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ABSTRACT

CIVIiC (Clinical Interpretation of Variants in Can-
cer; civicdb.org) is a crowd-sourced, public domain
knowledgebase composed of literature-derived evi-
dence characterizing the clinical utility of cancer vari-
ants. As clinical sequencing becomes more preva-
lent in cancer management, the need for cancer vari-
ant interpretation has grown beyond the capability of
any single institution. CIViC contains peer-reviewed,
published literature curated and expertly-moderated
into structured data units (Evidence Items) that can
be accessed globally and in real time, reducing
barriers to clinical variant knowledge sharing. We
have extended CIViC’s functionality to support emer-
gent variant interpretation guidelines, increase in-
teroperability with other variant resources, and pro-
mote widespread dissemination of structured cu-
rated data. To support the full breadth of variant in-
terpretation from basic to translational, including in-
tegration of somatic and germline variant knowledge
and inference of drug response, we have enabled
curation of three new Evidence Types (Predispos-
ing, Oncogenic and Functional). The growing CIViC
knowledgebase has over 300 contributors and dis-
tributes clinically-relevant cancer variant data cur-
rently representing >3200 variants in >470 genes
from >3100 publications.

INTRODUCTION

CIViC is an open-access, open-source, fully transparent
knowledgebase for the expert crowdsourcing of Clinical
Interpretation of Variants in Cancer (civicdb.org) first re-
leased in 2017 (1) (Figure 1). CIViC Curators extract de-
tailed evidence of the clinical significance of variants in can-

cer from the peer-reviewed, published literature and selected
conference abstracts to contribute to the resource. Crowd-
sourced contributions are moderated after submission by
expert Editors who are familiar with CIViC standard oper-
ating procedures, have undergone training, and have field-
relevant expertise (2).

CIViC was designed to encourage the development of
community consensus by leveraging an interdisciplinary, in-
ternational team of experts, collaborating remotely within
a centralized curation interface. Curated variant interpreta-
tions are made available through a web interface (no login
required) and a well-documented, modern application pro-
gramming interface (API), under a public domain (CCO0)
dedication. All software is available on GitHub under an
open source license (MIT).

The existing annotation bottleneck associated with vari-
ant interpretation is well described (3). The ever grow-
ing repertoire of variants associated with cancer has led
to many falling outside of clinical guidelines, resulting in
a need for resources to assist variant analysts, geneticists,
and oncologists, among others. The expansion and im-
provement of platforms that can quickly and effectively in-
corporate genomics to guide the diagnosis, prognosis, and
treatment of cancers is required to alleviate this bottleneck
within precision oncology. Multiple efforts exist to address
this need, but these efforts are siloed by limited accessibility
and scope. The Variant Interpretation for Cancer Consor-
tium (VICC) created a novel tool (4) to harmonize content
from multiple disparate cancer variant evidence resources,
including CIViC, OncoKB (5), JAX-CKB (6), the Precision
Medicine Knowledgebase (7), and the CancerGenomeln-
terpreter Biomarkers Database (8), among others. The anal-
ysis of resources highlighted by that study identified ma-
jor knowledge gaps, lack of overlap, and lack of standards
for variant and disease naming. This illustrated the need
for further evolution of cancer variant knowledgebases that
support improved data standards, increased curation effort,
and consensus guidelines for curation.
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Figure 1. Overview of CIViC. Next generation sequencing of tumors has become integrated into clinical practice and the biomedical literature. CIViC
curation of the biomedical literature involves cycles of curating, editing submitted content, moderation and eventually viewing of accepted knowledge
by the public. The public in turn can give feedback through commenting and submitting revisions to curated content. The database of literature-curated
evidence can help address the bottleneck problem which arises when large numbers of variants found in sequenced tumor tissue need to be characterized.

Since CIViC’s inception, the capabilities of the knowl-
edgebase and interface have been expanded to meet the
needs of the community through significant updates to the
CIViC data model, curation practices, and knowledgebase
content. In the process, the CIViC knowledgebase has taken
on a unique role within the scientific community of vari-
ant interpretation, engaging with global stakeholders in
academia, government, and industry.

Here, we describe the impact of the CIViC knowledge-
base on the field through increased community activity, and
updates to our data model and user interface, in response to
changing curator needs and emerging guidelines for vari-
ant interpretation. Furthermore, we exemplify how these
extensive improvements and increased international adop-
tion of the CIViC knowledgebase has centralized curation
and improved the distribution of curated cancer variant
evidence.

Scaling up curation through community engagement

Since its initial release, the CIViC knowledgebase has
undergone rapid expansion and adoption supporting a
broader ecosystem of cancer variant resources. Due to
its unrestricted licensing and open API, CIViC data con-
sumers are not required to register their use; therefore,

the complete picture of CIViC’s impact cannot be deter-
mined. However, numerous established collaborations and
self-identified data clients illustrate several types of integra-
tion and diverse stakeholder engagement (Figure 2) (4,9-
11). Most groups and individuals that interact with CIViC
consume the data without creating new content. Web users
demonstrate international (more than 90,000 users from
outside the United States) and active engagement with
8,706 sessions per month (Figures 2 and 3). Anyone can cre-
ate a login and contribute, and those who comment, sub-
mit new content, or suggest revisions to existing content
are referred to as CIViC Curators (N = 328 as of 15 Au-
gust 2022, Supplemental Figure S1). The majority of these
Curators are individuals from outside of the Washington
University in Saint Louis (WashU) community (only 55
of 328 active Curators have a WashU affiliation, the site
of CIViC'’s initial development) (Supplemental Figure S2),
and represent academic, governmental and commercial or-
ganizations (9,12). Curator contributions take many forms
and require varying degrees of effort, which supports cura-
tion activities from individuals with a wide range of interests
and expertise (Supplemental Figure S3). Among the more
time-intensive activities is the curation and moderation of
Evidence Items (EIDs). As the foundational unit of CIViC,
EIDs associate a variant with a clinically-relevant interpre-

€20z Asenuer /| uo Jasn mobBse|s) Jo Ausieniun Aq 201 2289/0€Z 1 A/ /L S/81011e/1eu/wod dno"dlWapeoe//:sdiy Wolj) Papeojumo(]



TCGA Next-Gen Clustered
Heatmap Compendium

. | Sequence
*.| Ontology J--..

ClinGen Allele Registry

BC Cancer Agency
Personalized
Oncogenomics

ETH Nexus Personalized
Health Technologies

My Gene Info IGV.js
DAPHNI
(Monarch Initiative SEPIO |

cBioPortal

f’ % Agilent Alissa Platform

ClviC

Nucleic Acids Research, 2023, Vol. 51, Database issue DI1233

Data Client
uses CIViC API/TSV

Data Source
CIViC uses as source of data

Ontology/Curation Collaboration
active collaboration between CIViC & resources

Standards & Guidelines

active collaboration between CIViC & standards body

[ LifeMap Sciences TGex NGS ]

CancerStop App
Cambridgene

\>[ Euformatics OmnomicsNGS

SoftGenetics
Geneticist Assistant

GoldenHelix
VSClinical

_

\,

MolecularMatch

Microsoft Research ’

[ BioDiscovery NxClinical ] ‘ Natural Language Processing

Figure 2. The CIViC Ecosystem. Community network showing engagement with the CIViC resource. Colors represent the Organization Type
(Regulatory/Professional Associations, Academic, and Commercial) and connections indicate the type of interaction with the organization.

tation derived from published biomedical literature. Exter-
nal contributions now greatly exceed internal contributions
(Figure 3). Overall, CIViC EIDs have increased by 536%
since initial publication (1), currently representing 3273
variants, 475 genes and 3192 sources for 340 different can-
cer types (Table 1, Supplemental Table S1). The most highly
curated diseases according to accepted EIDs currently in-
clude: VHL, Lung Cancer, Colorectal Cancer, Leukemia
(AML, CML, ALL), Breast Cancer, Melanoma, GIST,
Ovarian Cancer, Head and Neck Cancer, and Brain Cancer
(Glioblastoma).

A subset of expert Curators (CIViC Editors; N = 32)
are selected and trained to moderate submitted content and
maintain the quality of the data in the resource, as previ-
ously described (1,2). Transparency of curation and moder-
ation was improved through the addition of conflict of inter-
est (COI) statements, which all Editors are required to com-
plete annually. Editor functions are disabled for any Editor
without an up-to-date COI. Editors are also barred from
approving their own suggestions. This quality control pol-
icy requires all accepted content to have been reviewed by at
least two Curators. Since the inception of CIViC, 3646 EIDs
have been accepted by 15 WashU-affiliated Editors, and 405
by 17 community Editors (9.9%). A more recent snapshot
of Editor activity (2022 year-to-date) shows 49.7% (80/161)
of EIDs have been accepted by community Editors (Sup-

plemental Figure S2b). These data illustrate the success of
CIViC in engaging hundreds of outside users in the knowl-
edge curation process.

Guideline-driven evolution of CIViC variant tiering and clas-
sification

Several organizations have published guidelines for evalu-
ating, interpreting, reporting, and cataloging evidence per-
taining to cancer variants and their structured representa-
tion in databases (4,13-16). By supporting all variant types
primarily associated with a single gene, including struc-
tural and copy number variants, CIViC is able to sup-
port the breadth of variants discussed in these guidelines
(Supplemental Table S2). However, further support of the
terminologies and criteria outlined in these recommenda-
tions required modifications to the CIViC data model.
Some of these modifications have been recently described
in detail elsewhere (2,17). In addition, the implementa-
tion of CIViC Assertions (Supplemental Figure S4) has
permitted the integration of guidelines related to evidence
aggregation and interpretation such as the classifications
for somatic variants in cancer (AMP/ASCO/CAP) (13),
Mendelian disorders (ACMG/AMP) (18) and oncogenic-
ity (ClinGen/CGC/VICC) (16). CIViC Assertions aggre-
gate EIDs for a given variant-disease or variant-disease-
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Figure 3. API and web usage statistics. Total engagements with the database are shown. Density plots (top) show client users accessing CIViC through
the web interface (Client Active Users) and pull requests from the CIViC API since 2015. Heatmaps (middle) show the originating country (based on IP
address) from users interacting with the web interface (left) and API (right). Activity from the top 5 countries is shown (middle), by active users and API
requests. The single digit Bounce Rate indicates that over 97% of users engage with more than one page of CIViC content with users viewing approximately
11 pages per visit and spending on average 6.85 min in the web interface per visit. At the inception of the knowledgebase, initial contributions to the
database (bottom) were performed by internal Curators (Washington University in St. Louis, WashU, dark and light blue). However, in 2017, external
curation (Community, dark and light green) exceeded the internal contribution. To date, the gap between internal and external contribution continues to
widen as new external users begin to adopt and contribute to the database. Curation activity has exceeded moderation activity of Editors, as represented
by Accepted Evidence Items (dark green and blue areas) compared to Submitted Evidence Items (light green and blue areas).
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Table 1. CIViC curation statistics from original publication to current

Category 1 December 2016 15 August 2022
Contributors 58 328
Total evidence items 1703 9127
Variants 731 3273
Sources 1076 3192
Total accepted evidence 1678 4022
items

Drugs 291 488
Genes 283 475
Diseases 209 340

therapy combination to provide an overarching classifica-
tion of clinical significance which reflects the state of the
field, and are described in more detail in our curation
standard operating procedure (SOP) (19). Assertions sup-
port different structured data fields than EIDs, including
guideline-derived variant classification and evidence crite-
ria, with specific fields and values dictated by the Assertion
type. Additional Assertion-specific fields include National
Comprehensive Cancer Network (NCCN) guidelines and
Food and Drug Administration (FDA) approvals.

CIViC provides the curation interface and serves as the
database of record for the ClinGen Somatic Cancer CDWG

The Clinical Genome Resource (ClinGen) Somatic Can-
cer Clinical Domain Working Group (CDWG) facilitates
the development of data curation guidelines and stan-
dards to determine the clinical significance of somatic al-
terations in cancer through structured collaboration (20).
Over 200 multi-disciplinary experts in cancer biology, on-
cology, pathology, genetics, genomics and informatics have
come together to create high-quality, clinically-significant
somatic cancer Variant Assertions in the CIViC knowl-
edgebase. Interfacing with the overall ClinGen consor-
tium, the Somatic CDWG provides high level oversight
and training, with 111 Curators and 11 Editors con-
tributing to CIViC to date. Three Taskforces have been
established—the Pediatric Cancer, Hematological Can-
cer and Solid Tumor Taskforces—whose efforts facilitate
membership growth and targeted curation projects. Task-
forces serve as incubators for the formation of Somatic
Cancer Variant Curation Expert Panels (SC-VCEPs), the
primary generators of the aforementioned high-quality
clinical Assertions. SC-VCEPs undergo a four-step ap-
proval process adapted from ClinGen germline VCEP
procedures (https://www.clinicalgenome.org/docs/clingen-
variant-curation-expert-panel-vcep-protocol/) and develop
granular interpretation specifications for their specific gene
or disease focus. SC-VCEP variant classifications are pub-
licly available as CIViC Assertions with supporting EIDs
clearly displayed in the interface. ClinGen Somatic has
directly curated 659 CIVIC EIDs and 22 Assertions of
clinical significance from 370 published papers into the
CIViC knowledgebase. The Somatic Cancer CDWG uti-
lizes CIViC’s Organization functionality (discussed in more
detail below) to collate and track efforts within the CIViC
knowledgebase. The goals of the ClinGen Somatic CDWG
and CIViC strongly align, where each group plays comple-
mentary roles. By supporting the efforts of ClinGen So-
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matic, CIViC gains high-quality content and directly par-
ticipates in ongoing guideline development while providing
widespread dissemination of ClinGen curated content. This
partnership is a critical collaboration for CIViC to diversify
the expertise of its Curators, Editors, and the focus of the
knowledgebase.

Promoting curation transparency in CIViC

In 2018, the FDA announced a mechanism for recogni-
tion of public human genetic variant databases (21). A key
criterion in the FDA recognition of genetic databases is
transparency and public accountability, including descrip-
tion of expert panels and their members (21). To align with
these guidelines, we have implemented Editor COI state-
ments, a formal SOP (2), and the Organizations feature
in CIViC. Organizations have individual pages in CIViC
that display membership, summary statistics, and an activ-
ity feed which transparently displays member contributions.
Upon request, the CIViC team assigns Curators to their
specific Organizations and Sub-Organizations (Supplemen-
tal Figure S5). Organization-specific activity is tracked as
each action performed by a Curator is tagged with their as-
signed Organization; or, if the Curator is associated with
multiple Organizations (or Sub-Organizations), they can se-
lect the Organization best associated with an individual ac-
tion from a drop down list. Currently, CIViC features eleven
parent Organizations, the largest of which is ClinGen with
113 members and 7 Sub-Organizations (https://civicdb.org/
organizations/2/members).

Collaboration-driven evolution of the CIViC data schema

The evolution of the CIViC data schema has been as
community-driven as the curation itself. Developments
have ranged from major overhauls to support emergent
guidelines, to adding small use-case-specific features to
support external collaborations (Supplemental Figure S6).
To obtain feedback and implement changes, curators and
developers are routinely engaged through biennial, in-
person Hackathon and Curation Jamborees, briefly out-
lined in the Supplementary Information. Specific examples
of community-driven features are described below. Results
of our first Hackathon and Curation Jamboree led to the
development of a new Evidence Type (Predisposing Evi-
dence) described elsewhere (17,19) and a fruitful collabo-
ration with VHL experts for descriptive integration of vari-
ant and case-level data related to cancer predisposition syn-
dromes (Supplemental Figure S7) (22). To achieve this, Hu-
man Phenotype Ontology (HPO) (23) terms were added as
anew field to EIDs. HPO terms permit the tagging and later
searching of the underlying phenotypes associated with
variants described in the literature. In alignment with Clin-
Gen and germline-focused VCEPs, curators of germline
cancer predisposition variants are encouraged to make use
of the ClinGen Variant Curation Interface (VCI) (24). How-
ever, support for germline curation in CIViC facilitates in-
tegrative interpretation of germline and somatic variants,
and CIViC can also serve as a pre-VCI curation platform
for germline VCEPs. CIViC Variant Evidence can be im-
ported into the VCI through the LinkedDataHub (https:
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/Nldh.clinicalgenome.org/). At another Hackathon, we also
worked on identifying an appropriate ontology to support
Drug annotations for Predictive EIDs. At the inception
of CIViC, no single ontology encompassed the breadth of
drugs and treatments entered into CIViC (from preclinical
investigational compounds to FDA-approved therapies),
while reducing redundancies by supporting sufficiently cu-
rated names and aliases. The Hackathon working group
proposed and began implementation of a tiered approach
using the NCI Thesaurus (NCIt) (25) as the main source
for drug concepts. We normalized 79% of existing Drugs
in CIViC in our initial attempt and now use this ontology
to automatically search for and normalize new content. To
address terms not currently represented in NCIt, we allow
non-NCIt Drugs to be entered, and through a more di-
rect collaboration with NCIt, we curate and submit these
terms to NCIt for integration on an ongoing basis, enrich-
ing both resources (Supplemental Figure S8). Hackathon
events have also led to custom data formats and collabora-
tive development to incorporate CIViC data into external
resources such as NDEx (26), myvariant.info (27), Wiki-
Data (28), and openCRAVAT (29).

CIViC collaborated with the ClinGen Somatic Cancer
CDWG and Human Disease Ontology to address the un-
derrepresentation of pediatric cancer variants in interpre-
tation resources. A tagging system for EIDs with pediatric
data was developed utilizing HPO age of onset terms in
the Associated Phenotypes field to enhance these pediatric
cancer curations and their public dissemination. Pediatric
cancer EIDs are tagged with onset terms that fall under
the pediatric or young adult onset designations. To provide
more granular curation of variants in the young adult range,
we suggested new ontology terms to further segregate this
onset range. These terms have been added by the HPO. Con-
sistent feedback and submissions to resources we use, such
as the NCIt (25), Human Disease Ontology (30) and Clin-
Gen Allele Registry (31), promotes a collaborative ecosys-
tem and provides a direct conduit for expert feedback from
the needs of the CIViC community to these resources.

Through collaborations with the Variant Interpretation
for Cancer Consortium (VICC; cancervariants.org) and
ClinGen Somatic Cancer CDWG, we identified the need
to curate evidence pertaining to a variant’s impact on pro-
tein function or cellular properties. Large-scale genomic as-
says designed to describe the function of numerous variants
allow for the evaluation of rare variants through compari-
son to established hotspot or targetable counterparts in the
same gene (32). CIViC has set out to more clearly categorize
variants based on their ability to induce measurable protein
and cellular changes, by modifying the recently described
Functional Evidence Type (2) to accommodate the creation
of the Oncogenic Evidence Type. Both are described in more
detail in the following text with additional examples avail-
able in the Supplementary Information.

Expansion of the CIViC data model to include Functional and
Oncogenic Evidence

The Functional Evidence Type strictly represents the vari-
ant’s impact on protein function independent of disease
context. EIDs of the Functional Evidence Type were de-
signed to support fundamental genetic concepts introduced

by Miiller’s Morphs (33), which include gain of func-
tion (hypermorphic), loss of function (amorphic), unaltered
function (isomorphic), dominant negative (antimorphic),
neomorphic, and unknown function (Supplemental Figures
S9 and S10). Full inclusion of Miiller’s Morphs allows for
more granular representations of protein level effects than
those offered by most other resources, which are often lim-
ited to gain and loss of function. Functional genomics stud-
ies have also been specifically designed to query variants for
neomorphic and dominant negative properties, which can
drive different phenotypic effects and alter recommended
treatment courses (34-36). Our new and expanded struc-
ture of the Functional Evidence Type thus provides the ca-
pacity for a thorough categorization of functional genomic
results.

The new Oncogenic Evidence Type enables curation of
variant interpretations related to the development and pro-
gression of cancer, as defined in the Hallmarks of Can-
cer (37). More specifically, Oncogenic Evidence describes
a variant’s role in influencing cancer development through
sustaining proliferative signaling, resisting cell death, en-
abling replicative immortality, etc, rather than the vari-
ant’s impact on protein function captured in Functional
EIDs. Oncogenic EIDs may also be used to demonstrate
that a variant has properties similar to another variant in
the same gene which is approved for targeted therapy (38).
Oncogenic properties are often cell-type dependent, so we
require this Evidence Type to be associated with a Disease
(39). CIViC Oncogenic EIDs may be used in the assessment
of variants under professional society guidelines, including
as supporting evidence for somatic clinical significance (13)
and the recently published guidelines for oncogenic classifi-
cation (Supplemental Figure S11) (16). Many in the CIViC
community contributed to these recommendations for so-
matic variant oncogenicity, and we developed CIViC Onco-
genic Assertions to incorporate those guidelines and further
support the curation activities of ClinGen Somatic Variant
Curation Expert Panels (SC-VCEPs).

Introduction of new evidence sources to CIViC

Community engagement and feedback has emphasized the
need for supporting curation of abstracts from national
meetings where clinical trial results are presented. These of-
ten represent the most current results available and may in-
clude interim or final clinical trial results that will go un-
published. An evaluation of clinical trial results for breast,
lung, colorectal, ovarian, and prostate cancers reported in
abstracts from annual ASCO meetings (years 2009-2011)
showed that 39% of findings remain unpublished 4-6 years
later (40). Failed clinical trials often provide pertinent infor-
mation for variant interpretation, but are less likely to be ul-
timately published. In other cases, regulatory approvals may
be based, in part, on data only available in conference pro-
ceedings. To address the need for the curation of informa-
tion derived from ASCO meetings, CIViC has augmented
the accepted Source Types to support ASCO abstracts
(Supplemental Figure S12). Curation procedures recognize
this information should be used with caution given the
limited access to detailed methodology, and that curation
should only reflect the available data. Unfortunately, licens-
ing restrictions and limited computational accessibility of
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content from additional peer-reviewed national meeting ab-
stracts remains challenging for broader implementation,
though we continue to pursue integration of other knowl-
edge Source Types.

Extension of CIViC software to highlight and integrate other
variant resources

In addition to curation-driven collaborations, we continue
to expand our software development collaborations. Man-
ually providing depth and breadth of coverage of the ever-
expanding biomedical literature is challenging for highly
specialized curation tasks, such as identifying relevant can-
cer variants. Comparisons of cancer variant knowledge-
bases, including CIViC, have demonstrated a surprising
dearth in publication overlap between key knowledgebases
(4,41). To address this gap, colleagues at Canada’s Michael
Smith Genome Sciences Centre at BC Cancer leveraged ex-
perienced CIViC Editors to train a natural language pro-
cessing model called CIViCmine to identify high-priority
publications for CIViC and other cancer variant knowl-
edgebases (http://bionlp.bcgsc.ca/civicmine/) (10). Ongoing
efforts continue to expand the functionality and improve the
integration of CIViCmine with CIViC. For instance, to aid
the efforts of the ClinGen Somatic Pediatric Taskforce the
CIViCmine resource is improving its coverage of underrep-
resented pediatric-associated clinical interpretations to en-
able discovery and extraction of relevant pediatric informa-
tion from the literature.

Other critical collaborative projects have been expanded
by outreach to other resources. The incorporation of the
ClinGen Allele Registry (31) automatically connects manu-
ally curated (genomic) CIViC Variant Coordinates to their
preferred genome build or transcript reference by using
the Allele Registry link on CIViC Variant pages or by
the Canonical Allele ID available through the CIViC API.
Users evaluating variants via the ClinGen Allele Registry
are similarly offered links back to CIViC. Analogous col-
laborations with the developers of St. Jude’s ProteinPaint
tool (42) have led to bidirectional links from CIViC to Pro-
teinPaint, providing a visual representation of Variants in
CIViC with curated coordinates alongside other key variant
datasets such as COSMIC (43) and ClinVar (44). Protein-
Paint users are directed in the interface to curated CIViC
EIDs for their variants of interest. Additional collaborative
products that have come from the CIViC knowledgebase
can be found in Supplemental Table S3.

CIViC as an educational and training resource

An increasing demand on the scientific community is the
education and training of the next generation of biocura-
tors, variant analysts, and geneticists (45-47). By making
CIViC available without any installation requirements be-
yond a web browser and permitting any registered user to be
a CIViC Curator, CIViC’s curation and variant interpreta-
tion interface has a low barrier for access, which proves use-
ful in educational settings and workshops. Features such as
the Source Suggestions queue (https:/civicdb.org/curation/
queues/pending-sources) (Supplemental Figure S12) pro-
vide a pre-selected list of potential PMIDs for curation that
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can be searched by Gene, Variant, Disease or publication
year. To incentivize trainee activity, badges are awarded
for various CIViC activity milestones (Supplemental Figure
S5¢). Training in CIViC curation promotes direct engage-
ment with the clinical literature, develops skills in extracting
evidence from the published literature, and provides interac-
tion with clinical experts through the interface independent
of time zone or physical location. Through summer intern-
ship programs, research collaborations, and formal courses,
CIViC has been used as part of the training for undergrad-
uate and graduate students with an interest in oncology or
research in genetics. An open but rigorous variant inter-
pretation resource such as CIViC can facilitate community
engagement and provide mechanisms for the education of
contributors, which ultimately produces higher quality con-
tributions while supporting the advancement of the com-
munity at large.

Improvements to the CIViC user experience

As the CIViC data schema and connections have expanded,
additional documentation for Curators and software devel-
opers was necessary. Migration of our help documentation
to a dedicated interface (hosted by readthedocs) lowers the
maintenance cost for this documentation, a much-needed
improvement that coincided with the development of a for-
malized curation SOP (2). Additional warnings and default
page states have been introduced, which have become main-
stays of the CIViC user experience, to emphasize higher-
quality content and notify users of pending changes or un-
moderated content. We have also provided faster, lower bur-
den curation tasks, such as Flags to quickly draw Editor and
community attention to potential inaccuracies (Supplemen-
tal Figure S3), Source Suggestions to recommend content
for curation (Supplemental Figure S12), improved search
functions (Supplemental Figure S13), and a redesign of the
Variant interface (Supplemental Figure S14). Bioinformati-
cians and developers have taken advantage of the ease of
CIViC’s API for integrations, with multiple groups having
integrated CIViC without any direct interaction with our
team (Figure 2). In addition to the API, data releases are
now made available through monthly and nightly TSV and
VCF files (https://civicdb.org/releases). TSV files are avail-
able for each of the major CIViC entities (EIDs, Assertions,
Variants, and Genes). VCF files summarize CIViC Variants
with curated Representative Coordinates and include an-
notations with data of submitted and accepted EIDs and
Assertions linked to each Variant. These VCF files can be
used to annotate patient variant calls with data available
from CIViC for rapid clinical variant interpretation. For
more programmatic approaches, CIViCpy (11), a software
development kit enabling advanced CIViC queries, was de-
veloped for users familiar with Python.

Improvements to CIViC user interface and API

In order to better support the continued evolution of the re-
source, significant improvements to the entire CIViC techni-
cal stack were performed. The frontend has been entirely re-
designed to increase information density and discoverabil-
ity (Supplemental Figures S13 and S14). Among the high-
lights of the new interface are dedicated pages for concepts
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linked to EIDs (such as NCIt Drug and Sequence Ontology
Variant Type terms) and at-a-glance popover summaries of
all CIViC entities. These changes provide users with more
ways to browse and contextualize the knowledgebase. A
new icon system was developed for all CIViC entities to
allow users to more easily and quickly process the infor-
mation presented (Supplemental Figure S6). On a techni-
cal level, the redesigned frontend has been written in Type-
script and the new API follows the GraphQL specification.
This combination allows the knowledge model to be more
effectively expressed and validated in the type system of the
application itself which eliminates certain types of errors, al-
lows for strict validation of the data entered into CIViC, and
brings the actual implementation in closer alignment with
the knowledge model. The new API also allows for more
efficient, performant queries for our data clients and users
and expands the types of integrations that are possible to
build with CIViC.

SUMMARY AND FUTURE DIRECTIONS

As sequencing of cancers is increasingly used in routine
patient care, more variants are discovered and the need
for curated information to guide clinical variant interpre-
tation continues to grow. Challenges to variant interpre-
tation are further compounded by the exponential growth
in medical literature, which greatly surpasses the ability of
any one institution or group to assimilate. This bottleneck
emphasizes the need for both open-access resources and
community-generated contributions (17). By creating a re-
source with a low barrier to entry paired with expert mod-
eration, CIViC promotes community engagement with the
potential to scale with the medical literature. CIViC has
made a significant contribution to this effort, inspired by
widely-adopted bioinformatic tools used in sequence anal-
ysis, by developing an open-access and programmatically-
accessible resource.

Since its inception, the CIVIC project has seen consid-
erable adoption from a growing community and substan-
tial development of the knowledge model and user inter-
face (Supplemental Table S4). As public contributions to
CIViC have increased in number to outpace internal contri-
butions from the CIViC team, the need for increased Editor
capacity has become clear. Subsequently, Editor training
and materials have been expanded. Assertions were devel-
oped in CIViC as a new curated data entity, which summa-
rize evidence for a variant, apply a state-of-the-field clinical
significance evaluation, and incorporate published guide-
lines for variant tiering (13,18). CIViC entered into col-
laborations with outside groups, notably the ClinGen So-
matic Cancer CDWG, and in response developed Orga-
nizations to enable group tracking of curation conducted
within a formal expert panel setting. Evidence Types for
functional, oncogenic, and predisposing data were added,
extending the data model to cover published guidelines
(16,18) and supporting the collaborator-led incorporation
of a large VHL variant dataset into CIViC (17,22). Fur-
ther collaborative work resulted in the integration of CIViC
into the broader community of variant interpretation re-
sources and the development of the curation enhancement
tool, CIViCmine. Many of these changes were reflected

in updates to the user interface, culminating in the re-
lease of an updated version. Together, these improvements
have broadened the scope, reach, and impact of the CIViC
project.

The CIViC Ecosystem relies on the considerable volun-
teer efforts of Curators and Editors, user feedback, and in-
tegration of complementary resources. In turn, CIViC con-
tributes to the ongoing development of this community
through improved open-access data distribution, creation
of educational materials, and providing feedback and cura-
tion to external resources. The acknowledgement and sup-
port of this community is critical to CIViC’s success. This
work remains unfinished and there is a critical need for more
expert Editors to moderate the contributions of Curators
and keep pace with the ever expanding medical literature.
The use of the CIViC platform for curation enables expert
working groups from widely disparate time zones to collab-
orate asynchronously. However, despite engaging a diverse
team of Curators, ongoing efforts are needed to engage not
only more community Editors, but greater Editor represen-
tation outside of North America and Europe. Interested in-
dividuals can find more information on joining the CIViC
community online at civicdb.org.

The CIViC platform provides a mechanism for vari-
ant evidence curation that supports computability and the
FAIR principles (48), but also provides the flexibility for
curators to use descriptive free-text variant names and
aliases as needed where existing variant representation and
nomenclatures fall short. The CIViC documentation cov-
ers conventions for variant naming to promote consis-
tency among common variant types, including compound
variants, codon- and exon-level variants, fusions, and
more (https://civic.readthedocs.io/en/latest/model/variants/
name.html). However this flexibility can hinder interop-
erability and automated concept matching. Furthermore,
while CIViC EIDs try to capture the essential claims and in-
tent of study authors, they do not provide primary analysis
or reinterpretation of underlying data. Such claims may be
highly context-specific, with varying degrees of subjective-
ness and robustness. Consequently, the content of CIViC
should always be interpreted carefully, in the context of
other information in the field. For example, the p16 protein
encoded by the CDKN2 A gene has been used as a surrogate
of HPV infection (49), and ‘p16 expression’ is a supported
variant under CDKN2A, but expression level is subject to
the variability in cutoffs and attention to detail of the arti-
cle from which the data is derived.

As an open resource, CIViC does not direct what a Cura-
tor or Editor works on, as this decision is solely the choice
of the individual. This has led to variable levels of complete-
ness of curation when comparing genes and diseases. How-
ever, the collaboration with ClinGen Somatic has broad-
ened the expertise of our Curators and diversified the scope
of information entered and reviewed in the knowledgebase.
Data provenance of all entries and actions in CIViC along
with the exclusive Editor selection process and intense Ed-
itor training promote the integrity of our knowledgebase.
The openness and flexibility of the CIViC data and cura-
tion model is not without pitfalls and caveats; however, the
broad impact of this resource is demonstrated by the com-
munity’s adoption and contributions.
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Development work continues to address more complex
issues, such as: variant relationships and combinations
with clinical significance, integration of NLP-based re-
sources that support discovery and curation, and support
for large-scale variants that impact more than one gene.
Such changes require substantial development efforts to
adapt the database schema and the user interface to pro-
vide visual representations of this complex data and support
more complex search capabilities. As this resource expands,
we are committed to ensuring this work remains free and
open to all, without fees or restrictions.

DATA AVAILABILITY

CIViC data is available under a creative commons CCO0
(public domain dedication) and can be viewed on https:
/[civicdb.org. All underlying code is available on GitHub
under an MIT license (https://github.com/griffithlab/civic-
v2). Data is available via API (https://griffithlab.github.io/
civic-v2/) and regular releases in TSV and VCF format
(https://civicdb.org/releases/main). Additional documenta-
tion and help can be found in our help documentation:
https://civicdb.org/pages/help.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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