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Abstract: Within recent years, many precision cancer medicine initiatives have been developed.
Most of these have focused on solid cancers, while the potential of precision medicine for patients
with hematological malignancies, especially in the relapse situation, are less elucidated. Here, we
present a demographic unbiased and observational prospective study at Aalborg University
Hospital Denmark, referral site for 10% of the Danish population. We developed a hematological
precision medicine workflow based on sequencing analysis of whole exome tumor DNA and RNA.
All steps involved are outlined in detail, illustrating how the developed workflow can provide
relevant molecular information to multidisciplinary teams. A group of 174 hematological patients
with progressive disease or relapse was included in a non-interventional and population-based
study, of which 92 patient samples were sequenced. Based on analysis of small nucleotide variants,
copy number variants, and fusion transcripts, we found variants with potential and strong clinical
relevance in 62% and 9.5% of the patients, respectively. The most frequently mutated genes in
individual disease entities were in concordance with previous studies. We did not find tumor
mutational burden or micro satellite instability to be informative in our hematologic patient cohort.

Keywords: precision medicine; hematology; next generation sequencing; somatic cancer variants;
variant interpretation; bioinformatics workflow
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1. Introduction

With the emergence of affordable next generation sequencing, an increasing understanding of
oncogenic driver mechanisms, and development of drugs targeting specific molecular changes, many
precision medicine initiatives worldwide have been initiated [1,2]. The overall goal in precision
cancer medicine is to match patients to treatments with higher efficacy using genomic information
from the patient’s tumor [3]. This requires detection of somatic alterations and linking these to
dysregulation of oncogenic genes or pathways, that in turn leads to sensitivity or resistance to cancer
treatment agents or provide information on the prognosis of the patient. Precision cancer medicine
needs to be performed in an unbiased manner, since the genomic landscapes of different cancers, and
hence the relevant genetic biomarkers differ widely [4-9]. The number of known molecular targets
and mechanisms evaluated have increased quickly, as methods have moved from single gene
analysis to panel sequencing, Whole Exome Sequencing (WES), and/or Whole Genome Sequencing
(WGS) in combination with global RNA-sequencing [10]. The molecular targets taken into
consideration up till today have focused on cancer related DNA and RNA changes such as small
nucleotide variants (SNV), fusion genes, translocations, copy number alterations (CNA), mutational
signature patterns, gene expression levels, and pathway analysis. The identified genomic variants
can refine or guide the diagnosis and provide information on prognosis in e.g., hematological
malignancies [11]. High levels of micro satellite instability (MSI) of the tumor guide treatment with
immune checkpoint inhibitors in some solid tumors, e.g., in metastatic colorectal carcinoma [12].
Tumor mutational burden (TMB) status appears to be able to stratify these patients according to the
likelihood of response [13]. A subset of patients across various cancer types displays a high TMB, and
could potentially benefit from immunotherapy [14,15]. The mutational signature of somatic variants
in a tumor reveals the underlying development of the cancer and can influence choice of therapy [14].
In a few cases, the evidence of clinical relevance of a genetic alteration is strong, e.g., by a link directly
to a treatment guideline recommending a specific treatment towards the alteration or the genetic
alteration is an inclusion criteria for a clinical trial [16]. However, the majority of identified tumor
specific molecular targets has an unknown or only in silico predicted effect on the corresponding
protein. The type and strength of evidence for the clinical relevance need to be carefully evaluated by
the treating physician, when treatment choice is recommended.

Within the past five years, several interventional clinical studies based on genomic tumor
profiling have been launched to assess the efficacy of precision medicine using end point parameters
such as overall response rate, overall survival, and/or progression-free survival of cancer patients, as
reviewed by Zimmer and colleagues [17]. Some studies have included patients with refractory solid
cancers, but only a few studies have included patients with hematological malignancies [18-20].
Galanina and colleagues identified molecular alterations targetable with gene- or immune-targeted
agents using targeted sequencing in 227 hematological cancer patients [20] and Lagana and
colleagues presented a precision cancer medicine initiative of relapsed and/or refractory multiple
myeloma (MM) patients based on DNA and RNA sequencing [21]. The study by Mody and
colleagues is to our knowledge the only one using WES in combination with RNA-sequencing for the
genomic profiling of refractory or relapsed solid and hematological cancer patients, but their study
only included children and young adults [19]. Hence, little is known about the potential of DNA
exome and RNA sequencing initiatives of precision medicine in adult patients with progression of or
relapsed hematological malignancies.

Here, we explore the potential of a precision medicine initiative based on WES and RNA
sequencing in hematological patients with progressive disease or newly verified relapse. We present
the hematological precision medicine workflow developed at Aalborg University Hospital in a
prospective, consecutively, and therefore unbiased population-based non-interventional study
including 174 patients enrolled between 2016 and 2019, of which 92 samples were sequenced. We
elaborate on the developed logistics to enroll patients, collection of tumor/normal samples, laboratory
choices, database and laboratory information management systems, the bioinformatics workflow,
and the curation of identified genomic variants with a match to treatments or clinical trials. Moreover,
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we also investigate the clinical relevance of TMB, MSI status, and mutational signature patterns in
hematological malignancies.

2. Results

2.1. Patient Screening, Enrolment, and Sample Processing

In total, 588 patient visits have been screened for potential participants to the ProGen protocol,
Figure 1. In 395 (67%) of these visits, patients were offered enrollment, which was accepted in 341
(86%) cases. In 277 (81%) of these cases, the patient had a verified clinical relapse or progressive
disease. Since Feb 16, 2017, enrolment in the ProSeq protocol was offered in 271 cases to patients with
verified relapse. Of these, 174 (64%) were enrolled, 45 (17%) are pending, 21 (8%) rejected enrollment,
and 37 (14%) received study information, but died before enrollment. In 52 cases (30%), biological
material suitable for sequencing analysis was missing. By Jan 31, 2019, 92 tumor samples (76%), from
85 patients were sequenced, analyzed, and evaluated, Figure 1.

— ProGen pending:-1 —1 =-7.
== Relapse-pending: 6

52 53 D

! Sequencing.pending: 29 D

Tissue: 121 WES: 92I

No tissue: 52

|:| ProSeq pending: 45

Verified relapse: 277 ProSeq signed: 174
ProGen signed: 341
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111
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Figure 1. Inclusion overview. Number of patient cases included in the ProGen and ProSeq studies by

169

B E |

31 January 2019. Patient’s relapse status, presence of correct tumor tissue for analysis, and sample
status is given. Color codes: green: yes, yellow: pending, and red: no.

2.2. Patient Characteristics

In total, 92 genomic profiles from 85 different patients with 18 different hematological diagnoses
were stratified into six different hematological diagnosis groups, Table 1. Five patients had two and
a single patient had three genomic profiles from different relapses. The median age was 70 years old
(range 27-92), and the patient cohort had a slight majority of male patients (60%).

Table 1. Patient characteristics per diagnosis group.

Diagnosis group ! Patients 2 Age3 Gender *
Chronic leukemia o .
(CLL, SLL, T-LGL) 14 (16.5%) 73.5 (46-87) 10 (71.4); 4 (28.6)
Plasma cell diseases
13 (15.3% 70 (54-81 7 (53.8); 6 (46.2
(MM) 3 (15.3%) 0 (54-81) (53.8); 6 (46.2)
Acute leukemia o
(AML, ALL) 7 (8.2%) 72 (40-76) 4(57.1); 3 (42.9)
Aggressive lymphomas (DLBCL, PTCL, AITL) 17 (20%) 69 (27-87) 10 (58.8); 7 (41.2)
Indolent lymphomas o )
(FL, LPL, NHL, SMZL, CFCL, WM, MCL) 31 (36.5%) 69 (34-92) 20 (64.5); 11 (35.5)
Chronic myeloid neoplasms (PV, MDS) 3 (3.5%) 72 (69-73) 0 (0); 3 (100)
Overall 85 (100%) 70 (27-92) 51 (60); 34 (40)

1 Diagnoses included in each group are indicated in parenthesis. 2 Number (% of total). > Median
(range). * Number men (%); number women (%). CLL = chronic lymphocytic leukemia, SLL = small
lymphocytic lymphoma, T-LGL = T-Cell large granular lymphocyte leukemia, MM = multiple
myeloma, AML = acute myeloid leukemia, ALL = acute lymphoblastic leukemia, DLBCL = diffuse
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large B-cell lymphoma, PTCL = peripheral T-cell lymphoma, AITL = angioimmunoblastic T-Cell
lymphoma, FL = follicular lymphoma, LPL = lymphoplasmacytic lymphoma, NHL = indolent non-
Hodgkin B-cell lymphoma not otherwise specified, SMZL = splenic marginal zone lymphoma, CFCL
= cutaneous follicle center lymphoma, WM = Waldenstrom's macroglobulinemia, MCL = mantle cell
lymphoma, PV = Polycythemia Vera, MDS = myelodysplastic syndrome.

2.3. DNA and RNA Purification from Different Flow Sorted Cell Types

Differences in DNA yield were small between multi parameter flow cytometry (MFC) sorted
cells from different disease entities (max = 1.6 fold) or sample types (max = 1.1 fold). As expected, for
RNA yield, samples originating from patients with plasma cell disease had a median yield of up to
5.4 fold larger than any other disease group, while an insignificant difference in yield was observed
when comparing sample types, Figure S1.

2.4. Sequencing Quality Control

In total, 92 tumors with corresponding 85 normal samples were whole exome sequenced. All but
one had a corresponding tumor RNAseq sample. The desired minimum average coverage of 75x and
150x for normal and tumor WES samples, respectively, and 30M sequenced reads for RNAseq
libraries enabled processing of two patient sample sets pr. sequencing run on an Illumina NextSeq500
sequencer, which was available in-house. With a mean sequence coverage of 150, the false negative
rate of an alteration with an allele frequency of 10% would be less than 0.055% (the probability based
on the binomial distribution that the alteration would be observed with less than 5 reads). Normal
and tumor WES samples were sequenced to a median of sample mean coverages of 117x (range 31—
234) and 185x (range 47-331), respectively, Figure 2. Most samples were well above the minimal
requirement. RNAseq samples contained between 26.7 and 354 million mapped reads (median 52.7
million). The average target coverage was below the minimum sample depth for five normal samples
(5.8%), eight tumor samples (8.7%), and five RNAseq samples (5.3%). To allow evaluation on a true
prospective collected population, samples were still included in downstream analysis, keeping the
lower coverage in mind during variant analysis.

(a) (b) . .

WES mean target coverage RNAseq library size

50 50
451 I 451 |1

@ 407 I o 401
S ¢ L 35
£ 301 : £ 307
® 25 ® 25
9 20+ I 20+
O 154 O 154
Z 104 Z 101
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o Lk H 0-

Coverage [x] No. reads [millions]

[ Normal [ Tumor Bl Mapped reads

Figure 2. Histograms of sample sequencing depth. (a) Average target coverage of normal and tumor
Whole Exome Sequencing (WES) samples. (b) Total mapped paired end RNAseq reads. Dashed lines
indicate the minimum sample depth requirements.
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2.5. Variant Classification

The median number of SNV was 572 per WES tumor sample (range 78-17,256). Following
additional filtering based primarily on variant consequence and population frequencies, 14% of
detected variants were on average retained for variant evaluation (range 0.2%-66%). Samples from
aggressive lymphomas and plasma cell disease had a significantly higher amount of retained variants
compared to each of the four other diagnosis groups (p-value < 0.05). The number of variants and the
relative number of retained variant types in each sequenced tumor sample, grouped by disease
entities, can be seen in Figure 3.

400

200

No. variants [-]

100

50

25

Variant consequence / total variants [%]

ooo N OO0t s s AW BB
oEE  OSEONURNOKIES =SB BI~ITIEHO B IR I DTS B0
@hoR s PONP PN RO PEENP - O EINEE

f=ts]
o
gRkoore  ENoNEeETe

| frameshift variant ll missense variant [l stop gained Il UTR variant W splice variant
M intron variant start lost M stop lost M inframe variant

Figure 3. Small nucleotide variant (SNV) detection and filtering. Retained variants per patient
grouped by type and divided into the six disease groups; ALE: Acute leukemia, CLE: Chronic
leukemia, CME: Chronic Myeloid Neoplasms, ALY: Aggressive Lymphomas, ILY: Indolent
Lymphomas, and PCD: Plasma Cell Diseases. * Sample contained 5061 variants and was not subjected
to variant interpretation in Qiagen Clinical Insight Interpret.

Variant interpretation was conducted in 91 cases from 84 different patients, Table S1. On
average, somatic variants were reported in 3.3 genes (range 0-15) due to either their therapeutic,
pathogenic, or prognostic clinical relevance, Figure 4. At least one somatic variant was reported in 81
cases (89%). Variants with strong clinical significance (tier 1) were reported in eight patients (9.5%),
Figure 4. Of these, six patients had variants that were targets for FDA- or EMA-approved clinical
therapies and two had variants with prognostic value included in professional guidelines. Variants
with strong therapeutic significance were found in either IDH1, IDH2, or TP53 in three different
patients diagnosed with acute myeloid leukemia (AML) or in TP53 in three patients diagnosed with
chronic lymphocytic leukemia (CLL). In two cases, loss of function variants in RUNX1 with strong
prognostic significance were detected. All eight patients with tier 1 variants also had tier 2 variants
that served as an inclusion criterion for one or more clinical trials.
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Figure 4. Reportable somatic variants in hematological malignancies. (a) Number of genes with

E Chronic myeloid neoplasms ‘ Plasma cell diseases

detected somatic variants reported per sample after manual verification. (b) Percentage of patients
(grouped by diagnosis or overall) with at least one variant having strong clinical relevance (tier 1A
and 1B), potential clinical relevance (tier 2C and 2D), or at most having unknown clinical significance,
but with an associated clinical trial (tier 3 + CT). If multiple samples were sequenced for a patient,
only the latest is represented in the figure. The single sample from a patient with CLL with more than
5000 retained variants was not subjected to variant interpretation. ALE: Acute leukemia, CLE: Chronic
leukemia, CME: Chronic Myeloid Neoplasms, ALY: Aggressive Lymphomas, ILY: Indolent
Lymphomas, PCD: Plasma Cell Diseases.

Additionally, 53 patients (62%) lacking tier 1 variants had at least one variant with potential
clinical relevance (tier 2), Figure 4. Of these, 29 had potential relevant therapeutic variants, which
were associated with resistance or sensitivity to FDA or EMA approved clinical therapies for a
different diagnosis, and 48 patients had variants that served as an inclusion criterion for one or more
clinical trials. Tier 2 therapeutic relevant variants where found in seven different well-known cancer
genes [22] (no. patients given in parenthesis): TP53 (8), EZH2 (8) KRAS (4), NRAS (3), TET2 (2), SRSF2
(1), NOTCH1 (1), and BRAF (1). Overall, 11,857 different SNVs from 7250 different genes were
subjected to variant interpretation. Only 47 variants (0.3%) were detected in multiple patients, while
34% of genes with reported variants were observed in > 1 patient. Variants interpreted to be clinical
relevant were found in 136 different genes. Of these genes, 44 appeared in > 1 patient, Figure 5.
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Figure 5. Occurrence of genes with clinically relevant alterations. The genomic landscape of distinct,
clinically relevant gene alterations across various hematologic cancers if observed in more than one
patient. Each row represents a patient sample. These are grouped by diagnosis group. Each column
represents gene with clinical relevant alterations. Genes are organized by gene sets derived from
MSigDB Collection2 (Version 6.2) [23-25].

Fusion genes were reported in 14 cases (17%). In most cases, the fusion genes were classified as
unknown clinical relevance (tier 3), but were reported due to a potential pathogenic effect, caused by
one of the fusion gene partners being a known oncogene. However, a few had potential clinical
relevance. Three fusion genes, CIITA-BCL6, MBNL1-BCL6, and CUX1-BRAF, served as inclusion
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criteria for one or more clinical trials, and an AML patient had a NUP98-NSD1 gene fusion indicative
of poor prognosis [26].

In ten different patients (12%), 14 gene losses or amplifications were reported. Most CNA had
uncertain clinical relevance (tier 3). Only two CNA had potential clinical relevance (tier 2), namely
MTAP or CDKN2A loss. Both of these served as inclusion criteria for one or more clinical trials, and
the latter also showed plausible resistance in a case study [27].

In addition to detection of clinically relevant somatic mutations, other genomic measures with
potential clinical relevance were measured, Figure 6. None of our cases had more than 2% instable
microsatellite sites. In line with this, the TMB score was also low in all cases, and the MSI/TMB ratio
was not found to be significantly different between diagnosis groups. Only in a single case a TMB
score > 5 variants/Mb could be detected.

(a) Mutational signatures
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25%
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- Deamination of 5-methylcytosine Defective DNA mismatch repair . AID activity
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Figure 6. Other potential clinically relevant genomic measurements. (a) The relative contribution of
the COMSIC mutational signatures to each tumor sample grouped as either Deamination of
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5-methylcytosine, defective DNA mismatch repair, activation-induced cytidine deaminase (AID)
activity, DNA polymerase epsilon (POLE) activity, UV light exposure, tobacco carcinogen exposure,
tobacco chewing, alkylating agent association, aristolochic acid exposure, or aflatoxin exposure
according to their proposed aetiology. ALE: Acute leukemia, CLE: Chronic leukemia, CMNE: Chronic
Myeloid Neoplasms, ALY: Aggressive Lymphomas, ILY: Indolent Lymphomas and PCD: Plasma Cell
Diseases. (b) Comparison of the relative contribution of the tobacco carcinogen exposure signature in
the smoker vs. non-smoker groups. (c) Micro satellite instability (MSI) status vs. tumor mutational
burden (TMB) status.

The contribution of the COSMIC mutational signatures was investigated in order to detect
potential signals in regards to, e.g., defective DNA mismatch repair, which is highly relevant in the
light of immunotherapy treatments, Figure 6. In two patients, we identified a high amount of
mutations associated to defective DNA mismatch repair, and surprisingly one of these patients did
not have reported SNV. However, no significant correlation between the contribution of defective
DNA mismatch repair signatures and MSI or diagnosis group could be found. When possible, we
collected patient data on smoking habits (n = 82), Figure 6. Here, a comparison between non-smokers
and current or former smokers revealed an increased relative contribution of the tobacco carcinogen
exposure signature (p-value = 0.039, Student’s t-test) in the current/former smokers group.

3. Discussion

This study outlines in detail all steps involved in setting up the logistic, laboratory, and
bioinformatics workflow of a hematological precision medicine initiative developed at Aalborg
University Hospital. We chose to utilize WES and RNAseq as the basis for our genomic analyses,
facilitating an unbiased and exploratory survey of the entire exome. This enabled us to discover
cancer specific alterations in all regions of the exome, which can provide relevant molecular
information to a multidisciplinary team.

We reported somatic variants in 136 different genes, of which 44 genes were altered in more than
one patient. Overall our findings are in line with the genomic landscape of somatic alterations found
in larger hematological genomic studies [28-31], even though some hematological subtypes are only
represented by a few patients in our cohort. In detail, the six most frequently altered genes in the
entire patient cohort were (in descending order) KMT2D, TP53, MYD88, BCL2, CREBBP, and EZH2,
which were altered in between 19 and 11% of all cases. All these are well-known cancer driver genes
often mutated in lymphomas, which represented the largest proportion of patients in our cohort. Of
the recurrently altered genes in our cohort, we identified variants in TP53, RUNX1, and DNMT3A in
our small cohort of acute leukemias, Figure 5, which are known to be frequently mutated in AML
[28]. For the aggressive lymphomas, the majority of the nine genes mutated in three or more patients,
were also identified as frequently mutated in diffuse large B-cell lymphoma (DLBCL) by Reddy and
colleagues [32] and by Karube and colleagues [6]. Four of the ten genes observed in the chronic
leukemias group were also found by Burns and colleagues to be frequently mutated in CLL [30]. For
the indolent lymphomas, the patients with Waldenstrom's macroglobulinemia all had the hallmark
MYD88 mutation, and three of those also had a CXCR4 mutation, both very frequent mutations in
this disease [29]. In patients with follicular lymphoma (FL), we, as others [33], identified frequent
mutations in KMT2D, CREBBP, and EZH?2 with frequencies of 8/10, 5/10, and 4/10, respectively. In
agreement with Lohr and colleagues, we observed NRAS, KRAS, and BRAF to be the most frequently
mutated genes in plasma cell disease [7]. The group of chronic myeloid neoplasms only included
three patients, and only in one patient, a recurrent clinically relevant mutation in RUNXI1 was
observed. In a study by Haferlach and colleagues, the RUNX1 gene was mutated in around 10% of
patients with myelodysplastic syndrome [31].

In our precision medicine analysis, we found a significantly higher number of retained variants
in the aggressive lymphomas and plasma cell disease groups. This could indicate that tumor cells
from relapsed patients of aggressive cancer types have obtained more somatic mutations than tumors
from chronic/indolent cancer types, or that malignancies, which originate in more mature B-cells have
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a higher load of retained variants compared to leukemias and myeloid derived neoplasms. In the
majority (71%) of the 84 patients investigated, we identified clinically relevant somatic variants (tier
1 or 2). In 42% of cases, potential relevant therapeutic variants associated with resistance or sensitivity
to FDA- or EMA-approved clinical therapies were detected. In six patients, variants with strong
clinical therapeutic relevance were found. These were either gain of function alterations in IDH1 or
IDH2, which could indicate sensitivity towards IDH inhibitors, or gain of function alterations in TP53,
which could indicate sensitivity towards the BCL2 inhibitor Venetoclax and sensitivity towards the
kinase inhibitor Idelalisib. Patients harboring variants with strong clinical therapeutic relevance were
either diagnosed with AML or CLL, indicating that the treatment potential of precision medicine in
hematology greatly varies between diagnose entities. Variants with potential clinical therapeutic
relevance were found in seven different well-known cancer genes, potentially giving rise to
treatment. For instance, point mutations leading to EZH2 Y641 substitutions, which are gain of
function alterations of EZH2, were found in both DLBCL and FL patients, potentially giving rise to
treatment with EZH2 inhibitors such as Tazemetostat [5,34]. A patient with AITL and a patient with
CLL had loss of function TET2 mutations, which indicates sensitivity towards DNMT inhibitors such
as Decitabine or Azacitidine, which both are tested in clinical trials for treatment in different
lymphoma sub types [34]. In six patients diagnosed with MM, we found gain of function mutations
in KRAS or NRAS, which are inclusion criteria for a clinical study (NCT03091257) of treatment with
the BRAF inhibitor Dabrafenib and/or the MEK inhibitor Trametinib in patients with relapsed and/or
refractory MM. In three patients diagnosed with CLL or SLL we found loss of function mutations of
the NOTCH1 gene. These alterations are indicative of resistance to treatment with Rituximab, but
serves as an inclusion criterion for a clinical study (NCT03204188) investigating the combination of
Ibrutinib, Fludarabine, and Pembrolizumab for treatment of CLL. The above examples of detected
genetic alterations with clinical therapeutic relevance show the diversity of treatment options and
complexity of hematological malignancies. This highlights the necessity for variant interpretation
support tools, which automatically links genetic alterations with the most current clinical information
available.

In 64% of cases, variants that potentially served as an inclusion criterion for one or more clinical
trials were detected. This is in line with previous studies of precision medicine within hematology.
Bryce and colleagues e.g., found, actionable alterations in 66% of patients (both solid tumors and
hematological malignancies) [18], and a recent study by Galanina and colleagues where 227
hematological patients were sequenced, a possible drug based on molecular alterations were
identified in 75% of patients [20]. However, the results might not be directly comparable, since we
have slight differences in the utilized methodology and hence detection limits, and different ratios of
the individual hematological malignancies, where the number of somatic alterations differ greatly
between patients and diagnosis groups, Figure 3. In our patient population, all have a newly verified
relapse or progression of disease at time of biological sampling. These sampling details are not
included in the study by Galanina and colleagues [20]. Our study was observational, and hence did
not include treatment intervention. Barriers to deliver targeted treatment include drug availability,
patient performance and comorbidities, and distance to sites of potential clinical trial sites, as
experienced in other precision cancer medicine initiative studies [11,18,35,36]. Most patients within
our cohort were at time of sampling still eligible for guideline recommended treatment, as there are
multiple different treatment regimens for most hematological diagnoses. Hence, the target group for
a precision medicine initiative within hematology (early diagnosed, relapsed, or patients with no
other treatment offers) needs to be determined in future initiatives.

Biomarkers such as TMB, MSI, and mutational signature status have been found to be
informative across cancer types, but is mostly investigated within solid tumors [13,14]. In a study
with over 7000 cancer patients, Samstein and colleagues found that diagnosis entity dependent high
TMB status were associated with improved overall survival [13]. In hematological cancers, TMB
levels are low compared to solid tumors, with TMB level of leukemias and myeloid neoplasms being
lowest, followed by MM, mantle cell, and T-cell lymphomas, and the highest TMB is found in DLBCL
and FL [14,15]. Our results are in line with these studies. In general, we also found the highest TMB
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levels in hematological patients with MM, FL, or DLBCL. However, a single CLL patient had a 6-fold
higher TMB level than others in the group. In agreement with previous publications, we did not
identify high MSI status in any of our 92 hematological tumors [37,38]. The mutational signatures of
a cancer sample can guide the choice of immunotherapy if the signature displays a DNA repair
deficiency profile [39]. Both MSI and the abundance of defective DNA mismatch repair related
signatures might be indications of cancer where immunotherapy would be usable treatment options.
However, we found no correlation between the abundance of defective DNA mismatch repair related
signatures and MSI. The significant difference in the abundance of the tobacco carcinogen exposure
signature between smokers and non-smokers indicates that mutational signatures could have a
potential as an informative measure for hematological patients. However, additional studies are
needed to elucidate the potential of mutational signatures in precision medicine of hematological
cancers.

Time to clinical answer is a major issue for some hematological patients. A realistic time frame
in an implemented clinical setting of the presented initiative would be 3-5 weeks. However, relapsed
hematological patients often cannot wait this long before treatment initiation. Stringent and correct
tissue sampling, which is an obvious necessity, can be challenging in a clinical routine setting. Of the
174 patients enrolled, 54 patients did not have the correct tissue donated for sequencing analysis.
Bone marrow aspirates and lymph node biopsies were only collected to the study, if the particular
tissue type was needed in the clinical evaluation of the suspected disease progression. In other cases,
e.g., MM patients, the donated bone marrow did not contain enough malignant cells to perform
sequencing, why a re-sampling would be a necessity—costing precious time. This could be
circumvented by collecting more bone marrow at the first visit.

The choice of WES and RNAseq as methods for our genomic analyses, was based on a desire of
the analysis to be as unbiased as possible, even though panel sequencing would give a higher
detection limit, and the ability to detect larger structural variants such as CNA and translocations.
For detection of translocations, we utilized detection of fusion transcripts by RNAseq. This is
obviously a suboptimal method since only breakpoints within gene regions can be detected.
Therefore, we see detection of translocations using RNAseq as a complementary method to existing
cytogenetic assays such as karyotyping and fluorescence in situ hybridization. Moreover, RNAseq
data can provide information on gene expression levels. Others have found this informative in
genomic cancer profiling and provided treatment recommendations based on gene expression
profiles [21] and predictions of patient response to treatment agents [40—-42]. However, these methods
are based on and validated in larger microarray expression datasets of diagnostic samples. Currently,
there is a lack of RNAseq based gene expression datasets originating from hematological malignant
samples with corresponding clinical information. These could be used to determine a reference gene
expression level in tumor samples for determination of differential expression, and validation cohorts
for treatment response prediction algorithms. However, we see a great potential of implementing
these methods in future precision medicine initiatives. Likewise, detection of CNA by the use of WES
data is uncertain. A shift to WGS of the sample would improve the detection of translocation
breakpoints often spread across several hundred kilobases and improve the detection of CNAs due
to the more even sequence coverage across the entire genome. Time would also be saved, as the
sequence capture step in library preparation would disappear. However, besides the added cost of
sequencing, this would also require access to or purchase of a more powerful high performance
computer environment, adding both cost and time for bioinformatical processing. We estimate that
the data pre-processing step from raw sequence data to a set of filtered variants for biological
interpretation using WES and RNAseq data can be performed in less than 24 hours [43]. The same
requirement would apply to WGS data pre-processing, but this would require optimization of the
bioinformatical workflow, e.g., in regards to input/output options and data-level parallelization.
Following data pre-processing, the manual evaluation of each somatic variant according to clinical
guidelines is the next major time consuming step [44,45]. Variant interpretation is a major challenge
for precision medicine in somatic cancers [46]. Only a few hundred DNA variants are well annotated
as cancer drivers and targetable with drugs [22,47,48]. The vast majority of somatic variants can still
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only be classified as “variants of unknown significance” or has conflicting literature information on
cancer relevance. This call for data sharing initiatives, to improve cancer related public databases and
provide information to automated classification of variants. Within the past few years, several large
data sharing initiatives have emerged which have the potential to overcome this challenge [49]. The
interactive knowledge system Genomic Data Commons (GDC), from The National Cancer Institute,
is a good example. Here, the goal is to democratize the access to cancer genomic data and facilitate
sharing of these data. The GDC contains large hematologic data sets, e.g., nearly 2000 AML cases and
more than 1000 ALL cases. However, the case number for other hematologic sub types is still low.
Although data sharing initiatives exists, challenges such as patient’s trust in sharing their clinical and
genomic data for research [50] and regulations of data privacy such as the EU general data protection
regulation [51] needs to be met, for hematologic precision medicine to become a success.

4. Materials and Methods

A detailed version of the materials and methods section is available in Appendix A.

4.1. Study Protocols, Screening, and Inclusion

Patients from the Department of Hematology, Aalborg University Hospital, Denmark with
suspected progression or relapse of a hematological malignancy were offered participation in the
ProGen (N-20150042) and ProSeq (N-20160089) studies approved by the North Denmark Region
Committee on Health Research Ethics. Participants gave written informed consent in accordance with
the Declaration of Helsinki. ProGen included single gene analysis. Patients were enrolled in ProGen
from 1 February 2016. ProSeq included WES and RNA sequencing, and patients were enrolled from
16 February 2017. All included patients in this study were enrolled before 1 February 2019. Patients
were offered participation at every suspected relapse or progression of disease in the project period,
and hence could be enrolled multiple times. Both studies were observational and non-interventional
studies.

4.2. Biobank, Cell Sorting, and Purification

Tumor tissue included lymph node biopsies, peripheral blood, and bone marrow and as
germline DNA source saliva or mouth swabs were obtained. When the cancer cell frequency was
below 80%, we used multi parameter flow cytometry (MFC) and sorting with selected panels from
the “Euroflow antibody panel list” [52] to purify the bulk of malignant cells from peripheral blood
and bone marrow samples, Table A1l. DNA and RNA were purified from vital frozen mononuclear
cells, flow sorted malignant cells, or homogenized biopsies using Qiagen’s All Prep
DNA/RNA/miRNA kit, following the manufacturer’s guidelines. DNA from saliva and mouth swabs
were purified using the kits: PrepITeL2P (DNA Genotek, Ottawa, Canada), and DNeasy Blood &
Tissue Kit (Qiagen, Germantown, MD, USA), respectively, following the manufacturer’s guidelines.
Preparation of WES and RNA libraries were performed, followed by Illumina paired end sequencing
producing minimum 26 Gb, 18 Gb, or 33 million reads of raw sequence data for tumor DNA, normal
DNA, or tumor RNA samples, respectively.

4.3. Bioinformatics Workflow

We developed an in-house bioinformatics workflow for data processing and analysis, Figure 7.
For a detailed description, see the online supplementary material. The workflow utilizes the Genome
Analysis Tool Kit (GATK) v3.8 framework [53], predominantly following the GATK best practices
[54,55]. Additionally, using WES data CNA, TMB, MSI status, and mutational signature analyses
were performed. Fusion transcript detection was performed using RNAseq data. Finally, detected
somatic variants, along with patient information (age, gender, and diagnosis) were uploaded to
Qiagen Clinical Insight Interpret (www.qgiagenbioinformatics.com) for automatic classification.
Classification was performed in an unbiased manner, where each detected variant was classified by
pathogenicity as either pathogen, likely pathogen, unknown, or benign and by clinically actionability
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as either having strong (tier 1), potential (tier 2), or unknown (tier 3) clinical relevance based on its
therapeutic, prognostic, or diagnostic potential. The evaluation was based on, current clinical
evidence from drug labels, clinical guidelines (e.g., NCCN [56], ASCO [57], and ESMO [58]), and
clinical trials at clinicaltrials.gov according to the 2015 ACMG/AMP [45] and the 2017
AMP/ASCO/CAP guidelines [16]. Final manual variant curation was performed by two trained
molecular biologists. To enable workflow monitoring and facilitate the FAIR data principles [59,60],
a laboratory information management systems solution based on the REDCap application was
developed [61,62].
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Figure 7. Overview of the bioinformatics workflow for processing of WES and RNA sequencing data
in the ProSeq study. The workflow is based on the Genome Analysis Tool Kit (GATK) framework,
and Qiagen Clinical Insight Interpret is used to support the manual variant interpretation performed
by molecular biologists. Genomic data results are stored in a precision cancer medicine database,
potentially enabling results to be shared with other hospital organizations and the scientific
community.

5. Conclusions

This demographic, unbiased, observational, and prospective precision cancer medicine study
included hematological patients with disease progression or relapse at Aalborg University Hospital,
Denmark. The analysis workflow was based on WES and RNA sequencing and results of 92 patient
samples from 85 patients are presented here. In conclusion, the most frequently mutated genes in
individual disease entities were in concordance with previous studies. In our hematologic patient
cohort, TMB and MSI were not found to be informative. Based on analysis of small nucleotide
variants, copy number variants, and fusion transcripts, we found variants with potential and strong
clinical relevance in 62% and 9.5% of the hematological patients, respectively. The developed
workflow provides genomic information ready for interpretation by the treating clinician or a
multidisciplinary team, who can create an overview of the clinical and genomic status of the patient
and decide if, e.g., off label treatment or enrolment in a clinical trial is a possibility for the patient.
The patient group in our study was hematological patients, but the workflow can easily be extended
to other cancer types where tumor tissue is available and DNA/RNA can be extracted.
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Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: DNA and
yields from MFC sorted samples, Table S1: Variant interpretation results.
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Appendix A: Detailed Materials and methods

Study Protocols, Screening, and Inclusion

Patients from Department of Haematology, Aalborg University Hospital, Denmark with
suspected progression or relapse of hematological malignancy were offered participation in the
ProGen protocol. ProGen grants permission to perform single gene analysis on the collected
biological material. Eligible for ProGen were patients: Age > 18 years, having suspected relapse or
progression of hematologic malignancy, and not receiving relapse treatment at the time of inclusion.
Project nurses screened patients, who were hospitalized or had an acute or planned referral through
outpatient clinics, for inclusion. Based on clinical information, the patient’s associated clinical
hematologist decided, if the identified patient was an eligible candidate for the study. Patients were
enrolled in ProGen after signing of informed consent. Biological material for the study and routine
diagnostic testing was collected simultaneously.

Patients enrolled in ProGen, who after routine diagnostics were diagnosed with a relapse or
progression of a hematologic malignancy, were subsequently offered participation in the ProSeq
protocol, which allows broad genomic sequence analysis of tumor DNA of the biological material
collected in ProGen. Upon ProSeq enrolment, a patient sample of saliva or a mouth swab was
acquired for the sole use as germline DNA. Hence, no germline screenings for cancer predispositions
or other genetic diseases were performed. The patient had at least two days from when information
about ProSeq was given, to provide informed consent to participate in the study. An assessor could
participate in the information process and specific emphasis was put on the risk of incidental findings
in the normal DNA, which could reveal an unknown disease predisposition in the host genome[63].
In case of incidental findings, patient and family genetic counselling was warranted by the
Department of Clinical Genetics, Aalborg University Hospital. However, the resource was not
activated for any of the 85 sequenced patients. A patient could be included in the study at every
suspected relapse experienced in the study period.

The ProGen (N-20150042) and ProSeq (N-20160089) studies were approved by the North
Denmark Region Committee on Health Research Ethics. ProGen started enrolment of patients Feb 1,
2016 and ProSeq began enrolment of patients 16 February 2017. Participants gave written informed
consent in accordance with the Declaration of Helsinki. Patients enrolled until 31 January 2019 were
included in this publication. Both studies were observational and non-interventional studies.
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Biobank

Biological material donated included peripheral blood (PB), bone marrow (BM), lymph node
biopsies, and saliva or mouth swabs. Methods to purify fractions from PB and BM followed the
national guidelines from the Hematological Section of the Danish Cancer Biobank, Bio- and Genome
Bank Denmark (RBGB) [64]. In short, PB and BM samples were processed at an in-house biobank
within 24 h. BM (2 x 4-5 mL) was aspirated from the iliac crest into EDTA stabilized tubes, and
fractions of 2 x 1 mL plasma and 1-8 x 5-10 millions of mononuclear cells (MNC) were isolated. PB
was drawn in EDTA stabilized tubes (2 x 9 mL), in serum tubes (1 x 9 mL, no coating or stabilizer),
and in cell-free DNA PB collection tubes (1 x 9 mL) (Streck, La Vista, NE, USA). The following
fractions were isolated: 2 x 1.5 mL plasma, 1 x 1.5 mL buffy coat, 2 x 1.5 mL serum, and 1-8 x 5-10
millions of MNC. Fractions of plasma, buffy coat, and MNC were isolated using density gradient
centrifugation with Ficoll-paque plus solution (GE Healthcare Bio-Science AB, Uppsala, Sweden) and
LeucoSep tubes with a membrane (In Vitro, Fredensborg, Denmark). The serum fraction was isolated
after centrifugation of the non-stabilized PB sample. MNC fractions were frozen as single cell
suspension vital stocks in culture medium containing 10% DMSQO. From the cell-free DNA, blood
collection tubes 2 x 1.8 mL plasma and 2 x 1.8 mL of the cellular fraction were purified following
manufacturer’s descriptions.

Lymph node biopsies were either excised in totos or as an 18G/1 mm needle ultrasound guided
biopsy. One needle biopsy was sent for histopathological evaluation, and one needle biopsy for the
study was placed directly in the RN Alater solution, kept for 24-72 h at 4 °C, and subsequently stored
at -80 °C. Whole biopsies underwent routine clinical diagnostics tests by an experienced
hematopathologist, and excess lymph node material was stored in an RN Alater solution at —80 °C.

Saliva samples were collected in a tube from Oragene DNA (DNA Genotek, Ottawa, Canada),
heat inactivated 2 h at 56 °C, and frozen at —20 °C until purification. Mouth swabs were collected
using 4 sterile polyester tipped applicators (Puritan Medical Products Company, Guilford, ME, USA)
per patient and then tip frozen at —80 °C until purification.

Information on collected biological fractions were stored in the database of RBGB and/or in an
in-house REDCap database, Figure Al.
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Figure Al. Laboratory Information Management. An overview of the data flow in the ProGen and
ProSeq studies. Patient consent is stored in a REDCap database (DB), and clinical data of the patient
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was from the electronic health records (EHRs) are transferred into the REDCap database. Donated
tissue samples are handled and stored in the biobank, and sample information is subsequently placed
in the national RBGB database, and automatically imported into the RedCap database, minimizing
the time consumption for patient registration. In the laboratory (lab), DNA and RNA is purified from
tissue samples or from sorted malignant cells and subsequently sequenced. Raw genomic data is
processed using the bioinformatics workflow, and the resulting genomic profile is annotated using
online cancer database resources. Following, quality control (QC) data from the Lab and the
Bioinformatics analysis is recorded in the REDcap database. Variant interpretation is performed by
trained molecular biologists and the resulting interpreted genomic data is transferred to REDCap.
Finally, a report for multidisciplinary team conferences (MDT Report) can be generated for each
patient.

Cell Sorting and DNA/RNA Purification

Multi parameter flow cytometry (MFC) and sorting was used to concentrate the bulk of
malignant cell populations when its frequency was below 80 %. For phenotype characterization and
sorting panel selection, available information from routine clinical diagnostics was used. This
included disease status, frequency of malignancy in unpurified fresh tissue, and diagnostic
flowcytometric immunophenotyping/immunohistochemical analysis from the fresh analyzed
relapsed material (before cryopreservation) or from previous disease stages. If not available, this
information was generated by performing an immunophenotyping analysis using selected panels
from the “Euroflow antibody panel list” [52] matching the specific disease. A minimal antibody panel
was selected for cell enrichment purposes, Table Al. MNC were thawed, DNAse-treated, stained
with relevant surface antibodies, washed, and sorted using a FACSAria Cell Sorter (BD Biosciences,
San Jose, CA, USA). Sort decision gates were placed to ensure sufficient purity of the malignant cell
populations (>80%) without sacrificing malignant subpopulations based on disease heterogeneity
(bulk malignancy). Subsequently, the cells were collected, centrifuged, and suspended in lysis buffer
for downstream RNA and DNA purification.

Table A1. Sorting and staining panels. Minimum sorting panels listing basic targeted antigens as well
as optional/custom additions of antigens.

Disease Group Basic Staining Panel Optional/Custom additions *
ALL CD45/CD34/CD19 CD10, CD20, CD38, IgM, sKappa, sLambda
AML/MDS/PV CD45/CD34/CD117 HLDAR, CD10, CD13, CD14, CD33 and others
LPL/WM CD45/CD19/CD20 sKappa, sLambda, IgM, CD5, CD79a
MM CD45/CD19/CD38 CD138, CD56
SMZL CD45/CD19/CD20 sKappa, sLambda, IgM, CD22
T-LGLL CD45/CD5/CD3 CD8, CD4

ALL = acute lymphoblastic leukemia, AML = acute myeloid leukemia, MDS = myelodysplastic
syndrome, PV = polycythemia vera, LPL = lymphoplasmacytic lymphoma, WM = Waldenstrém's
macroglobulinemia, MM = multiple myeloma, SMZL = splenic marginal zone lymphoma, T-LGLL =
T-Cell large granular lymphocyte leukemia. * Additional antibodies were selected from the
corresponding Euroflow panel.

Lymph node biopsies of maximum 30 mg were homogenized using a Tissuelyser (Qiagen,
Germantown, MD, USA). DNA and RNA were purified from MNC, flow sorted malignant cells, or
homogenized biopsies using Qiagen’s All Prep DNA/RNA/miRNA kit, following manufacturer’s
guidelines. DNA from saliva and mouth swabs were purified using the kits: PrepITeL2P (DNA
Genotek, Ottawa, Canada), and DNeasy Blood & Tissue Kit (Qiagen), respectively, following
manufactures guidelines. The quality and quantity of the DNA and RNA were tested using Qubit
(Invitrogen, Carlsbad, CA, USA), Bioanalyzer (Agilent, Santa Clara, CA, USA), and Nanodrop
(Thermo Scientific, Waltham, MA, USA).
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Sequencing

Whole exome sequencing (WES) library preparation was performed using either NEBNext®
Ultra™ II DNA Library Prep Kit for Illumina (New England Bio Labs, Ipswich, MA, USA), the
Sureselect XT or XT HS Library Prep Kits (Agilent, Santa Clara, CA, USA), the Accel-NGS 25 Hyb
DNA Library Kit (SWIFT Biosciences, Ann Arbor, MI, USA), or the Twist Library Preparation EF Kit
(TWIST Biosciences, San Francisco, CA, USA). Additional contaminant removal was performed for
the majority of samples > 240 ng using the PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA,
USA). Exome capture was performed using either the SureSelect XT Clinical Research Exome, the
SureSelect XT HS Clinical Research Exome V2 (Agilent), or the Twist Human Core Exome Kit (TWIST
Biosciences, San Francisco, CA, USA). For RNAseq library production, TruSeq Stranded mRNA
Library Prep Kit (Illumina, San Diego, CA, USA) or NEBNext Ultra II Directional RNA Library Prep
Kit for Illumina (New England Biolabs, Ipswich, MA, USA) were used. Sequencing was performed
as either 2 x 100 bp or 2 x 150 bp paired-end on either a NextSeq 500 or a NovaSeq 6000 (Illumina,
San Diego, CA, USA) producing minimum 26 Gb, 18 Gb, or 33 million reads of raw sequence data for
tumor DNA, normal DNA, or tumor RNA samples, respectively.

Bioinformatics Workflow

An in-house workflow for data processing and analysis was developed by integration of several
existing programs. Raw FASTQ files were quality trimmed and checked using trimgalore v0.4.3 [65].
Reads were aligned against the GDC GRCh38.d1.vd1 human reference genome sequence using BWA
mem v0.7.12 [66] for WES normal and tumor samples and STAR v2.5.3a in 2-pass mode for RNAseq
samples. Following marking of duplicates, indel re-alignment, base quality re-calibration, and
calculations of general and sequence artefact metrics were performed using GATK v3.8 [53] following
the GATK best practices [54,55]. In line with similar studies [36,67], we chose a desired minimum
average coverage of 75x and 150x for normal and tumor WES samples, respectively, and 30M
sequenced reads for RNAseq libraries. The latter was based on the 2016 ENCODE Experiment
Guidelines [68].

For WES data, detection of somatic variants was performed using a combination of Mutect2 v3.8
[69] and Varscan v2.4.1 [70]. Variants marked “PASS” from Mutect2 and “high confidence” variants
from Varscan were combined and filtered using a minimum QSS score of 25, a minimum allele
frequency (AF) of 0.02, and a minimum allele ratio (AF tumor/AF normal) of 4. Variants were
annotated with class, population allele frequencies, sift and polyphen predictions, genomic region
and protein domains using the Ensembl variant effect predictor [71]. Following, annotations from the
cancer databases OncoKB [22], COSMIC Cancer Gene Census [72], ONgene [73], and CIViC [48] was
automatically assigned each variant when applicable. For variant evaluation using Qiagen Clinical
Insight Interpret (QCI) (www.qiagenbioinformatics.com), the following criteria had to be met: The
variant was exonic + 10 bp in an exome capture target region. The minimum allele frequency of the
alternative allele was 210% and supported by > 5 reads. The variant was non-synonymous, and the
allele frequency of the variant <5% in any population from 1000 genomes, ESP or gnomAD. For
calculation of tumor mutational burden (TMB) a similar filtration was used, only keeping non-
synonomus, mis-splicing and indel variants. The total region of interest (ROI) was defined as the sum
of exonic + 2 bp regions within target capture regions. TMB was calculated as number variants/ROI
[Mb]. Micro satellite instability (MSI) status was detected using MSISensor v0.2 [74]. Microsatellites
in the exome capture target regions with a repeat length > 2 and read coverage in both tumor and
normal samples > 20 are examined for instability (FDR threshold = 0.05). The MSI status was given as
a percentage of instable sites to the total number of measured sites.

Copy number alterations were inferred using CNVKit 0.9.6 [75]. Off-target bin sizes were
estimated from the tumor alignment file and the coverage in these regions was estimated in the tumor
and normal samples. Corrections for biases in regional coverage and GC content were performed,
and discrete copy number segments from the resulting coverage table were calculated using the CBS
segmentation method [76]. Each segment’s absolute integer copy number was derived and filtered,
only keeping high-level amplifications (= 5 copies) and homozygous deletions (0 copies). Only genes
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with annotations in either the OncoKB, COSMIC Cancer Gene Census, ONgene, or CIViC database
within these segments were reported as either amplified or lost.

Mutational signature analysis was performed using the R package MutationalPatterns V 1.4.3
[77]. The contribution of the COSMIC Mutational Signatures (version 2) [14] to the initial set of
somatic variants of each tumor sample was quantified. Mutational signature contributions were
grouped as either Deamination of 5-methylcytosine, defective DNA mismatch repair, activation-
induced cytidine deaminase activity, polymerase epsilon activity, UV light exposure, tobacco
carcinogen exposure, tobacco chewing, alkylating agent association, aristolochic acid exposure, or
aflatoxin exposure according to their proposed aetiology.

For RNAseq data, splitting and trimming of reads were performed prior to indel re-alignment.
Detection of variants was performed using HaplotypeCaller v3.8 following the GATK best practices.
Detection of fusion transcripts (FTs) was performed in the Oshell/OmicSoft Project Environment
v10.0.1.29 [78] using both MapFusionReads (MFP) considering the data as single reads and
ReportPairedEndFusionGenes (RPEFG) utilizing the paired-end information. Minimal read coverage
was set to 5 and the minimal distance between potential fusion genes was set to 5000 bp. Due to a
high false positive rate especially using RPEFG, and a high amount of non-informative FTs, further
filtering was made. Both gene partners must have an approved HGNC symbol, and FTs were filtered
if they did not have an entry in either COSMIC fusion genes, TICdb [79], or
Atlasgeneticsoncology.org [80] or if at least one of the fusion partners had and entry in either the
OncoKB, COSMIC Cancer Gene Census, ONgene, or CIViC database.

Variant Classification and Evaluation

The filtered variant call file (VCF), along with patient information (age, gender, and diagnosis)
and information regarding detected fusion transcripts, gene losses, and gains were uploaded to the
decision support tool QCI for variant evaluation. Filtered variants were on the basis of their
therapeutic, prognostic or diagnostic potential automatically classified into the following groups
using the 2017 AMP/ASCO/CAP tier system [16]: Variants with strong clinical significance (tier 1A
and 1B), variants with potential clinical significance (tier 2C and 2D), variants of unknown clinical
significance (tier 3), or benign or likely benign variants (tier 4). Based on clinical guidelines and
information from clinicaltrials.gov, guideline recommended therapies and clinical trials were
associated to variants by QCI, when available. Two trained molecular biologists manually
investigated or verified the clinical significance of all potentially informative variants. These included
all fusion transcripts, gain or loss CNA, and all SNV automatic classified as pathogenic, actionable,
or prognostic by QCI or variants with an entry in either the OncoKB, COSMIC Cancer Gene Census,
ONGene, or CIViC databases. All variants found to be reportable were manually verified by visual
inspection of supporting reads in the WES data, and if possible in the RNAseq data in IGV, Table S1
[81]. A report of reportable variants could subsequently be generated for presentation at
multidisciplinary team conferences.

Laboratory Information Management Systems

In order to allow a proper workflow monitoring, a Laboratory Information Management System
(LIMS) was developed. The system utilizes REDCap [61,62] to store the workflow metadata from
inclusions of patients to the final results of the genomic analysis, which can be exported to a
multidisciplinary teams report, Figure Al. The REDCap part encompasses three projects: Patient
inclusion focusing on patient’s consents and tissue sampling, laboratory management recording the
various handling steps in the laboratory, and clinical data recording the patient’s clinical history
related to their hematological malignancy containing information about treatment, laboratory test
results, comorbidities, medication, etc. A web platform was developed to aggregate the information
from the three REDCap databases, hereby circumventing limitations for the implementation of a
LIMS solution. This platform enabled monitorization and validation of the quality of the data, Figure
Al. The platform utilizes the REDCap Application Programming Interface (API) for a seamless
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integration and a tool was integrated to upload information on biological fractions stored in the RBGB
database.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Le Tourneau, C.; Delord, ].P.; Gongalves, A.; Gavoille, C.; Dubot, C.; Isambert, N.; Campone, M.; Trédan,
O.; Massiani, M.A.; Mauborgne, C.; et al. Molecularly targeted therapy based on tumour molecular
profiling versus conventional therapy for advanced cancer (SHIVA): A multicentre, open-label, proof-of-
concept, randomised, controlled phase 2 trial. Lancet Oncol. 2015, 16, 1324-1334. doi:10.1016/51470-
2045(15)00188-6.

Conley, B.A.; Doroshow, J.H. Molecular Analysis for Therapy Choice: NCI MATCH. Semin. Oncol. 2014, 41,
297-299. doi:10.1053/j.seminoncol.2014.05.002.

Levit, L.A.; Kim, E.S.; McAneny, B.L.; Nadauld, L.D.; Levit, K.; Schenkel, C.; Schilsky, R.L. Implementing
Precision Medicine in Community-Based Oncology Programs: Three Models. ]. Oncol. Pract. 2019, 15, 325-
329. doi:10.1200/jop.18.00661.

Tyner, ] W_; Tognon, C.E.; Bottomly, D.; Wilmot, B.; Kurtz, S.E.; Savage, S.L.; Long, N.; Schultz, A.R.; Traer,
E; Abel, M., et al. Functional genomic landscape of acute myeloid leukaemia. Natfure 2018.
do0i:10.1038/s41586-018-0623-z.

Miao, Y.; Medeiros, L.J.; Li, Y.; Li, J.; Young, K.H. Genetic alterations and their clinical implications in
DLBCL. Nat. Rev. Clin. Oncol. 2019, 16, 634-652. d0i:10.1038/s41571-019-0225-1.

Karube, K.; Enjuanes, A.; Dlouhy, L; Jares, P.; Martin-Garcia, D.; Nadeu, F.; Ordénez, G.R.; Rovira, J.; Clot,
G.; Royo, C,; et al. Integrating genomic alterations in diffuse large B-cell lymphoma identifies new relevant
pathways and potential therapeutic targets. Leukemia 2018, 32, 675-684. doi:10.1038/leu.2017.251.

Lohr, J.G,; Stojanov, P.; Carter, S.L.; Cruz-Gordillo, P.; Lawrence, M.S.; Auclair, D.; Sougnez, C.; Knoechel,
B.; Gould, J.; Saksena, G.; et al. Widespread genetic heterogeneity in multiple myeloma: Implications for
targeted therapy. Cancer Cell 2014, 25, 91-101. doi:10.1016/j.ccr.2013.12.015.

Vikova, V.; Jourdan, M.; Robert, N.; Requirand, G.; Boireau, S.; Bruyer, A.; Vincent, L.; Cartron, G.; Klein,
B.; Elemento, O.; et al. Comprehensive characterization of the mutational landscape in multiple myeloma
cell lines reveals potential drivers and pathways associated with tumor progression and drug resistance.
Theranostics 2019, 9, 540-553. d0i:10.7150/thno.28374.

Asmann, Y.W.; Maurer, M.J; Wang, C.; Sarangi, V.; Ansell, SM.; Feldman, A.L.; Nowakowski, G.S.;
Manske, M.; Price-Troska, T.; Yang, Z.Z.; et al. Genetic diversity of newly diagnosed follicular lymphoma.
Blood Cancer ]. 2014, 4, 4-7. doi:10.1038/bcj.2014.80.

Dietel, M.; Johrens, K.; Laffert, M. V.; Hummel, M.; Blaker, H.; Pfitzner, B.M.; Lehmann, A.; Denkert, C.;
Darb-Esfahani, S.; Lenze, D.; et al. A 2015 update on predictive molecular pathology and its role in targeted
cancer therapy: A review focussing on clinical relevance. Cancer Gene Ther. 2015, 22, 417-430.
doi:10.1038/cgt.2015.39.

Taylor, ].; Xiao, W.; Abdel-Wahab, O. Diagnosis and classification of hematologic malignancies on the basis
of genetics. Blood 2017, 130, 410-423. doi:10.1182/blood-2017-02-734541.

Schrock, A.B.; Ouyang, C.; Sandhu, J.; Sokol, E.; Jin, D.; Ross, J.S.; Miller, V.A.; Lim, D.; Amanam, I.; Chao,
J.; et al. Tumor mutational burden is predictive of response to immune checkpoint inhibitors in MSI-high
metastatic colorectal cancer. Ann. Oncol. 2019, doi:10.1093/annonc/mdz134.

Samstein, R.M.; Lee, C.H.; Shoushtari, A.N.; Hellmann, M.D.; Shen, R.; Janjigian, Y.Y.; Barron, D.A.; Zehir,
A.; Jordan, E.J.; Omuro, A.; et al. Tumor mutational load predicts survival after immunotherapy across
multiple cancer types. Nat. Genet. 2019, 51, 202-206. doi:10.1038/s41588-018-0312-8.

Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.].R; Behjati, S.; Biankin, A. V.; Bignell, G.R.;
Bolli, N.; Borg, A.; Borresen-Dale, A.-L.; et al. Signatures of mutational processes in human cancer. Nature
2013, 500, 415-421. doi:10.1038/nature12477.

Chalmers, Z.R.; Connelly, C.F.; Fabrizio, D.; Gay, L.; Ali, S.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien,
A.; Chmielecki, J.; et al. Analysis of 100,000 human cancer genomes reveals the landscape of tumor
mutational burden. Genome Med. 2017, 9, 1-14. doi:10.1186/s13073-017-0424-2.

Li, M.M,; Datto, M.; Duncavage, E.J.; Kulkarni, S.; Lindeman, N.I; Roy, S.; Tsimberidou, A.M.; Vnencak-
Jones, C.L.; Wolff, D.J.; Younes, A.; et al. Standards and Guidelines for the Interpretation and Reporting of
Sequence Variants in Cancer. J. Mol. Diagnostics 2017, 19, 4-23 d0i:10.1016/j.jmoldx.2016.10.002.

Zimmer, K.; Kocher, F.; Spizzo, G.; Salem, M.; Gastl, G.; Seeber, A. Treatment According to Molecular
Profiling in Relapsed/Refractory Cancer Patients: A Review Focusing on Latest Profiling Studies. Comput.
Struct. Biotechnol. ]. 2019, 17, 447-453. d0i:10.1016/.csbj.2019.03.012.



Cancers 2020, 12, 312 20 of 23

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bryce, A.H.; Egan, ].B.; Borad, M.].; Keith Stewart, A.; Nowakowski, G.S.; Chanan-Khan, A.; Patnaik, M.M.;
Ansell, SM.; Banck, M.S.; Robinson, S.I.; et al. Experience with precision genomics and tumor board,
indicates frequent target identification, but barriers to delivery. Oncotarget 2017, 8, 27145-27154.
doi:10.18632/oncotarget.16057.

Mody, RJ.; Wu, Y.M,; Lonigro, R].; Cao, X.; Roychowdhury, S.; Vats, P.; Frank, K.M.; Prensner, J.R.;
Asangani, I.; Palanisamy, N.; et al. Integrative clinical sequencing in the management of refractory or
relapsed cancer in youth. JAMA ]. Am. Med. Assoc. 2015, 314, 913-925. d0i:10.1001/jama.2015.10080.
Galanina, N.; Bejar, R.; Choi, M.; Goodman, A.; Wieduwilt, M.; Mulroney, C.; Kim, L.; Yeerna, H.; Tamayo,
P.; Vergilio, J.A.; et al. Comprehensive genomic profiling reveals diverse but actionable molecular
portfolios across hematologic malignancies: Implications for next generation clinical trials. Cancers (Basel).
2019, 11, 11. doi:10.3390/cancers11010011.

Lagana, A.; Beno, I.; Melnekoff, D.; Leshchenko, V.; Madduri, D.; Ramdas, D.; Sanchez, L.; Niglio, S.;
Perumal, D.; Kidd, B.A.; et al. Precision Medicine for Relapsed Multiple Myeloma on the Basis of an
Integrative Multiomics Approach. JCO Precis. Oncol. 2018, 1-17. doi:10.1200/PO.18.00019.

Chakravarty, D.; Gao, J.; Phillips, S.; Kundra, R.; Zhang, H.; Wang, J.; Rudolph, J.E.; Yaeger, R.; Soumerai,
T.; Nissan, M.H.; et al. OncoKB: A Precision Oncology Knowledge Base. JCO Precis. Oncol. 2017, 1, 1-16.
doi:10.1200/PO.17.00011.

Liberzon, A.; Subramanian, A.; Pinchback, R.; Thorvaldsdottir, H.; Tamayo, P.; Mesirov, ].P. Molecular
signatures database (MSigDB) 3.0. Bioinformatics 2011, 27, 1739-1740. doi:10.1093/bioinformatics/btr260.
Liberzon, A.; Birger, C.; Thorvaldsdéttir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular
Signatures Database Hallmark Gene Set Collection. Cell Syst. 2015, 1, 417-425. doi:10.1016/j.cels.2015.12.004.
Subramanian, A.; Tamayo, P.; Mootha, V.K.,; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.;
Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545-15550.
doi:10.1073/pnas.0506580102.

Hollink, .LH.IM.; Heuvel-eibrink, M.M. Van Den; Arentsen-peters, S.T.C.].M.; Abbas, S.; Kuipers, ].E.;
Galen, J.F. Van; Beverloo, H.B.; Kaspers, G.J.L.; Trka, ].; Baruchel, A.; et al. myeloid leukemia with a distinct
HOX gene expression pattern NUP98 / NSD1 characterizes a novel poor prognostic group in acute myeloid
leukemia with a distinct HOX gene expression pattern. Blood 2013, 118, 3645-3656. doi:10.1182/blood-2011-
04-346643.

Shi, H.; Hugo, W.; Kong, X.; Hong, A.; Koya, R.C.; Moriceau, G.; Chodon, T.; Guo, R.; Johnson, D.B.;
Dahlman, K.B.; et al. Acquired Resistance and Clonal Evolution in Melanoma during BRAF Inhibitor
Therapy. Cancer Discov. 2014, 4, 80-93. doi:10.1158/2159-8290.CD-13-0642.

The Cancer Genome Atlas Research Network (Organization/Institution) Genomic and Epigenomic
Landscapes of Adult De Novo Acute Myeloid Leukemia. N. Engl. ]. Med. 2013, 368, 2059-2074.
doi:10.1056/NEJMo0a1301689.

Hunter, ZR,; Xu, L,; Yang, G.; Zhou, Y.; Liu, X.; Cao, Y.; Manning, R.]J.; Tripsas, C.; Patterson, C.J.; Sheehy,
P.; et al. The genomic landscape of Waldenstrom macroglobulinemia is characterized by highly recurring
MYD88 and WHIM-like CXCR4 mutations, and small somatic deletions associated with B-cell
lymphomagenesis. Blood 2014, 123, 1637-1646. d0i:10.1182/blood-2013-09-525808.

Burns, A.; Alsolami, R.; Becq, J.; Stamatopoulos, B.; Timbs, A.; Bruce, D.; Robbe, P.; Vavoulis, D.; Clifford,
R.; Cabes, M.; et al. Whole-genome sequencing of chronic lymphocytic leukaemia reveals distinct
differences in the mutational landscape between IgHV mut and IgHV unmut subgroups. Leukemia 2018, 32,
332-342. doi:10.1038/leu.2017.177.

Haferlach, T.; Nagata, Y.; Grossmann, V.; Okuno, Y.; Bacher, U.; Nagae, G.; Schnittger, S.; Sanada, M.; Kon,
A.; Alpermann, T.; et al. Landscape of genetic lesions in 944 patients with myelodysplastic syndromes.
Leukemia 2014, 28, 241-247. d0i:10.1038/leu.2013.336.

Reddy, A.; Zhang, ].; Davis, N.S.; Moffitt, A.B.; Love, C.L.; Waldrop, A.; Leppa, S.; Pasanen, A.; Meriranta,
L.; Karjalainen-Lindsberg, M.L.; et al. Genetic and Functional Drivers of Diffuse Large B Cell Lymphoma.
Cell 2017, 171, 481-494.e15. d0i:10.1016/j.cell.2017.09.027.

Pasqualucci, L.; Khiabanian, H.; Fangazio, M.; Vasishtha, M.; Messina, M.; Holmes, A.B.; Ouillette, P.;
Trifonov, V.; Rossi, D.; Tabbo, F.; et al. Genetics of Follicular Lymphoma Transformation. Cell Rep. 2014, 6,
130-140. d0i:10.1016/j.celrep.2013.12.027.

Sermer, D.; Pasqualucci, L.; Wendel, H.G.; Melnick, A.; Younes, A. Emerging epigenetic-modulating
therapies in lymphoma. Nat. Rev. Clin. Oncol. 2019, 16, 494-507. d0i:10.1038/s41571-019-0190-8.

Tuxen, LV.; Rohrberg, K.S.; Oestrup, O.; Ahlborn, L.B.; Schmidt, A.Y.; Spanggaard, I.; Hasselby, ].P.;
Santoni-Rugiu, E.; Yde, CW.; Mau-Serensen, M.; et al. Copenhagen prospective personalized oncology



Cancers 2020, 12, 312 21 of 23

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

(COPPO)—Clinical utility of using molecular profiling to select patients to phase I trials. Clin. Cancer Res.
2019, 25, 1239-1247. d0i:10.1158/1078-0432.CCR-18-1780.

Rennert, H.; Eng, K.; Zhang, T.; Tan, A.; Xiang, J.; Romanel, A.; Kim, R.; Tam, W.; Liu, Y.C.; Bhinder, B.; et
al. Development and validation of a whole-exome sequencing test for simultaneous detection of point
mutations, indels and copy-number alterations for precision cancer care. NP] Genomic Med. 2016, 1, 1-11.
doi:10.1038/npjgenmed.2016.19.

Walker, C.J.; Eisfeld, A.-K.; Genutis, L.K.; Bainazar, M.; Kohlschmidt, J.; Mrézek, K.; Carroll, A.].; Kolitz,
J.E.; Powell, B.L.; Wang, E.S.; et al. No evidence for microsatellite instability in acute myeloid leukemia.
Leukemia 2017, 31, 1474-1476. d0i:10.1038/leu.2017.97.

Bonneville, R.; Krook, M.A.; Kautto, E.A.; Miya, J; Wing, M.R.; Chen, H.-Z.; Reeser, JW.; Yu, L,
Roychowdhury, S. Landscape of Microsatellite Instability Across 39 Cancer Types. JCO Precis. Oncol. 2017,
176, 1-15. d0i:10.1200/PO.17.00073.

Ma, J.; Setton, J.; Lee, N.Y; Riaz, N.; Powell, S.N. The therapeutic significance of mutational signatures from
DNA repair deficiency in cancer. Nat. Commun. 2018, 9, 1-12. doi:10.1038/s41467-018-05228-y.

Falgreen, S.; Dybkeer, K.; Young, K.H.; Xu-Monette, Z.Y.; El-Galaly, T.C.; Laursen, M.B.; Bodker, J.S.;
Kjeldsen, M.K.; Schmitz, A.; Nyegaard, M.; et al. Predicting response to multidrug regimens in cancer
patients using cell line experiments and regularised regression models. BMC Cancer 2015, 15, 235.
doi:10.1186/s12885-015-1237-6.

Moreaux, J.; Reme, T.; Leonard, W.; Veyrune, ].L.; Requirand, G.; Goldschmidt, H.; Hose, D.; Klein, B. Gene
expression-based prediction of myeloma cell sensitivity to histone deacetylase inhibitors. Br. J. Cancer 2013,
109, 676-685. d0i:10.1038/bjc.2013.392.

Bogsted, M.; Bilgrau, A.E.; Wardell, C.P.; Bertsch, U, Schmitz, A.; Bedker, ].S.; Kjeldsen, M.K,;
Goldschmidt, H.; Morgan, G.J.; Dybkaer, K.; et al. Proof of the Concept to Use a Malignant B Cell Line Drug
Screen Strategy for Identification and Weight of Melphalan Resistance Genes in Multiple Myeloma. PLoS
Omne 2013, 8, e83252. doi:10.1371/journal.pone.0083252.

Heldenbrand, ].R.; Baheti, S.; Bockol, M.A.; Drucker, T.M.; Hart, S.N.; Hudson, M.E; Iyer, R K.; Kalmbach,
M.T.; Klee, EW.; Wieben, E.D.; et al. Performance benchmarking of GATK3.8 and GATK4. bioRxiv 2018,
348565. doi:10.1101/348565.

Mateo, J.; Chakravarty, D.; Dienstmann, R.; Jezdic, S.; Gonzalez-Perez, A.; Lopez-Bigas, N.; Ng, CK.Y.;
Bedard, P.L.; Tortora, G.; Douillard, ].Y; et al. A framework to rank genomic alterations as targets for cancer
precision medicine: The ESMO Scale for Clinical Actionability of molecular Targets (ESCAT). Ann. Oncol.
2018, 29, 1895-1902. doi:10.1093/annonc/mdy263.

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.;
Spector, E.; et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus
recommendation of the American College of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genet. Med. 2015, 17, 405-424. d0i:10.1038/gim.2015.30.

Hoskinson, D.C.; Dubuc, A.M.; Mason-Suares, H. The current state of clinical interpretation of sequence
variants. Curr. Opin. Genet. Dev. 2017, 42, 33-39. doi:10.1016/j.gde.2017.01.001.

Dienstmann, R.; Jang, LS.; Bot, B.; Friend, S.; Guinney, ]J. Prospective: Database of genomic biomarkers for
cancer drugs and clinical targetability in solid tumors. 2015, 5, 118-123. doi:doi:10.1158/2159-8290.CD-14-
1118.

Griffith, M.; Spies, N.C.; Krysiak, K.; McMichael, J.F.; Coffman, A.C.; Danos, A.M.; Ainscough, B.J.;
Ramirez, C.A ; Rieke, D.T.; Kujan, L.; et al. CIViC is a community knowledgebase for expert crowdsourcing
the clinical interpretation of variants in cancer. Nat. Genet. 2017, 49, 170-174. doi:10.1038/ng.3774.

Siu, L.L.; Lawler, M.; Haussler, D.; Knoppers, B.M.; Lewin, J.; Vis, D.J.; Liao, R.G.; Andre, F.; Banks, I.;
Barrett, J.C.; et al. Facilitating a culture of responsible and effective sharing of cancer genome data. Nat.
Med. 2016, 22, 464-471. doi:10.1038/nm.4089.

Milne, R.; Morley, K.I; Howard, H.; Niemiec, E.; Nicol, D.; Critchley, C.; Prainsack, B.; Vears, D.; Smith, J.;
Steed, C.; et al. Trust in genomic data sharing among members of the general public in the UK, USA,
Canada and Australia. Hum. Genet. 2019, 138, 1237-1246. doi:10.1007/s00439-019-02062-0.

the European Union (Organization/Institution) Regulation (EU) 2016/679 Available online: https://eur-
lex.europa.eu/legal-content/EN/TXT/PDF/?uri=0]J:L:2016:119:FULL&from=EN (accessed on 9 January
2020).

van Dongen, ]J.J.M.; Lhermitte, L.; Bottcher, S.; Almeida, J.; van der Velden, V.H.].; Flores-Montero, J.;
Rawstron, a; Asnafi, V.; Lécrevisse, Q.; Lucio, P.; et al. EuroFlow antibody panels for standardized n-
dimensional flow cytometric immunophenotyping of normal, reactive and malignant leukocytes. Leukemia
2012, 26, 1908-75. d0i:10.1038/leu.2012.120.



Cancers 2020, 12, 312 22 of 23

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

McKenna, Aaron, Matthew Hanna, Eric Banks, Andrey Sivachenko, Kristian Cibulskis, Andrew Kernytsky,
Kiran Garimella, David Altshuler, Stacey Gabriel, M.D.; DePristo, and M.A.; McKenna, A.; Hanna, M.;
Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; et al. The Genome
Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome
Res. 2010, 20, 254-260. doi:10.1101/gr.107524.110.20.

Depristo, M.A.; Banks, E.; Poplin, R.; Garimella, K. V.; Maguire, ].R.; Hartl, C.; Philippakis, A.A.; Del Angel,
G.; Rivas, M.A,; Hanna, M.; et al. A framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nat. Genet. 2011, 43, 491-501. doi:10.1038/ng.806.

Van der Auwera, G.A.; Carneiro, M.O.; Hartl, C.; Poplin, R.; del Angel, G.; Levy-Moonshine, A.; Jordan, T.;
Shakir, K.; Roazen, D.; Thibault, J.; et al. From FastQ Data to High-Confidence Variant Calls: The Genome
Analysis Toolkit Best Practices Pipeline. In Current Protocols in Bioinformatics; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2013; Vol. 11, pp. 11.10.1-11.10.33 ISBN 0471250953 d0i:10.1002/0471250953.bi1110s43.
National Comprehensive Cancer Network (Organization/Institution) NCCN - Evidence-Based Cancer
Guidelines, Oncology Drug Compendium, Oncology Continuing Medical Education Available online:
https://www.nccn.org/professionals/physician_gls/default.aspx (accessed on 9 January 2020).

American Society of Clinical Oncology(Organization/Institution) Guidelines, Tools, & Resources | ASCO
Available online: https://www.asco.org/research-guidelines/quality-guidelines/guidelines (accessed on 9
January 2020).

European Society for Medical Oncology(Organization/Institution) Oncology Clinical Practice Guidelines |
ESMO Available online: https://www.esmo.org/Guidelines (accessed on 9 January 2020).

Wilkinson, M.D.; Dumontier, M.; Aalbersberg, Ij.].; Appleton, G.; Axton, M.; Baak, A.; Blomberg, N.; Boiten,
J.-W.; da Silva Santos, L.B.; Bourne, P.E.; et al. The FAIR Guiding Principles for scientific data management
and stewardship. Sci. Data 2016, 3, 160018. doi:10.1038/sdata.2016.18.

Vesteghem, C.; Brondum, R.F.; Senderkeer, M.; Sommer, M.; Schmitz, A.; Bedker, ].S.; Dybkeer, K.; El-
Galaly, T.C.; Bogsted, M. Implementing the FAIR Data Principles in precision oncology: review of
supporting initiatives. Brief. Bioinform. 2019. doi:10.1093/bib/bbz044.

Harris, P.A.; Taylor, R.; Thielke, R.; Payne, J.; Gonzalez, N.; Conde, J.G. Research electronic data capture
(REDCap)-A metadata-driven methodology and workflow process for providing translational research
informatics support. J. Biomed. Inform. 2009. doi:10.1016/j.jbi.2008.08.010.

Harris, P.A.; Taylor, R.; Minor, B.L.; Elliott, V.; Fernandez, M.; O'Neal, L.; McLeod, L.; Delacqua, G.;
Delacqua, F.; Kirby, J.; et al. The REDCap consortium: Building an international community of software
platform partners. ]. Biomed. Inform. 2019, 95, 103208. doi:10.1016/j.jbi.2019.103208.

Marron, ].M.; Joffe, S. Ethical considerations in genomic testing for hematologic disorders. Blood 2017, 130,
460-465. doi:10.1182/blood-2017-01-734558.

Bio- and Genome Bank Denmark (RBGB) Standard Operation procedure for blood and bone marrow
processing  from  Haematological = malignancies  Available  online: http://rbgb.dk/wp-
content/uploads/2019/02/RBGB_SOP-for-handtering-af-blod-og-knoglemarv-ved-haem-
sygdom_20190205_Godkendt.pdf (accessed on 11 September 2019).

Krueger, F. TrimGalore: A wrapper around Cutadapt and FastQC to consistently apply adapter and quality
trimming to FastQ files, with extra functionality for RRBS data Available online:
https://github.com/FelixKrueger/TrimGalore (accessed on 27 August 2019).

Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM Available online:
http://arxiv.org/abs/1303.3997.

Singer, F.; Irmisch, A.; Toussaint, N.C.; Grob, L.; Singer, J.; Thurnherr, T.; Beerenwinkel, N.; Levesque, M.P.;
Dummer, R.; Quagliata, L.; et al. SwissMTB: establishing comprehensive molecular cancer diagnostics in
Swiss clinics. BMC Med. Inform. Decis. Mak. 2018, 18, 89. doi:10.1186/s12911-018-0680-0.

The ENCODE Project Consortium ENCODE Guidelines and Best Practices for RNA-Seq Available online:
https://www.encodeproject.org/documents/cedeOcbe-d324-4ce7-ace4-
f0c3eddf5972/@@download/attachment/ENCODE Best Practices for RNA_v2.pdf (accessed on 27 August
2019).

Cibulskis, K.; Lawrence, M.S,; Carter, S.L.; Sivachenko, A.; Jaffe, D.; Sougnez, C.; Gabriel, S.; Meyerson, M.;
Lander, E.S.; Getz, G. Sensitive detection of somatic point mutations in impure and heterogeneous cancer
samples. Nat. Biotechnol. 2013, 31, 213-219. doi:10.1038/nbt.2514.

Koboldt, D.C.; Zhang, Q.; Larson, D.E.; Shen, D.; McLellan, M.D.; Lin, L.; Miller, C.A.; Mardis, E.R.; Ding,
L.; Wilson, R.K. VarScan 2: Somatic mutation and copy number alteration discovery in cancer by exome
sequencing. Genome Res. 2012, 22, 568-576. d0i:10.1101/gr.129684.111.

McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The
Ensembl Variant Effect Predictor. Genome Biol. 2016, 17, 1-14. d0i:10.1186/s13059-016-0974-4.



Cancers 2020, 12, 312 23 of 23

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Futreal, P.A.; Coin, L.; Marshall, M.; Down, T.; Hubbard, T.; Wooster, R.; Rahman, N.; Stratton, M.R. A
census of human cancer genes. Nat. Rev. Cancer 2004, 4, 177-183. doi:10.1038/nrc1299.

Liu, Y.; Sun, J.; Zhao, M. ONGene: A literature-based database for human oncogenes. ]. Genet. Genomics
2017, 44, 119-121. doi:10.1016/j.jgg.2016.12.004.

Niu, B,; Ye, K,; Zhang, Q.; Lu, C.; Xie, M.; McLellan, M.D.; Wendl, M.C,; Ding, L. MSIsensor: Microsatellite
instability detection using paired tumor-normal sequence data. Bioinformatics 2014, 30, 1015-1016.
do0i:10.1093/bioinformatics/btt755.

Talevich, E.; Shain, A.H.; Botton, T.; Bastian, B.C. CNVkit: Genome-Wide Copy Number Detection and
Visualization from Targeted DNA Sequencing. PLoS Comput. Biol. 2016, 12, 1-18.
doi:10.1371/journal.pcbi.1004873.

Venkatraman, E.S.; Olshen, A.B. A faster circular binary segmentation algorithm for the analysis of array
CGH data. Bioinformatics 2007, 23, 657-663. d0i:10.1093/bioinformatics/bt1646.

Blokzijl, F.; Janssen, R.; van Boxtel, R.; Cuppen, E. MutationalPatterns: Comprehensive genome-wide
analysis of mutational processes. Genome Med. 2018, 10, 1-11. doi:10.1186/s13073-018-0539-0.

Li, J; Hu, J.; Newman, M.; Liu, K;; Ge, H. RNA-Seq analysis pipeline based on oshell environment.
IEEE/ACM Trans. Comput. Biol. Bioinforma. 2014, 11, 973-978. d0i:10.1109/TCBB.2014.2321156.

Novo, E.J.; de Mendibil, 1.O.; Vizmanos, J.L. TICdb: A collection of gene-mapped translocation breakpoints
in cancer. BMC Genomics 2007, 8, 1-5. d0i:10.1186/1471-2164-8-33.

Huret, ].-L.; Ahmad, M.; Arsaban, M.; Jacquemot-Perbal, M.-C.; Le Berre, V.; Malo, A.; Moreau, C.; Morel-
Pair, C.; Rassinoux, L.; Zasadzinski, A. Atlas of Genetics and Cytogenetics in Oncology and Haematology
Staff http://AtlasGeneticsOncology.org Atlas of Genetics and Cytogenetics in Oncology and Haematology.
Atlas Genet. Cytogenet. Oncol. Haematol. 2015, 19, 920-924. doi:10.1093/nar/gks1082.

Robinson, ]J.T.; Thorvaldsdottir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, ].P.
Integrative Genome Viewer. Nat. Biotechnol. 2011, 29, 24-26. doi:10.1038/nbt.1754.Integrative.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



