutes in exponential growth pla$d) and the transfornien procedure is expected

to result in a prolonged laghase one to two cell divisions are expected within the initial outgrowth
incubation. In order to estimate the number of different barcodes within the transformation reactions,
the calculated numbef total colonyforming units was divided by two or four to estimateakpected

maximum and minimum number of total transformants.

Overall, more than 14,000 colonies were counted on the agar plates of the 12 tested transformation
reactions and hence ove6 million colony forming units (CFUs) are expected to be contained within

the respective transformations. When considering two cell divisions within the outgrowth phase, the
minimum number of total transformants was estimated to be above 14 nidlicime 12 tested
transformation reactionsAssuming the same mearnransformation efficiency for all of the 16
transformations carried out, the total number of barcodes is expected to contain a minimum of 18.8 and

a maximum of 37.7 million barcodes.

To ensurehiat most of the plasmids correctly carry the barcode insert, a screening PCR was performed
using thek.coli colonies obtained from plating of the transformation reacti8npglemental Figurg).

98% of the screened colonies (89/91 successful PCRs) showed correct integration of the barcode insert
into the vector, indicating that the fraction of plasmids without barcodes was sultgessiimized by

the cloning strategy.
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In order to balance the frequencies of barcosligsin the final plasmid poolthe prepared plasmid
isolations were pooled based on their estimated compleltained by colony counts. Complexity of
transformationsdr which no colony counts were obtained wassumed to bequal tothe average

complexityobservedver all counted platings.

As a second independent reaut to assess the minimum number of barcodes contained wittiinghe
DNA-barcode plasmid pool, GIS libraries were prepared in technical triplicates using &f plasmid

DNA as templat@ndsequencedn an lllumina HiSeq 150@ith 487 65 million reads per replicate.

Notably, the barcode was cloned undirectionafigabling thévarcoddnsert to inegrate in one dboth
directions into the vector. As one of the PCR primers for amplification of the barcodes needed to anneal
outside of the insert in order to generate an amplicon of sufficient size, only half of the barcodes within

the pool can be amyfied andsequenced using the given library preparatwonkflows.

All barcode sequences detecteithin the sequencing data were binned by a hamming distance of four
in order to reduce artefactual barcode calls arising from PCR and sequencing ereasstdrite
threshold was empirically determined by binning the detected barcodes by hamming distances of 1 to 6.

(Figurel0).
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Figure 10: Number of barcodes detected within the technical triplicates of the sequencezbimigkexity barcode plasmid

pool after clustering of barcode sequences using different hamming distances. The number of barcodes is relatively stable
between hamming distarge to 4, indicating that most amplicons only carried one sequencing error. With hamming distances

of 5 or greater, barcode cluster counts significantly decrease due to real barcode sequences present in the librargdsting bin
together.

Most barcode artafts were already removed by binning of barcodes using a hamming distance of one
with only minor differences up to a distance of four. At hamming distances of five and six the number
of total barcodes significantly dropped, suggesting that true baronodderived from sequencing and

PCR errors are being binned together. Consequently, a hamming distance of four was used for clustering
of barcodes within the sequencing data in order to minimize faisive barcode calls.

42



3249242

300788
O 3e+06 2902986
o
=
RS
9
o 2e+06 -
|-
JO)
=
S
o 1e+064
o
©
m
161540
148924 130256 _ 00
0e+00-
I rcplicated . I
I replicate2 . ]
I rcplicate3 .

36+06 26+06 16+06 0e+00
Total Barcodes detected

Figure 11: Number of unique and shared barcodes across technical replicates of the DNABC plasmid pool after binning of
barcodes using a hamming distance of 4. About three million barcodes unique to each library replicate were detected. 130,000
7 160, 000 barcodewere shared between any two replicates.

After binning of barcode sequences using the established hamming distance threshotwef 3,
million barcode clusters were detected within each technical replscatening up to a total of ovér6
million unique barcode@~igurel11). Furthermorefor each technical replicatbe fraction of barcodes
detectedwithin other replicates was consistently below 10% indicatingtti@plasmid pool has not

been sequenced to saturation and is likely to contain even more barcodes.

Comparing the numbelf darcodes derived from platiragf trarsformations and sequencing results of
the plasmid pool shows that both estimates agmrdé Edimations fromcolony countssuggested a
complexity of about 19 to 39 million barcodes. As only half of the barcodes, having the correct
orientation, can be read out using the established PCR worl8l&to 19.5 million barcodes were
expected to be detble. A total of 9.6nillion unigue barcodes detected via NGS agrees with this first
estimation As indicated byherelativelysmall overlaps between technical replicaths plasmid pool

was not sequenced to saturation and likely contains even maazlbar

Taken together, thevorkflow for the generation of the barcode plasmid mmhonstratedery high

efficiency, enablinghe generation of about 10 million unique barcode plasmids.
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4.1.2.2 The DNAarcode lentiviral pool exhibits sufficiently higlomplexity for use in AML Pdx

experiments

A high complexity barcode plasmid poobntaining about 10 million barcodéss been created. To
apply these barcodes for labelling of cells, lentivirus particles needpoodacedusing this plasmid

pool. The kntiviral poolcanthenbe used to transduce cells ahdrebylabel them with the barcodes.
Production of lentiviral particlesvas carried out by Christina Zeller, wherelgntiviruses were
produced inmultiple parallel cultures in order to retain as much complexity within the barcodes as

possible.

To estimate whether enough barcodes are left within the lentiviral barcode pool, Nalmé cells were
transduced irfive replicates with the lentiviral highomplexity DNA barcode poolTwo daysafter
transductdn, cells were washed and used for preparation of gDNA. The resultant gDNA was used to

create sequencing libraries in technical triplicates from all five transduction reactions.
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Figure 122 Number of detected barcodes unique to and shared between biological replicates of Nalmé cells transduced with
the lentiviral DNABC pool. More than 100,000 barcodes were detected within each biological replicate. Overlaps between the
detected barcodes tiio samples were generally very small, ranging from 176 to 251 barcodes.-@bbrdéodes were shared
between any three replicates and none were shared between 4 or all replicates.

Library preparation from isolated gDNA of transduced cells was carrieith dechnical triplicates and

worked as expected without detectable-tafiget amplifications. T sequencing results showed
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100,000t0 120,00Marcodes being detected within each lentiviral transduction after binning of barcode
sequences usg a hamminglistance of fou(Figurel2). Only 176to 254 barcodes were shared between

any two sampleslheseminimal overlaps between the transduced replicates as well as ttheuinidper

of over 100,000 barcodes being unique to every samples indicate that the virus production carried out

by Christina Zeller could preserve the plasmid pools complexity.

As experiments involving the AML Pdx mouse model are limited to transplantation of a maximum of
one to fivemillion cells to prevent thrombosis and AML Pdx lines usually show LIC frequencies of
about one in 300 to 5000 ce[s17], the number of leukemic stem cells is expected to be well below
20,000 cellseven in extreme experimehtsetups Hence, the lentiviral barcode pool is sufficiently
complex to minimize the risk of labelling two different cells with the same barcode and enables accurate

guantification of cell numbers.

In summary, the pool of lentiviral particles created fribra highcomplexity DNABarcode plasmid
pool demonstratesufficiently high complexityfor accurate counting of barcoded cells within the

proposed AML Pdx model system.

4.1.2.3 The expressédrcode plasmid pool contains well over 500,000 barcodes

As for the highcomplexity barcode library, two independent meastiegolony counts of
transformation reactions as well as sequencing of the plasmid pamk used to estimate the number

of barcodes contained within the plasmid pool.

A total of 23 trasformation reactions were used to transform the cloned plasmid pod.ouh In

contrast to the highomplexity barcode pool, heahock transformations instead of electroporations
were utilized 1% from eight of the 23 transformation reactions weeger plating to estimate the
number of total CFUqTable 11). Over 900,000 CFUs were present within all eight analyzed
transformation reactian Considering one to tovcell divisiors within the one houof outgrowth before

plating of the cells, about 230,000 to 460,000 transformants are expected to be contained within these
trarsformations.Assuming similar efficiencies for all transformation reactions, 670,000 tmilli8n

total transformants are expected to be present within thelete pool 23 transformations
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Table11: Estimation of theomplexity of thexpressed barcodaasmid pool by colony forming units (CFU§pr 8 of 23
trandormation reactionsl% of the totakeactionvolume vas used for plating and subsequent colony counting in order to
estimate the total number of transformaftsaccount for 12 potential cell divisions within the one hour of outgrowth before
plating, total CFUs were divided by two or four in order to estimate the maximum and minimum number of total transformants
expected to be present within the transformations.

Sample Colony Total CEUS Maximum total | Minimum total

count transformants | transformants
Transformation 1 985 98,500 49,250 24,625
Transformation 2| 572 57,200 28,600 14,300
Transformation 3| 1,021 102,100 51,050 25,525
Transformation 4| 1,295 129,500 64,750 32,375
Transformation 5| 1,527 152,700 76,350 38,175
Transformation 6| 1,608 160,800 80,400 40,200
Transformation 7| 1,021 102,100 51,050 25,525
Transformation 8| 1,295 129,500 64,750 32,375
H 9324 932,400 466,200 233,100

Additionally, the fraction of plasmids not carrying a barcode insert was estimated by screening some of
the ountedcolonies via colony PCRThis fraction should generally be smaller than is%rder to

allow for quantitative tracking of cellgL13. Here, only 2 of 62 (3%) successful PCRs indicated a
missing barcode insert making the plasmid preparations suitabf@doisebarcoding experiments
(Supplemental Figur8). As the expected complexity was high enough and the fraction of plasmids not
carrying barcodes was below 5%, all plasmid preparations were pooled in equimolar ratios to create the

final plasnid pool for the lowcomplexity barcode.

For asecond independent readout to estinthte overall number of barcodes contained within the
expressed barcode plasmid pool, NGS libraries with 50 pg plasmid as template were prepared in five

technical replicates
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Figure 13 Number of detected barcodes unique to and shared between technical replicates of NGS librariegkppredbed

barcode plasmid poolAbout 300,000 to 350,000 barcodes were detected within library replicateSOR00 to 60,000

barcodes being unique to each replicaks.thetotal number of detected barcodesalseadyclose to the maximal theoretical
complexitythe high fractions of shared barcodes between the samples are expected.

Every technical replicatehowed300,000i 350,000different barcodes with a total of 782,406 unique
barcodes being detected across all five replicdapife 13). This is already relatively cloge the
theoretical maximum of 4 or about 1.05 million barcodes. Therefore binning of barcodes by their
hamming distance to correct for sequencing errors cannot be applied here, as the average distances
across the detected barcode sequences are too small and many real barcodes wmdd tugbther.
However, the number of detected barcodes is in good agreement with the number of expected barcodes

determined by CFUs of the transformation reac(iable11).

Additionally the expressed barcodes will only be used in small scale experiments, where a maximum of
few hundreds barcoded cells are expected. Consequently, even if 50% of the barcodes detected within
the plasmid pool are derived fromtechnicalerr s, t he pool 6s compl exity wo

to enable unique labelling of small cell populations.

Although about 300,000 barcodes are detected in individual replicates, only 50,000 to 60,000 of these
are not shared with any other repledthese relatively big overlaps between the replicates are expected
due to the limited maximal complexity of about one million barcodes and the high number of barcodes
detected within each replicateshich already represent about one third of the maxinpossible

complexity of the barcode.Hence, he high fractions of barcodes shared between the biological
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replicates ar@ot derived from bottlenecks within the cloning procedures, but from the overall limited

complexity of the utilizedhortexpressed baodesequence

Taken together, the workflow for the creation of the expressed barcode plasmid pool yielded a high

overallcomplexity that comprised over 70% oktimaximum theoretic complexity.

4.1.2.4 The expressed barcode lentiviral pool exhgiticient complexity for use in smaltale AML

Pdx experiments

Generation of the pool of lentiviral particles from the lentiviral vector poses another experimental
bottleneck that may significantly reduce the total complexity of barcodes present. Tdeefior the
high-complexity barcode poogieneration of lentiviral particles wasaled up and carried out in many
parallel reactiondy Christina Zeller. The producexkpressed barcoderus was used to transduce a
population of Nalm6 cells ithreebiological replicatesSubsequently,alls were harvesteandgDNA

was prepared. For each of the three samy(&S libraries were prepared in technicalliciates.

Over 7,000 barcodes could be detected in samples 2 and 3, wheredmlbrmhgre present wiin
samplel (Figure 14). This decreased complexity in sample 1 indicates problems at the lentiviral
transduction step. A lower multiplicity of infectidikely resulted in fewer cells being barcoded and

hence fewebarcodes being detected.
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Figure 14: Number of detected barcodes unique to and shared between biological replicates of Nalmé6 cells transduced with
the lentiviralexpressed barcodeool. The complexity of the lentiviral is suffintefor uniquely barcodindgpundredsof cells.

Minimal overlaps were detected between the difféaransductionsSignificantly decreased barcode countéin r anslduct i on
might indicate problems at the lentivitahnsduction stefor this sample.
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34 to 0 barcodes were shared among any two samples wher@barcodes were detected in all three
samples. However, these barcodes were prominent in one sample and were typically onlyidetected
one technical replicate of the other samples. Thereforeltbeved overlaps may rather be caused by
slight crosscontaminations that occurred during library preparatiéalitionally, these overlaps are
sufficiently small toenable uniquéabeling of a few hundreaellswith no or only minimal barcode +e

usage, thaby enablindhighly accurate quantification of small barcoded populations.

Taken together, the final pool of lentiviral particles created from the expressed barcode plasmid pool
showed sufficient complexity for the planned experimental séupkich notmore than a few hundred

barcoded cells are expected

4.1.3 Barcoding enablesugntification of the bottleneck in serial passaging of AML Pdx

samples

An important consideration when using Pdx lines in animal models is whether the heterogeneity
containedwithin the Pdx line is retained upon serial transplantation. If too few cells engraft upon re
transplantation, small subclones may be irreversibly lost in later passages. Therefore as acéisst use
the new DNA barcode system was used to determine thberuof cells engrafting when transplanting

cell numbers routinely used in the AML Pdx modehbtished at the Jeremias Igtelmholtz Zentrum

Minchen)

To assess the number of leukemgtis engrafting and expanding within the utilized mouse madiein
transplanting cell numbers typically used for passaging of these Pdxdgilssfrom the established
AML491 Pdx line were transduced using the DiBArcode lentiviral pool.550,000 cells were
transplanted into eaatf six recipient mice. Mice were sacdéid after developing fulblown 57 days
post injection. The gDNA of the fisolated Pdx cells was used for preparation of barcode libraries in

technical triplicates and sequenced on a HiSeq

The obtained sequencing data indicated a strong skewing oefreigs among detected barco®&®

to 37% of the detected barcodes made up 99% of the barcoded cell populBiipmel5A, red lines

Although most of theechnicalnoise from library preparations and sequencistgould have been
removed by clustering of barcodes based on their sequence similarity, it cannot be excluded that the

barcodes showing very low frequencies are derived from technical arfif@&s114.
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Thereforebarcodes were additionally filtered for being detected in two of three technical sequencing
library replicates, in order to provide a more conservative estimate for the number of cells engrafted per

mouse.
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Figure 15 Skewing of barcode frequencies and number of engrafted barcodes for quantification of the passaging bottleneck.
In the AML:491 Pdx line(A) Cumulative fractions of barcodes sorted by decreasing abundance before (redfearigreen)

filtering for barcodes present in at least two of three technical repligatesample. Brcodes frequenciesire significantly

skewed, as indicated by Gini indices of 0. ®@85after filtering, suggesting subclonal heterogeneityhia utlized AML=491

Pdx line.(B) After application of additional filtering, a median 2f4 barcodes is estimated to have engrafted per mouse.

By applying this additional filtering, 35 43% of the lowest frequency barcodes within each mouse

were additionally tcarded, resulting in 5L 54% of barcodes making up of 99% of the barcoded cell
population Figurel5A, green lines). Nevertheless, the remaining barcodes still showed a high degree

of skewing in their relative frequencies with Gini indices ranging foor® to 0.85Hence, this skewing

l'i kely reflects the sampl ebs masdnting slowly Igroningt er o g
subclones being significantly underrepresented afteivo expansion, especially at the very late time

point of full blown leukemiaanalyzedn this experiment.

The filtered barcode data was used to determine the number oérgtisfting in the recipient mice.

Overall a median a214engrafted cellsvere presersicross analyzed micEifurel15B).

Hence,on average onlgne0.04% of the550000 injected cells are still present at the final stage of full
blown leukemia. Thigepresers the overall bottleneck for serial transplantation and outgrowth to the
final stage using this particular AM91 Pdx line. Due to the additional filtering aggalihere, the
determinedbottlenecksize is a conservativeestimate and should rather be interpreted as a lower
boundary Assuming that all cells or subclones within the sample have the same likelihood to engraft, a

specificclone would need to be presetit0.47% (i.e. a fraction of 1/213), to enable engraftment.
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However,n or der to estimate suitability of transpl a

heterogeneitysampling effects need to be consider@dcording estimates based dime Poisso
distribution,five cellsof one subclonaeed to be sampled on average in order to rea@¥gp8obability

to sample at leasine cellof this subclonéFormulal).
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Formulal: Poisson likelihoods. In order to ensure that at least one cell of a specific clone is transplanted with 99% probability,
the average numbaef cells sampled from this clone needs to be at abogitbmean of distribution, here: average number
of cells sampled; k = number of cells sampled.

When assuming thatlaells within thisPdxline have the same probéityi to engraft and proliferate
equally fast the tested transplantation setup allows d@mgraft subclones with as low &s3%
frequency with over 99% probability. Consequently sabstantialoss of heteogeneity is expected to

occur for this Pdx line

In summary, cellular barcoding successfully allowed to comprehensively test the exparsnbeme

for serial passaging of the welstablished AME491 Pdx line Using previously established techniques

at t he col |l abor at-autvodld onha aeerbaen passible tndirecy, by eeaially

passaging of cells across multiple getiems in parallel to screening for the presence of known

subclonal mutations via targeted needneration sequencing.

4.14 Cellular barcodingallows to estimae LIC frequencies in leukemic Pdx samples with

fewer mice than traditional limiting dilutiomansplantation assays

One important key characteristof leukemic Pdx lines is theequency ofleukemic stem cellsalso
called leukemia initiating cells (LICs)present within the samplelhese cells have selénewal
capacities theoretically allowiraysingle engrafting cell to cause a fully developing AML disease within
recipient mice[115. This key characteristic is usually determined by using limiting dilution
transplantation assays (LDTAEL16-119 in which different low cell numbers are each transplanted
into multiple mice Observations of wsuccessful engraftments are then used to estimate the frequency

of LICs.
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As a proofof-principle applicatiorfor the low-complexityexpressetbarmde an experimental setup to
replace the classical limiting dilution transplantation assay for determination of LIC frequencies within
Pdx lines was tested. Here, instead of the binaryoe&adf whether cells do or do not engraft at certain
transplanteccell numbers the cellular barcodes enatpmntificationof how many differentcells
engraftedTherefore, the total number of mice needed can be significantly redunssdusing higher

cell numbers for transplantations to ensure engraftment within expgrimental mouse,
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Figure 16: Experimental setup for estimation of LIC frequencies and isolation of siedilderived subclones using the low
complexity barcode. Donor cells are transduced using thectmwplexity barcode andifferent numbers of barcoded cells are
transplanted into multiple recipient mice. Leukemic cells arisokated after outgrowth and a fraction of cells is used for
barcode library preparation in order to determine the number of engrafted barcodes.

Hence,the lentiviral pool was used to barcode two Pdx samples, -APML and AML:661 in order to
determine their LIC frequencies. The transduced Pdx cells were transplanted into multiple recipient mice
at different cell numbersF{gure 16). Here, relatively low amounts of cells were chosen to enable
determination of the LIGrequencyusingcellularbarcodasas well as the routinely used reaigt of un
/successful engraftmentaBcoded cells of successfully engrafted transplantations wéselated and

used for preparation of barcode sequencing libraries in technical triplicates.

A total of 33 mice were utilized to determine the LIC frequency of the AML line of which 26 mie
showed successful engraftmemnable12), whereas 16 out of 19 mice were positive for the AGEL

Pdx line.

In order to assess the LI@efjuency using cellular bambes, sequencing libraries were prepared in

technical triplicates for 18 mice engrafted with AMB1 and 12 mice showing engraftment with the

AML -661 line. The number of barcodes detected per sample were used for a linear regression through
theorigininoder t o deter mi ne t h digwedMmphoverny & gobdgréemeént e q u e n ¢

between the number of cells injected and the number of barcodes detected withmglee s
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Figure 17: Relationship between injected cells and detected barcodes for the Pdx line$94(). and AML=661 (B). Linear
regression through (0,0)Slopes of the regression lines represent the LIC frequency oéghective sampléGrey areas
represent 95% confidence intervai®r better discrimination points were slightly jittered. Redésmarksamples for which
only one barcode was detected.

Linear regression indicasea LIC frequeny of 1:1,620 for the AMLE491 line(Figurel7A). Previously
published data fothe AML -491 lineestimated a LIC frequency &f1,799 (95% CI: 1:945 1:3,426)
[112). Although samples within this study were derived from different passage numbers, theraetermi

LIC frequenciesagreevery well.

The engraftment rates observed at the different cell doses of each Pd¥dible 12) within this
experiment were used by Christina Zeller (Helmholtz Zentrum Miinchen) to estimate the respective LIC

frequencies using the ELDA softwdr7].

Table12 Recipient miceof the two Pdx lines AMB91 and AML661 transplanted with different cell numbers. Using the
number of noflengrafted mice at each cell number, LIC frequencies were determined by Christina Zeller using the ELDA
softwarg¢107]

Pdx line cells engrafted / total Mean LIC frequency
injected mice (95% CI)
33,000 1/3
32,000 1/1
21,400 1/1
' 1.5,810
AML491 16,500 1/1 (1:3,328 1:10,143)
11,000 8/9
3,300 8/9
1,100 6/9
10,000 1/1
AML:661 L0 : ; : 1:525
1,000 5/5 (1:237-1:1,161)
300 214
100 414
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In contrast to the published data and the barcodingaeaffom this experimenthe AML-491 line
was estimated to have a LIC frequency of about 1:5810 (95% cordidieiecval: 1:3,328 1:10,143)

by using the modellingpproach based on observed engraftment rates.

This discrepancy is clearly caused by experimental outliers at the highest cell dose of 33,000 injected
cells at which only one of three mice showed positive engraftment. As lower cell doses consistently
showedsignificantly higher engraftment rates the observed -oudp at the highest dosee clearly

caused by additional technical noise, e.g. at injection of cells. When not considering the highest cell
dose, the estimated LIC frequency increases more tialol 20 a mean of 1:2,145 (95% CI: 1:1,1i82
1:3,895) and generally agrees with the quantification derived by thediragapproach.

The LIC frequency within the AMi661 Pdx line is significantly higher, as it represents a sample of the
same patient but dged from the second relapse, which was clinically more aggressive. The barcoding
readout for the AML-661 Pdx line determined a LIC frequency of 1:18@(@re17B), whereas the
binary readout of engraftment rates modeled an estimated LIC frequency of 1:526 Q9: 1:237 -
1:1,161) Although this discrepancy is smaller than previously observed for-A®IL, the barcoding
resultsagain suggest a higher LIC frequenéypossible explanation ithe reduced number of mice
(n=19) utilized for the AML-661 line compared to thAML -491 line (n=33) which decreases the
precision of theclassicalLIC frequency estimation by engraftment raf@87]. To allow for a more
accurate estimation umj this approach, additional mice receiving lower cell numbers would have been

necessary in order to increase confidence of engraftment rates at low cell numbers.

However, as this experiment was designed to enable comparison of both readouts, engeaétsreand r

the number of barcoded cells within engraftachplesa compromise had to be made in order to reduce
the number of mice within the experiment. While transplantation of low cell numbers close to the
s a mp LiGfreduencies are most informative arhestimations rely on engraftment rates, the barcode
approach profits from higher cell numbers due to the decreased technical noise, e.g. from serially
diluting the cell populationGenerally the estimation of LIC frequencies bgtermining the numbef
engrafted barcoded cells should be ratedrase precise due to the increased robustnestheof

guantitative data compared to the binary reatlof engraftment rates.

In summary, it could be shown that cellular barcoding allows to replace the dldissioag-dilution
transplantation assaysing a similar experimental setuphe barcode reaout enables acquisition of
more detailed informatioper mouse, by providing a quantification of the number of cells engrafted. In

combination with higher cellases to minimize the fraction of mice showing no engraftment, cellular
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barcoding can contribute to the reduction of experimental mice needed to assess LIC frequencies in Pdx

models.

4.15 Cellular barcoding enables identification of isolates derived feosingle leukemia

initiating cell

Prior data from targetedequencing indicated that the Plitxes utilized for determination of LIC
frequencies, AME491 and AML-661, contain multiple genetically different subclong06, 112
Furthermore, both Pdx lines are derived from the first and seconde@fite same patient and hence
represent the same leukemia case at different stages of the divesstore, samples from the barcoded
LDTA experiment (4.1.4) that onllgad one barcodé&etectedotentially representell populations of
distinct subclones from different stages tbie disease from a single individuaConsequently, these
isoltes enabk further phenotypic characterizations of thésalatedsubclonesViable cells from all
samples generated within the barcoded LDTA experimentfngen.13samples that showed presence
of a single barcode were further passaged in new recipientnit@tunately, one of the samples failed
to reengraft within the mouse modeéh order to verify that theemaining 12isolates were indeed
derived fom single cells, all samples were analyzed for their barcode composition within later passages.
No additional barcodes could be detected, indicatingstieeessfuisolation of singlecell derived

sulxlones in eight cases for the AMI91 and four cases fthhe AML-661 Pdx line.

Christina Zeller (Helmholtz Zentrum Minchen) further investigated the isolated subalooreter to

analyze the inttaimoral heterogeneity within this AML cadgased on knowmutations in driver genes

as well as exome sequencirtge isolated populationsere identified torepresent four genetically
distinct subclones. For further experimentsllasamples were lentivirally marked with a unique
combination of fluorphores, allowing tengraft multiple subclones within one mouse amdlyze
composition of mixed populations via fleaytometry.In vivo experiments could identify significant
differences in LIC frequencies as well as growth behavior and resistance towards chemotherapeutic
treatmentbetween subclonefurthermore, informatio from phenotypic characterizatiof treatment
resistancén combination with proteomics and transcriptomics data defined a score comprising 16 genes,
which could be successfully used to predict outcome in data of a large indep&¥idepatientcohort.

This emphasizes that the characteristics observed within subclones of a single AML case can indeed be

used to study general features of the disease.

Results of this study have been recently publighed div er se st em cel | clones w

tumor predict clinical outcome in AML patients the Journal of Hematology & Oncolo§i2(.
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4.16 In vivotreatment of barcoded AML Pdx samples

In many cases cellular genetic barcoding is used to analyze differential representations of cells within
populations that underwent different experimental conditions, i.e. selective environmental pressures. In
order to show, that the established hagimpkexity barcode system is capable of detecting such changes

a new experimental setup was designed. As the established barcoding system will in the future mainly
be used within patierderived xenograft models of human AMElls this experiment reliem thewell-
established AML491 Pdx line.

The AML491 Pdx line is known t@onsist of multiple geneticallglifferent subclonesand issensitive
towardsin vivo therapy using Cytarabine (A@) [106, 112. Hence it is well suited to analyzthe
effects of cancer treatment on the compositioaltterogeneousopulation ofleukemic cel. In order
to increase the chance of observing subclones that differentially respond towards chemotherapeutic

treatment a low passage number of the AML491 Pdx line was chosen for barcoding.
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transduction Control Group

DNA-BC 7 S (A P Ny (n=5, d41)
- - ( ' N _ . Therapy Group
Donor mouse Primary Secondary 3 = (n=5, d41)
recipient mice recipient mice . ey
(n=13) (n=15)

Figure 18: Experimental overview of the in vivo treatment experiment. Cells from an early passage of Pdx line AML491 were
expanded within a donor mouse and transduced in vitro using thebighlexity barcoding virus. 500,000 cells were injected

into each of 13 pmary recipient mice in order to amplify the barcoded cells. Afteddtays cells were harvested,
subsequently mixed ardmillion cells werdanjected intoeach ofl5 secondary recipient mice. The start grqop5) was
sacrificedand bone marrow cellsatated21 days &er transplantation of cells into secondary recipients. The remaining mice
were treatedor threeweekswith four treamentswith either PBS (Control Group) &0 mg/kgAra-C (Therapy Group).

To allow for a direct comparison between ctilst receive chemotherapeutic treatment and the controls
that grow without additional selective pressure within the mouse model, an additional round of cell
amplificationwas included in the experime(iigure 18). After lentiviral barcoding of the initial cell
population, successfully transduced cells were transplantegiimbary recipientmice to allow the
barcoded cells to expanthis expansion enables the use of more biological replicatesperimental

mice, in the subsequent experiment by increasing the number of available cells. Additionally, due to cell
divisions every barcode will be represented by multiple cells, thepetgntially allowing the
observation of the same barcodeihin all secondary recipients and enabling direct comparison of

barcoded cell populations within different mice.
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Here, 82M cells were obtaindbm 13 primary recipient miceCells were mixed and million cells
were transplantethto each of 15 secondary recipient middwree groups of five secondary recipient
micewereharvested at the timmoint of therapy start (d25tart group) as well as after receivitigee

blocks ofeither AraC treatmen(d41, Therapy group) or PBS as negative control (@htrol group).

Due to severe weight loss one mouse of the therapy group had to be taken down before administration
of the second therapeutic block. Data from this meusetherefore excluded fromnalysis, reducing

the number of biological replicates in the therapy group to four.

For eachremainingmouse gDNA was isolatdtbm bone marrow celland barcodeequencingjbraries

were preared in technical triplicates.

4.16.1 Amplification mice enlale passaging of barcoded cellstinmultiple secondary recipient mice

sharingthe most common barcodes

The first important aspect of this experiment relates to the use of primary recipients to amplify barcoded
cell populations in order to enable engradtrhin multiple secondary recipients and thereby direct

comparison of barcode frequencies between these mice.

To facilitate direct comparisons of cell populations between different conditions within an experiment
barcodes need to be present in multipleamiicorder to compare theelative frequencies and thereby

the relative fitness of the underlying clonal cell population. Here, the initial barcoded cell population
was further expanded in primary recipient mice in order to exgamdell populatiorandallow for

engraftment of the most common barcodes within all secondary recipients.

The generated barcode sequencing data indicated about 800 barcodes within the initial pool of cells after
in vivoamplification and about 200 to 400 barcodes within eacbrskary recipient mous€&igurel9,

lower left panel). As expected, many barcodes that were only present at low frequencies within the initial
pool of amplified barcoded celf{sooled inpud, )did not engraft in any secondaggcipient mouse (312

barcodes) or were exclusive to only one mouse3@ &arcodes)Higurel9, orange boxes).
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Figure 19: Number of detectedabcodes within all biological sample812barcodes were unique to thenplified cellsfrom
primary recipients (Pooled input) and -BB barcodes were unique to secondary recipient mice (orange b8gdsyrcodes
were detected within all samples (green)box

However, a subset of 91 barcodes was shared across all 14 secondary reEigiama$9, green box
Including barcodes only missing within one secondaacypient a total of 12barcodes can be utilized
to directly compare their frequencies amgdhe experimental groups, whiealHows to alsdnvestigate

minor sibclones that may be present in the sample.

This emphasizes that thestedexperimental setugsisuitable to analyze barcoded cell populations in
replicateswithin the Pdx model, thereby enablingbust and direct analysif subclonal responses to

stimuli like chemotherapeutic treatment.

4.16.2 Cellular barcodingallows to identifydifferential response dééukemicsubclones towards in vivo

chemotherapeutic treatment

During the course of the experiment all mice were monitored for their leukemic burden by
bioluminescent imagingdstarting from the first treatment, a strong reducfiofeukemic burden was
observed in mice of the theragyoup comparedsigure20A), as determined bip vivobioluminescent
imaging In contrast, mice within the cootrgroup that did not receive chemotherapeutic treatment

showed continuous expansion of the leukemic cells.
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In agreementwith the reduction in leukemic burden, a steady decrease in the number of detected
barcodes within the samples from experimental staghd was visibleHigure20B). 826barcodes were
detected within the pooled cells of primary recipient ma@gp(t. After transplantation of cells into
secondaryecipients, followed by an outgrowth period of 21 days ab80bércodesrepresenting half

of the initial complexity were stil detectablewithin mice of the start groupsot 3. Samples of the
control group( ddo n t), olddinéd 41 days after trarasptation into secondary recipients, showed a
further reduction in complexity with an averagé 281 barcodes detected per mouse. Barcoded
populations of the therapy groufptiderapy )displayeda median of 197 barcodes per mouse,

representing the overalllaest complexity seen within the experiment.
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Figure 20: Tumor growth and complexity across experimental fwiets of the in vivo treatment experimgwi) Data from
bioluminescent imaging indicating the total leukemic bundéhin secondary recipient mice. Upon A@ain vivo treatment
(indicated by asterisks) tumor burden is significantly decreased within the therapy group in contrast to the contr{Byroup.
Number of barcodes detected within each biological sample, oremespectively. The number of detected barcodes step
wise decreases from the initial pool of barcoded cells (input), over the earlpdimte(start group) to the control group and
finally the treatment group(C) PseudeFishplot ilustration of relativebarcode frequenciesver time.Each barcode is
represented by one colored line, with its thickness representing the relative fredd@rodes are ordered by their initial
frequency within the cell pool injected into secondary recipients. Relaeede frequencies at each timpeint are averaged

across biological replicates. Note that Control and Therapy groups bettesampled on the same day (41 dpi) and only
separated for illustration purposes.

59



As all secondary recipient mice were transplantedgithie same expanded population of barcoded

cells, the most common barcodes are shared between them, enabling direct comparison of the
composition of the leukemic cell population between the experimental gifeigpsg20C). Comparison

of theamplifiedc e | | popul ation used for transpl®@mtheati on
data obtained from mice of the st Byrptesegatdighp ( 6St
frequencies further expand until 21 days after injection. Hence, barcodes initially present at low
frequencies are further attenuated, resulting in the observed reduictioerall detected barcodéhe

same reduction in low frequenbgrcodes, though less drastically, can bemesewhen comparing the
tmepoints 21 (6Startd) and 41 days (6Control 6) af
early growth phase not all barcodes present at high frequencies at dayl&y fuigher expansion.

While some barcodetkllscontinue to grow fast than the average, thereby making up higher fractions

of the barcoded populatiorfrigure 20C, barcodes in light green, gray and purplather prominent

barcodes show constarfigure20C, darkgreen) or slightly decreased relative frequendtégufe20C,

yell ow). At day 41 after injection mbtartd gt oepdy
as indicated by the strong bioluminescent sighaure20A). Hence, theslightly changed expansion

pattern might be the result efevatedselectional pressudeie to increagkcompetition among leukemic

cells. Finally, comparison ot h &her&py gr o u pControld tchreo u@® , which did
chemotherapeutic treatment, indicatest some barcodes are differentially represented with some being

strongly enr i chedThaapy d @ prgwe@dyellow & light gneen). h e 6

In order to verify the observed differences in the mean relative barcode frequencies between the
experimental groups DEBRA (DESéaseBarcodeRepresentation Aalysis) was used to test whether
these changes are statistically significariten accounting for the variance of barcode frequencies

observed within biological replicates of th@meexperimental groups.

Indeed, 39 barcodes were tested to be significahilyf f er ent ( FDR=Cbntroldb ) a rbck t we
0rherapy g rFgurgRl).(Thus, these barcodes represent at least two distinct subclones that display
either increasi resistance or sensitivity towards chemotherapeutic treatment compared to the average
barcoded leukemic cell population and subsequently show significant enrichment or depletion when
comparing barcode frequencies between these groups. These resultstdgentrat the established

barcoding construct allows for direct identification of chemotherapeutic resistance within AML Pdx

lines.
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Figure 21: Differentially represented barcodes between mice of the Control and Therapy gregpefcies of 39 barcodes
showed statistically significant changes between conditions (highlighted in red, FDB&5des enriched in the treatment

group (positive logZold-Changes 17 BC$ represent at least one subclone that displays weaker respowseds the
chemotherapeutic treatment compared to the population mean. On the other hand barcodes significantly represented at lower
frequencies in the Therapy grop2 BCs)are more sensitive towards treatment compared to the population average of
barcadedleukemic cellsThe observed differencgsovethe presencsubclones that show increased resistance towards in

vivo treatmenin the AML-491 Pdx line.

Similarly, 73 barcodes were identified to be differentially represented (FDR 0.05) when comparing
barcoded cell populations between tB¢arbanddControbgroups Supplemental Figur), indicating
that subclones also show phenotypic differarinethe absence of the selective pressuraofivo

chemotherapeutic treatment.

The doservation ofdifferences in theesponsdéowards chemotherapeutic treatmeetween barcoded
cells encouraged further characterizations of theckures derived from this AML patient and led to

isolation of singlecell derived subclones (as described in 4.1.5).

Taken togetherhese results proohat the established barcoding construct and experimental setup are
capable to directly detecubclonalheterogeneity within AML Pdx lines by measuring differential

responses of subclones to environmental factors like chemotherapeutic treatments.

Additionally, the established barcoding pools and workflows weretdibped in further projects at the
Helmholtz Zentrum Mincheto investigatetherAML and ALL Pdx linesand will be continuously be

used withinfurther experiments in the future
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4.2 High sensitivity targeted sequencing for detection of subclonal mutations using

singlemolecule Molecular Inversion Probes (smMIPs)

For the tracing of subclonal evolution in samples of AML patients as well as elderly that may display
clonal hematopoiesis a sensitive and -@tient targeted rgenotyping assay using singt®lecule
Molecular Inversion Probes (smMIPs) will be estsiidid. As a first application the assay will be used
for a first cohort study in order to verify its suitability sensitive regenotyping within higkthroughput

studies.

4.2.1 Investigation of residual leukemia and clonal hematopaésisleterminatgotentialin

a cohort of AMLpatients inong-term remission

A cohort of 357 AML patients, who are in remission for more than five years after initial treatment with
chemotherapy and/or hematopoietic stem cell transplantation (HSCT) was recruited blalBr. K
Metzeler (Klinikum der Universitdt Midnchen). The collected peripheral blood samples are being
analyzed for the presence of residual leukemia and clonal hematopoiesis. Additionally, surveys were
collected by Dr. Luise Hartmann (Klinikum der Universiiinchen) in order tgatheradditional meta

data, thereby enabling e.g. to associate the presence of clonal hematopoiesis with thececofirre

cardiovascular diseases.

In order to compare the incidence of detected clonal hematopoiesis to individuadsitwtior
hematopoietic diseases a control cohort of 154ragehed individuals was included in the study. 77
of thesesamples are derived from hip surgeries, which were wti§ped in another study aiming to
elucidate the incidence of clonal hemat@is in elderly people usinge commerciaHaloplex panel
for targeted sequencinghe remaining 82 blood samples are derived from the El¥ictgisteiof the

LMU Hospit al ,whighGverR ¢btdilkd Jrom patients infected with the €arg-2 virus.

To estimate the sensitiviyf the newly established asdayr gDNA dilution series were created using
gDNA from two patientsin order to artificially produce variants down to 0.7% VAWecommercial
Haloplex assayrepresents the current standard metthogly for targeted sequencing of AML patient
samplesat theKlinikum der Universitat MinchenThereforevariants calls from 36 samples thetd
beenpreviously analyzed usinthis Haloplex panelvere compared between both methddsa last
additional quaty control sequencing libraries for 16 patient samples were prepared twice from

independent gDNA extractioms order to assess reproducibility of variant calls.
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Downstream analyses involving the detected variants and incidence of clonal hematopttigstbevi
AML patients inlong-termremission and the control group are carried out by the group of Prof. Dr.
Klaus Metzeler Thereforedata about detected variants aoe furtherdiscussedvithin this workand

are planned to be published in a separatare$ article

4.2.2 Design of menhancedostefficient smMIPs panetompatible with standard sequencing

primers to targeknown AML and CHP driver genes

One drawback of regular smMIP panels is the use of a backbone sequence that is not comitpatible
standard lllumina sequencing primers. This backbone provides a universal sequence to allow for PCR
amplification of the captured sequences, thereby introducing sample indices and fragment ends needed
for binding to the flowcell when using Illumina gsgpiencing. These sequences were designed to enable
robust PCR amplification, but are not compatible with standard lllumina sequencing primers. Hence,
lllumina sequencers need to utilize custom primers in order to sequence these libraries, which prohibits
the sharing of flowcell lanes with unrelated sequencing libraries. As sequencing costs are higher when
using smaller flowcells or sequencers, such as lllumina NextSeq 500, this increases costsrioingequ

of larger library pools.

LN

Nextera P7 PCR primer
TruSeq HT

PS adapter Nextera P7

transposase sequence

Figure 22: (A) Schematic of the tiling strategy used for selection of probes (bAditkih the smMIP panel. If suitable probes
with high predicted performance were available, neighboring probes were chosen to hybridize to opposite strands of the gDNA

template (green) in order to avoid sterical hindran(®) Schematic of the newly designed smMIP backbone. The standard
backbone was replaced in order to facilitate sequencing without the négd¢essustom sequencing primers.
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To circumvent this problerthe backbone of the smMIPs wasdesigned to incorporate sequences
compatible to I I | umi nawhdena altaringitlze ledgth €@ rqucleetisles ofn g pr i
the backbon@-igure22B). Consequently, e half of the backbone consists of a sequence used to anneal

a standard lllumina TruSeq HT P5 adapter. The other half represents the end of lllumina Nextera P7
normally introduced by transposasd.he mix ofNextera and TruSeq adapter sequences was chosen in

order to avoid extensive interactions of primers during amplification.

TruSeq adapters are typically integrated into library fragments by ligation and tend to produce primer
dimers when both, P5 and Rafjapters are used in PCR reactions. Nextera adapters on the other hand
are introduced in two steps into |library fragme
transposase during the tagmentation step of library preparation and subsequenths yséader

annealing site for a downstream PCR which introduces the rest of the addfdee, he mosaic

S e g u e +erdsof P5 &nd P7sidesare identical for the last 18ucleotideg121], rendering them

unusableas primer annealing sites in this caseherefore, a combinationf dNextera and TruSeq
sequencesvas choserto enable efficient amplification while keeping the original length of the

backbone.

For the amplification of smMIPs after target capturing standard TruSeq P5 adapters tiinelde u
These primers angnalteredrom their original sequencesmdcan be used in other library preparations
for example when preparing (sc)RNAseq librari@22, 123. The Nextera adapterhowever are

specific for smMIP library prepatians, as they need to include the mosadquence which is not part

of the standard adapter sequence, as it is usually introduced within a tagmeatatiiam

Ultimately, using this altered backbone sequencing of smMIP libraries can be carriechgstaisdard
sequencing primers, thereby enabling sharing of flowcell lanes with any other standard sequencing

librarieson Illumina sequencers

For the design of the smMIP panel, a sirilag strategy Figure22A) was chosen for covering the
genomic target areas in order to reduce the initial costs for synthesis of the oligonucleotide probes. Here,
target sequences are generally only captfroed one of both strandsf gDNA template Doubletiling,

in contrast would cover both strands of the DNA throughout the target regions. Hence,-8ledle

panels reduce the initial costs by about 50%.

In order to obtain an optimized singited smMIP panel, probes for targetas were first generated in
a doubletiled approach and manually reduced to a sHtitgd panel. This strategy in most cases allowed
to choose neighboring probes to hybridize to different strands of the gDNA, thereby avoiding sterical

hindrance and potéally allowing for higher hyhbidization efficiencies Kigure22A). In cases where
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known SNPs are located within the sequences targeted by the hybridization armsplies yere

ordered in order to allow for efficient hybridization in the presence of respective SNP on the template
gDNA.

For the specific application of analyzietpnal hematopoiesis as well as residual leukemia a target list
containing the most common der genes was created Dy. Klaus Metzelel(Klinikum der Universitat
Munchen) This list comprises 24 genes knowndontainrecurrent driver mutations in either AML or
clonal hematopoiesi@able13). Depending on contexts of known driver mutations within these genes,
either whole exons or only short mutational hot spot regions were included in the targets list. The target

areas were kept as short as possible inror@geimize sequencing depths over the most recurrent driver
genes.

Tablel3: Gene targets of the smMIP panel. The targets comprise about 16 kb in exons and hotspot regions of 24 genes known
to be recurrently detected as driver ntigas in either acute myeloid leukemia or clonal hematopoiesis. (ITD = Internal
Tandem Duplication region,KID = TyrosineKinase Domain). EEBPA was removed from the targets for the final probe pool

due to overall poor performance aif probes within this region.

Target length

Gene Targeted Feature [bp]
ASXL1 Hotspot 817
BRAF Hotspot 2
CALR Exon 9 206
CBL Hotspot 330
CEBPA* Exon 1 1,095
CSFR3 2 Hotspots 168
DNMT3A Exons 16 2,408

ITD & TKD region,

e N676 Hotspot A
GNB1 Hotspot 2
IDH1 Hotspot 2
IDH2 HotSpot 96
JAK2 Hotspot 2
KIT Exons 8, 17 274
KRAS 2 Hotspots 84
NPM1 Hotspot 15
NRAS 2 Hotspots 12
PPM1D Exon 6 566
PTPN11 2 Hotspots 144
RUNX1 Exons 4B, 8 1,356
SF3B1 2 Hotspots 35
SRSF2 Hotspot 26
TET2 Exons 4A, 4C;:BL 6,261
TP53 Exons 112 1,524
U2AF1 2 Hotspots 6
WT1 Exons 1,3, 10B, 11 1,274
16,974
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MIPgen[81] was used to create a list of candidate probes targeting the defined genomic regions. This
software includes an empirically derived model based on the performai@e080probes to predict

the performance of newly designed probes. Prediction is, among other features, based erothte@C

of the <captured sequenc earns.nAtditiandlly popsible etarges hybr i
hybridizations are estimated by deter mining the

be found within the target genome.

The candidate probes generated, representing a ekileblepanel, were maniia reduced to an
optimized singldiling subsetwith minimized sterical hindrance between prolsesdescribed above.
The resultantsmMIP panelcomprised a total of 303 probegich were ordered as HPL@urified

oligonucleotides.

4.2.3 Balancing of theelative concentrations pegrobe within thesmMIP poolimproves

uniformity of coverage across targets

A crucial factor for good performance of any smMIP panel is the balancing of capture efficiencies
among the contained probdisprobes show strong diffences in theiefficiencyto capture their target
sequences, unique coveragesl therefore the lower limit for detection of variamtay greatly vary

across the targetsn order to balance the performance across prdbesfirst hybridizations and
subsequent library preparations were performed using genomic DNA derived from the GM18505
lymphocyte cell lind82] as a standardized template. As part of the 1000 Genomes Pi@idatlata

from whole genome sequencing (WGS) and whole exome sequencing (WES), as well as SNP

annotations derived thereof are available online.

After sequencing the probe performances were evaluated using MIPgen by looking at the UMIs detected
for each smMIP. As each UMI corresponds to a unique capture event, the number of detected UMIs
provides a direct measure for the hybridization efficiencieeratively, tased on the relative
performance concentrations of probes with low capture efficiararg increasedvithin the smMIP

pool and library preparations were repeated.

Here, some probes showed either very low hybridization efficiencies or werdetected at all.
Additionally, all probes targeting tHeEBPAgene generally showed bad performance, that could not
significantly improved by increasing the concentration of the respective probes within the panel.

Interestingly, these probes also shdves increased tendency towards-s@lfularization, resulting in
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library fragments not containing any sequences captured from the gDNA template. These library
fragments subsequently produced sequencing reads not carrying any genotyping informationeand he
unnecessarily increase sequencing costs. The bad performance of all probes within this target area is
most probably cause by its high GC content, which generally makes it hard to amplify vidZLR
Therefore all probes targetifgEBPAwere completely removetiom the probe pool, in order to

improve the overall efficiency of the panel.

Furthermore, one probe used to target the NPM1 hotspot locus not only showed very high hybridization
efficiencies but also contained unexpected homozygous variants within tikeechpequence. These
variants were not present within the SNP data provided by the 1000 Genomes project for this cell line.
A BLAST search using the captured sequence indicated that this variant was derived frangebff
hybridization to pseudogenes ted from NPM1. Hence, probes targeting the NPM1 mutational
hotspot were redesignéalalso target small intronic parts which are not present within the sequences of

the pseudogenes, in order to avoidtaffget hybridizations.

The altered probe pool wagain used for preparation of smMIP libraries as before. Comparison of the
sequencing results from the initial and final smMIP pool showed that hybridization efficiencies were

significantly more homogenous after rebalancifigre23)
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Figure 23 Performance of the initial and final pool of smMIP probes. In order to achieve a more even coverage probes that
showed low hybridization efficienciegre either repooled or replaced by alternative smMIPs. The lower slope of the final
pool indicates a more evenly distribution across Bilitected per probe and hence a mareneunique sequencing coverage.

Most probes that had little to no sequencingerage within the initial pool were targetifgEBPA and were excluded from

the final pool asheydid not benefit from higher probe concentrations.

Compared to thaitial probe pool the final smMIP pool shows a more uniform coverage across target
regions as indicated by a lower slope kigure23. The unique coverage of bad performing probes

could also be enhancég rebalancingAdditionally, performance abverrepresented probes showing
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high target capture efficiencies was reduced due to their overall lower relative concentrations within the
probe pool.The sequences of the resultant final smMIP pool of 326 smMIPs as well as the relative

concentration of each promethin the pool are listed iBupplemental Tablg.

Overall refinement of the smMIP pool during rebalancing experiments allowed to optimize uniformity
of sequencinglepth across the targets, while increasing the number of overall usable reads by excluding
CEBPAastarget whichshowedextremely low capture efficiency and yieltlrtefactual reads without

genotyping information.

4.2.4 Design of an optimized sequencing setup allowingdloustmultiplexing ofup to 192

libraries

Onefinal goal of the established smMIP assayhis abilityto sequence large cohorts in a very cost
efficient way.Generally, sequencing costs decreaken using sequencers with higher output which
produce more reads per sequencing tarorder to utilize theseost benefit@an optimized sequencing

setup was establishadiming to optimize utilization of flowcell lanes.

As a first indicator for the nuna@p of reads necessary to detect maisthe UMIs present within the
smMIP libraries data acquiredithin the rebalancing experimentsereused for downsamplingraw
sequencing reads were downsampled and the remaining nuntetectedJMIs was used to éisnate
the number of reads necessary to detect the majority of UMIs, representing unique capturgigueats (
24). After a steep increase of detected UMIs ¢he r \slep@ flattens aaround one to two million

reads, indicating that most UMIs contained within the library have been sequenced at this point.
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Figure 24: Downsampling of sequencing data from the rebalancing experiments indibatethe majority of UMIs,
representing unique capture events, is already being detected wighSlmillion NGS reads per library (green boxjaék
dots represent data points obtained from downsampling of sequencing data.

The steady linear increagetotal detected UMIs beyond about 2rfllion sequencing reads is most
probably caused by sequencing errors which resutieimerationartefactual new UMIs. Hence, a
sequencing depth of about one to two million rpaidts sems to be sufficient to deteptog of the

UMIs contained within the smMIP library.

In cooperation with the GeneCenter Munich, all prepared libraries were planned to be sequenced on a

Hi Seq 1500 system. The sequencerb6s output is eqglL
in about 180 million reads per lane for higlutput flowcells and 150 million reager lane using rapid

flowcells [126]. Due to optimized loading of flowcells resulting in increased cluster densities while
retainng good sequencing data qualiggequencing runs at the GeneCenter typically yield over 200

million reads per lane for higbutput flowcells.

Considering 1 2 million reads necessary per library and an effective output of about 200 million reads

per lane 9671 192 libraries need to be multiplexed in orderutyfutilize the flowcell lanes.

However,the use of single indexing aombinatorialduatindexingfor sequencing librariebears an
increasedisk for sample crossontamination. At library prepation level, a slight crossontamination

of one adapter with another may leadrtoorporation of wrong indicemto librariesand ultimately
assignment of sequencing reads to the wrong sagtitionally, amplification of mixed clusters on

the flowcellduring sequencing can also contribute to a wrong sample assigiir@@ntT his problem

is further increased whatrtilizing newer sequencers, like the NovaSeq 6000 or NextSeq 1000 systems,
due to the use of patterned flowsedind the new ExclusiecAmplification (ExAmp) chemistry for

cluster generation. Here, slight amounts of free indexed adapter primer present in the sequencing

libraries can cause incorporation of these primers into any cluster on the flowcell, as binitirayyof

69



fragments and cluster amplification can take place simultanefli28; 129. In the context of the
smMIP panel, this could cause a variant present at higher allele frequencies in one individual to also be
detectedat low variant allele frequencies in another individual due to misassigned sequencing reads,

which has already beegported for cancer exome sequencing stydiaf.

Innearly allcasesthsi ndex hoppingd i s typi mdiceslpresestimtual obs er
indexedsamplesTherefore, one way to efficiently avoid misassignment of sequencing reads sethe u

of a nonredundant duaihdexing setup, in which all libraries sequenced on the same lane of a flowcell

are tagged with a unique i5 as well as a unique i7 if8fgxIn order to avoigroblems related tmdex

hopping while also minimizing costs for indexed adapter primers, 192 indexed P5 and 96 indexed P7

adaptes wereused to enable sequencing of B® libraries on one lane.
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Figure 25: Indexing scheme for multiplexing of up to 192 libraries from 96 samples per lane with reduced risk for cross
contamination between samplé&) Every ample is prepared in two technical replicates. Both replicates per sample get the
same ifindex but different i5ndices. Different biological samples are hence differ inab well as i7indices making cross
contaminations unlikelyB) Rotation schemeifindexing of different library bates. In order to prevent crossontamination

of library fragments between library preparation batches, the combinations ahébi7indices are altered by shifting the
pipetting scheme for one of both adapters.
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To increasehe overallsensitivity sequencing libraries for every individual glanned to be@repared
in technical duplicates. Hence, 192 libraries would consist of 96 unique individuals, each of which get
assigned one P5 adapter index. Additionally, epeepared library is assigned one of 192 indexed P7

adapters in order to make all libies distinguishableRijgure25A).

Libraries of different individuals can consequently be distinguished by both sample indices, while
technical replicates per individual have one index in common. Using this strategy 192 libraries can be
multiplexed on one lane, while misassignment of secjngnreads is expected twe restricted to

technical replicates of one individual.

Furthermore, smMIP sequencing libraries are planned to be prepared in batches of 96 samples for bigger
sample sizes, resulting in 192 libraries per batch which make ulse fofll set of adapters. In order to
minimize undetectable cres®ntaminations of library fragments between batches the combinations of

P5 and P7 adapters used are modified for each library preparationfigtcie25B).

In summary, the established sequencing multiplexing scheme allows for a high degree of multiplexing
with up to 192 samples per lane, while minimizing the risk of ecosgéaminations and misassignrhen

of sequencing reads to allow for very high precision of variant calls.

4.25 Establishment of a custom smMIP analysis pipekmables analysis of hundreds of

samples with minimal hanesn time

To complement the higthroughput workflow for thegeneration of highly sensitive genotyping a
computational analysis pipeline is heededhdanogenously process the sequencing data for hundreds
of samplesHowever, besides the analysis pipeline included within the MIPgen software package, no
software solubn existed that would allow to automatically process sequencing data derived from
smMIP sequencing libraries. Although this would generally be possible using the MIPgen analysis
pipeline in combination with a pHep based variant caller, due to softwhrtegjsencountered during
analysis of rébalancing experimentsind insufficient flexibility a new prossing pipeline was

developed.

The new analysis pipeline was planned to be highly flexible, by using and preserving raw reads as well
as UMkdeduplicated da for every detected variant call. Furthermore, the processing of hundreds of

samples should be possibiéh low handson time.
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Demultiplexing
(deML)

UMI extraction
(fastp)

Trimming of
hybridization arms
(cutadapt)

Quality Recalibration
(BaseRecalibrator, GATK)

Mapping
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Figure 26. Overview of the smMIP analysis pipeline. The first part of the analysis pipeliséts of UMHextraction, trimming

of hybridization arm sequences from the raw reads, mapping viaBBBM, as well as Base Quality Score Recalibration and
variant calling via Mutect2. Subsequently detected variants are normalized (bcftools) and an(®kitEVAR). These
processes can be started for hundreds of samples in parallel with a single Bash script. A second script is usedet@ gen
position specific errorrate for all positions within the target areas based on the ddbtluplicated reads (geo).
Additionally, theR  p a c kmivayiant®gerifies the UMI support for all variants detected within the-deduplicated set of
all reads. Finally, filtering of variants ts®d on all acquired informatioim order to reduce falspositive variant cab is
carried out in R.

In a first step all sequencing libraries are being demultiplexed uM) [87] and named ira
systematic way that allows to easily identify technical replicates derived from the same sample. The
downstream processing of the sequencing data cstatied via a bash script for all sequenced samples

at once Figure26).

4.25.1 The SLURM workload manager enables batch processing of sample

The SLURM (Simple Lmux Utility for Ressource Management) workload man@@d] is a tool that
enables flexible scheduling of processes on linux servers. Processes can be submitted to the SLURM

controller and are executed when enough resources are available on the server.

72



Using a bash script for submission of jobs to the SLURM wartkimanager on the server, the further
processing of raw sequencing data to the final variant calls can be starteyuaisghglecommand.

This script contains all necessary processing steps needed for variant calling within the smMIPs
sequencing.Additionally, job-arrays within the SLURM environment are used to allow simultaneous
submission of hundreds of jalddence, analysis for all acquired sequencirtg dan be started at once

with only a predefined number of samples being processed in paraiteldnto leave server resources

for other users.

4.25.2 Handling of UMIs in raw sequencing reads

Within the first step of the automated processing pipetiree UMIs present within the first five
nucleotides within forward and reverse sequencing reeidsipnmed and moved to the heatiee of

the respective read within the fadiig@ usingfastp[132. As technical duplicates of each biological
sample are mergeaftemwards, the UMIsare artificially appended by AT 6  oin orderGdaJpéevent
the UMI-collisions between thtechnicalreplicates. Additionally, this measure allows to preserve the
information about which UMI was derived from which replicatelcould potentially be further utilized,

e.g. to prioritize variants detected in both replicates sémple.

4.25.3 Trimming of hybridization arm sequences

After handling of the UMI sequencegagiencing reads derived from technical library duplicates of the

same biological sample are merdadconcatenating the respective fastq files.

The resultingsgequencing readstill carry the hybridization arms used to anneal the probes to their target
regions during hybridization on both ends of the fragment. These sequences are part of the
oligonucleotideprobes themselves and therefore cannot contain arptygéimg information, even if

variants would be present in these regions. Sequences from hybridization arms that overlap with the
capture sequence of a neighboring probe would therefore skew the allele frequency of any variant within
this overlap Hence, am sequences are removed using cutafgjtin the linked adapters trimming

mode. Here, a list of paired ligatioand extensiommrm sequences, corresponding to each smMIP
probesé arms included in the panel|, is used for
to closely match one dhe combinations known toebpresent within the probe pdokr every pair of

reads in order to get trimmed. All regdirs that do not match one of these expected combinations are
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discarded at this step in order to exclude any artefactual or contamingdidg from downstream

analyses.

4.25.4 Mapping and variant calling based on duplicated sequencing reads

Trimmed reaepairs are subsequently mapped to the reference genomeBWAGMEM[133. For
downstream processing of mappeddsethe Genome Analysis Toolkit (GATK)published and
maintained by the BROAD institutes utilized. Before variant calling, the Base Quality Scores of all
reads are being recalibratedngsthe GATK BaseRecalibratdror variant calling GATKMutect2was

chosen as it allows variant calling without a matched normal sample and shows a high sensitivity and
precision also at low variant allele frequencies. This is achieved by leahdjnenent of mapped reads

and assembly of possible haplotypes instead of looking for mismatches to the reference sequence
within the mapped readeesulting in improved precision especially in difficult regiohi$ variant calls

are being generated based on raw reads, without utilization of the UMI information and adgitionall
using parameters to increase the sensitivity of vadalting. Thereby a set of all possible variants that
may be present within the sample is being created. After normalization using bcftools, all variants get
annotated ANNOVAR [9(0], adding information about known SNPs, pathogenic variants and

deleteriousness of mutations.

4.2 5.5 Validation of potential variants based on UMI information

At this point, the created list of variants is based ondeguplicatedsequencingeads, completely
ignoring the UMI information in order to create a list of possible variants with titee$ii possible

sensitivity.

In order to utilize UMI information for errec o r r ewmivariant® fiwas ut i |l i zed. Thi s
developed by llse Valtierrf93] and allows to verifya list of potential \ariants by building singte

molecule consensus rea@i®r everypotentialvariant, reads covering tlspecificgenomic position are

grouped by their UMI and a consensus read is calculated. Thereby the potential variants discovered in
the raw sequencing datae being reevaluated bsed on the UMI consensus reads, which allows to
reduce the number of falgmsitive variants originating from errors introduced by sequencing and PCR

amplification as well as more accurate determination of variant allele fregaenci
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4.25.6 Calculation of positiorspecific error ratedo reduce false positives at very leariant allele

frequencies

Many falsepositive variant calleanbe present at very low frequencigihin sequencing data due to
random errors derived for exgle from PCR. When introduced at the dgélpreaction or very early

cycles of PCR these technical artefacts cannot be corrected using the UMIs of the smMIP sequencing
data. Furthermore, sequence contexts like homopolymer stretches of repetitive efamefead to

more errofprone positions within the genomic target regions.

To reduce the number of falpesitive variant calls at very low frequencies, calcatanf a position

specific errorate has been integrated into the pipeline.

In a separate prossthe mapped reads are beingdiplicatedbased on their UMusing the software
packagegencore Pile-ups based on the dduplicated readsre generated usingamtoolsto count
matches and mismatches tioe reference at every positioBata from all processed samplés
subsequently used to create a backgreemdr rate for each position within the genomic targets.
order to exclude mismatcheerived fromreal geneticvariantsfrom calculations of the erraiate
positions that show morthan 5% mismatches in a given sample are excluded for calcuddtitve
overall errorrate. The calculated errarates at each covered genomic posignobserved withiall

processed samplese summarized in a tefite output.

4.25.7 Final processig and filtering of detected variants

The set ofdetectedvariants obtained fronMutect2is merged with the UMbased evaluation dahe
variant set fronmumivariants A text file containing all information of the detected variants and their
UMI-based evaluin isthefinal output of theanalysis pipelin@ndcan subsequently be imported into

R for further analysis

As a first step for downstream analysis withintRe obtained positiegpecific errorates are utilized
to estimate the likelihood of beirgaused by technical noise for each potential variant. For that a
value based on Poisson distribution is calculated usinguigue coverage, the number GOMIs
supportingthe variant together with the observed errate acrss all samples at this pdsit. The p
values are subsequentdgrrected for multiple testing by the Benjamithdchberg procedurélsing this
approach allows to identifgnd discardow-frequency variants that are likely derived from technical

artefacts.
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The resultingfinal data seican befurther filteredbased on custom criterig.g. in orde to discard

germline mutationsind minimize possible falggositive calls.

4.26 The established smMIP workflow shows robust performance across a cohd@i of 5

individualsand allows for balased multiplexing of library pools

As a first application for the established smMIP assay a cohort gtilclysamplesderived from386

AML patients in longerm remission was carried out59 samplesfrom agematched healthy
individuals were included antrols to which the frequency of detected clonal hematopoiesis as well
as its mutational spectrum is to be compa®&id.samples with known mutations derived from AML
patients at diagnosis were included as quality controls. For additional quality dibnamyl preparations

for 16 samples of the loAgrm survivor cohort were repeated in a separate batch to assess
reproducibility of variant detectiorLastly, four gDNA dilution series with a total of 16 samples were

prepared to assess sensitivity andcigien of the variant frequencies for the assay.

The gDNA samplesof 551 pseudonymizedndividuals were provided by Klaus Metzeler and Frank
Ziemann andused for preparation of NGHbraries utilizing the established smMIP assdybrary
preparationgor patientsamples and additional quality contralere carried out in technical duplicates,

resulting in a total 01102 librarieswhich were prepared in seven batches of 11302 libraries.

Two days were needed to prepare one batch consisting of ug tibEgiesfrom up to 96 biological

samplesclearly demonstrating the suitability of the smMIP assay for-tlighughput projects.

Only five dropout samples for whichibrary preparationgailed were observed, corresponding to less
than 1% of all samples. The most plausible explanation for thesedtsjis inaccurate quantification
of gDNA concentrations, which resulted in too high dilutions of the gDNAs and hence too few template

DNA as inputfor the hybridization reactions.

Generally,this low dropout rate reflects the robustness ofedtablished workflow for preparation of
libraries using the new smMIPanel and emphasizes its utility in conducting cohort sequencing studies

at low prices ad short turraround times
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Figure 27: Sequencing reads acquired for samples throughouséfjgencing batches of the individual cohort samfletal
reads per librarywithin each library poo{A) were well balancedBatch C1.1showed an increased spread of sequencing reads
across libraries which was caused by complications at library DNA quantification before po@ingotal sequencing reads
for both technical replicates per sample were above the planned 4 million readsircases.

The total sequencing reads obtainedgeguencing libraryithin eachsequencindpatch(Figure27A)
show a very narrow distribution. Overall, thsticipate two million sequencing reads were obtained
for most ofthe sequencinijpraries.Dueto an overall lower yield of sequencing reads for some flowcell
lanes batches C1.2 and C3.1 include many libraries that got slegglthan 2 million sequencing reads.
However, a®nemillion reads arestill expected tgrovidesufficient sequencing deptlall sequenced

samples could be included for downstream analyses.

Thetotal readsbtainedor both technical library replicategipsampleFigure27B) show that a median
of about4.8 million raw sequencing reads down tmi@imum of 3 million readsvere acquired. Hence,
all samples within the caint received sufficient sequencing reads to ensure enough coverage across

target regions and enable sensitive variant calling.

In summary, the established workflow showed robust performance for library prepavéatiinghe
first cohort studyAdditionaly, the library pooling and sequencing layout allowed to relatively uniform

sequencing depth across all samples and sequencing run

4.26.1 Dilution series indicate high sensitivity of the established smMIP assay to 0.7% VAF

In order to assess theeagision of variant allele frequencjesairs of patient samples differing in
heterozygous SNP alleles were chosen to create dilution asréeguality controBy serially diluting

the gDNA from one patient with gDNA from another patient low frequeraryants with expected
frequencies of 8.3%, 2.8%, 1.4% and 0.7% were created. These variants were used to test the precision

of obtained VAFs, as well as to ensure sufficient sensitivity for low frequency variants. A total of four
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dilution series were prepad and used for library preparations. Analysis was carried out using the newly
established smMIP analysis pipeline.

All variants investigated in the dilution series were correctly identified by the analysis pipeline, even at
the highest dilution step viitan expected VAF 0d0.7%, indicating a high sensitivity of the smMIP
assay.The determined VAFs at the highest dilution ranged from 0.28 to 1.63% with a me@ia®roof
(Figure28A). The unique coverages for the SNPs analyzed at the highest dilution step ranged from 184x
to 7011xwith a median of 1B4x. In order to assess whether the deviations between observed and
expected VAFs are caused by sampling effects and differing sequencing depthsttarasalyzed

SNPs, the 95% confidence interval for UMIs carrying the variant given different sequences depths and
the expected variant allele frequency of 0.7% were calcudaisatding to binomial distributiof{gure

28B). Most measured VAFs were within the range expected from sampling noise, however three

measurements fell outside thrtarvals.
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Figure 28 Data for the dilution series experiment used as quality control. (A) VAFs of the variants detected at the highest
dilution factor. The dashed line indicates the expected VAF of 0.7%. (B) Number of detdtsesupporting the diluted

variant in relation to the unique sequencing coverage achieved. The blue area indicates the 95% confidence interval for the
number of expected UMIs supporting the variant based on sampling effect estimated by the binomitibdis{@f Expected

VAF in relation to observed VAF for two exemplary SNPs analyzed within the same samples of one dilution series. Correlation
of determined VAFs are generally very high throughout all analyzed dilution steps. While linear regressioost fSNPs

showed the expected slope of one (left panel), some SNPs showed slopes differing from this expectation (right panel).

In order to further exploit these unexpected deviations in to the expected VAFs, linear regression were
carried out for each SNRWhen comparing the concordance of VAFs between different dilution steps
per SNP Figure28C), linear regressions generally showed precise fits with adjustedl&®es being
above 0.96 for all 11 analyzed SNPs with a median value Oli®@%estingly some of theregressions
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showed slopes differing frorthe expectation(Figure 28C right panel). These deviations cannot be
caused by inaccurate dilutions of the gD&JAs SNPs within one dilution step are derived from one
library preparation and hence the same gDNA tempGdasequently, the same change to the expected
slope woudl bepresent in all tested SNPsafedilution series, which is not the ca§mly severof the
elevenanalyzedSNPsaccurately resemble dilutions of heterozygous SNPs wegeessions for the

other four SNPs show significant deviations in their slopes

All four gDNA samples used for creation of the dilution series were derived from individuals of the
long-term AML remission chbort. Within three of these samples low frequency variants were detected
indicatingthe presence of subclones at frequencies dmwl.2 and 4.4%. A loss of heterozygosity
including the respective SNP positions within these subclones can lead to an incoesease in the

overall variant allele fraction present within tdéuted samplewhich could explain the observed
deviatins. Another possible explanation for this observation miglet related to patients having
received a allogeneichematopoietic stem cell transplantation (HSCT). Even years after transplantation,
residual recipientells may still contribute tbematopoiesi[134, 13%. If donor and recipient differ in

some SNPs, this chimeric hematopoiesis can explain the observed differences as the variant allele
frequencies opecificheterozgous SNPgonsequenthgiffers from the expected 50% the patient

sample

The fact that not all putative SNPs analyzed within the dilution series were irtiafignt at 50% allele
frequencyexplainsthat some of the allele frequencies observed abithigest dilutions stepdiffered

from the expectation.

In summary, theesults of thalilution seriesguality control demonstratibat the established smMIP

panel is able to reliably detect variants even at very low frequencies of 0.7% allele frequency.

4.2.6.2 Comparison oémMIPvariant calls to Haloplex data show®od agreement but difficulties

detect largelinsertions and deletions

In order to assess the reliability of variant calls using the established smMIP panel and analysis pipeline,
data for36 individuals was crosgalidated usinglata obtainedrom usinga commercial sequencing

panel.

This subset obamples included in the cohort had already been sequenced by Maja Rotfidnivkrg
(Klinikum der Univesitat Minchen) using a custom commercial Halophssayfor targeted re

sequencing The panel targets over 106 kb in 68 genes nemily mutated within myeloid

79



neoplasm$28]. To see whether the smMIP panel is able to reliably detect variants previously detected
using the Halplex panel, all variants detected in the target regions shared by both assays were
compared.Variant calls generated using the smMIP assay were provided thldja. Rothenberg
Thurley (Klinikum der Universitat Miinchenyho carried out the comparisamorder to adhere to the

data protection guidelines related to the data acquired during routine diagnostics in the clinic

Overall 54 variants were detected within the smMIP data, whereas 49 variants were detected in the
Haloplex data. 44 of these variants lcblie detected within the smMIP variants calls as well as in the

Haloplex dataKigure29).

Variants Variants
Haloplex smMIPs

Figure 29: VennDiagram of variants detectadlithin 36 individuals using the commercial Haloplex sequencing panel and/or
the newly established smMIP assa@¥i variantsweredetected by the smMIP parasl well as bythe Haloplex panel. Another

10 variants were only detected by the smMIP assal/five variants detected in the Haloplex data were not included in the
smMIP variants calls.

The majority of variants detected by the Haloplex panel were also detected by the established smMIP
panel (41/49 variants), indicating that the sensitivity of the efitdied assay is comparable toet
commercial Haloplex pandiowever, five variants identified using the Haloplex panel were not present

within the filtered smMIP variant calls.

Two of thesevariantslocatedat the SRSF2 hotspot locus were present withgriritial variant calls but

filtered out in posprocessing stepdience, these variants were detected but not included in the final
smMIP variant call set. The SRSF2 hotspot locus is currently hard to genotype using the smMIP assay,
as probes in this aseshow low hybridization efficiency. Consequently, low unigque coverages only allow

to call higher frequency variants, as variants need to be supported by at least 3 UMIs using the current

preliminaryfiltering strategy.
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Two other undetectedariantsrepregnt FLT3-ITDs (internal tandem duplicatighin the formof 27

and 52 nucleotidetong insertions.One possibleexplanationis that the insertions led to reduced
hybridization efficiency due to the increased target capturendizeh requires the template gDNA to
bend strongerThe last variant not detected by the smMIPs comprises a 52 nucleotide deletion within
the CALR gene at about 30% variant allele frequeBeie to the length and positioning of the deletion
the DNA sequenes used to hybridizdooth probes that should cover this regisreither partially or
completelymissing Hence, this mutation can technically not be detected using the current set of
smMIPs.

All ten variants that were exclusively detected by the smMIPelpeerebelow the detectiominimal
detectiorthreshold of 1% variant allele frequency used for the Haloplex panel. For five of these variants
raw Haloplex data were manually checked for the presernbesdmutations In three of five cases raw
reads caying the varianpreviouslyidentified using smMIPs could b#bserved Hence, most of the
variants exclusive to the smMIP variant set are most likely caused by their very low variant allele
frequencieslthough it cannot be excluded that some of thegatioauscouldstill represent technical

artefacts.

In summary, comparison between the smMIP assay and the commercial Haloplex assay indicates good
agreement of both methoder detected variantsiown to allele frequencies of about 1%, clearly
demonstratipt he assayo6s ¢ o mpfa datettionvad snallesulfclonesmay nacgeted

sequencing of their driver mutations.

4.26.3 Resequencing of patient sampléints towards elevatederror rates at very low allele

frequenciedbelow 2%

Another aspedbor the reliability of the smMIP assay is the reproducibility of variant detection. For this
purpose 16 individuals that had already sequenced in prior library batches were again used for library
preparation within a new batch. In order to have fully irmshefent technical replication new gDNA from
archived blood samples was prepared byaSt#&m Tschuri (Klinikum der Universitat Minchen) to serve

as a template for a new round of library preparations.
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Figure 30: Variants detected ihin 16 patient samples that were used twice for independent library preparations and
sequencing runs 14 variants (58%) were detected in both batches, while 7 variants (29%) were exclusive to the first and 3
variants (12%) were exclusive to the secondalvat

For this analysis only variants above 1% VAF were considered in order to exclude most artefacts
associated with very low frequency mutations. A total of 24 variants detected of which 14
mutationswere successfully called in both sequenci(igigure 30). However, seven mutations were
exclusively detected in the first sequencing and three other mutations remained exclusive -to the re

sequencing libraries.

Six of these ten variants were detected below 2% allele frequency, represented by three to seven UMIs,
and located within lovcomplexity sequence contexts. Hentleey might berepresentingechnical
artefactsderived from polymerase or sequencing errmsdisarded by the current filtering strategy
Interestingly, two of these variants were present within the mapped readsabhé¢hbatch but not

within the UMI-deduplicated reads, indicating that these variants are likely deriveddcbmicahoise.

The rest of four mutations observed only in one experimental batch had variant allele frequencies over
2%. One mutatiorwith 10.4% variant allele frequencies could be deteateeh looking at theaw and
de-duplicated mapped reads of the other batthe sameariant allele frequencief\s the unigue
sequencing coverage was well above 100@absence dhis varianthas to be related tdutect? used
to call variants within the established pipeline. The remaitiingemutations detected with 292.5%
and 3.66 variant allele frequenciés only one of both data setsuld also be observed within the raw
variant call set of the other batbht were only supported by one to two UMF®ar example, the variant
at 2.4% VAF DNMT3A, chr2:25463283A>G) was presenhithe initial data set with 5 UMIs support
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at a unique coverage of 199x. HowetBe unique coverage obtained tbe resequencing dataas at

107x with only one UMI supporting the variant. Subsequently this variant was discarded from the final
variant @ll set by the preliminary established filters, which require support by at least three UMIs to
exclude noise from technical artefacts. Henoejrthonsistencies in detection of these variants is caused
by their low frequencies in combination with diffex@es in coverages between the batcired the

current preliminary thresholds for variants filtering

Taken together, variant calls of the experimental replicates showed good agregmentitations
below 2% frequency could nbe detected within data dfe other respective batch. All of these variants
are part of lev-complexity regions (e.g. chiZ3471068 CT>Cwith 1.6% VAF; CCCCGGGCCE
CT>C-GGTTTTCTTCQ suggesting that they are representing technical artefacts not removed by
utilizing UMI-consensus readdowever, all nutations above 2% variant allele frequency were detected
in data ofboth sequencing batchealthough some were not part of the final variant call set dtieeto
applied filtering orissuesrelated tovariant calling usingMutect2 Additiondly, variants below 2%
frequencymaybecome difficult to detect in regions with low unique covergeoverage across targets

can vary between repeated batches of library preparation and sequencing

However, the data of the-sequencing quality controhowed reliable and reproducible detection of

variants down to 2% allele frequentyareas with sufficient coveragesing the current sequencing

depth theestablishedsmMHp anel 6s sensitivity for reliable det
to be comparable to the Haloplex assiilized at the Klinikum der Universitat Miincheior which a

cutoff of 2% VAFfor reliable identification of varianteas been reportd@8] with the advantage of

being signifcantly more cosefficient
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5 Discussion

5.1 The established @lular barcodingapproach has proven to be efficient way to

directly investigate subclonal heterogeneifyhin AML Pdx samples

Two different constructs for cellular barcoding have been successfully cloned, quality controlled and

successflly appliedfor studying clonal heterogeneiithin an AML Pdx mouse model.

The establishedvorkflow allowed to clone high-complexity plasmid poolswith over 10 million

barcodes estimated to be present within the high compl&hix-barcode plasmid pool and over
700,000 barcodes within the expressed barcode plasmid@uaality controls showed that both pools
can be utilized to barcode thousands of cells with no or minimadage of batode tags and therefore

allow to precisely quatify cell numbers.

Both construct have been utilized in several pilot experiments, demonstrating the power of the barcoding
approach to investigate heterogeneous cell populations. Application of the established barcoding pools
allowed to quantify the bdéneck for seriatransplantation of AML Pdx cells in order terify that
subclonal heterogeneity of AML Pdx samples can theoretically be retained over many passages within
the utilized mouse model. Furthermore barcoding allowed to directly observeulifé¢response of
subclones towards in vivo chemotherapeutic treatment within multiple biological replicates of the same
barcoded Pdx linpopulation, thereby robustly proving the presenceesistansubclones that are less
sensitive tan vivo chemotheapy within this Pdx sample. Moreoversing an experimental setup for
limited dilution transplantations with barcoded AML Pdx cells showed that cellular barcoding can
potentially decrease the number of experimental mice necessary to estimate the frefjleahkeymia
initiating cells within these samples. Additionally, barcoding allowed to identify samples derived from

a single leukemic cell that engrafted in this experiment. These sialjlsolates were determined to
represent genetically different stibnes based on known marker mutations. The sitgjleclones were

further characterized based on their transcriptomes, exomes and proteomes as well as their phenotypes
in competitivein vivo experiments. Results of these experiments, for which the issiadblcellular
barcoding constructs provided the groundwork, are published dothieal of Hematology & Oncology

[12Q (see7. Publication.
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5.1.1Barcoding allows to reduce the number of experimental mice needed for determination of

LIC frequencies

The use of cellular barcodes iiraiting dilution transplantation assays has shown, that barcodes enable

a robust reasut for the number of engrafted cells that allows to estimate the LIC frequency more
precisely than binary reaslt of engraftment rates. As the number of engrafted cells can be
guaritatively assessed the number of cells used for transplantation can be increased, thereby reducing
the number of mice not showing successful engraftmé&his advantage potentiallgllows to
significantly reduce the number of mice needed to determinelth&equency of AML samplesThe

LIC frequencies obtained via the barcode analysis were ai@bfeto those derived frorangraftment
rateswhenexcluding outliersmost probably derived from technical errdRegulations and lawabout

the protection of gxerimental vertebrate animale.g. &U-Tierschutzrichtlini§ drierschutz
Versuchstierverordnuig adnedschutzgesefz haveimplemented the 3fRrinciples[136] requiring

to replace animals where they are not necessary, reduce the number of animals utilized and refine
experimental methods in ondéo minimize stressTherefore the usage of celluléarcodingfor
determination of LIC frequencies should be highly recommefatedietermination of LIC frequencies

as itallowsto reduce the number of mice needed.

5.1.2 Comparison of engrafting cellpon transplantation of low and high number of cells

Compared to the determination of LIC frequencies at extremely low cell narttimottleneck
observed for serial transplantations of Pdx lines at high cell numibeerthe fraction of cells showing
successful engraftment and proliferatigmsignificantly more important for utilization of the AML Pdx
mouse modelKnowledge about this bottleneck is essential in order to estimate whether the subclonal
heterogeneity of specific Pdx lines can be congktirsoughout multiple serial passages at a given cell

number.

In a first proofof-principle experiment, the fraction of engrafting cells with 550,000 cells transplanted
was estimated to babout 0.04%, corresponding to 1 in 2,500 transplanted cellsntraspthe LIC
frequency determineith another experiment utilizingery low cell numberat limiting dilutionswas
estimated to bé& in 1620. This fraction of leukemia initiating cells would generalbpbe expected to
show successful engraftment upwansplantation. Yet, the fraction of engrafting cells at 550,000

transplanted cells significantlylower.
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The observeddifferencein engrafting cell fractiongould potentially be derived from the additional
filtering of detected barcodes applied fotedenining the bottleneck for serial transplantations, for which
many barcodes at very low frequencies had been detected. It has been shown that baroatlgisead
PCR can lead ttormation of artificial falsgpositive barcode calls due to PCR errorsR@dRmediated
recombination[108, 114. Although most errors introduced by PCR and the sequencing itself are
supposed to be corrected tuy clusteing of barcodes based on their hamming, the presence of false
positive barcode sequences cannot be excladdtietrue sequences of barcodes within plasmid and
lentiviral library are not entirely knowrlherefore barcodes that were detected in only orteree
technical replicates per sample were excluded from further analysislér to avoid underestimation

of the passaging bottlenedRueto the unexpected strong skewing within relative barcode frequencies

this filtering might haveliscarded true bandes present at very low frequencies.

However the size of the bottleneck, i.e. the fraction of cells engrafting and proliferating upon
transplantatioof high cell numbers;ould differ from the LIC frequency determined when transplanting
very few cellsdue to biological reasonspon injection of leukemic cells into the bloodstream, cells
preferentially hora within the bone marrow, whigirovides an optimal microenvironmeYithin the

bone marrowLICs home t@soc a | hieghedwidich represent speciaéd compartments that provide
optimal microenvironments for loAgrm maintenance of HSCs. Consequently;sdirectly compete

with healthy HSCs foniche space upon arrival within the bone marrop37]. Similarly, a higher
number of transplanted LICs may result in increased compefibiomptimal niches among these

leukemic stem cells, resulting in an overall decreased engraftment efficiency.

Given the current experimental data it cannot be excluded that such additional competition for bone
marrow niches decreases the engraftmentieffcy for transplantation at higher cell numbers.
Therefore the number of cells engrafting at higher cell numbers which are regularly used for serial
passaging of Pdx | ines, i.e. the éptosideargnethg bot t

suitability of the passaging setup to retain the subclonal complexity within Pdx lines.

To determine whether competitive effects among leukemic asdlsausative for tHewer fractions of

cells engrafting after transplantation of high cell numbemmpapned to very low cell numberas
observed in the initial experimenianew experiment could be carried olihe same barcoded cell
populationwould need to be transplanted into several experimental mice at low aaswath cell
numbers This approactensures that differences in relative engraftment efficiencies are not caused by
differences in fitness of the transplanted Pdx abbg might be caused hyilizing Pdx cells derived

from different passage numbensthe experimental procedwéself, e.g. thawing of Pdx cells an

vitro lentiviral transduction
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5.13 Limitations of the current barcoding constructs

The newly established barcoding systems demonstrated good performamnadgtiple proofof-

principle experimerst However somdimitations could still be enhanced.

The high complexity DNA barcode was cloned undirectionally, but due to initial problems the PCR
amplification strategy had to be adapted in order to allow for efficient removal of agapter dimers

that would interére with sequencind\s both insert orientatiorereequally likely to happen within the
ligation reaction only half of the barcodes within the pool are detectable using thdigstabPCR.

Thus the current DNA barcode analysis is limited to about hétiedbarcoded cell population and blind

to other half.This drawback is less relevawhen using expanded cell populations iforestigating
differential responses of barcoded cells by their frequency within the popu(atend.1.6)s all

experimentamicesharethe samgopulation of barcodkcells.

However, when barcodes are used without prior expansion in multiple mice, for example to determine
the overall number of engrafting cells (s£4.3, the readbut becomes less precise. Although the
numberof detected barcodes can be doubled in order to estimate the total number of engrafted cells, the
fraction of detectable barcodedll be differing betweebiological replicates due to additional sampling
variance As thissamplingvariance is dependent time sampling size,e. the number of barcoded cells
injected into recipient mice, the number of estimabedcodes will vary more strongly between

biological replicates when carrying out experimenith low cell numbers.

Hence for experiments comprisintransplantation of low numbers of barcoded cells the expressed
barcode construds more suitableFor this construct all barcodes are extracted using the established
PCR amplification strategfder e, t he bar code 4HUSR optoedaitiviral markerd wi t h
gene and hence adcRNAseqTearetoie baacbde frequernicias c8ntbe measured
population wide based on targeted amplification of bulk gDNA thereby providing a measure of fitness,
e.g. under the influence of chemotherapetreatment. Additionally, fractions of the cell population
can be used for preparation of singkdl RNA sequencing libraries. As the expressed barcodes are part
of the marker transcripts, they can be directly detected within the ravanseribed cDNA.The
subsequent association of transcriptomic datalialarfithessof specific clonesas determined by the
populationwide barcode readoutepresents a first step beyond pure observation of subclones towards
their characterizationln recent publications, this approach enabled further insights into the fate
determination in hematopoiegit38 and could furthermore prove distinct transcriptional responses of
subclones towards chemotherapy in an ALL Pdx mftied]. Although this adantage has not been
utilized within the first experiments, bulk RNAseq daifithe generated singleell isolates indicated

that the expressed barcodes can be detected Witime seqglibraries (data not shown).
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However, to avoid destabilization -UFTRwhskeptamar ker
short as possibjehereby limiting the maximum theoretical complexity of the barcode. Its application
is therefore limited to lower cell numbers in the range of a few hundred barcoded cells, \ahieddy

sufficient for many AML Pdx experiments.

In summary, most expeniental setups within the AML Pdx model system are feasible osi@@f both
established barcoding constructs. The established barcoding constructs therefore repeliabie a
foundation for further barcoding experiments in order to elucidate clonkltievowithin the AML Pdx

model used by my collaborators at gneupof Prof. Dr. Irmela Jeremias (Helmhotz Zentrum Miinchen).

5.14 A new highcomplexity expressed barcode construct combines advantages of both initial

constructs

In order to combine thadvantages of both barcoding constructs presented herein the established
workflow for cloning of highcomplexity plasmid pools was used to create a third barcoding construct.
Recent studies have util i zedUTR of mayketransernpts aneédids ed b a
not report on decreased expresdiewels of marker genes due iaterference byparcode sequences

[13814(. A new construct waghereforedesigned andtloned that includes a higtomplexity

expressed barcodthereby combining the benefits of both previous barcoding plasmid pools described

herein

The new construct is based on the pBA439 veftdd] (gift from Jonahan Weissman, Addgene

plasmid 859%7) which provides puromycin resistance as well as the fluorescent TagBFP as marker
genes. Ahigh-complexitybarcode witi22 variablep o s i t i ons wa s-UlRlofdhe enatkeri nt o t
transcript directly upstream of the bovine Growttormone polyadenlyaiitsignal (bGHpolyA
signal), thereby potenti al |l y-RNAseqilibrariexfFigurg3lA)he bar c
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Figure 31 A newbarcoding construct combines \ahtages of both previous constructs using a-sigimplexity expressed

barcode. (A) Schematic overview of the lentiviral insert. Puromycin resistance and the tagBFP fluorescence marker genes

allow selectionof barcode cel | s. The expressed barcode containing 22 val
of the marker transcript directly upstream of the bovine grevaimone polyadenylation signalling sequence (b&idlyA).

(B) Sequencing of the cloned pladrpiool in five technical replicates indicated a complexity of at least 15 million different
barcodeswith 2.1 to 2.8 million barcodes being unique within each replicatdy overlaps between any two replicatge

shown, ranging from 176270000barcoces.

The maximum complexity of over 17.5 trillion barcode& @bssible barcode variants) ensures a high
hamming distance betwedine barcodes. Thus clustering of detected barcodes by sequence similarity
can be used to reduce falsesitive barcode sequerrintroduced by PCR and sequencing errors even

at high numbers of barcoded cells, consequently increasing precision for determining absolute counts of
barcodes. Colony counts from plating of the transformation readtians not showrgnd sequencing

of the plasmid poofFigure31B) suggest a minimum complexity of about 15 million barcodes.

Cloning of the barcode insert into the vector was carried out directiondiligjng two pairs of
restriction enzymes that generate compatible starkys. Therefore all barcodes within the pool can be
detected by standard PCR even if one primer is located outside the barcode insert, which enables
detection and analysis of the wh@opulation of barcoded cells. Additionally, suitable primer pairs that
allow for efficient amplification of barcodes without affrget amplification in human and murine

gDNA background have also been established.

In summary, the new higbomplexity expessed barcode plasmid pool combines advantages of both

previous barcode constructs making it a universal todutore barcoding experiments.
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5.15 Further advances imethodologicalapproachesnable genotyping and isolation of

barcoded clones

Expressed barcodes enable the association of transcriptomes and cellular fitness and provide a first step
towards further characterization of subclones in barcoding experinfahdétionally, nost known
driver mut ations are |l ocated in exonic regions
function. Hence, most driver mutatioase present within the fulength cDNA prepared in most bulk

and singlecell RNA sequencing library prepdi@n workflowsand potentially allow genotyping of the

cells to associate the transcriptome to a given subclone

However, most RNAseq methods rely on sequencing ofl y -éntiseof tiardscriptg order to

provide a cost efficient way for measuring saript levels[123, 142145. The detection of coding

mutations is thereforenostly | i mi t ed t o v ar i and of thd toacseripteewhicha t t h
significantly limits the number of mutationsatt can be detect e-&NAsegi ng <coc
methods Most of these approaches introduce-sekcific barcodes to the cDNA ends at the reverse
transcription step, which subsequently enables pooling and processing of all cells within single reaction
andthereby decrease costs for library preparation. Hence, targeted amplification of specific transcript
regionsfor genotypingvia PCR on the cDNA wouldksults in loss of theell-barcodesequence which

is located at the cDNA&nds.Recently, newechniquesaveenablel the preservation of cellarcodes

while theoretically enabling genotyping of variants across any transcript pd4ditiein Although this

approach maye problematic when genotyping transcsiphat are expressed at relatively low levels

due to increased drequts it may serve as aery usefultool in future barcoding experiments. For

example, when increased resistance towards chemotherapeutic treatoimgrieed in a fraction of

barcoded cells, these cells could be directly linked to a known subclone defined from its mutational
markers as defined from bulk sequencing of the sample. This approach would therefore allow to further

close the gap betweeerllular barcodes and the identity of cells which they represent.

One step furthernimany cases it may prove advantageous to isolate specific barcoded clones due to
their uniquebehaviorobserved in experimentRecently, multiple methods have begescribed that
enable enrichment and isolation of sethrryingspecific barcodesdm a whole population dfarcoded

cells These methods additionally express the cellular barcodes as paitgieaygide RNA (sgRNA).

Upon identification of interestingubclones, the barcoded cell populatianbe lentivirally transduced

or transfected with an additional construghis constructenables aCas9mediatedactivation of
expression of additional markers, such as fluorophores or antibiotic resistancarddwebgRNA of

the subclone of interest matches a sequence upstream of the additikeglgeae, thereby directing a

Cas9 to the new marker and inducing its expres§iaty, 148.
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Experimentally barcoded cell populations are expanded in a first step in order to ensure that every
barcode is represented by multiple cells. An aliquot of the starting cell population is frozen and the actual
experiment, e.gexposure of barcoded cetts a selectiopressurgis carried out. Interesting subclones

that either show increased or decreased cellular fithess, can be identified by the hraquatheieof

the cell populations. The frozen aliquot of the initial barcoded cell population can be thawed, expanded
and transduced with the second lentiviral construct that enables thenédgdedselection of specific
clones.This approach greatly simplifiebe process osolating phenotypically interesting subclones

and hence allows to further investigate their phenotypic, as well as genomic features.

As of now these techniques have only been utilized in cellitinggoand mostly withinn vitro cultures
[147-149. Their usagdor leukemic Pdx linesvithin the mouse model systemight pose additional
challengesHowever,successful establishment of this approach for the Pdx mouse model would allow
for a fast and efficient isolation of imsting subclones and hence enable further targeted analysis of

cells showingspecific phenotyps e.g.an increasedesistancéowardsin vivo treatment
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5.2 The established smMIP panel allows for sensitive and highly-efasent

sequencing of hundreds of samples

A smMIP panel targeting more than 16 kb in exons and hotspot regi@4srefurrent driver genes
involved in clonal hematopoiesis and AML has bemeated and used for processing of 0v80
samples for a first cohortsly. A redesigned smMIP backbone sequence enables the use of standard
sequencing primers and subsequently allows to sequence prepared libraries-ias gpikwcells of
high-output sequencers like NovaSeq, thereby further decreasing costs. -éffidsht indexing
strategy was set up to facilitate multiplexing of up to 192 libraries per flowcell lane while minimizing

the risk of sample crossontaminations through index swapping.

Compared to the commercial Haloplex assay for which reagentllyceat about 1750 (16,
96 reactions]15( the established smMIP assayo st s onl y a b(@alincluding inipae r s a mg
costs for oligonucleotide probesyhile including technical duplicates of prepared libraries. This drop

of costs to about 4% compared to the commercial assay allows to process 25 times more samples at the
same price, thereby enabling cohort studies with adamgaber of individuals thatould otherwise be

prohibitively expensive without dedicated funding, especially for smaller research groups.

Additionally to the robustly preforming workflow for preparation of sequencing libraries an automated
computational analysis pipeline has been established to enable processing of acquired sequencing data
for hundreds of samples with little hanrds time. The analysis pipeline combines technical library
duplicates for each sample, while preserving the informatfowhich read originated from which
replicate. Variant calling is based on raw sequencing reads Msitegt2to provide a set of variants
detectedvithin the data. These variant calls are subsequently verifieadnbyariants which utilizes the

UMI information included in the datto reassess presence of the variants after computing-single
molecule consensus readls order to allow for efficient fiering of low frequency technical artefacts,
positionspecific error rates are calculated across all samples,iadjdovcalculate the likelihood of an

observed variant being derived from background errors.

The results of quality controls carried outngsigDNA samples of the cohort study indicatbigh
sensitivity, reliably detecting variants at 0.7% allele frequen@esaparisons of variant calls to data
derived from the commercial Haloplex sequencing panel indicate good agreement between both
methods despitgoroblemsfor smMIPsto detect larger insertions and deletions. To test reproducibility

of obtained variant calls, library preparations from gDNA of 16 samples were repeated at a later time
point. Here, about 60% of variants above 1% allele freguesould be detected in both batches.

However, some variants were missing in either one ofaiant call setglue to issues in the variant
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calling pipeline and differences in sequencing coverage between the batithesgh the set of
variantsobtainel for the cohort studynay still contain falsepositive variantespecially at low variant
allele frequenciewelow 1%after applying the established preliminary filters, the data is absolutely
suitable for further analysis. The obtained variant calls fiteencohort sequencing are currently being
further analyzed and manually curated according to best praftieshy Simon Kral® and Prof. Dr
Klaus Metzeler(Universitasklinikum Leipzig) and are planned to be publishedthin a separate

research article

The smMIP panel is also furthetilizedin other projects at the Universitatsklinikum Leipzig, due to its
combination of high sensitivity and cesfficiency. If needed, the panel can be customized to exclude

nortinformativetargets or include new targets by designing and including new smimtRs future

5.2.1Possible enhancements to the current smMIP assaibaau preparatiorworkflow

The smMIP assay has been set up to proaideptimizedcostefficiency. After demonstratingood
performance and higthroughput capabilities in a fireohort study the smMIP panel will be further

utilized in other projects. Hence, it mpyovebeneficial to further enhance its performance.

5.2.1.1 Extending the smMIP panel to dodillag to enable detection déirthertechnical artefacts

Currentlyan optimized singhtiling strategy was used to target the genomic regions of interest on only
one strand, resulting in fewer probes needed to cover these areas and thereby decreasing the initial costs
for the panelHowever, oxidative damage of the gDNArthg its preparation or during the smMIP
hybridization reaction may introduce technical artefacts resulting in altered bases after PCR
amplification. Most prominently cytosine deamination resultimgtation of aC:G pair to a T:A pair

[152 or oxidation of Guanine to-8xo-Guanine which can pair with Adenine, resultingnutation of

G:C to T:A[153, 154. Although these artifacts are most pronounced whierking with formalin-

fixed paraffirembedded (FFPE) samp[@$5 or including shearing of gDNA in the library preparation
procedurd 154, they are also present within fresh clinical samples and contribute to t@chaise

[53]. As usually only one base of a specif@sepair is prone to oxidation the other strand retains the
original sequence. When covering both DNA strands throughout the target rezjioviso gDNA
oxidation can be detected by only being present within reads derived from one of both strands thereby

enabling detection and removal of oxidative artifasiiditionally, doubletiling would result in more
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probes hybridizing with closer proximity which increases the ability to capture and detect bigger
deletions or insertions, like the internal tandem wapion inFLT3 (FLT3-ITD).

A strong improvement in precision could hence be achieved by designing and ordering new smMIP
probes and extend the panel to dottlieg, targeting both DNA strands throughout the complete target

regions.

5.2.1.2 Longersequencing reads to enable coverage of library fragments from forward as well as

reverse readsanfurther decrease technical noise

Another source of technical errors that can impair precision of variant calls at low allele frequencies are
introduced byhe sequencing itselft has been shown that specific sequence motifs, e.g. ACGGCGGT,
can introduce contexdpecific errorsand resultin significantly elevated erraates.However, as the
reverse complements of such motifs are usually not inducing @uligrrors, a reverse read covering
this motif wouldnot show increased error rates at this posifithf. Overlapping forward and reverse
reads of a pairednd sequencing setup can hence be used to identify asdgsntly filter these
artefacts[157]. For sequencing of the smMIP libraries of the firgshart study a 100t pairedend
sequencing layout was chosienorder to optimize sequencing costdie smMIPs had been designed
with a capture sizef 120 nucleotideswhich compriseshe hybridization arms and gdifl sequene
copied from the gDNA tempte, as well as a total of 10 degenerate nucleotiddsserve as UMI.
Consequently the ends of the gdpsequenceof each smMIP are not covered by both forward and

reverse reads and are therefprene to elevated error rates.

For future studies lorag reads, e.g. 120 to 150 nucleotides, may be utilized in order to fully cover the
whole captured sequences with the forward and reversefeadhreadpair. Using spikeins onhigh
outputflow-cells of sequencers like NovaSeq 6000, which provide Ipnees per million sequencing
reads cancompensate thiacreasedaosts for the longer sequencirgpds This simple improvement is
already used for current further experingentising the established smMIP panel at the

Universitatsklinikum Leipzig.

94



5.2.13 Higher amounts of template gDNA within hybridization reacticasincrease the number of

unique capture events

For the current cohort sequencing study detection of varianis 2%lallele frequency waonsidered
sufficient, as itis comparablgo other commonly used panel sequencing technologies. When higher
sensitivities are necessary, multiple potential improvements to the library preparation workflow could

be tested.

Increasing the amount of gDNA template within the hybridization reactiansincrease the overall
number of successful capture events and hence also the unique coverage within the final sequencing
data. Although most commonabout 100hg gDNA template are utilizgd 58167, it has been shown

that higher gDNA input of up to 500 ng per hybridization reaction can significantly increaselthe vyi

of successful targataptures[163. Increasing the amount of template utilized for the hybridization
reactionscanprovide a simple way to increase the assaystsgtys For gDNA samples with a minimal
concentration of 25 ng/ul template amounts per hybridization could be doubled from 100 ng to 200 ng
with the currently used reaction setlip order to exclude elevated rates of prpioebe interactions by
increasedmolecular crowding within the reaction that can lead to-lggdted, circularized smMIPs

without capturing any genomic sequence, a small pilot experiment wadd to be conducted
Importantly as more UMIs will be present within the library the sequencing depth needs to be increased
in order to obtain enough reads per UMI to enable creation of consensudmeads.easi ng t he a
sensitivity by utilizing more hybridization produdterefoe simultaneously increaseequencing costs.

Hence, it is necessary to balance sensitivity and costs based on the requirements of the conducted

experiments.

5.2.1.3 The usage of a higjidelity polymerase fothe gapHill within the hybridization reaction can

decreasahe background errorate

Anothermajor factor within the smMIP hybridization reactionhis gagfill, i.e. thecopyingof genomic

sequencebetween th@ r o thybdization armghat is carried duby a DNA polymerase.

The established workflow uses tHemo KleTaq(New England Biolabs) polymerase, which represents

a derivative of TadPolymerase lacking the first 280 amino acids and having additional internal
mutations in order to make it more iaint to PCR inhibitorgl64] like hemoglobin. This makes the
polymerase a good choice when template gDNAs for smMIP hybridizations are isolated from whole

blood, as potential impurities do not influence its functidalditionally, the optimal extension
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temperature of thelemo KlenTags at 68°C[165), whichis lower than the 72°C optimal for most other

DNA polymerases used in PCR. Hence, this polymerase is supposed to retain more activity at the
hybridizationtemperature of 60°C. Howeverewer DNA polymerases engineered for highest fidelity
generally shows0 i 300-fold lower error rategshan traditional derivatives of the T@glymerase
according to theimanufacturer$166-168. These polymerasdsavealso been shown to reduce error

rates within consensus readéen usedat the UMtintegration step in a similar methodological
approact169, thereby further decreasing background noise within théugdicated sequencing data.
Consequently, a smMIP panel used to detect minimal residual disease in acute myeloid leukemia
samples utilizing a combination of 50Q template gDNA in addition to Q5 HiBNA polymerase for

the smMIP hybridization reaction reported detection for variants below 0.1% allele freqa&ocy
However it is important to note thatbout 80 million sequencing reads were needed in tod&ach

this sensitivity in the mentioned studstgain emphasizing the need to balance sensitivitycastd for

the study ofarger cohord.

5.2.20ptimization ofthe computationaénalysispipelineto improve precision of variant calls

To complementhe established smMIP panel and its Hilgroughput library preparation workflow a
computational pipelinéhat enables processingminysamples with minimal handsn time has been
establishedThe analysis pipeline is completely adapted to the estabdlsgh#IP workflow and can be
started by a single bash script to automatically process hundreds of samples by utilizing the SLURM
workload manager on #nux server.The computationapipeline already proved very useful for
processing of the sequencing ddeived from the first cohort studilowever, some issues remain to

be resolved and more features could be added in order to further simplify downstream processing of
obtained variant call setas well ascomparisons between samp&esdimproverobustnes®f variant

calls

5.2.2.1Integration of a second variant caller to increase sensitivity and prioritize variants

The smMIP quality control experiments indicated good reproducibility for variant calls for allele
frequencies of at least 1% when compaiimdependent library preparations within different batches for

the same gaples. However, one variant 40% allele frequency was not consistently called in both
datasets, although the mutations were clearly present within the mapped reads. This indicates that the

lack of detection was caused by computational problems at the variant calling stejdwtsic® within
96



the established analysis pipeline. Further testing is needed in order to determine the reason why this

variant was not correctly called atwadjust the parameters used for variant calling accordingly.

It has been suggested that multiple var@aiters should be used in order to increase the reliability for
detecting mutations within analysis pipelines used in clinical setfitig§. Hence, integration of a
second variant caller into the pipeline would be a second option to decrease the false negative rate of
mutation calls. Variant calling iylutect2which detects variants basedlooal realignment of mapped

reads could be complemnted by a pileip based variant caller. Rilg based variant callers, such as the
commonly use®&/arScan? [171]], solely rely on mismatches between mapped sequencing reads and the
reference genome and should therefore reliably detect the variant at 10% VAF described above. Call
sets from both variant callers could &ealuated based on UMI consensus sequesmcesiterwards

merged into one final call set. Information about detection of particular variaruslyppne or both

variant callers may additionally help to prioritize andssléy high confidence variants, in order to

simplify themanual curation ofletected/ariants.

5.2.2.2Improvingthe final filtering ofvariant callsto balance sensitivity and precision

For quality control repeated library preparations and sequencings for 16 samples were carried out. One
variant at about 2% was part of the variantdetnly one batch, as it was detected with five supporting
UMIls at a unique sequencing depth of 199x. However, the variant was also present within the second
batch but supported only by one UMI at a unique coverage of 107x. The current filtering ofsvariant
includes a threshold of at least three UMIs that are necessary to support a variant in order to exclude
falsepositive variant calls derived from technical noise. Hence, this variant was filtered from the final

set of variants in this batch.

This emphaizes that the currently established set of filters used for final processing of the obtained
variant call sets from th computational pipeline may b®t optimal yet. In order to retain more
sensitivity, especially in regions with low unique coverage nilmaber of UMIs needed to support a

given variant could be based on the observed coverage at this position.

Fortunately,77 control samples derived from hip surgeries, have meanwhile been utilized in another
studyin order to analyze the prevalence of @dbimematopoiesis within these patients using the Haloplex
assay established at the Klinikum der Universitat Min¢t@g. Thefiltering of variants detected by

the smMIP assaygould thereforebe optimizedusing the Haloplex datef these samplesn order to
increase precision for variant calling. As the sensitivity of the Haloplex panel is limiteB%oadllele

frequency depending orsequencing coveragthis optimization cannot be carried for variants at very
97



low frequencies below 19%evertheless, the Haloplex data enables further comparison of variant calls
in order to increase confidence in variants detected by the smMIP assay and refinement of variant

filtration, especially in regions with lower unique sequencing coverage.

5.2.2.3Summarizing the obtained unique sequencing depths to identify limits for reliable detection of

variants

The resequencing of patient samples as quality comtraksess reproducibility of variant calls showed

that some variants are not consisterled within both data sets. This discrepancy was caused by
differing unique sequencing coverages between the sequencing batches. A lower sequencing coverage
resulted in variants not reaching the currently used thresbbttisee variansupporting UMIsfor the

final filtration of variants.

In addition to the refinement of the filtering thresholds, as described ,aqavenarizing the obtained

unigue sequencing depth across all target regions within a given sample should be integrated as an
additional outpt for the analysis pipelinghis data could be used to calculate the limit of detedtion
variants across the targamteas for each sample given the applied filtering crit@rimapped BAM file

with all readpairs de-duplicated based on their UMI irfimation is already part of the computational
pipelingd s  o. The pnigtie coverage can therefore easily be obtained by integratisgratgolgto
summarize the sequencing depth in target regions within tdagleeated reads. This information about
unique coverage can subsequently be used to estimate the sensitivity to detect varianthieacross t
targeted genomic regions, subsequesatitywing a better direatomparison of detected variabistween

samples.

5.2.2.3 Summary statistics about perform@mn€individual probes can help to identifgd performing

probes ad potential undetected variants

The established computational pipeline currently focuses eprpoessing of sequencing data as well
as variant calling and annotation. However, the current output does not include summaries about the

performance of eadhdividualsmMIP.

Currently, thetrimming of hybridization arm sequences from rgeits produces are log file that
contains information abouttow oftenwhich sequences were successfully trimmed. Extracting this

information allows to identify the number of raw sequencing reads per prabedre detected within
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the sample. In addition, the number of raw rpads and UMIconsensus reactould be derived from
the mapped bam files produced as output of the current analysis pipeline. The expecttdrtread
positions after mapping are specifor every smMIP and could therefore be utilized to generate

information about the total and unique-tamget reads for each probe.

The raw reads per probe, detected upon initial trimming of hybridization arms from sequencing reads,
would allowto alsouse the computational pipeline for rebalancing experiments when new probes are
added to the popk.g.whenincluding additional genomic targets for-genotyping. h combination

with the reads detected at the expected mapping position for a specific thieswedatavould allow to

easily assegbe relative performance of each smMIP within the panel, as well as to identify probes that
show elevated rates of dfirget mappings, either due to unambiguous mappirgifdarget capture

events within the hyldization reaction.

Additionally, hybridization efficiencieper smMIP could be summarized for all processed sarmriples.
specific probeperform significantly wors&ithin aspecific sample, thisould indicate the presence of
undetected variants, egplsedby deletions within thggenomicregions used to hybridizesmMIPs
as observedor CALR (see4.2.5.9, which could be further analyzed by additionalgenotyping
methods if necessary. These statistics could therefore also contribute to a be#teteihation of

samples that were sequenced using the smMIP panel.

5.2.2.4 Comparisonf the established computational pipeliwerecently published smMIP analysis

tools

As smMIPs gained popularity within the last years due to their customizabiligeffiziency,
scalability and sensitivity to detect low frequency variants a few specialized analysis pipelines have been
published recently. These pipelines allow for automated processing of smMIP data by including
trimming of hybridization arms and diiplication of reads based on UMls into the pipeliigs3, 173.
However, these pipelines are either not specifically intended to identiffrémuency variantgl73 or

classify the calling of these variants as experimdaféd]. Interestingly, both of these pipelines rely on

the use of the welkstablished GATK suite or even ugieitect2to call lowfrequency variants within

the sequencing data, thereby confirming the choiddutéct2as a suitableariant caller.

Even more reently smMIPtools an analysis pipeline specifically designed for detection of low
frequency variants using smMIPs has been publistegabrting robust detection of variants down to
0.5%allelefrequency{179. The increased precision is achievedizing additional errorsuppression

by computing error ratet® calculate the likelihoods for a detected variant being caused by technical
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background noisesimilarly to the approach implemented in the established pipdfioeiever, error

rates are computedllele-specific, i.e.for all possible transversions and transiti@iseach position

which allows for even more specific error profile filterifdnis refinement could easily be implemented

into the currently established computational pipeline and could further enhance classification of

background errors used for variant filtration.

Additionally UMI-singletons that consist of single reads, as aelUMFconsensus reads calculated for

UMIs that were observed in multiple reads are both utilized forypilbased variant calliny/ariants

detected only in UMkingletons but not in UMtonsensus sequences are separately output in-a low
confidence variat call set.Currently, UMIs detected with only one repdir are being ignored when
evaluating variants detected Bjutect2 using theumivariantspackage in the established pipeline.
However despite the missing possibility for erroorrection thautiizat i on of t-bkMEed 6si n

cancontributeto increase sensitivity especially in ir@gs with low sequencing depth.

Furthermore, raw sequencing reads are mapped to the reference geithmé trimming of
hybridization arms beforehandithin the smMIRtools workflow. Instead, sequencing reads are
assigned to the smMIP they originated from based on their mapping positions and the respective arm
sequences are ignored when performing the-ypldbased variant calling. This approach has the
advantagef minimizing Gedgeeffect®known from amplicon sequencing data. Here, SNVs or InDels
near the end of the sequencing reads can lead to softclipplrases, which are usually ignored for
downstream processirand variant calling176, 177. As pileup based variant calling is solely based

on mismatches to the reference within mapped reads, this approach ensures that reads are correctly
mapped in order to detect variants located next to the hybridization arms. In contrast, the variant calling
using Mutect2 within the newly established computatal pipeline relies on localssembly of
sequencing reads that also utilizes-stifiped bases inrder to maximize sensitivity. Hence, trimming

of hybridization arm sequences frongaencing reads is not expectedsignificantly affect variant

calling for the currently established analysis pipelitwever, if additional pileip based variant

callers are going to be integrated into the current pipeline5se2.]) it might prove beneficial to

remove the sequences derived from the smbtiRs only aftemapping to the reference.
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6 Conclusionand Outlook

For analysis of cell compositions withlML Pdx models, two barcode libraries were cloned and
successfully used withifirst pilot experiments. Here, the barcoding approach not only allowed to
observe differential response of subclones toward$vo chemotherapeutic treatment but also to save
laboratory mice and costs by substituting classical LDTA asssigg the quantitatevbarcode readut

for the determination of LIC frequencidsurthermore, the barcoding assay was used to estimate the
bottleneck for engraftment of leukemic cells in order to estimate whether subclonal heterogeneity can
be maintained throughout serial pages for a specific AML Pdx line, which represents an important
information for the use of the mouse modelditionally, subclones derived from singgells of a single
AMLpatientds samples could be i sol attwedasavklla® wi ng
in vivocharacteristicef subclonesThis study hasecentlybeenpublished in the Journaf Hematology

& Oncology. For future experiments a new barcoding construct has been cloned that contains a high
complexity expressed barcode, whadmbines advantages of both previous constructs and thus can be

used as a universal tool for all future barcoding experiments.

The established cellular barcoding assays already proved to be a powerful tool for investigation of
subclonal heterogeneity withAML Pdx lines.One potential long term perspective lies in the isolation

of more treatment resistant subclones from other AML Pdx lines in order to create a library of
genotypically and phenotypically distinatverse subclone§.he subclonescould subequently be

mixed and used to investigate their responses towards new therapeutics, allovtingpeolink

effectiveness of new treatment options to known genotypes.

As a complementary approach enablthg investigation ofubclonal heterogeneity within patient
samples a highbgensitive smMIP panel for targetedgenotyping of recurrent AML and CHIP driver
genes was establishehe published approach was enhanced by utilization of a custom multiplexing
strategy allowingor sequencing of up to 192 samples on one flowcell |[&nghermore therobe
backbone was rdesigned to enable sequencing of samples as-spken big flowcells, thereby
decreasing sequencing costs for carrying out screening of large cdhaasabhation with eagents
costs for library preparatiofmingreducedabout 25fold compared to theommerciaHaloplex assay,
which is beingutilized for similar studies at the Klinikum der Universitat Minghtiie new assay
provides a highly cost efficientnd sensitive way for targeted-genotyping of AML and CH driver
genesAlthough somesmallerissuesremain to be resolved the established smMIP assay demonstrated
a robust workflow capable of highroughput processing of hundreds of samples mittimized hands

on time, bothon the wet lab as well athe computational side, in combination with a generally high
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sensitivitythat enablesletection of subclonal variants below 1% variant allele frequeRoyvariant
calls acquired from thecohort study of AML patients in longerm remissionare currently being

analyzed and planned to be publiskethin a separate research article

Due to therobust performance high sensitivityand costefficiency demonstrateavithin the first
sequencing project tremMIP panel isnow utilizedin additional projects and will be developed further
by Simon Krauss at the Universitatsklinikum Leipzig within the group of Prof. Dr. Klaus Metitele
high costefficiency will allow to increase cohort sizes in futusequencingstudies and thereby

contribute tanew findings in the field of AML and clonal hematopoiesis.

In summary, two complementary approaches for analysis of subclonal heterogeneity were successfully
established and will continually be used for further studies bsetpeective collaboration partners Prof.

Dr. Irmela Jeremias and Prof. Dr. Klaus Metzeler.
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1.00

nucleotide probabilities
o
P 3

- C%%C‘ ‘ TTT T

0.2 ! AAA AAA CTACCCCC

4567 8 91011121314151617181920212223
variable barcode position

0.00

Supplemental Figurg: Sequence logo of thanable positions within the detected highmplexity barcodes (from replicate
2). Nucleotide frequencies are evenly distributed at each position despite a slighémesentation of G throughout the
barcode.

Supplemental Figur8: Screening PCR fosuccessful integration of thexpressed barcode insert into the plasnictoli

colonies transformed with the expressed barcode plasmid pool were picked and screened for the presence of the barcode insert

via PCR Out d 63 successfully screened colonies @ilydicated absence of the barcode insert (red boxes). This corresponds

to 95.24% of the plasmids within the pool carrying the correctingeit=6 Ladder , O6pos ctrl éd=ampli corl
thecorrectbarcoé i nsert, O6neg ctrl & = ampl i con-TemplaenConrdl as mi d wi t hou
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1.00

AAA AAA
CCCé(A:AéCCC

0.00

nucleotide probabilities
o
a
o

1 2 3 4 5 6 7 8 9 10
variable barcode position

Supplemental Figurd: Sequence logo showing the variable positions of the detegmédssedarcodeswithin the final
plasmid poal Basdrequenciesre evenly distributed at all variable positioi@nly aslight overrepresentation of T and A is
consistently observed across all positions

log2FoldChange
o

log2 mean

Supplemental Figuré: Differentially represented barcodes between the Start and Control groups of the in vivo treatment
experimentgee 4.1.6.2 73 barcodes had statistically different frequenaesected when comparing biological replicates
between the Start and Control grou@8 barcodes were enriched, indicating increased fitness due to higher proliferation
compared to the average cell within the barcoded leukemic cell population. In contrast, 40 barcodes were depleted after the
outgrowth, indicating slower proliferation cgmar ed t o t hmeanplbepeurésalts indicat® that intratumoral
heterogeneity, i.e. differences in cellular fitness among the subclones, also influences the outgrowth of leukemiecells of t
AML-491 Pdx line without additional selective pressoféhe in vivo chemotherapeutic treatment.
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Supplemental Tablé: Oligonucleotide probs ncluded in the final smMIP paneRrobe sequences are listed in3'
orientation RCrefers to theelativeconcentation of the respective prolwthin thesmMIPpool. For initial setup all probes
equi molar (61x6). To bal annmwlarcancmntragtiens of prebpst ur e
showing decreased performance were increased up-fo®&0 d

were pool ed

Target

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

ASXL1

BRAF
hotspot

Probe name

ASXL1_0311

ASXL1_0313

ASXL1_0315

ASXL1_0317

ASXL1_0319

ASXL1 0321

ASXL1_0322_SNP_a

ASXL1_0322_SNP_b

ASXL1 0323

ASXL1_1443499

ASXL1_0327

ASXL1_0329

ASXL1_0331

ASXL1_0333 SNP_a

ASXL1_0333_SNP_b

BRAF_0001

RC

1x

50x

50x

1x

25x

1x

1x

1x

1x

1x

25X

1x

1x

1x

1x

1x

115

(650x0) .

Probesequence
AGAGAGGCGGCCACCACTGCNNNNNAG,
AGAGCGTGTGTATAAGAGACAGNNNNNC
GTCCTCCTGCCGGGG
AGCCCAGGGGAGGCCCGAGCNNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNG
GGGTGGCCCGGGTGG
AGAGAGGACCTGCCTTCTCTGAGAANNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
TGTACGTCAGATCT
GTCCTCCCAAACCTCAGTAGCTGANNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
GGCTACAGTTGGAC
AGACAATGGTCCCATTCTGTCTCTNNNNM
GGAAGAGCGTGTGTATAAGAGACAGNNN
GCCTCAGTTGCATC
TCCTCACCGACTGATTGCCTGCAGANNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
GATGATACATTAGAG
AGGGAAAGTGATACTAGACAAGAAAACTT
NAGATCGGAAGAGCGTGTGTATAAGAGA
NNNCAGTTCCACACCTGAA
AGGGAAAGTGATACTAGACAAGAAAACTI
NAGATCGGAAGAGCGTGTGTATAAGAGA
NNNCAGTTCCACTCCTGAA
GTGGTTTGATACGTGAAAGTTGAANNNNT!
GGAAGAGCGTGTGTATAAGAGACAGNNN
TCCTGGCGCCAGTC
AGGTGGCAGAGGCAGCAGCAGTGNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
CGAGAGGTCACCAC
AGGCCTCACCACCATCACCNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNCTC
TAGAGGATAAGGC
AGCTCTGGACATGGCAGTTCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNGC
GGAGGCATCTCCT
AGGCCTGGCATGGCTGGTCCCCNNNNN/
GAAGAGCGTGTGTATAAGAGACAGNNNN
GTGCCAGACTCACA
GTCCTTGCTCCTCATCATCACNNNNNAG/
GAGCGTGTGTATAAGAGACAGNNNNNTC
GGGATGACTGTC
GTCCTTGCTCCTCATCATAACNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNT
TGGGATGACTGTC
AGAAATATATCTGAGGTGTAGTAAGTNNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
CCAGACAACTGTTCA

ef
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Target

BRAF
hotspot

CALR
Exon 9

CALR
Exon 9

CALR
Exon 9

CALR
Exon 9

CBL

CBL

CBL

CBL

CBL

CBL

CSF3R

CSF3R

CSF3R

CSF3R

CSF3R

Probe name

BRAF_0002

CALR_EXONS9_0176

CALR_EXON9_0178

CALR_EXON9_0179

CALR_EXON9_0181

CBL_0063

CBL_0064_SNP_a

CBL_0064_SNP_b

CBL_0068

CBL_0071

CBL_0072

CSF3R_1_0003

CSF3R_1_0005

CSF3R_1_0007_SNP_

CSF3R_1_0007_SNP_

CSF3R_2_0009

RC

1x

1x

1x

50x

1x

1x

1x

1x

1x

1x

25X

1x

50x

50x

50x

1x

116

Probesequence

TCCATTTTGTGGATGGTAAGAATTGANNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
CATGAAGACCTCACA
AGGATGAGGAGGATGAGGAGGACNNNNI
CGGAAGAGCGTGTGTATAAGAGACAGNN
GGACGAGGAGCAGAG
CGCGCCAAATAATGTCTCTGTGAGNNNN)
GGAAGAGCGTGTGTATAAGAGACAGNNN
GGAAGATGTCCCC
GGCCTTGCCCCCTGCCAGCCNNNNNAG/
GAGCGTGTGTATAAGAGACAGNNNNNTG
TTGTCTTCTTCC
GTCCTCATCATCCTCCTTGNNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNCCT
CAGGCCTCTCTAC
TCGGTATTATATAGCCTTTACTGATACANI
ATCGGAAGAGCGTGTGTATAAGAGACAG
GTGGACACCTCATGTG
ACTTTTACTTTTTTTTGATCTCTAGNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
TTTTTTCAGCTA
ACTTTTACTTTTTTTTGGTCTCTAGNNNNRM
GGAAGAGCGTGTGTATAAGAGACAGNNN
CTTTTTTCAGCTA
AGTTGGAATGTGGAGCCCATCTCNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
CGTACCTGCCAGG
ACCCCAAAAGCCAGGCCACCCNNNNNAC
AGAGCGTGTGTATAAGAGACAGNNNNNG
GATAGTAACAGATGCA
TCTGAAAATACTTAAAATATTAATCTACTN
GATCGGAAGAGCGTGTGTATAAGAGACA
NTGGGTTCAGTACCTTT
AGTGCCCTGGCCCTGGGCTNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNCA
CCCAAGGGGCTGGC
AGGTCTGGACCAGAGTGGGGAGNNNNN,
GAAGAGCGTGTGTATAAGAGACAGNNNN
CTGCCCAGCAGCTG
AGCCCCTCTTGGCGGGCCTCACCNNNNM
GAAGAGCGTGTGTATAAGAGACAGNNNN
AGTCTGGCACCAG
AGCCCCTCTTGGCAGGCCTCACCNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
AGTCTGGCACCAG
GGCTCCAGGCCATGGAGGACNNNNNAG,
AGAGCGTGTGTATAAGAGACAGNNNNNT
TTACCTGGGGTCA
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Target
DNMT3A
Exon 10

DNMT3A
Exon 10

DNMT3A
Exon 10

DNMT3A
Exon 10

DNMT3A
Exon 10

DNMT3A
Exon 10

DNMT3A
Exon 11

DNMT3A
Exon 11

DNMT3A
Exon 11

DNMT3A
Exon 12

DNMT3A
Exon 12

DNMT3A
Exon 12

DNMT3A
Exon 13

DNMT3A
Exon 13

DNMT3A
Exon 13

DNMT3A
Exon 13

DNMT3A
Exon 14

Probe name

DNMT3A_EX10_0297

DNMT3A_EX10_0299

DNMT3A_EX10_0300

DNMT3A_EX10_0057

DNMT3A_EX10_0058

DNMT3A_EX10_0302

DNMT3A_EX11_0291

DNMT3A_EX11_0293

DNMT3A_EX11_0295

DNMT3A_EX12_0284

DNMT3A_EX12_0286

DNMT3A_EX12_0288

DNMT3A_EX13_0278

DNMT3A_EX13_0280

DNMT3A_EX13_0282_SI

a

DNMT3A_EX13_0282_SI

b

DNMT3A_EX14 0272

RC

50x

1x

1x

1x

1x

1x

50x

1x

1x

1x

50x

1x

1x

1x

1x

117

Probe sequence
AGTGGGCTGCTGCACAGCAGGAGNNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
CTGGCTCGTCATCG
AGTCACCTTGACCTCTCCAGGNNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNC
TGAGACTCCCCGG
GGGGGCCTTCCACTGCCAGNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNGT
CCGATGCTGGGGAC
TGGCCAGCTCTTTCCGGGGGCCTTNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
GGGTCCGATGCTGGGG
GGCGTGGTAGCCACAGTGGGGGATNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
AGAGCTGGCCACGG
GCATCCCCCACTGTGGCTNNNNNAGATC
GCGTGTGTATAAGAGACAGNNNNNGTCA
GGAATGAATGCTG
AGTTTCCCCCACACCAGCTCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNGT
AACCACATGACCCAG
AGGTTCTTGATCCCAGGGCCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNGCGC
AGCAGCTGAAGGCAC
AGGCCGCATTGTGTCTTGGTGGATGANN
TCGGAAGAGCGTGTGTATAAGAGACAGN
TAATGATTTCTGCTC
GGCCTGGTGGAACGCACTGCNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNC
GTGCTCTAGGCTCC
GGCAGGGGCTGGGAGCCTCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNAG
CGGCATCAGCTTCT
AGCCATCTACGAGGTCCTGCAGGTNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
CCCCCAGGTGTGT
GTTCTGCACCTCCACGGCCNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNGGC
GAAAGCTGGGTGC
GTCAGGACAGGCTGGAAGGCAGATNNNTY
CGGAAGAGCGTGTGTATAAGAGACAGNN
GCAGTGTCACTCTC
GCTTCCAGCCTTCTGGCCNNNNNAGATC
GCGTGTGTATAAGAGACAGNNNNNGCGC
AGCTGTTCCCGGT
GCTTCCAGCCTTCTGGCCNNNNNAGATC
GCGTGTGTATAAGAGACAGNNNNNGCGC
AGCTGTTCCCGGT
GTGGAGGTGGTGCGTAGGCAGCTGNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
TCTCCAGAAGCAGG
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Target
DNMT3A
Exon 14

DNMT3A
Exon 14

DNMT3A
Exon 14

DNMT3A
Exon 14

DNMT3A
Exon 15

DNMT3A
Exon 16

DNMT3A
Exon 16

DNMT3A
Exon 16

DNMT3A
Exon 17

DNMT3A
Exon 17

DNMT3A
Exon 18

DNMT3A
Exon 18

DNMT3A
Exon 18

DNMT3A
Exon 19

DNMT3A
Exon 19

DNMT3A
Exon 20

DNMT3A
Exon 20

Probe name

DNMT3A_EX14_0050

DNMT3A_EX14_106818

DNMT3A_EX14_0276

DNMT3A_EX14 0277

DNMT3A
Exon 16

DNMT3A_EX16_0267_SI

a

DNMT3A_EX16_0267_SI

b

DNMT3A_EX16_0268

DNMT3A_EX17_0263

DNMT3A_EX17_0264

DNMT3A_EX18_0256

DNMT3A_EX18_0258

DNMT3A_EX18_0260

DNMT3A_EX19_0252

DNMT3A_EX19_0255

DNMT3A_EX20_0246

DNMT3A_EX20_0250

RC

1x

1x

1x

50x

50x

1x

1x

50x

1x

1x

1x

1x

50x

50x

1x

50x

1x

118

Probe sequence
CTGCTTCTGGAGAGGGTGGCACCAGGNT
ATCGGAAGAGCGTGTGTATAAGAGACAG
ACCTCCACCAGCCAAAAA
GCTTTTTGGCTGGTGGAGGTGGTGNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
GCAGGCCTCCTGGT
AGGAGATTATTGATGAGCGCACAAGNNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
ACGGACATGTGGGTG
GGCAGCTGCCTACGCACCACNNNNNAG/
GAGCGTGTGTATAAGAGACAGNNNNNTT
CAGCCTGTAACT
GGGAACTCTGGCACTCCTNNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNCAG
GCCTCCTCTGACGC
GGCCTCTCCCTCCCCGGGCNNNNNAGA™
AGCGTGTGTATAAGAGACAGNNNNNCTC
AGAGGGGGTGTTC
GGCCTCTCCCTCCCTGGGCNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNCTC
AGAGGGGGTGTTC
ACACCCACCCAGGAGAGGTGCCGTNNN?
GGAAGAGCGTGTGTATAAGAGACAGNNN
TCCAGACATCTGC
AGGGTCAGAAACCACCAGGACNNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
ACGGCCCCCACAGCA
GTTGTGGCCTCCAGTGGTCTCCTNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
ACGACGACGACGG
AGTCCTCTCGCCGCCGCAGCNNNNNAG/
GAGCGTGTGTATAAGAGACAGNNNNNCA
CAGCCAAGGGAGCTC
AGCAGAGGAGACTCTCAGCCCNNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
CCAGGGGTCTTCCT
GGCCCTCCCGGCTCCAGANNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNTGG
GGGGCTGCCCAGGC
TCCTCTTCTCAGCTGGGACAGGTNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
CCCCCATCCTGGGA
AGCCCATCCGGGTGCTGTCTCTCNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
GCTTGGGACACCG
GTGATGGAGTCCTCACACACCTCNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
TGCGCCCCACAGC
GGACGTCCGCAGCGTCACACNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNA
GCATTCAGGTGGAC



Supplemental Tablicontinued)

Target
DNMT3A
Exon 20

DNMT3A
Exon 21

DNMT3A
Exon 21

DNMT3A
Exon 22

DNMT3A
Exon 22

DNMT3A
Exon 22

DNMT3A
Exon 23

DNMT3A
Exon 23

DNMT3A
Exon 24

DNMT3A
Exon 24

DNMT3A
Exon 25

DNMT3A
Exon 25

DNMT3A
Exon 25

DNMT3A
Exon 26

DNMT3A
Exon 26

DNMT3A
Exon 26

DNMT3A
Exon 26

Probe name

DNMT3A_EX20_0251

DNMT3A_EX21_0243

DNMT3A_EX21_0244

DNMT3A_EX22_0236

DNMT3A_EX22_0237

DNMT3A_EX22_0238

DNMT3A_EX23_0233

DNMT3A_EX23_ 0234

DNMT3A_EX24 0229

DNMT3A_EX24_ 0230

DNMT3A_EX25_0222

DNMT3A_EX25_0224

DNMT3A_EX25_0226

DNMT3A_EX26_23177

DNMT3A_EX26_0218_SI

a

DNMT3A_EX26_0218_SI

b

DNMT3A_EX26_0220

RC

1x

1x

50x

50x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

119

Probe sequence
GCCTCGGAGGTGTGTGAGGACNNNNNA(
AAGAGCGTGTGTATAAGAGACAGNNNNN
CCAGGGAGATGGCTC
GGCCTGCTGTCCAGGGACANNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNGA
GTTGACGATGGAGA
AGCTGGTGCTTCCGCACANNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNCGA
TGATTGGGGGCAGTC
GGCCACCACATTCTCAAAGANNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNCA
CCAAGGTAGAAGC
AGAACTCAAAGAAGAGCCGGCCAGNNNNM
CGGAAGAGCGTGTGTATAAGAGACAGNN
TTGTCACTAACGCC
AGTGGTGTGGCTCGGGCACNNNNNAGA™
GAGCGTGTGTATAAGAGACAGNNNNNCC
CATGCAGGAGGCGG
AGATGAGCCAAGGAGGAGCATGANNNNM
GGAAGAGCGTGTGTATAAGAGACAGNNN
AGGTTACCCCAGAAG
GGACTGCAGGTGGGATGACCCANNNNN/
GAAGAGCGTGTGTATAAGAGACAGNNNN
GTGTCAGCTGCACAC
AGGGCCCCAGCTGCACGACNNNNNAGA"
GAGCGTGTGTATAAGAGACAGNNNNNCC
CTCCTGCAGCTCCA
AGCGTCTAGAACCTCTGCTGNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNAG
TTCTGCCTCCTAG
AGACAGGAAAATGCTGGTCTTTGCCCNNI
TCGGAAGAGCGTGTGTATAAGAGACAGN
AATCAGAACAGCCAC
GTCATGCGTCTACCAAATATGCCANNNNT?
GGAAGAGCGTGTGTATAAGAGACAGNNN
AGTTTGACCTCGT
AGAGGACATCTTATGGTGCACTNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
ATCTAGTTCAGCA
AGCGACACAAAGTTAAACAAACAAACANN
GATCGGAAGAGCGTGTGTATAAGAGACA
NCCGGTCATGGAGCGTG
AGGCTGCCCGGAAGCCGTCTNNNNNAG!
AGAGCGTGTGTATAAGAGACAGNNNNNG
CGGCTCATGTTGGAGAC
AGGCTGCCCGGAAGCTGTCTNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNG
CGGCTCATGTTGGAGAC
GCCACCTCTTCGCTCCGCTNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNCAG
TTGGTTTCCCAGTC



Supplemental Tablicontinued)

Target Probe name
(ITIID: I;Zgion) FLT3_ITD_0090
(ml): I;Z; on) FLT3_ITD_0092_SNP_
(n—['): I}Zgi on) FLT3_ITD_0092_SNP_
(ITIID: I;;jion) FLT3_ITD_0093
OTS&Z;on) FLT3_ITD_0095
FLT3

(N676 hotspot) FLT3_N676_0087

FLT3

(TKD hotspot) FLT3_TKD_0085

GNB1

IDH1
hotspot IDH1_hotspot_1359015
oA IDH1_hotspot 1358656
hotspot
IDH2

(c140172 hotspoyy 'PH2-€140_172_0007

IDH2

(c140172 hotspot) IDH2_c140_172_0100

AN JAK2_617_0003
hotspot _OL/_
IAK2 JAK2_617_0004
hotspot oL/
KIT
Exon 17 KIT_EX17_0389
KIT
Exon 17 KIT_EX17_0390
KIT
Exon 8 KIT_EX8 0386

RC

1x

50x

50x

1x

25x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

120

Probe sequence
AGAAACATTTGGCACATTCCATTCTNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
TTCCAAAAGCACCT
AGCTGGCTTTCATACCTAAATTGCNNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
CTTGGAAACTCCCA
AGCTGGCTTTCATACCTAAATTGCNNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
CTTGGGAACTCCCA
AGGAGTCTCAATCCAGGTTGCCGTCNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
CACGTACTCACCAT
AGCATTTCTTTTCCATTGGAAAATCTNNNI
CGGAAGAGCGTGTGTATAAGAGACAGNN
TGATTTCAGAGAAT
GTGGCTTCCCAGCTGGGTCATCNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
GTCATCAAGCTAC
AGCACGTTCCTGGCGGCCAGGTCNNNN?
GAAGAGCGTGTGTATAAGAGACAGNNNN
CTCACATTGCCCCT

GGGGCTGCTCTGTTGTCCTNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNGGA
CTGCGGGGGCACC

ACCCATCCACTCACAAGCCGGGGGANNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
AAAAAAAAACATGCAAAA
GCATGTTTTTTTTTTCATGGCCNNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNG
TGAGTGGATGGG
GGCTCCCGGAAGACAGTCCCNNNNNAG!
AGAGCGTGTGTATAAGAGACAGNNNNNC
CCCTGGCCTACCT
ACATCCCACGCCTAGTCCCTGNNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNT
AGTTCAAGCTGAAG
AGGCTTTCTAATGCCTTTCTCANNNNNAC
AGAGCGTGTGTATAAGAGACAGNNNNNT
AGCAGCAAGTA
AGCTTGCTCATCATACTTGNNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNAAA
GCTCTGAGAAAGG
GGTCTAGCCAGAGACATCANNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNTG
TTTTCTCCTCCAA
CTCTGCTTGACAGTCCTGCNNNNNAGAT!
AGCGTGTGTATAAGAGACAGNNNNNCCT
TGGTCGGATCACAA
CTTATAATGCAGAGGGGAAGGACTGNNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
TCCAATGTGTGGCAG
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Target Probe name
KIT

Exon 8 KIT_EX8_ 0387
KRAS

(c1213 hotspot) KRAS_c12_13 0076

KRAS
(c1213 hotspot) KRAS_c12_13 0077
KRAS

(c5861 hotspot) KRAS_c58_61_0074

NPM1
hotspot NPM1_hotspot_0205
NPML NPM1_hotspot 416240€
hotspot = _

NRAS

(c1213 hotspot) NRAS_c12_13 0013

NRAS

(5861 hotspoy  NRAS_C58_61_0012

! PPM1D_ex6_0030
Exon 6 _exo_
! PPM1D_ex6_0039
Exon 6 _€exo_
! PPM1D_ex6_0037
Exon 6 _exo_
! PPM1D_ex6_0038
Exon 6 _€exo_
! PPM1D_ex6_ 970662
Exon 6 _exo_
M1 PPM1D_ex6_ 0159
Exon 6 _exo_
ML PPM1D_ex6_ 0161
Exon 6 _exo_
! PPM1D_ex6 0163
Exon 6 _€exo_
! PPM1D_ex6_0164
Exon 6 _exo_

RC

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

121

Probe sequence
AGAAATGGCCATATGTCAGAGTGNNNNN.
GGAAGAGCGTGTGTATAAGAGACAGNNN
ATTGTGGGCTCTGGG
AGTTTATATTCAGTCATTTTCAGCANNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
CTATTGTTGGATCA
ACTGGTGCAGGACCATTCTTTGNNNNNA!
AAGAGCGTGTGTATAAGAGACAGNNNNN
CAAGAGTGCCTTGAC
GGGAGGGCTTTCTTTGTGTNNNNNAGAT!
AGCGTGTGTATAAGAGACAGNNNNNGAA
TAGTAATTGATGG
ATTTCATTTCTGTAACAGTTGATATCTNNNM
TCGGAAGAGCGTGTGTATAAGAGACAGN
CAGGCTATTCAAGAT
GAAAAAAAAAAAAAGAAATGTGGTTAAGCG
NAGATCGGAAGAGCGTGTGTATAAGAGA
NNNAGACGGAAAATTTTTT
TCCAACCACCACCAGTTTGTACTCNNNNP
GAAGAGCGTGTGTATAAGAGACAGNNNN
CTGGGCCTCACCTC
GGCTTCCTCTGTGTATTTGCNNNNNAGA™
GAGCGTGTGTATAAGAGACAGNNNNNAG
ATAGATGGTGAAAC
ACCTGCCCTGGTTCGTAGCAATGCCNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
TGAGTTCTGGGATAAATT
AGGTAAAACAAATAAGAAAAAATTTATCCI
AGATCGGAAGAGCGTGTGTATAAGAGAC
NNTTGCTACGAACCAGGG
GGAAATCCTTTACTTCATCAACACAGGAA
AGATCGGAAGAGCGTGTGTATAAGAGAC
NNGAAGTAGTGGTGCTCA
CTGGGAAATGAGGTTTTTCCAAACTTAGC
AGATCGGAAGAGCGTGTGTATAAGAGAC
NNGCAGACTTAGGGGCCA
GGTGAGTTTAACAGAGTTCTTTCGCTNNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
AACCTCATTTCCCAGAT
GCTGAGATAGCTCGAGAGANNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNAG
GGAGGAGGATCCAT
AGCCTTCCAATTGGCCTTGTGCCNNNNN.
GAAGAGCGTGTGTATAAGAGACAGNNNN
CAAGGTGTAGTCA
AGGACATTAGAAGAGTCCAATTCTGNNNI
CGGAAGAGCGTGTGTATAAGAGACAGNN
AACACTGTCATGGAC
AGCCTGCAAGTCTCCCCANNNNNAGATC
GCGTGTGTATAAGAGACAGNNNNNGAAC
AACAAACTTTAAA
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Target

PPM1D
Exon 6

PPM1D
Exon 6

PPM1D
Exon 6

PPM1D
Exon 6

PTPN11

Exon 13 hotspot

PTPN11

Exon 13 hotspot

PTPN11

Exon 13 hotspot

RUNX1
Exon 4B

RUNX1
Exon 4B

RUNX1
Exon 4B

RUNX1
Exon 4B

RUNX1
Exon 4B

RUNX1
Exon 4B

RUNX1
Exon 4B

RUNX1
Exon 4B

RUNX1
Exon 5

RUNX1
Exon 5

Probe name

PPM1D_ex6_0167

PPM1D_ex6_0169_SNP

PPM1D_ex6_0169_SNP.

PPM1D_ex6_0172

PTPN11 EX13 hotspot (
4

PTPN11_EX3_hotspot_0(

PTPN11_EX3_hotspot_0(

RUNX1_EX4B_0371

RUNX1_EX4B_0375

RUNX1_EX4B_0377

RUNX1_EX4B_0092

RUNX1_EX4B_0091

RUNX1_EX4B_0094

RUNX1_EX4B_0098

RUNX1_EX4B_0093

RUNX1_EX5_0085

RUNX1_EX5_0086

RC

1x

1x

1x

1x

1x

1x

1x

50x

50x

50x

1x

1x

1x

1x

1x

1x

1x

122

Probe sequence
AGGCATTGCTACGAACCAGGNNNNNAGA
AGAGCGTGTGTATAAGAGACAGNNNNNC
CTTCAAGTGGTTC
AGAATCATGTATCCTTAAAGTCAGGGNNM
TCGGAAGAGCGTGTGTATAAGAGACAGN
TTGGCCAGGAGTTGAC
AGAATCATGTATCCTTAAAGTCAGGGNNM
TCGGAAGAGCGTGTGTATAAGAGACAGN
TTGGCCAGGAATTGAC
CCATTTCGTCTATGCTTCTTCANNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNG
TAAGTCTGCGTCG
GTCAATATCGCAGTCAACACCTACGANNI
TCGGAAGAGCGTGTGTATAAGAGACAGN
ATGCTGGACCGCCAT
AGAAATTTGCCACTTTGGCTGAGTTGNNM
TCGGAAGAGCGTGTGTATAAGAGACAGN
CTCCCTTTCCAATGG
AGTAATCACCAGTGTTCTGAATNNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
CTCCATTCTTCTCT
AGTTGGGGCTGTCGGTGCGCACNNNNN/
GAAGAGCGTGTGTATAAGAGACAGNNNN
CTGTCCTCCCACCAC
AGCTCCTACCAGACGGCGACAGGGNNNT
CGGAAGAGCGTGTGTATAAGAGACAGNN
CAGCGCGGTGGAAGG
CGCACTGGCGCTGCAACAAGACNNNNNE
GAAGAGCGTGTGTATAAGAGACAGNNNN
AGCGGCGACCGCAG
GCTTGCCGGCCAGGGCAGCGCCGGCGT
GATCGGAAGAGCGTGTGTATAAGAGACA
NGAGGAAGTTGGGGCTG
GCGGTGGAAGGCGGCGTGANNNNNAGA
AGAGCGTGTGTATAAGAGACAGNNNNNA
CGGTCGCCGCTCCTC
GTGGAGGTGCTGGCCGACCACNNNNNA(
AAGAGCGTGTGTATAAGAGACAGNNNNN
AAGATGAGCGAGGCG
GGACCCTGCAAACAGCTCCTACCANNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
CTCATCTTGCCTGG
GACGCCGGCGCTGCCCTGNNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNGCT
GATGCGTATCCCCG
CCCACATTTCAAAATTCTAGTGATTTCTGI
GATCGGAAGAGCGTGTGTATAAGAGACA
NTGACCTCAGGTTTGTC
CCTGGTTCTTCATGGCTGCGGNNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNG
TTGTTGCCATGAAACG
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Target
RUNX1
Exon 5

RUNX1
Exon 5

RUNX1
Exon 5

RUNX1
Exon 5

RUNX1
Exon 6

RUNX1
Exon 6

RUNX1
Exon 7

RUNX1
Exon 7

RUNX1
Exon 7

RUNX1
Exon 8

RUNX1
Exon 8

RUNX1
Exon 8

RUNX1
Exon 8

RUNX1
Exon 8

RUNX1
Exon 9

RUNX1
Exon 9

RUNX1
Exon 9

Probe name

RUNX1_EX5_ 0088

RUNX1_EX5_1949872

RUNX1_EX5_0367

RUNX1_EX5_0370

RUNX1_EX6_0364

RUNX1_EX6_0365

RUNX1_EX7_0357

RUNX1_EX7_0361

RUNX1_EX7_0362

RUNX1_EX8_0083

RUNX1_EX8_0080

RUNX1_EX8_0351

RUNX1_EX8_0353

RUNX1_EX8_0355

RUNX1_EX9 0335

RUNX1_EX9 0339

RUNX1_EX9 0341

RC

1x

1x

1x

1x

50x

50x

1x

1x

1x

1x

50x

50x

1x

50x

123

Probe sequence
CCAGTCAAAGGACAAATGCAGACATCAG!
NAGATCGGAAGAGCGTGTGTATAAGAGA
NNNGCTCAGCCGAGTAGTT
GCACTCTGGTCACTGTGATGGCTGGNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
TACACAAATGCCCTA
AGCCGAGTAGTTTTCATCANNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNGTT
GATAACGTACCT
AGCTGAGAAATGCTACCGCNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNCA
CTTTGACTGGTGT
GGGACACGATAGAGAACAAAACNNNNNA
GAAGAGCGTGTGTATAAGAGACAGNNNN
CCCATCCACTGTGA
GGGGCTGGTACACCCTCCAGNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNT
CTTCACAAACCCA
GGTGGTGTGGGCTGACCCTCNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNG
TCCATCTGGTACTT
GTGCCTCCCTGAACCACTCCACNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
TGTCCTTTTCCGAG
AGCAGCTGCGGCGCACAGCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNTC
CCTCCCTGCTCCC
AGCTGAGCTGGGGTGGAAGGTCCNNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
TCACCTGGACGTGCCAG
GCGTTGCTGGGTGCACAGAAGGAGAGGI
GATCGGAAGAGCGTGTGTATAAGAGACA
NAGCTCAGCTGCAAAGA
AGAAGGAGAGGCAATGGATCCCAGNNNPH
CGGAAGAGCGTGTGTATAAGAGACAGNN
CAAGTGGCTTACTT
AGAAATGAGTGGCCCTTGTTCANNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
GTGGGGATGGTTGG
AGCAACGCCCATTTCACCTGNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNGA
TCAGATACAAGG
GGCCTCCACCACGTCGCTCNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNCCA
GCCAGGCCTGGCG
AGCCCATGGCCGACATGCCGANNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
TGGTAGGAGGGCGAG
GTCAGGTCGGGTGCCGCTGCANNNNNA(C
AAGAGCGTGTGTATAAGAGACAGNNNNN
CGGCGTCGGGGAGT



Target
RUNX1
Exon 9

RUNX1
Exon 9

RUNX1
Exon 9

RUNX1
Exon 9

RUNX1
Exon 9

RUNX1
Exon 9

RUNX1
Exon 9

RUNX1
Exon 9

SF3B1
(K666 hotspot)

SF3B
(K700 hotspot)

SRSF2
(p95 hotspot)

SRSF2
(p95 hotspot)

SRSF2
(p95hotspot)

SRSF2
(p95 hotspot)

TET2
Exon 10

TET2
Exon 10

TET2
Exon 10

Supplemental Tablicontinued)

Probe name

RUNX1_EX9_0346

RUNX1_EX9_0348

RUNX1_EX9 0350

RUNX1_EX9 0066

RUNX1_EX9_0067

RUNX1_EX9 0068

RUNX1_EX9 0069

RUNX1_EX9 0074

SF3B1_K666_ hotspot 03

SF3B1_K700_hotspot 03

SRSF2_p95 hotspot_00:

SRSF2_ p95 hotspot 00:

SRSF2 _p95 hotspot_ 10z
91

SRSF2 p95 hotspot 10z
70

TET2_EX10_0525

TET2_EX10_0527

TET2_EX10_0528

RC

50x

50x

50x

1x

1x

1x

1x

1x

1x

25X

10x

1x

1x

10x

1x

1x

1x

124

Probe sequence
AGCGCTCGCCGCCGCGCANNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNCGT
GCGCAGGGAGGCCC
GGCCACGCGCTACCACACCTNNNNNAG/#
GAGCGTGTGTATAAGAGACAGNNNNNCC
TCCGACCCCCGCA
AGCGACCCGCGCCAGTTCCCCNNNNNAC
AGAGCGTGTGTATAAGAGACAGNNNNNC
GCAGAGGGAAGAGC
GTCGCTCTGGTTCGGGAGGCTGGNNNNTI
GGAAGAGCGTGTGTATAAGAGACAGNNN
CCAGGCCTGGCGCCT
AGCGCTCGCCGCCCACCANNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNTTG
GCTGCCCTCGGCCTCCACC
GTGGTAGGAGGGCGAGCTGGCTTGGAN
ATCGGAAGAGCGTGTGTATAAGAGACAG
GGTGGAGGCGTTGGTG
GGGCGGCGGCAGGTAGGTGTGGTNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
ACTGGTAGGAGCCGG
AGCGCTCGCCGCCGCGCATNNNNNAGA"
GAGCGTGTGTATAAGAGACAGNNNNNAA
GGGAGGCCCGTTCC
ACCAGTGTGTCTCGCTTGCCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNTA
AACTTACCATGTTC
AGCAACTCCTTATGGTATCGAATCTTTNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
TTAAAACCTGTGTTTG
GCGGCCGTAGCGCGCCATTTGCACCNNM
CGGAAGAGCGTGTGTATAAGAGACAGNN
TACCTGCGGCTCCGG
ACCGCCACCCCGCAGGTACGGGNNNNN,
GAAGAGCGTGTGTATAAGAGACAGNNNN
CGGGGCCGTGCTGG
GTCCAGCACGGCCCCGTCCATGGNNNNT
GAAGAGCGTGTGTATAAGAGACAGNNNN
CTGCGGGGTGGCGG
ACGGACGCCGGAGCCGCAGGTAAANNNI
CGGAAGAGCGTGTGTATAAGAGACAGNN
TGCAAATGGCGCGC
TCTGCCTTTATACAAAGTCTCTGACNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
TGTAATGTCTTACT
AGAAGCCAAGAAAGCTGCAGNNNNNAG£
AGAGCGTGTGTATAAGAGACAGNNNNNA
AAAAACGGAGTGGTG
AGTCAGCCCCATCACGTACANNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNCC
AGACTTGCCGACAAAGGA
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Target
TET2
Exon 10

TET2
Exon 10

TET2
Exon 10

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

Probe name

TET2_EX10_0529

TET2_EX10_0532

TET2_EX10_0535

TET2_EX11_ 0537

TET2_EX11_0539

TET2_EX11_0540

TET2_EX11_0542

TET2_EX11_0547

TET2_EX11_0548

TET2_EX11_0549

TET2_EX11_0550

TET2_EX11_0551

TET2_EX11_0552

TET2_EX11_0553

TET2_EX11_0554

TET2_EX11_0555

TET2_EX11_0556

RC

1x

1x

1x

1x

1x

1x

50x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

125

Probe sequence
AGGTAAATTTAATGTAAAGCATTTGTAGNI
GATCGGAAGAGCGTGTGTATAAGAGACA
NCTGGAGAACAGCTCAA
ACGTGAAGCTGCTCATCCTCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNAA
CTCAGTACCTGAA
GGGCTGACTTTTCCTTTTCATTTNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
ACACAACACATTT
GGATCCACCAATCCATACANNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNCTC
AGCAGCCACCAC
TCTAATCCCATGAACCCTTACCCTGNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
ACTCTTCACACACT
AGTGGACAACTGCTCCCCANNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNGCA
ATATTTGAATTCT
AGCCAGAGTTTTACATCTNNNNNAGATCC
GCGTGTGTATAAGAGACAGNNNNNCAGT
CGATGGATCTGT
AGATGCTTCCAGCTCTTAACCANNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
CAGCTCCGGGCATGTTC
AGTGATGCTAATGGTCAGGAAAAGNNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
CATGCTTTCCCACAC
CGATGAGGTCTGGTCAGACANNNNNAGA
AGAGCGTGTGTATAAGAGACAGNNNNNC
CCAAGGAGGCTTA
TCAATTCTCATTGAGTGTGCNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNGC
GGTGCAGAGGACAA
GGATCTCCCTCGTCTTTTACCANNNNNAC
AGAGCGTGTGTATAAGAGACAGNNNNNC
TCCAACTCATGGG
CTGAAAAAGCCCGTGAGAAAGAGGAANN
ATCGGAAGAGCGTGTGTATAAGAGACAG
AGGAATCACCCCACCA
AGTGAAACGGGAGCCTGCTGNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNC
GGAAGCCAAAATGG
AGGACCATGTCCGTGACCACANNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNC
AAATCCCATGGCAAAAA
GTCACAGGGCCTTACAACAGANNNNNAG
AAGAGCGTGTGTATAAGAGACAGNNNNN
CACTTACCTGCGTTTC
AGACCACAACCAACCTGTCNNNNNAGAT!
AGCGTGTGTATAAGAGACAGNNNNNCTC
AACTACATCTCC
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Target
TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 11

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

Probe name

TET2_EX11_0557

TET2_EX11_0559

TET2_EX11 0562

TET2_EX11_0564

TET2_EX11_0565

TET2_EX11_0566

TET2_EX11_0567

TET2_EX11_0568

TET2_EX4A_0400

TET2_EX4A_0401

TET2_EX4A_0402

TET2_EX4A_0403

TET2_EX4A_0404

TET2_EX4A_0405

TET2_EX4A_0406

TET2_EX4A_0408

TET2_EX4A_0410

RC

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

1x

50x

50x

1x

1x

1x

126

Probe sequence
AGGGTAAGAGAGAACAGAANNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNGT
TGCTGCTGGGGCT
AGAAGCAGAATAAGAGTTGACAGANNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
TAGGGCTGGTGCTT
AGGTTTCCATTGCATTGATATGANNNNNA
GAAGAGCGTGTGTATAAGAGACAGNNNN
GACAGAGGGTCTTG
AGTGTATGGATGGGTGGTAGACTGAGNN
ATCGGAAGAGCGTGTGTATAAGAGACAG
ACAACTGCTGAAACCA
ATATTTTGGTTTCCATAACCTAAGTNNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
GGCCATCCATCTCA
TCCCTACATGATGTACATTTGGTCTNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
GTCCATGTTTGGA
GTAATCTAGAGGTGGCTCCCATGANNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
TGCCCGGAGCTGCAC
GTGAGAAGGTGAATGATGTTCACNNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
TGTGGGAAAGCATG
AGCCCAAGAAAATGCAGTTAAAGATTTCA
AGATCGGAAGAGCGTGTGTATAAGAGAC
NNACTTCGGGGTAAGCCA
AGATTCTGAATGAGCAGGAGGGGAANNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
GAATCTGTGAGTTCTG
AGGCAGTGCTAATGCCTAATGGTGCNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
GTGGGCCTGAAAATC
GTGAACTCCTGGAAAAAACACTGTCTCNP
ATCGGAAGAGCGTGTGTATAAGAGACAG
ACCATGACAAGAACAT
AGAAAACCACATCTCACATAAATGCCNNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
CAGTTTCTGCCTCTTCC
TCACCCATCGCATACCTCAGGGCAGATNI
ATCGGAAGAGCGTGTGTATAAGAGACAG
TCCAGATTGTGTTTCC
GTGAGTGAGGCCTGTGATGNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNAT
GTCCTGTGAGATCA
CCTGCAGAAAATAACATCCAGGGAACCA
AGATCGGAAGAGCGTGTGTATAAGAGAC
NNCAGTAAACTAGCTGCA
GTGCTTACTTCAAGCAAAGCTCAGTNNNP
CGGAAGAGCGTGTGTATAAGAGACAGNN
CGTCTGGTGAAGAA
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Target
TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

Probe name

TET2_EX4A_0413

TET2_EX4A 0414

TET2_EX4A_0415

TET2_EXA4A_0416

TET2_EX4A_0417

TET2_EXA4A_0418

TET2_EX4A_0419

TET2_EX4A_0429

TET2_EX4A_0431

TET2_EX4A_0433

TET2_EX4A_0435

TET2_EX4A_0436

TET2_EX4A_0438

TET2_EX4A_0440

TET2_EX4A_0442

TET2_EX4A_0444_SNP

TET2_EX4A_0444_SNP

RC

50x

50x

1x

1x

1x

1x

1x

1x

1x

1x

50x

50x

50x

1x

1x

25X

25X

127

Probe sequence
AGTAACACAACACTTTTAAGGGAAGNNND
CGGAAGAGCGTGTGTATAAGAGACAGNN
CCTCCTCTTCCACAGG
TCCATCTACACATGTATGCAGCCCTTCNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
CACCACCACTACCCC
AGACTGCAGGGACAATGACNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNAC
CCCAGAGTCCTAA
AGAACACCTCAAGCATAACCCANNNNNA(
AAGAGCGTGTGTATAAGAGACAGNNNNN
AAGGCCTCAGAATAAT
AGCAGTTGATGAGAAACAAAGAGCANNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
CCATTGTGTTCTGAG
ACACAGCACTATCTGAAACCANNNNNAG,
AGAGCGTGTGTATAAGAGACAGNNNNNG
CTACAGGACAACTGC
GTAATGAGGCATCACTGCCATCANNNNN,
GAAGAGCGTGTGTATAAGAGACAGNNNN
GAGATCTTGTGCCC
AGAAATTCCCCTTATAGTCAGACCATGAN
GATCGGAAGAGCGTGTGTATAAGAGACA
NGTTTTCATGGTGAAAA
AGACCCAAAACTTGCATCACANNNNNAG;
AGAGCGTGTGTATAAGAGACAGNNNNNC
CATGCAAAATACAGG
AGATATGTCTGGTCAACAAGCTGCNNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
CCCAAAGCAAGATCT
AGCATGCTGCTCTAAGGTGGCNNNNNAG
AAGAGCGTGTGTATAAGAGACAGNNNNN
CAAAGGTACTTGAT
AGTCAGATGCACAGGCCANNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNCCT
AAGGACACTCAAA
GTGCAGCAAAAGAGCATCATTGAGACNN
ATCGGAAGAGCGTGTGTATAAGAGACAG
CAAGCCACATGCCTGT
ACTAGACAAACCACTGCTGCAGNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
TTTCACGCCAAGT
AGAGTCACCTTCCAAATTACTAGANNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
TGATAGCCACACCC
TCCAGAATTAGCAAATTTATCTTCAGANNI
ATCGGAAGAGCGTGTGTATAAGAGACAG
TTTATTGGATACACCT
TCCATAATTAGCAAATTTATCTTCAGANNT?
TCGGAAGAGCGTGTGTATAAGAGACAGN
TTATTGGATACACCT
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Target
TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

Probe name

TET2_EXA4A_0445

TET2_EXA4A_0446

TET2_EXA4A_0447

TET2_EXA4A_0448

TET2_EX4A_0105

TET2_EX4A_0106

TET2_EX4A_0157

TET2_EX4A_0158

TET2_EX4A_0450

TET2_EX4A_0451

TET2_EX4A_0458

TET2_EX4A_0460

TET2_EX4A_0462

TET2_EX4A_0463

TET2_EX4A_0465

TET2_EX4A_0470

TET2_EX4A_0471

RC

50x

1x

1x

50x

1x

1x

1x

1x

50x

50x

1x

1x

1x

25X

1x

1x

1x

128

Probe sequence
AGGCTCATAAAAATCTGAAGCTTACNNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
GACACATGGCGTTT
CCATCCACAAGGCTGCCCTCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNTT
GGCAAATGGGAG
GTGATGGTATCAGGAATGGACNNNNNAG
AAGAGCGTGTGTATAAGAGACAGNNNNN
TTGGTGTCTCCATT
ACTTCTGGATGAGCTCTCTNNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNTTT(
TAAAGTCAGGAC
GTAGAGGGTATTCCAAGTGTTTGCNNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
ACACCAAGTGGCACT
CTCTCTGGGCTCCTTCAGATNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNCC
GTCCTGACTTTACACAAG
ACTTTTGAAAGAGTGCCACTTGGTGTCTC
AGATCGGAAGAGCGTGTGTATAAGAGAC
NNCCTCCATTTTGCAAAC
TCTACTTTCTTGTGTAAAGTCAGGACTCN
ATCGGAAGAGCGTGTGTATAAGAGACAG
CTTTTGGTCTTGTTTC
TCCTCCATTTTGCAAACACTTGGANNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
TTACGTCTTTCTC
AGCCTTTTGGTCTTGTTTCNNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNCTC
TCTTTCTTATCA
AGCTCAGAGTTAGAGGTCTNNNNNAGAT!
GAGCGTGTGTATAAGAGACAGNNNNNTC
GGAACAGGTATTTA
CTGATTTTTGTTGTTGTAGTTGTTCTGNNI
TCGGAAGAGCGTGTGTATAAGAGACAGN
GCTGCTGGAACCTGA
ACCGTTCAGAGCTGCCACCNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNTTG
GTGGTGGTGGTGT
AGTGGCAGAAAAGGAATCCTTAGTGNNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
TCAGAGTGCTTTTTC
AGTGTTGTGTTACTTTGGTTGNNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNT
AGCATCGGAGAAGGG
GGGCCTTCAATTCAATCCATCCNNNNNA(C
AAGAGCGTGTGTATAAGAGACAGNNNNN
TCATTTGATTGGAG
AGAATTGATGGCAGTGATGCCTCNNNNN,
GAAGAGCGTGTGTATAAGAGACAGNNNN
GTGTAAGCTTGCCT
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Target
TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4A

TET2
Exon 4C

TET2
Exon 4C

TET2
Exon 5

Probe name

TET2_EX4A_0472

TET2_EX4A_0473

TET2_EX4A 0474

TET2_EX4A_0475

TET2_EXA4A_0476

TET2_EXA4A_0477

TET2_EXA4A_0478

TET2_EX4A_0480

TET2_EX4A_0482

TET2_EX4A_0484

TET2_EX4A_0487

TET2_EX4A_0489

TET2_EX4A_0491

TET2_EX4A_0493

TET2_EX4C_0497

TET2_EX4C_0498

TET2_EX5_0501

RC

1x

1x

1x

50x

1x

1x

50x

1x

1x

25X

1x

1x

1x

1x

1x

1x

50x

129

Probe sequence
GGGAGCCCCCCAGGCATGTNNNNNAGA"
GAGCGTGTGTATAAGAGACAGNNNNNGT
CACTGTACCTTGGG
ACTGCCCTTGATTCATTTCANNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNAG
GCACATGAGCTTT
GTAAATGGTCTGTTTTGGAGAAGTNNNN?P
GGAAGAGCGTGTGTATAAGAGACAGNNN
TCAACACTGGGGAC
AGTTTTTCAGTTTGGGAATCTGCTCNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
TATGAGGCTTATGT
AGTTTGAAAATGGCTCAGTCTCTGNNNNP
GGAAGAGCGTGTGTATAAGAGACAGNNN
TTTGCTGCTGTTGC
GGTTTTGAGGGAGATGTGAACTCNNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
CCTTCTCTTTGCTG
TCATTGTTGCTTTGGGGGTGAGGANNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
GTCTCGAACTCGC
GTACTTCCTCCAGTCCCATTTGGACANNNM
CGGAAGAGCGTGTGTATAAGAGACAGNN
TAGGTGTGTATTGT
AGTTCAGGATGTGTAGTCTGTTNNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
GAAAGCACCTGT
TCTATTTTTATATCCCTGTAGAACTGANN!
TCGGAAGAGCGTGTGTATAAGAGACAGN
TGGTCAGGCACAGGA
AGACTCAGTTTGGGGTTGCTGNNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNC
CATGTTTTGTTTTC
TCACAGCTTGCAGGTGGATTCTCNNNNN,
GAAGAGCGTGTGTATAAGAGACAGNNNN
AGAGTAAGAGCCT
CCCTGACATTTCAACTTTTACTTGNNNNN
GAAGAGCGTGTGTATAAGAGACAGNNNN
GTCTTTTCTGAAG
AGAACAGAAGCAGCTGTTCTNNNNNAGA
AGAGCGTGTGTATAAGAGACAGNNNNNT
AGATGGGAAATCATA
AGGGCAGATTAACGTTTATCCTTTTGTNN
ATCGGAAGAGCGTGTGTATAAGAGACAG
GATGAAGGTCCTTTTT
AGATTATTATTTTAGACCTCAATTATACTN
GATCGGAAGAGCGTGTGTATAAGAGACA
NCTCTAATAGCTGCCAC
TCTTGGGCATTTTGATTTGTAAATCTGANI
ATCGGAAGAGCGTGTGTATAAGAGACAG
AGTCATCTATACTGGT



Supplemental Tablicontinued)

Target
TET2
Exon 5

TET2
Exon 6

TET2
Exon 6

TET2
Exon 6

TET2
Exon 7

TET2
Exon 7

TET2
Exon 7

TET2
Exon 8

TET2
Exon 8

TET2
Exon 9

TET2
Exon 9

TP53
Exon 1

TP53
Exon 1

TP53
Exon 10

TP53
Exon 10

TP53
Exon 10

TP53
Exon 10

Probe name

TET2_EX5_0502

TET2_EX6_0504

TET2_EX6_0506

TET2_EX6_0508

TET2_EX7_0510

TET2_EX7_0511

TET2_EX7_0515

TET2_EX8_0516

TET2_EX8_0519

TET2_EX9_0520

TET2_EX9_0521

TP53_1_0102

TP53_1_ 0103

TP53_10_0144

TP53_10_0146_SNF

a

TP53_10_0146_SNF

b

TP53_10_0147

RC

1x

1x

1x

1x

1x

1x

1x

50x

1x

1x

1x

1x

1x

1x

1x

1x

50x

130

Probe sequence
ACCCACAGAAACACACACACNNNNNAGAT
AGAGCGTGTGTATAAGAGACAGNNNNNC"
AATAGGACATCCCT
GGCTGCAGTGATTGTGATTCNNNNNAGAT
AGAGCGTGTGTATAAGAGACAGNNNNNT(C
GGATGGAATGGTGAT
TCTCCCCTCTTTGCGGCCACTNNNNNAGA
AGAGCGTGTGTATAAGAGACAGNNNNNG;
CTCTACTCGGAGCTT
TCACAGGTGTGGCCAGCTCNNNNNAGAT(
GAGCGTGTGTATAAGAGACAGNNNNNCG
CCTCAGCGTCTCGG
AGCATGTACTACAATGGATGTNNNNNAGA
AAGAGCGTGTGTATAAGAGACAGNNNNN(
GAATTTGGTCTTTTGA
GGTTTGTTTACTTCCTGATGNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNTCT
GGTTGTTCATGG
GGATCTTGCTTCTGGCAAACNNNNNAGAT
AGAGCGTGTGTATAAGAGACAGNNNNNC/
AGCTAATGAATTCTCT
AGAAACTTGCACCTGATGCANNNNNAGAT
AGAGCGTGTGTATAAGAGACAGNNNNNT(
TAGAATTTAATATGT
AGGTTTTGCAAATGAGACTCCAGTNNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNNI
TGTTACAATTGCTGC
CTGCATGTTTGGACTTCTGTGCTCNNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNNI
TCACACACACTTTT
GAGGACAGCTTAGCAGCTGNNNNNAGAT!
GAGCGTGTGTATAAGAGACAGNNNNNGC!
ATTCTCAGGGGTCA
AGCAGGGAGGAGAGATGACATCNNNNNA
GGAAGAGCGTGTGTATAAGAGACAGNNNI
CAGTCTGAGTCAGGCC
AGCCTCCCACCCCCATCTCNNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNGTC(
AGGGTCAGTCTAC
GGGGCTGGTGCAGGGGCCNNNNNAGAT(
GAGCGTGTGTATAAGAGACAGNNNNNGT(
ACTTGGCTGTCCCAG
GGGACAGCATCAAATCATCCANNNNNAG/
AAGAGCGTGTGTATAAGAGACAGNNNNNC(
GCTGGTGCAGGGGC
AGGACAGCATCAAATCATCCANNNNNAGA
AAGAGCGTGTGTATAAGAGACAGNNNNNC(
GCTGGTGCAGGGGC
AGGTCCTCAGCCCCCCAGCNNNNNAGAT!
GAGCGTGTGTATAAGAGACAGNNNNNGT(
ATTGTTCAATATCGTC
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Target
TP53
Exon 10

TP53
Exon 10

TP53
Exon 11

TP53
Exon 12

TP53
Exon 12

TP53
Exon 12

TP53
Exon 12

TP53
Exon 2

TP53
Exon 2

TP53
Exon 2

TP53
Exon 3 4

TP53
Exon 3 4

TP53
Exon 5

TP53
Exon 5

TP53
Exon 6

TP53
Exon 6

TP53
Exon 6

Probe name

TP53 10 0148

TP53 10 16882

TP53_11 0154

TP53 12 0156

TP53 12 0026

TP53 12 0027

TP53_12_ 618883

TP53_2 0105

TP53_2_0107

TP53_2_0109

TP53_4 0111

TP53_4 0112

TP53_5 0117

TP53_5_0118

TP53_6_0120

TP53_6_0122

TP53_6_0124

RC

1x

1x

1x

1x

1x

25X

50x

1x

1x

1x

25X

50x

131

Probe sequence
AGACTTCAATGCCTGGCCGTNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNCT
GGCAGCTACGGTT
AGCCTCTGGCATTCTGGGAGCNNNNNAC
AGAGCGTGTGTATAAGAGACAGNNNNNG
TGGGAAGGGACAG
GGGACCTGGAGGGCTGGGGNNNNNAGA
AGAGCGTGTGTATAAGAGACAGNNNNNC
CCTGTGGGAAGCGAA
GGGATCCAGCATGAGACACTTCNNNNNA
GAAGAGCGTGTGTATAAGAGACAGNNNN
CCTGACTCAGAGGG
CAGAGGGGGCTCGACGCTAGNNNNNAG
AGAGCGTGTGTATAAGAGACAGNNNNNT
GCTGGGGTTGGGGT
GTGAGTGGATCCATTGGAAGGGCAGGNTNM
ATCGGAAGAGCGTGTGTATAAGAGACAG
GGTCACTGCCATGGAGGAG
GCTCGACGCTAGGATCTGACTGNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
GGCTGGGGTTGGGG
TCCTTGAGTTCCAAGGCCTCATTCAGNND
TCGGAAGAGCGTGTGTATAAGAGACAGN
CCTAGGAAGGCAGGG
GTTCAAGTTACAATTGTTTGACTTTNNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
TCGGAACATCTCG
GGAGCAGGGCTCACTCCAGNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNTC
TGCAGATCCGTGG
AGAACCATTTTCATGCTCTCTTTAACNNNI
CGGAAGAGCGTGTGTATAAGAGACAGNN
ATTTTCAACTTACAA
AGTTGGTGTTCTGAAGTTAGTTNNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
ATCAGGCAAAGTCA
GCACCCTTGGTCTCCTCCACNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNCC
TTTCTTCTTTGGCT
AGTTTCCAGTCTAACACTCANNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNCA
ACCAGCTCCTCTCC
AGGCTCCCCTTTCTTGCGGAGANNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
AATCTGAGGCATAACT
AGGAAATCAGGTCCTACCTGTCNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
CTCCCAGGACAGG
AGCTGCCCCCAGGGAGCACNNNNNAGA"
GAGCGTGTGTATAAGAGACAGNNNNNAC
CGGAACAGCTTTGAG



Supplemental Tablicontinued)

Target Probe name RC
1753 TP53 7 0126 1x
Exon 7 _ [
179 TP53 7 0130 1x
Exon 7 _[_
1Ps3 TP53 8 0131 50X
Exon 8 _O_
1Ps3 TP53 8 0132 50X
Exon 8 _O_
1Ps3 TP53 9 0136 1x
Exon 9 _J_
1Ps3 TP53 9 0138 1x
Exon 9 _J_
1Ps3 TP53 9 0140 50X
Exon 9 _J_
U2AF1
(c34 hotspot) U2AF1 _c34 0383 50x
U2AF1
(c83 hotspot) U2AF1 c83 0382 50x
e WT1 EX1 6591 50x
Exon 1 - _
Wi WT1 EX1 6640 50x
Exon 1 _ _
Wi WT1 EX1 6943 50x
Exon 1 - _
Wi WT1 EX1 6990 50x
Exon 1 _ _
Wit WT1 EX1 270319 50x
Exon 1
WT1
Exon 10B WT1 _EX10B 0019 1X
WT1
Exon 10B WT1 EX10B 0022 1x
WT1
Exon 11 WT1 _EX11 0016 1X

132

Probe sequence
GGTTCATGCCGCCCATGCANNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNAGA
GCAGAGGCTGGGG
GGAGGCCCATCCTCACCATCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNGC
TTGGGCCTGTGT
TCCACACGCAAATTTCCTTCCACTCGNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
TCCTCCCAGAGACC
AGAGGCCTGGGGACCCTGNNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNCGA
GTTTCTGTCATCCA
GTGACTGCTTGTAGATGGCCATGGNNNN
GGAAGAGCGTGTGTATAAGAGACAGNNN
AGCCCTGTCGTCT
AGGAAGGAGACAGAGTTGAAAGTCANNN
TCGGAAGAGCGTGTGTATAAGAGACAGN
GGGCGGGGGTGTGGA
AGGCGCTGCCCCCACCATGANNNNNAG/
GAGCGTGTGTATAAGAGACAGNNNNNCT
GTGCAGCTGTGGGT
GTCTCCATGACGACATGCTCCANNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
CTTTGAAAAGAACA
GTGACGTGACTGAGCACAGTNNNNNAGA
AGAGCGTGTGTATAAGAGACAGNNNNNG
ATGGACAGCCGATC
AGCGCCCCCTACGCGCGGNNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNAGG
TCCGGCCAGGCCAGG
AGGCTCCGGCTGTGCCAGNNNNNAGATC
AGCGTGTGTATAAGAGACAGNNNNNGGC
AGGCAGCTGGGCAG
GGGCCCTTCGGTCCTCCTCNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNCGA
GGCGGCGCGGAGC
GTTTGATGAAGGAGTGAGGCGGCGNNND
CGGAAGAGCGTGTGTATAAGAGACAGNN
CCGGCTGTGCCAGT
GGCGGCGGAGCCGGTGGCGGNNNNNAC
AAGAGCGTGTGTATAAGAGACAGNNNNN
CAGTGAAGGCGCTCA
AGTTTTACACTGGAATGGTTTCACACCTN
GATCGGAAGAGCGTGTGTATAAGAGACA
NTAAATGTGAAGAAAAGT
ACCCACACCAGGACTCATACAGNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
GGCCGAGGCTAGAC
GCCAGTCAGAGACACTTGCNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNGA
GTTGTGATGGCGGA



Supplemental Tablicontinued)

Target

WT1
Exon 11

WT1
Exon 3

WT1
Exon 3

WT1
Exon 4

WT1
Exon 4

WT1
Exon 4

WT1
Exon 4
Exon 4

WT1
Exon 4
Exon 5

WT1
Exon 5

Probe name

WT1_EX11 0017

WT1_EX3_0047

WT1_EX3 0050

WT1_EX4 0044

WT1_EX4_0045

WT1_EX4_0010

WT1_EX4 0011

WT1_EX4_0015_SNP_

WT1_EX4_0015_SNP_

WT1_EX5_0040

WT1_EX5_0041

WT1_EX6_0037

WT1_EX7_0006

WT1_EX7_0008

WT1_EX7_0033

WT1_EX7_0036

WT1_EX8_0004

RC

1x

1x

50x

50x

50x

1x

1x

1x

1x

50x

1x

1x

1x

1x

1x

50x

1x

133

Probe sequence
GTTCAGTGTCCCAGGCAGCACNNNNNAC
AGAGCGTGTGTATAAGAGACAGNNNNNA
CCCGGTCAGATGA
GGTGCGAGGGCGTGTGACCNNNNNAGA
GAGCGTGTGTATAAGAGACAGNNNNNGC
AGGACTCCACTTGG
AGTTCCCCAACCACTCATTCANNNNNAG/
AGAGCGTGTGTATAAGAGACAGNNNNNC
CTGTGCTTCTCTC
AGTGCGCCCCAAGGGCTCGNNNNNAGA"
GAGCGTGTGTATAAGAGACAGNNNNNGC
GGTGCAGCTGTCGG
GTCTGGGTCCTTGGGACCCCGGANNNNF
GAAGAGCGTGTGTATAAGAGACAGNNNN
TATGGCTGCCACAC
GCTGTCGGTGGGGGTGTGGCAGCCATAC
AGATCGGAAGAGCGTGTGTATAAGAGAC
NNTCCCAAGGACCCAGAC
GCTGCTCACCTGCAGAGAGAACCGAAGN
GATCGGAAGAGCGTGTGTATAAGAGACA
NCCTTCCTACCTGCTGT
AGGCGCTGGGCTCTGCGTCTGGGTCCTT
GATCGGAAGAGCGTGTGTATAAGAGACA
NCGGTCTATGGCTGCCA
AGGCGCTGGACTCTGCGTCTGGGTCCTT
GATCGGAAGAGCGTGTGTATAAGAGACA
NCGGTCTATGGCTGCCA
CCACAAAATAATACACAACTGTTTCTTCAL
GATCGGAAGAGCGTGTGTATAAGAGACA
NTCATCTGATTCCAGGT
AGGTTTTCTCTATTCCATTGCCTTTCNNNI
CGGAAGAGCGTGTGTATAAGAGACAGNN
TTTTCTAACAGTGAC
AGTGGGGAATGGAGCATGCATGGATCNN
ATCGGAAGAGCGTGTGTATAAGAGACAG
TCTCCGCATTGTCCAC
GGGGGCCGCACTGCCTCTTCCTACTTAN
ATCGGAAGAGCGTGTGTATAAGAGACAG
ATAACCACACAACGCCCA
GCGTTGTGTGGTTATCGCTCTCGTNNNNI
GGAAGAGCGTGTGTATAAGAGACAGNNN
TTCCCGCTGGGGC
GTACCCTGTGCTGTGGCTGNNNNNAGAT
AGCGTGTGTATAAGAGACAGNNNNNGGC
CTGTGTGCTCACCT
AGAATACACACGCACGGTGTCTTCANNNI
CGGAAGAGCGTGTGTATAAGAGACAGNN
ACTGAGCCTTTTTC
TTCAAGAGCTCCTTTTCCAGGCTCTCNNN
CGGAAGAGCGTGTGTATAAGAGACAGNN
ATTTTAAGCTGTCCCAC



Supplemental Tablicontinued)

Target

WT1
Exon 8

WT1
Exon 8

WT1
Exon 8
Exon 9

WT1
Exon 9

Probe name

WT1_EX8_0027

WT1_EX8_0029

WT1_EX8_0031

WT1_EX9 0024

WT1_EX9 0025

RC

1x

1x

1x

1x

1x

134

Probe sequence
GCGTTTCTCACTGGTCTCANNNNNAGAT(
AGCGTGTGTATAAGAGACAGNNNNNGGA
GGCACACTTACCA
GTAGGTCTTGAGGGAGAGTGAGCACNNND
TCGGAAGAGCGTGTGTATAAGAGACAGN
GTACAAGAGTCGGGG
AGATATTTTAAGCTGTCCCACTTACAGNN
ATCGGAAGAGCGTGTGTATAAGAGACAG
CGTGTGCCTGGAGTAG
AGGCAACCTCTCCTACTAGGACNNNNNA
AAGAGCGTGTGTATAAGAGACAGNNNNN
ACAGTCCTTGAA
AGGTTCACTTCTCATTGCTGNNNNNAGAT
GAGCGTGTGTATAAGAGACAGNNNNNCA
AGAAACCATACCA



Supplemental Tabl2 Index sequences for P5 adapter primers utilized for preparation of smMIP libragegell adarcode
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sequencing librariesndex sequencgsesent within the ager-oligonucleotides are listed n-3%6 or i ent at i on.
Adapter Name Index sequence Adapter Name Index sequence
TruSeq_P5_xGen_00 ATATGCGC | TruSeq_P5_xGen_04 GAGCAGTA
TruSeqg_P5 xGen_00. TGGTACAG | TruSeq_P5_ xGen_05 GATCGAGT
TruSeq_P5_xGen_00. AACCGTTC | TruSeqg_P5_xGen_05 AGCGTGTT
TruSeg_P5 xGen_00. TAACCGGT | TruSeqg_P5_xGen_05 GTTACGCA
TruSeq_P5_xGen_00: GAACATCG | TruSeq_P5_xGen_05 TGAAGACG
TruSeq_P5 xGen_000 CCTTGTAG | TruSeq_P5_xGen_05 CGGTTGTT
TruSeqg_P5 xGen_00 TCAGGCTT | TruSeq_P5_xGen_05 GTTGTTCG
TruSeq_P5 xGen_ 000 GTTCTCGT | TruSeq_P5_xGen_05 GAAGGAAG
TruSeq_P5_xGen_00° AGAACGAG | TruSeq_P5_xGen_05 AGCACTTC
TruSeq_P5 xGen_ 011 TGCTTCCA | TruSeq_P5_xGen_05 GTCATCGA
TruSeq_P5 xGen_01 CTTCGACT | TruSeq_P5_xGen_06 TGTGACTG
TruSeq_P5 xGen_01. CACCTGTT | TruSeq_P5_xGen_06 CAACACCT
TruSeq_P5 xGen_01: ATCACACG | TruSeq_P5_xGen_06 ATGCCTGT
TruSeq_P5 xGen_01. CCGTAAGA | TruSeq_P5 xGen_06 CATGGCTA
TruSeq_P5 xGen_01: TACGCCTT | TruSeq_P5_xGen_06 GTGAAGTG
TruSeq_P5 xGen_01' CGACGTTA | TruSeq_P5_ xGen_06 CGTTGCAA
TruSeq_P5 xGen_01 ATGCACGA | TruSeq_P5_xGen_06 ATCCGGTA
TruSeq_P5 xGen_01: CCTGATTG | TruSeq_P5_ xGen_06 GCGTCATT
TruSeq_P5 xGen_01' GTAGGAGT | TruSeq_P5_xGen_06 GCACAACT
TruSeq_P5 xGen 02 CACTAGCT | TruSeq_P5 xGen_06 GATTACCG
TruSeq_P5 xGen_02. CGTGTGTA | TruSeq_P5_xGen_07 GTCGAAGA
TruSeq_P5 xGen_02. GTTGACCT | TruSeq_P5_ xGen_07 CCTTGATC
TruSeq_P5 xGen_02 CAATGTGG | TruSeq_P5_xGen_07 AAGCACTG
TruSeq_P5 xGen_02 TTGCAGAC | TruSeq_P5 xGen_07 TTCGTTGG
TruSeq_P5 xGen_02° CAGTCCAA | TruSeq_P5_xGen_07 TCGCTGTT
TruSeq_P5 xGen_ 031 AACGTCTG | TruSeq_P5_ xGen_07 GAATCCGA
TruSeq_P5 xGen_03 TATCGGTC | TruSeq_P5_xGen_07 GTGCCATA
TruSeq_P5 xGen_03. CGCTCTAT | TruSeq_P5_xGen_07 CTTAGGAC
TruSeq_P5 xGen_03. GATTGCTC | TruSeq_P5_xGen_07 AACTGAGC
TruSeq_P5 xGen 03 GATGTGTG | TruSeq_P5 xGen_08 GACGATCT
TruSeq_P5 xGen_ 031 CGCAATCT | TruSeq_P5 xGen_08 ATCCAGAG
TruSeq_P5 xGen 03 TGGTAGCT | TruSeq_P5 xGen_08 AGAGTAGC
TruSeq_P5 xGen_ 03 GATAGGCT | TruSeq_P5 xGen_08 TGGACTCT
TruSeq_P5 xGen 031 AGTGGATC | TruSeq_P5 xGen_08 TACGCTAC
TruSeq_P5 xGen_03 TTGGACGT | TruSeq_P5 xGen_08 GCTATCCT
TruSeq_P5 xGen 041 ATGACGTC | TruSeq_P5 xGen_08 GCAAGATC
TruSeq_P5 xGen_04 GAAGTTGG | TruSeq_P5 xGen_08 ATCGATCG
TruSeq_P5 xGen 04, CATACCAC | TruSeq P5 xGen_08 CGGCTAAT
TruSeq_P5 xGen_ 04 CTGTTGAC | TruSeq_P5 xGen_09 CGCATGAT
TruSeq_P5 xGen 04 TGGCATGT | TruSeq P5 xGen_09 TTCCAAGG
TruSeq_P5 xGen_04. ATCGCCAT | TruSeq_P5 xGen_09 CTTGTCGA
TruSeq_P5 xGen 04 TTGCGAAG | TruSeq P5 xGen_ 09 GAGACGAT
TruSeq_P5_xGen_04 AGTTCGTC | TruSeq_P5_xGen_09 TGAGCTAG



Supplemental Table 2 (continued)

Adapter Name
TruSeq_P5_xGen_09
TruSeq_P5_xGen_09
TruSeq_P5_xGen_09
TruSeq_P5_xGen_09
TruSeq_P5_xGen_10
TruSeq_P5_xGen_10
TruSeq_P5_xGen_10.
TruSeq_P5_xGen_10.
TruSeq_P5_xGen_10
TruSeq_P5 xGen_10
TruSeq_P5_xGen_10
TruSeq_P5 xGen_10:
TruSeq_P5_xGen_10
TruSeq_P5 xGen_11
TruSeq_P5_xGen_11
TruSeq_P5 xGen_11.
TruSeq_P5_ xGen_11.
TruSeq_P5 xGen_11.
TruSeq_P5_xGen_11
TruSeq_P5 xGen_11
TruSeq_P5 xGen_11
TruSeq_P5 xGen_12
TruSeq_P5 xGen_12
TruSeq_P5 xGen_12
TruSeq_P5 xGen_12
TruSeq_P5 xGen_12.
TruSeq_P5 xGen_12
TruSeq_P5 xGen_12
TruSeq_P5_ xGen_12
TruSeq_P5 xGen_12
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_13
TruSeq_P5 xGen_14
TruSeq_P5 xGen_14
TruSeq_P5 xGen_14.

Index sequence

CTGATCGT
CGACCATT
GATAGCGA
AATGGACG
CGCTAGTA
TCTCTAGG
TGAGGTGT
AATGCCTC
CTGGAGTA
GTATGCTG
TGGAGAGT
CGATAGAG
CTCATTGC
GAATCGTG
AGGCTTCT
CAGTTCTG
TTGGTGAG
CATTCGGT
TGTGAAGC
TAAGTGGC
GTAGAGCA
GTCAGTTG
ATTCGAGG
GATACTGG
GCCTTGTT
TTGGTCTC
CCGACTAT
GTCCTAAG
GATGCACT
GCTGGATT
ATGGTTGC
CAGAATCG
GAACGCTT
TCGAACCA
CTATCGCA
TACGGTTG
GAGATGTC
CTTACAGC
AGGAGGAA
GACGAATG
GAAGAGGT
CGTCAATG
TACCAGGA

Adapter Name
TruSeq_P5_xGen_14
TruSeq_P5_xGen_14
TruSeq_P5_xGen_14
TruSeq_P5_xGen_14
TruSeq_P5_xGen_14
TruSeq_P5_xGen_14
TruSeq_P5_xGen_14
TruSeq_P5_ xGen_15
TruSeq_P5_xGen_15
TruSeq_P5_ xGen_15
TruSeq_P5_xGen_15
TruSeq_P5_ xGen_15
TruSeq_P5_xGen_15
TruSeq_P5 xGen_15
TruSeq_P5_xGen_15
TruSeq_P5 xGen_15
TruSeq_P5_xGen_16
TruSeq_P5 xGen_16
TruSeq_P5_xGen_16
TruSeq_P5 xGen_16
TruSeq_P5_xGen_16
TruSeq_P5 xGen_16
TruSeq_P5_xGen_16
TruSeq_P5 xGen_16
TruSeq_P5_xGen_16
TruSeq_P5 xGen_17
TruSeq_P5_xGen_17
TruSeq_P5 xGen_17
TruSeq_P5_xGen_17
TruSeq_P5 xGen_17
TruSeq_P5_xGen_17
TruSeq_P5 xGen_17
TruSeq_P5 xGen_17
TruSeq_P5 xGen_17
TruSeq_P5 xGen_ 18
TruSeq_P5 xGen_18
TruSeq_P5 xGen_ 18
TruSeq_P5 xGen_18
TruSeq_P5 xGen_ 18
TruSeq_P5 xGen_18
TruSeq_P5 xGen_ 18
TruSeq_P5 xGen_18
TruSeq_P5 xGen_ 18

136

Index sequence
CGTACGAA
GACTTAGG
AGTGCAGT
TTGATCCG
TGCCATTC
CTTGCTGT
CCTACTGA
CCAAGTTG
TAGTTGCG
GTCTGATC
CGTTATGC
GCTCTGTA
TTACCGAG
GCCATAAC
CTCAGAGT
CGAGACTA
TGTGCGTT
TTCAGGAG
GACTATGC
AGGTTCGA
AGTCTGTG
TGCAGGTA
AAGGACAC
CAACCTAG
CTGACACA
AGCTCCTA
TACATCGG
CACAAGTC
CGGATTGA
AGTCGACA
GTCTCCTT
GAGATACG
ATCGGTGT
TCTCGCAA
TCTAACGC
CAATCGAC
GAGGACTT
TGGAGTTG
CTAGGCAT
CTCTACTC
AGAAGCGT
TCGAAGGT
GTCGGTAA



Supplemental table 2 (continued)

Adapter Name Index sequence Adapter Name Index sequence
TruSeq_P5_xGen_191 TCCGTATG | TruSeq_P5_xGen_20 TATCAGCG
TruSeq_P5_xGen_19 CTAGGTGA | TruSeq_P5_xGen_20 AGCAGATG
TruSeq_P5_xGen_19. CATTGCCT | TruSeq_P5_xGen_20 AACGGTCA
TruSeq_P5_xGen_19. TCGTGGAT | TruSeq_P5_xGen_20 CGAACTGT
TruSeq_P5_xGen_19. GTTCATGG | TruSeq_P5_xGen_20 TCCGAGTT
TruSeq_P5_xGen_19 TAGGATGC | TruSeq_P5_xGen_20 TTCTCTCG
TruSeq_P5_xGen_19 CATGGAAC | TruSeq_P5_xGen_20 ATTCTGGC
TruSeq_P5 xGen_19° GCTTAGCT | TruSeq_P5 xGen_21 CATAACGG
TruSeq_P5 _xGen_19° CTAACTCG | TruSeq_P5_xGen_21 CAGTCTTC
TruSeq_P5 xGen_20 TCAGACGA | TruSeq_P5 xGen_21 TGCCTCTT

Supplemental Tabl8: Index sequences of P7 adapter primers utilized for preparation of smMIP libraries. Index sequences
present withintheadaptey | i gos ar-20 | osit et atni &md.

Adapter Name Index (5'-3") Adapter Name Index (5'-3")
NT+RS_P7_xGen_2 TCGAGAGT NT+RS_P7_xGen_3¢ AGGTGTTG
NT+RS_P7_xGen_3 CTAGCTCA NT+RS_P7 xGen_3° CAGTCACA
NT+RS_P7_xGen_5 TCGACAAG NT+RS_P7_xGen_3¢ TCGATGAC
NT+RS_P7_xGen_6 CCTTGGAA NT+RS_P7_xGen_3¢ GAAGTGCT
NT+RS_P7_xGen_7 ATCATGCG NT+RS_P7_xGen_4( CTTCCTTC
NT+RS_P7 xGen_ 8 TGTTCCGT NT+RS P7 xGen_ 4. CGAACAAC
NT+RS_P7 xGen 9 ATTAGCCG NT+RS_P7_xGen_4« CGTCTTCA
NT+RS_P7_ xGen_1( CGATCGAT NT+RS P7 xGen_ 4! TGCGTAAC
NT+RS_P7_xGen_1: GATCTTGC NT+RS _P7 xGen_4° ACTCGATC
NT+RS_P7_xGen_1. AGGATAGC NT+RS_P7_xGen_4¢ TGAGCTGT
NT+RS_P7_xGen_1: GTAGCGTA NT+RS_P7_xGen_5( GACGAACT
NT+RS_P7 xGen_1: AGAGTCCA NT+RS_P7 xGen_5: CTTCGCAA
NT+RS_P7_xGen_1! GCTACTCT NT+RS_P7_xGen_5. ATGGCGAT
NT+RS_P7_xGen_1¢ CTCTGGAT NT+RS_P7_xGen_5! ACATGCCA
NT+RS_P7 xGen_1° AGATCGTC NT+RS_P7 xGen 5: GTCAACAG
NT+RS_P7_xGen_1¢ GCTCAGTT NT+RS_P7_xGen 5! GTGGTATG
NT+RS_P7_xGen_1¢ GTCCTAAG NT+RS_P7_xGen_ 5=  GACGTCAT
NT+RS_P7_xGen_2: TCGGATTC NT+RS_P7_xGen_5¢ GATCCACT
NT+RS_P7_xGen_2: CCAACGAA NT+RS_P7_xGen_6( AGCCTATC
NT+RS_P7_xGen_2¢ CAGTGCTT NT+RS_P7_xGen_6. AGCTACCA
NT+RS_P7_xGen_2t GATCAAGG NT+RS_P7_xGen_6: AGATTGCG
NT+RS_P7_xGen_2¢ TCTTCGAC NT+RS_P7_xGen_6: CACACATC
NT+RS_P7_xGen_2¢ CGGTAATC NT+RS_P7_xGen_6: GAGCAATC
NT+RS_P7_xGen_2¢ AGTTGTGC NT+RS_P7_xGen 6! ATAGAGCG
NT+RS_P7_xGen_3( AATGACGC NT+RS_P7_xGen_6¢ GACCGATA
NT+RS_P7_xGen_3: TTGCAACG NT+RS_P7_xGen_6° CAGACGTT
NT+RS_P7_xGen_3: CACTTCAC NT+RS_P7_xGen_6¢ CTGAACGT
NT+RS_P7_xGen_3¢ TAGCCATG NT+RS_P7_xGen_6¢ TTGGACTG
NT+RS_P7_xGen_3t ACAGGCAT NT+RS_P7_xGen_7( GTCTGCAA
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Supplemental Table 3 (continued)

Adapter Name
NT+RS_P7_xGen_71
NT+RS_P7 xGen_72
NT+RS_P7_xGen_73
NT+RS_P7 xGen_74
NT+RS_P7_xGen_75
NT+RS_P7_xGen_76
NT+RS_P7_xGen_78
NT+RS_P7_xGen_80
NT+RS_P7_xGen_81
NT+RS_P7_xGen_83
NT+RS_P7 xGen 84
NT+RS_P7_xGen_85
NT+RS_P7 xGen 87
NT+RS_P7_xGen_90
NT+RS_P7_xGen_92
NT+RS_P7_xGen_94
NT+RS_P7_xGen_97
NT+RS_P7_xGen_10(
NT+RS_P7_xGen_10-

Supplemental Tabkk Reagent s
' i brary an

per

in this table. Withnitial c o s t s

304 per

Reagent name

Hemo KlenTaqg
Ampligase DNA Ligase + Bufi

Exonuclease |

Exonuclease Il
Q5 Hot Start Higlfridelity DNA

Polymerase

Deoxynucleotide Solutions,

Mix [large]

Illumina AdaptePrimers

Index (5'-3")
CCACATTG
GATGGAGT
AGGTCAAC
TACACACG
CAAGTCGT
AGCTAGTG
ACTCCTAC
TCGTGCAT
TAACGTCG
TCTTACGG
CGTGTGAT
AACAGGTG
TGGAAGCA
AAGCCTGA
CGATGTTC
GAACGGTT
TGATAGGC
CTGATGAG
TGCTGTGA

costs
6.5940

of about

SPRI beads [homemade] -

Adapter Name
NT+RS_P7_xGen_11(
NT+RS_P7_xGen_11:
NT+RS_P7_xGen_11.
NT+RS_P7_xGen_11!
NT+RS_P7_xGen_12
NT+RS_P7_xGen_12i
NT+RS_P7_xGen_14.
NT+RS_P7_xGen_16(
NT+RS_P7_xGen_20l
NT+RS_P7_xGen_24.
NT+RS_P7 xGen 26
NT+RS_P7_xGen_28
NT+RS_P7_xGen_29!
NT+RS_P7_ xGen_32:
NT+RS_P7_xGen_33(
NT+RS_P7 xGen_33.
NT+RS_P7_xGen_36:
NT+RS_P7_xGen_37!
NT+RS_P7_xGen_38(

Index (5'-3")
GTATCGAG
GTCAGTCA
CACGTCTA
TATGACCG
GTGATCCA
ACTGGTGT
GTTCTTCG
TGAGACGA
TTACGTGC
TCACTCGA
GCCAATAC
ATCCACGA
ACGCTTCT
GTTATGGC
TCCGATCA
TCAGTAGG
GCCACTTA
CGCAATGT
CCTAGAGA

per
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sampl e, i f
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all,sNIP pirdoe$, the additipnal tcdste [rei reactionfardy at

| i b r mple alreaxly aftes the fipstepilot egpariment.

preparation of

i braries
bel ow 0.
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01u

Vendor Cat.No. Off!C|aI Cpsts per Costs per
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