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Abstract

Molecular sequencing has become an integral part of diagnostic and treatment algorithms for
many types of cancer, yet interpreting molecular sequencing in light of evolving knowledge and
relevant data types remains a significant challenge. Interpretation and discovery is particularly
challenging for germline sequencing routinely collected from normal tissue of cancer patients.
Here | discuss enhancements to a paired precision oncology knowledgebase and interpretation
algorithm, the Molecular Oncology Almanac, to add assertions relevant to medical and
radiation oncology as well as improve accessibility of crowdsourcing through development of a
public APl and Chrome extension. To further characterize the contribution of pathogenic
germline variants to the missing heritability of chronic lymphocytic leukemia, we performed a
case-control study using WES data from 962 cases. Preliminary results demonstrate enrichment
of pathogenic variants in the DNA damage repair gene, CHEK2. Significant enrichment in loss-of-
function variants persists after removing known low-penetrance and founder variants,
suggesting robustness to ancestry correction. Final analysis with enhanced QC, relatedness, and
ancestry matching methods in expanded cohorts is pending. These results demonstrate
potential for lowering the barrier to incorporate molecular sequencing data into precision
oncology research and clinical practice for both medical and radiation oncology, in particular

germline sequencing of normal tissue.
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Glossary

API: Application programming interface
CLL: Chronic lymphocytic leukemia

DDR: DNA-damage repair

DV: DeepVariant

LOF: Loss of function

LP: Low penetrance

MOA: Molecular Oncology Almanac

PARP: Poly(adenosine diphosphate-ribose)
RNA-seq: Whole-transcriptome sequencing
WES: Whole Exome Sequencing

WGS: Whole Genome Sequencing



Introduction
Background

Molecular sequencing has become an integral part of diagnostic and treatment algorithms for
many types of cancer. Yet continued translation of cancer genomics into the clinic poses
scientific, informatic, and practical challenges. As the number and types of known molecular
alterations important for clinical decision-making have increased, interpretation of sequencing
data has become increasingly complex. For cancer patients in whom germline sequencing data
is collected alongside somatic tumor DNA, interpreting germline variants is particularly difficult
owing to the challenge of classifying variants as pathogenic or benign, and an evolving

understanding of which variants are relevant to cancer risk, prognosis, and treatment.

Computationally-enabled knowledgebases to aid in interpretation of cancer sequencing data
have been developed in both industry and academic settings. Such knowledgebases have the
potential to complement research and clinical interpretation efforts, for instance those of
molecular tumor boards at multiple institutions (1), while also extending the reach of genomic
interpretation to non-specialist settings. However, such databases vary in terms of academic
rigor, thoroughness across the clinical-preclinical spectrum, curation process, and open access
(Table 1). Furthermore, extant knowledgebases do not interface directly with software to
interpret ‘omic readouts, foregoing an opportunity to use algorithms for rapid and accurate
sequence interpretation. Finally, extant knowledgebases largely neglect molecular alterations
relevant for clinical decision-making outside of medical oncology, for instance in radiation
oncology, despite growing clinical and preclinical of molecular alterations that impact response

and resistance to radiation (2).

Such shortcomings in extant knowledgebases for precision oncology are particularly concerning
in light of emerging relevance for multiple types of sequencing data, which are poised to offer
new insights into cancer care while further complicating interpretation efforts. Modalities such
as whole genome sequencing (WGS), which to date have largely been used in a research

context (3), introduce additional layers of nuance to interpretation of noncoding regions. While



the value of WGS and RNA-seq continues to be demonstrated in clinical studies, for instance by
informing trial stratification and clinical decision-making around triple-negative breast cancer

(4), guidelines for using these data continue to evolve (5).

More imminently, interpretation of germline sequencing data is growing in clinical importance
for decision-making, not only in terms of cancer risk but also in terms of choice of therapy (6).
Recent FDA approval for targeted agents specific to altered germline DNA, such as the
poly(adenosine diphosphate-ribose) (PARP) inhibitor olaparib for pathogenic germline BRCA1 or
BRCA2 mutations (7), signal that germline alterations may play an increasing role in choice of
therapy. More broadly, genes involved in DNA damage repair pathways (DDR) (including
BRCA1/2) are common drivers across a range of cancers and serve as attractive targets for
therapies intended to cause synthetic lethality in cancer cells (8). Germline alterations in DDR
genes may associate with cancer risk and severity across multiple cancer types, occurring for
instance in 11.8% of men with metastatic prostate cancer as compared to 4.6% of men with
localized prostate cancer (9). Specific DDR genes for which pathogenic germline alterations
have been implicated in cancer include CHEK2, which associates with risk for testicular germ
cell tumors (10), prostate cancer (11), colorectal cancer (12), and breast cancer (13); ATM, for
which rare germline variants have been associated with chronic lymphocytic leukemia (CLL) (14)
and colorectal cancer (15); and PALB2, which also associates with risk of colorectal cancer (15).
Mechanistically, these genes are directly linked: ATM encodes a DNA damage-sensing protein
(ATM) that phosphorylates the protein product of CHEK2 (CHEK2), a kinase that in turn
regulates over 20 downstream proteins (including BRCA1, BRCA2, p53, and Rb) involved in DNA

double-strand break repair, regulation of the cell cycle, and apoptosis (16,17).

Furthermore, apart from their direct relevance to clinical care, studies of germline DNA have
the potential to explain missing heritability in multiple types of cancer. While twin studies have
reflected high heritability across cancer types (18), for many cancers the genetic source of this
heritability remains unknown. In chronic lymphocytic leukemia (CLL) for instance, although first-

degree relatives of CLL patients have a 7.5-fold increased risk and heritability is known to be



~60% (19), genome-wide association studies (GWAS) have only explained 15% of CLL risk across
dozens of loci with small effects (20). Limited evidence has implicated individual genes in CLL
risk: while studies of familial CLL have suggested roles for shelterin complex genes and possibly
ITGB2 (21-24), only ATM has been implicated in the sporadic setting (14,25,26). While large
collections of paired tumor-normal CLL samples have been assembled for studies of somatic

mutations (14,27,28), these have not been fully leveraged to study germline risk for CLL.

Compared to somatic sequencing data, interpreting germline alterations poses unique
challenges owing to genetic diversity across populations and frequent ambiguity around
classifying variants as pathogenic or benign. Furthermore, pathogenic germline mutations
relevant to cancer risk, prognosis, and choice of therapy vary widely in terms of penetrance and
frequency. Beyond the challenges of classifying variants and estimating their effects,
computational tools to call variants from sequencing data also vary in terms of accuracy (29),

which may have decreased the power of previous studies to identify variants.

Here | describe efforts to improve interpretation of sequencing data with the aim to advance
precision medical and radiation oncology by 1) expanding the content and accessibility of a
precision oncology knowledgebase and interpretation algorithm, the Molecular Oncology
Almanac (MOA) and 2) identifying DDR genes enriched for germline pathogenic variants using a
novel deep-learning based variant algorithm, DeepVariant (30), in a case-control study of CLL

patients.



Student role

Working closely in the Van Allen lab with Brendan Reardon, who has been developing the MOA
over the past several years, | updated the MOA precision oncology knowledgebase. |
independently reviewed and added the first radiation oncology assertions to the
knowledgebase. | also developed and published a web browser extension in the Chrome Web
Store in order to enable submission of precision oncology content from the biomedical
community, based on an API | added to the MOA website. | began work to enhance

interpretation and reporting of germline genetic variants by MOA.

Working closely with a team of computational biologists in the Van Allen lab, including Saud
AlDubayan, Eric Kofman, Seunghun Han, Sabrina Camp, and Amaro Taylor-Weiner, | developed
and tested cloud-based germline variant calling and analysis workflows based on DeepVariant.
Using these workflows, alongside Saud AlDubayan, Eliezer Van Allen, and Jennifer Brown |
designed a case-control study to detect DDR genes enriched for pathogenic germline variants in
CLL patients. Jennifer Brown, Catherine Wu, and Gad Getz provided the data needed as well as
domain knowledge. | curated the sample data and reviewed its quality with Aditi Gupta. |

carried out the study with help from the individuals named in this paragraph.



Methods

Molecular Oncology Almanac

Knowledgebase enhancement

Molecular alterations predictive of sensitivity to therapy, resistance to therapy, or prognosis
were collected from longitudinally reviewing the biomedical literature, FDA approvals, and
NCCN guidelines; these were added to the alterations already documented in MOA. Clinical
evidence in the MOA knowledgebase was harmonized with entries on OncoKB (31), with
additional assertions gathered from the literature. A review of radiation oncology literature was
performed for clinical and preclinical molecular features relevant to sensitivity or resistance to

radiation. These were added to MOA in the same format as medical oncology assertions.

Chrome extension

The Flask web app, moalmanac.org, was updated with RESTful APl endpoints for getting and
posting alteration-action relationships to the MOA. Endpoints were designed within the
OpenAPI 3.0 standard and documented in SwaggerHub. Using these endpoints, a Google
Chrome browser extension for posting alteration-action relationships was developed. Every
submitted assertion includes a citation, class of alteration, cancer type, alteration effect, and
level of evidence; gene, alteration, and therapy may also be included where relevant. Testing of
endpoints and the extension was performed by multiple users in the Van Allen Lab. Submitted

assertions were reviewed by site administrators prior to final incorporation into the database.

Chronic Lymphocytic Leukemia

Cohorts

WES germline sequencing data from CLL cases were assembled from previous studies published
on dbGaP (Table 2) as well as from collaborators. Samples were excluded if they had known
tumor contamination, were sourced from peripheral blood with unknown tumor-in-normal
contamination or >20% contamination per DeTiN, or mean coverage <10x per
DepthofCoverage. Samples were combined to create at first 2 cohorts in the preliminary

analysis (514 and 285 samples), followed by 3 independent cohorts in the final analysis as more



data became available (314, 275, and 339 samples) (Figure 8). Cases were not selected on the
basis of any known clinical variables. For control cohorts, germline WES data for cancer-free
samples was collected from multiple cohorts on dbGaP. All case and control samples were
passed through identical workflows implemented on FireCloud/Terra: alignment to b37
reference genome (BWA 0.5.9) if not already, quality control, and calling with DeepVariant.
Cohorts were merged using GATK Combine Variants. Cohort-level quality control was
performed by examining distributions of InDel length and ratio of transitions to transversions.
Related samples were excluded from cohorts using PC-Relate (32) and pruning one sample from
every pair with relatedness >0.125. Continental ancestry was assigned to cases and control
samples using principal-component analysis (PCA) and uniform manifold approximation and
projection (UMAP) to classify samples using Random Forest with labeled continental ancestry
for 1000 Genomes samples as reference. Initial analysis was performed with case and control
cohorts known to share similar continental ancestry. In the final analysis, cases and controls will
be matched according to continental ancestry, with a second PCA to select nearby controls for

each case. All variants were annotated with Variant Effect Predictor (VEP).

Pathogenic Germline Variant Enrichment Analysis

For each case and control cohort, all variants called from a published set of DNA damage repair
genes (15) were extracted. All variants known to have >1% frequency in the non-Finnish
European population per gnomAD (33) were excluded. ClinVar annotations by VEP were used to
filter down to variants listed as “pathogenic” or “likely pathogenic”; variants with conflicting
ClinVar annotations were not included. Other variants were included if they were predicted to
have a high pathogenic impact: frameshift, nonsense, splicing, or start loss variants. Variants
were grouped by gene for gene burden testing on cases vs controls using two-sided Fisher’s
exact test, with an false discovery rate significance threshold of g<0.1. All pathogenic variants in
significantly enriched genes were manually reviewed in cases and controls using Integrated

Genomics Viewer (IGV).
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Results

Enhanced Molecular Oncology Almanac knowledgebase and improved accessibility for crowd-
sourcing

Review of the biomedical literature and harmonization with OncoKB resulted in addition of
multiple new assertions to the pre-existing MOA knowledgebase, bringing its total size to 543
action-alteration relationships across therapeutic modalities and levels of evidence, ranging
from preclinical to FDA-approved (Fig. 6). Reviewing the radiation oncology literature resulted
in addition of 18 new assertions, compared to 3 such assertions currently in CiVIC (34) and O in
OncoKB (31). Initial work was done on the MOA interpretation algorithm to improve reporting
on germline alterations and classify BRCA variants of unknown significance according to

functional status determined in cell line models (35).

To open the MOA knowledgebase for use by the research community, in addition to the extant

web portal www.moalmanac.org we added API endpoints enabling the public to query

assertions by gene, therapy, predictive implication, source, or feature. Given that other crowd-
sourced knowledgebases require a high degree of time-consuming detail in user submissions,
we sought to lower the barrier for gathering assertions by allowing submission directly from the
web browser. Based on the endpoints, to assist in rapid, expert crowd-sourcing of new
precision oncology assertions from the biomedical literature we developed a web browser

extension, the Molecular Oncology Almanac Connector, and published it in the Google Chrome

web store (Fig. 7). To date the Connector has been downloaded 11 times and has been used to
submit assertions to the database, which have been subsequently reviewed for accuracy and

incorporated into the knowledgebase.

Pathogenic germline variants in CHEK2 are associated with increased risk for CLL: preliminary
analysis

Of 962 germline WES samples from CLL cases, 929 passed quality control requirements (Fig. 8).
One sample was excluded due to aberrant variant calling statistics (Fig. 9). Samples were

ultimately divided into 3 independent cohorts that showed reassuring QC metrics (Fig. 10). In a
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preliminary analysis of a discovery cohort corresponding to 569 non-ICGC samples, pathogenic
germline variants were found in many of the DDR genes studied (Fig. 2). In particular, CHEK2
LOF variants were found in 15 (2.6%) of cases. Compared to a control cohort of 8614 WES
samples where CHEK2 LOF variants were found in 61 cases (0.7%), enrichment was significant
after adjusting for multiple hypothesis correction (Fig. 3). To ensure that CHEK2 enrichment was
not driven by the common low-penetrance (LP) allele c.599T>C or the known founder mutation
1100delC, which might reflect spurious correlations driven by ancestry differences in cases and
controls, analysis was repeated on other LOF variants. Although the founder variant 1100delC

was independently enriched in cases vs controls (OR=6.5, 95%CI1=2.1-18.2, p=0.001),
significant enrichment in CHEK?2 LOF variants persisted after removal of 1100delC (OR=2.9,
95%Cl1=1.3-6.1, p=0.0070). The LP variant c.699T>C was also independently enriched.
Estimated effect sizes for all tested DDR genes demonstrated enrichment to p<0.005 for both
CHEK?Z2 LP and LOF variants, as well as FANCE and TP53, although only CHEKZ2 variants were

enriched to q<0.1 (Fig. 4). In a validation cohort of ICGC samples, CHEK2 variants were also
seen, however enrichment analysis was pending availability of an appropriate set of controls
(Fig. 5). Continental ancestry classification of the control cohort to be used in the final analysis
showed good representation of samples across continents, enabling appropriate case-control

matching by continental ancestry (Fig. 11)
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Discussion

Enhancing the MOA knowledgebase to include up-to-date assertions about medical and
radiation oncology positions the MOA as a resource for physician scientists analyzing sequence
data. Paired with the MOA interpretation algorithm and variant reports that any user can
generate through the portal, the MOA has the potential to inform compassionate, exploratory
decision-making for individual cases benefitting from panel sequencing and other modalities. In
particular, patients with atypical presentations such as young age, or those enrolled in research
studies, may benefit from rapid, automated interpretation of variants to inform their care and
generate hypotheses for further research. The inclusion of initial alteration-action relationships
relevant for radiation oncology opens the door for incorporating molecular alterations into
decision-making for the field, a new and growing area of interest in field where “precision
medicine” to date has largely meant anatomical and physical considerations (2). The
establishment of APl endpoints and a lightweight Chrome extension for submitting new
evidence from the browser have the potential to further encourage growth in the

knowledgebase, and its use as part of other resources.

Germline sequencing has an increasing role to play in precision cancer medicine, particularly in
radiation oncology as the impact of therapeutic radiation on normal tissue is considered. The
importance of germline alterations for cancer risk was illustrated in preliminary analysis of one
type of malignancy, CLL. It appears that CHEK?2 is enriched for germline pathogenic variants in
CLL patients, as is the case for multiple other tumor types. Enrichment for LOF germline
variants persisted even after separating out the known LP variant and removing a known
founder mutation that could confound results due to differences in case-control ancestry. This
finding, once validated in an ongoing case-control study with rigorous ancestry matching, would
contribute to explaining the missing heritability in CLL patients. Given the ongoing development
of therapies targeting patients with germline variants in DDR genes, most notably BRCA1/2
which like in the same molecular pathway as CHEK2, a DDR gene known to harbor causative

variants may prove to be a viable therapeutic target across a number of cancer types. Notably,
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previously reported enrichment for ATM mutations was not seen here (14), although that study

analyzed rare missense variants regardless of predicted pathogenicity.

Limitations

Given the rapid rate of precision oncology research, enhancing the MOA knowledgebase to
include all alteration-action relationships is a moving target that cannot be attained without
large investment of resources or crowd-sourcing. The attempt at crowd-sourcing by creating
the Connector is still nascent and has a small number of users. To reduce duplication of effort,
harmonization with other large academic knowledgebases is a valid approach however
mistakes may be carried forward in this way. Furthermore, differences in terminology across
studies and knowledgebases complicate conversion of alteration-action relationships into
machine-readable format, a necessity for interpretation algorithms to function. While we have
attempted to consistently apply a unifying framework for collecting assertions, the constant
emergence of new types of evidence relevant for precision cancer medicine means the
framework must continuously evolve. Computational standards for reporting the results of

genetic tests are still needed.

Preliminary results identifying CHEK2 as a CLL risk gene must be validated in multiple cohorts,
now that the rigorous QC, relatedness, and ancestry-matching measures described here have
been developed. Furthermore, only a subset of DDR genes was analyzed here; an exome-wide
search for risk genes might produce more results, however such a search on this size of cohort
may be underpowered to detect differences owing to the increased multiple-hypothesis

correction that would be required.

Conclusions

Open access tools for posting and retrieving assertions, sources, genes, and specific alterations
expand the scope of the Molecular Oncology Almanac for integration into external
interpretation resources. These developments represent a step forward in accessible clinical
interpretation of tumor molecular profiling for clinicians and researchers. Precision cancer

medicine will require continued development of resources such as the MOA, powered by
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expert review and crowd-sourcing methods, in order to improve the thoroughness, accuracy,

consistency, and accessibility of molecular sequencing data for cancer patients.

Our preliminary results demonstrate enrichment for rare high impact germline variants in
CHEK2 among CLL patients of European descent. These findings suggest a role for DNA repair
genes in germline susceptibility to CLL and are being validated with rigorous methods.
Subsequent work will include evaluating rare missense variants to follow earlier findings of

ATM.

Suggestions for Future Work

Continued expansion of MOA to include enhanced reporting of germline variants has been
discussed and could help to clarify an area of variant interpretation that is still confusing to
many in the field, given that tumor somatic variants are much more commonly detected and
used for therapeutic decision-making. A patient cell-line matcher is under development by
Reardon et al. and could offer an orthogonal method by which to expose therapeutic
vulnerabilities in patient tumors. Across tumor types, many collections of paired tumor-
germline WES have not been exploited to discovery important germline alterations with
potential prognostic and predictive implications. Beyond CLL, similar work is underway within
on many types of solid tumors. Continued studies of genetic alterations in cancer should

leverage clinical data to identify molecular alterations associated with clinical phenotypes. (36)
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Tables and Figures

Table 1: Comparison of Molecular Oncology Almanac with Other Precision Cancer Medicine

Resources
n Open .
. . Curation Browser Paired . Tumor __ ..
Service Therapy types Molecular feature types Assertion types . source . . Assertions Citation
model extension code interpretation types
Somatic SNV&Indel,
Targeted, Somatic CN, A
Sensitivity,
Molecular Immunotherapy, Rearrangement, Resistance Public +
Oncology Chemotherapy, Germline SNV&iIndel, ! Yes Yes Yes Yes 723 56
D K . Prognosis, expert
Almanac  Hormone, Radiation, Aneuploidy, Mutational Predi iti
Combination Burden, Mutational redisposition
Signature
Targeted, Sensitivit
Immunotherapy, Somatic SNV&Indel, Rzzzt;\gc\g Public +
CIViC Chemotherapy, Somatic CN, o Yes No 6473 274 [2]
L Prognosis, expert
Hormone, Radiation, Rearrangement . -
. Predisposition
Combination
;r:mrriit::t’hera et Shlf) Sensitivit
OncokB PY Somatic CN, N Expert Yes  Yes 4932 45 [3]
Chemotherapy, Resistance
S Rearrangement
Combination
Table 2: Previous CLL Study Cohorts
# CLL cases Continental Study type Germline finding Reference
ancestry
646 European Germline Enrichment of Tiao et al.
rare variants in Leukemia 2017
ATM (OR 1.6-1.8,
q=0.00017)
538 European Somatic N/A Landau et al.,
Nature 2015
506 European Somatic N/A Puente et al,,
Nature 2015

20




Table 3: DNA damage repair and cell cycle genes included in gene burden tests

APC FANCA PALB2
ATM FANCC PMS2
ATR FANCD2 POLD1
BAP1 FANCE POLE
BARD1 FANCF POLH
BLM FANCG PTEN
BMPR1A FANCI RADS51
BRCA1 FANCL RAD51C
BRCA2 FANCM RADS4L
BRIP1 GEN1 RECQL4
CHEK2 MLH1 RNF43
DDB2 MRE11A sLx4
ERCC2 MSH2 SMAD4
ERCC3 MSH6 STK11
ERCC4 MUTYH P53
ERCCS NBN UBE2T
NTHL1 WRN

Missing heritability of CLL

Figure 1. Source of missing heritability in CLL has evaded extensive study. Few Mendelian genes
of potential clinical importance are known. Our recent study identified rare missense variants in
ATM as associated with CLL risk.
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Pathogenic mutations in 569 CLL patients of European ancestry
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Figure 2. Germline pathogenic variants in DNA repair genes in 569 CLL cases. CHEK2 LOF
variants are found in 15 (2.6%) cases and 61 (0.7%) controls. CHEK?2 low penetrance (LP) variant

¢.599T>C is found in 12 (2.1%) cases and 24 (0.3%) controls.
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Genes enriched for pathogenic variants in CLL cases vs controls

.CHEKZ (LP), OR=7.7, 95%C|=3.6-15.6

.CHEKZ (LOF), OR=3.8, 95%Cl=2.1-6.8

-log10(g-value)

i 2 3 4 5 6
Pathogenic Germline DRG Mutations, %

Figure 3. CLL cases are enriched for CHEKZ2 pathogenic variants relative to ancestry-matched
controls. Both LOF variants and the low-penetrance (LP) allele ¢.599T>C are enriched.
Although the known founder CHEKZ2 LOF variant 1100delC is independently enriched in cases
vs controls (OR=6.5, 95%CI1=2.1-18.2, p=0.001), significant enrichment in CHEKZ2 LOF variants
persists after removal of 1100delC (OR=2.9, 95%CI=1.3-6.1, p=0.0070). Blue line: g=0.10
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Estimated effect sizes of pathogenic variants in DRGs present in cases
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Figure 4. Estimated effect sizes and 95% confidence intervals of germline pathogenic
variants in 569 cases . Both LOF variants and the low-penetrance (LP) allele ¢.599T>C
are enriched. FANCE and TP53 are enriched to p<0.05 although not to q<0.1.
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Pathogenic mutations in 314 CLL patients of Spanish ancestry
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Figure 5. Germline pathogenic variants called in DRGs in CLL patients of Spanish ancestry.
CHEK2 LOF variants are found in 1.6% of cases. Enrichment analysis pending appropriate

ancestry-matched controls.
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Figure 6. Molecular Oncology Almanac captures assertions across a wide range of therapy types.
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Figure 7. Molecular Oncology Almanac Connector browser extension available through the
Chrome webstore enables rapid, lightweight addition of assertions to the knowledgebase.
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Cohorts (n samples) [Germline tissue sampled]
ICGC (315) [Blood cells after treatment, <0.05% tumor contamination (Puente et al., 2011, Nature)]
GCLL (301) [PBMLC, either separated by immunomagnetic enrichment on CD19 or from MRD- after tx (Landau et al., 2015, Nature)]
CW+CW_ (129) [Saliva, except for 6 granulocyte samples]

CRC (9) [Saliva]
1B (138) [Saliva]

MDAC (20) [Saliva]

NHLBI (50) [Saliva]

Total (962)

Reason for removal (n samples)
Granulocyte sample (6 CW)
Missing from FireCloud (1 CRC, 1 1CGC)
Requires deTiN but missing tumor tissue (21 GCLL)
deTiN>0.2 (3 GCLL) —
Variant count outlier (1 GCLL)

(All passed DoC cutoff >10x coverage, lowest 26 reads)
Remaining total (929)

ICGC (314) GCLL (276) Other cohorts (339)
(Cohort A) (Cohort B) (Cohort C)

- / /

Excluded related samples (4) Excluded related samples (4) No related samples to exclude

Figure 8: CLL case cohort procurement and QC results.
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Figure 11: Continental ancestry groupings for control cohort used in preliminary analysis. EUR:
European, SAS: South Asian, AMR: Admixed American, AFR: African, EAS: East Asian.
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Appendix: Related peer-reviewed publications

American Medical Informatics Association 2019 Annual Symposium

Enhancing Accessibility of a Molecular Oncology Almanac
for Precision Cancer Medicine

Nicholas S. Moore, BA'?3, Brendan Reardon, BS??, Eric Kofman, BS?*3,
Nathanael Moore, BS%, Eliezer Van Allen, MD?*?
"Harvard Medical School, Boston, MA; 2Dana-Farber Cancer Institute, Boston, MA;
3Broad Institute of MIT and Harvard, Cambridge, MA; ‘Indiana University School of
Medicine, Indianapolis, IN

Problem

Cancer care is increasingly informed by molecular alterations that predict therapeutic sensitivity, therapeutic
resistance, and prognosis. Clinical and preclinical studies continue to identify somatic and germline alterations that
impact clinical decision-making, increasing the complexity of interpreting tumor molecular profiles for patient care
and research. Increasing access to point-of-care molecular profiling holds great potential for patients but will only
translate to improved outcomes if clinicians and researchers are able to interpret patient data in the context of a rapidly
changing and broadening research landscape.

Towards solving this problem, we have built and continue to extend the Molecular Oncology Almanac, an open-access
combined genomic interpretation algorithm, knowledge system, and web portal for informing treatment decisions
through rapid assessment of tumor actionability. Analysis encompasses not only single nucleotide variants,
insertions/deletions, and copy number alterations, which are commonly used at the point of care, but also anticipates
growing application of fusions, mutational burden, mutational signatures, microsatellite instability, and aneuploidy.
A major obstacle to maintaining an up-to-date knowledgebase of actionable alterations lies in the difficulty of
incorporating relevant assertions from the literature as soon as they are available. To improve the accessibility of these
assertions for the wider oncology research community, we adapted the Molecular Oncology Almanac by
implementing open API endpoints and a browser extension for the purpose of rapid assertion acquisition.

Aims

1. Increase accessibility of the Molecular Oncology Almanac precision medicine knowledgebase through open-
access API endpoints.

2. Implement a user-friendly interface for submitting actionable alterations to the knowledgebase directly from
journal websites.

Methods

RESTful API endpoints for getting and posting alteration-action relationships to the Molecular Oncology Almanac
were developed within the existing Flask web framework. Endpoints were designed within the OpenAPI 3.0 standard
and documented in Swagger. Using these endpoints, a Google Chrome browser extension for posting alteration-action
relationships was developed. Every submitted assertion includes a citation, class of alteration, cancer type, alteration
effect, and level of evidence; gene, alteration, and therapy may also be included where relevant. Testing of endpoints
and the extension was performed by multiple users in the Van Allen Lab. Submitted assertions are reviewed by site
administrators prior to final incorporation into the database.

Results

The Connector browser extension was submitted to the Google Chrome Web Store, with final release pending
approval. Multiple test users have submitted assertions through the pre-release extension. The Connector streamlines
the process of submitting actionable alterations while reviewing the literature, reducing the effort required for
knowledge base maintenance.

Conclusion

Open access tools for posting and retrieving assertions, sources, genes, and specific alterations expand the scope of
the Molecular Oncology Almanac for integration into external interpretation resources. These developments represent
a step forward in providing accessible clinical interpretation of tumor molecular profiling to clinicians and researchers.
The Connector will be presented to cancer research audiences aiming for wide adoption in the community.

1679
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Inherited DNA repair and cell cycle gene defects in
chronic lymphocytic leukemia.

Nicholas S. Moore, Saud H. Aldubayan, Amaro Taylor-Weiner, Stephan Stilgenbauer, Gad Getz,
Catherine |. Wu, Eliezer Mendel Van Allen, Jennifer R. Brown

Dana-Farber Cancer Institute, Boston, MA; The Broad Institute of MIT and Harvard, Cambridge,
MA; Broad Institute, Cambridge, MA; Department of Internal Medicine III, University of Ulm,
Ulm, Germany; Broad Institute of MIT and Harvard, Cambridge, MA

Show Less

Abstract Disclosures [2

Abstract

1508

Background: Chronic lymphocytic leukemia (CLL) is among the most heritable
cancers, with 60% of disease risk genetically determined. However, most of the
genetic heritability of CLL remains unexplained. Previously, we identified ATM as
the first CLL risk gene. Here, we leverage a deep-learning-based germline variant
calling algorithm to explore germline mutational enrichment in DNA repair and cell
cycle genes in CLL. Methods: A two-stage case-control analysis was conducted
using gene-based mutational enrichment analysis of 50 established cancer
predisposition DNA repair and cell cycle genes. In the discovery phase, a total of
285 Spanish patients and 5,608 ancestry-matched controls were evaluated. In the
validation stage, an independent cohort of 514 European patients and 27,173
ancestry-matched controls were analyzed. An FDR correction was applied to both
datasets and genes with a g-value < 0.2 in both cohorts were considered
significant. Results: Our joint analysis of 799 CLL patients from 2 genetically distinct
cohorts and 32,781 ancestry-matched cancer-free controls identified ATM and
CHEK? as significantly enriched in both CLL datasets. First, our analysis recaptured
the previously reported finding of ATM variant enrichment in CLL patients. Carriers
of pathogenic ATM mutations in our cohorts (n = 9 patients, discovery: 1.05%,
validation: 1.17%) were 2.8-3.7 times more likely to develop CLL compared to
cancer-free individuals (discovery: OR = 2.8, 95%CI = 0.7-9.0, g-value = 0.181;
validation: OR = 3.7, 95%CI = 1.6-8.3, g-value = 0.0454). In addition, our analysis
identified 21 CLL patients carrying pathogenic CHEKZ alterations (discovery: 1.40%,
validation: 3.31%), making CLL patients 4.4-8.0 times more likely to carry such
alterations compared to controls (discovery: OR = 8.0, 95%CI = 2.3-27.0, g-value =
0.026; validation: OR = 4.4, 95%CI = 2.5-7.3, g-value < 0.001). Conclusions: Our
analysis of genetically distinct CLL cohorts, using a high-sensitivity variant calling
algorithm, supports CHEK2 as a potentially novel CLL predisposition gene that may
explain a portion of the missing monogenic heritability of CLL. In addition, this
study highlights the DNA repair and cell cycle regulation pathways as potential
drivers of CLL susceptibility.

© 2019 by American Society of Clinical Oncology
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Abstract 2470: A molecular oncology almanac for integrative
clinical interpretation of molecular profiles to guide precision
cancer medicine

Brendan Reardon, Nicholas Moore, Nathanael Moore, Eric Kofman, and Eliezer VVan Allen
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Proceedings: AACR Annual Meeting 2019; March 29-April 3, 2019; Atlanta, GA
Abstract

Background: Tumor molecular profiling is increasingly used to detect first-order genomic alterations associated with therapeutic
actions (e.g. BRAF V600E & RAF/MEK inhibition). Simultaneously, more complex molecular features are being discovered and
applied to clinical scenarios (e.g. mutational signatures, somatic-germline interactions). As patients receive expanded profiling,
such as clinical whole-exome and RNA sequencing, novel algorithms are needed to integrate interpretation of multiple data
modalities. Furthermore, the clinical-preclinical gap continues to widen as data from high-throughput screens of cancer cell lines
are generated without accessibility at the point of care. Here, we introduce a paired interpretation algorithm and knowledge
system for cancer genomic data, the Molecular Oncology Almanac, to inform treatment decisions through rapid assessment of

tumor actionability.

Methods: We implemented a cloud-based interpretation algorithm that annotates and evaluates variants from WES and RNA-
seq (SNVs from WES and RNA-seq, InDels, CNAs, and fusions) and infers additional features such as mutational burden,
mutational signatures, MSI, somatic-germline interactions, and aneuploidy. Predictive implication levels were assigned to reflect
confidence in the database's catalogued relationships to therapeutic response and prognosis for each molecular feature. We
also developed a patient-preclinical matchmaker function to expand the theoretical therapeutic modalities for any given patient.
Towards timeliness of updates and knowledge system accessibility, we developed API endpoints, a browser extension for

suggesting citations, and workflows in the FireCloud framework.

Results: A total of 260 patients with metastatic castration-resistant prostate cancer (n=150) and metastatic melanoma (n=110)
were evaluated with 569 alteration-action relationships catalogued in the Molecular Oncology Almanac. Overall 80% of patients
had at least one alteration suggesting therapeutic sensitivity based on FDA approval, clinical trials, or studies in humans; which

increased to 95.8% by also considering preclinical and inferential associations. Per patient, the matchmaker function on average
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highlighted 1.56 additional therapies that would not have otherwise been nominated. At least one feature associated with

resistance or prognosis was observed in 85% and 90% of patients, respectively.

Conclusion: Clinical actionability of sequence data was increased by including integrative molecular profiling of DNA and RNA,
global molecular features, and preclinical alteration-action relationships. Increased accessibility of clinical interpretation through

our cloud-based web portals and API endpoints may aid in sample contextualization.
Source code and a web portal for this project are available at moalmanac.org.

Citation Format: Brendan Reardon, Nicholas Moore, Nathanael Moore, Eric Kofman, Eliezer Van Allen. A molecular oncology
almanac for integrative clinical interpretation of molecular profiles to guide precision cancer medicine [abstract]. In: Proceedings
of the American Association for Cancer Research Annual Meeting 2019; 2019 Mar 29-Apr 3; Atlanta, GA. Philadelphia (PA):
AACR; Cancer Res 2019;79(13 Suppl):Abstract nr 2470.

©2019 American Association for Cancer Research.
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