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Abstract

Henrietta Lacks' deidentified tissue became Hel a cells (the paradigmatic learning health platform). In this article, we discuss
separating research on Ms Lacks' tissue from obligations to promote respect, beneficence, and justice for her as a patient. This
caseilluminates ethical challengesfor the secondary use of biospecimens, which persist in contemporary learning health systems.
Deidentification and broad consent seek to maximize the benefits of learning from care by minimizing burdens on patients, but
these strategies are insufficient for privacy, transparency, and engagement. The resulting supply chain for human cellular and
tissue-bhased products may therefore recapitulate the harms experienced by the Lacks family. We introduce the potential for
blockchain technol ogy to build unprecedented transparency, engagement, and accountability into learning health system architecture
without requiring deidentification. The ability of nonfungible tokens to maintain the provenance of inherently unique digital
assets may optimize utility, value, and respect for patients who contribute tissue and other clinical datafor research. We consider
the potentia benefits and survey major technical, ethical, socioeconomic, and legal challenges for the successful implementation
of the proposed solutions. The potential for nonfungible tokensto promote efficiency, effectiveness, and justice in learning health
systems demands further exploration.

(JMIR Bioinform Biotech 2021;2(1):€29905) doi:10.2196/29905
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after the procedure that harvested the would-be Hel a cells,
leaving her family to mourn their loved one without realizing
how the cancer that took her life aso enabled her to live on

Introduction

Deidentifying biospecimens “checks the box” of protecting

privacy while permitting unrestricted secondary use of clinical
data. Thisworkaround transformed Henriettal acks [1] cervical
cancer into death-defying Hel a cells (the paradigmatic learning
health platform). According to convention in the then-segregated
1951 Johns Hopkins Hospital, tissue obtained during Henrietta
Lacks' cancer treatment was deidentified using thefirst 2 letters
of her first and last names, permitting research on her tissue
without her explicit knowledge or consent. Ms Lacks died soon

https://bioinform.jmir.org/2021/1/€29905

through ongoing replication, distribution, and use of her tissue
in perpetuity.

Open accessto Hel acells alowed scientiststo ask and answer
guestions about a wide range of viruses, toxins, drugs, and
hormones, while avoiding physical risk for human subjects,
accelerating a revolution in biomedical science. Decades | ater,
the provenance of the now ubiquitous Hel a cells came to light
[2], when chance reidentification and subsequent efforts to
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obtain more samples from her living relatives exposed
deficiencies in transparency, accountability, and engagement
[3] throughout the learning health lifecycle. Today, Henrietta
Lacks is recognized as the mother of modern medicine, the
bittersweet result of asystem that seeksto maximizetheresearch
value of tissue and other data-rich byproducts of clinical care.

Though our technical standards for deidentification have
evolved, the spirit of deidentification that disconnected Ms
Lacks, a poor, Black, mother of 5, from her legacy remains
immortalized in US law and is widely exploited by today’s
research enterprise. We discuss how deidentification potentiated
ethical violations in Ms Lacks case, drawing paralels to
contemporary research practices, and propose that nonfungible
tokens (NFTs), an innovation building on blockchain
technology, may help create amore ethical system for learning
from care. The vastness of digital and genomic data hasrendered
all matter of biospecimenssimilarly undeidentifiable[4,5]. This
use case focuses on excess surgical biospecimens and derived
human cellular and tissue-based products, however, similar
arguments may apply to digital data and related proprietary
algorithms.

Ethical/Legal Context for US Biomedical
Research and Clinical Care

Physicians' fiduciary duty to maintain patient confidentiality
is enforced by the Heath Insurance Portability and
Accountability Act (HIPAA) Privacy Rule (45 CFR 164). The
Belmont Report—inspired [6] Common Rule (45 CFR 46)
stipulates that respect for persons and risk of “therapeutic
misconception” require research participation to be transparent
and voluntary, typically fulfilled by prospective informed
consent. In this context, the “safe harbor” for deidentified data
isjustified by assumptionsthat privacy is patients’ only relevant
interest regarding secondary research on the tissue and other
data produced during clinical care and that deidentification
offers sufficient privacy protection. Thus, preemptive
deidentification establishes exemptionsfrom HIPAA and human
subject research protections.

Current learning platforms leverage deidentified biospecimens
to accelerate scientific breakthroughs, empowering precision
medicine[7]. Traditional expectations of research participation
as atruistic and primarily beneficial for other future patients
had implications for the structure of benefit distribution in
learning health systems. US law prohibiting reidentification and
contact (45 CFR § 164.514) preventsindividual sfrom receiving
timely access to relevant benefits that may be produced from
research on their data. This is especially problematic for
patient-centered outcomes research, which focuses on outcomes
that matter to patients, and precision medicine research, which
seeksto learn from and improve clinical careinrea time[8,9].

Patients' tissue and sensitive data are extracted during clinical
care under fiduciary duty to benefit them and minimum
necessary standards of Protected Health Information (PHI) (45
CFR 164.502(b), 164.514(d)). Systematic deidentification and
repurposing of biospecimenswithout either explicit permission
for research use or an intention to directly benefit that individual
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wherever possible may betray the sacred trust of the
patient-physician relationship, compromising respect for patients
as persons. Lack of transparency regarding relevant outcomes
may contradict obligations of beneficence and information
unblocking mandates set forth in the 21st Century Cures Act
[10]. Direct, continuous, and ongoing research feedback is
feasible with current bioinformatic technologies and
programmable terms of use. Allowing indefinite delays in
translation from the bench or the cloud back to the bedside of
origin represents a lack of accountability to patients, which
disproportionately impacts underserved populations who
experience the greatest barriers for accessing cutting-edge care
[11].

Hidden in Plain Sight: Deidentification as
Erasure Without Engagement

Henrietta Lacks was eventually reidentified, though she was
never truly deidentified. Indeed, the Lacks family was easy to
find when their hel p was needed to clear up Hel acontamination
in the 70s [2]. The ability to identify a biospecimen’s source
remains central for the integrity and value of related research.
Likewise, current deidentification techniques are a similarly
thin veneer of privacy protection [4,5]. Biospecimens are
inherently unique; truly deidentifying them may not be possible
given the richness of underlying data, advances in genomics,
and maturation of artificial intelligence technology [4,5,12].

Unlike methods of concealing or encrypting personal identity
and other data security measures, removing personal details
impoverishes data sets, reinforces knowledge silos, and hinders
continuous global assessment of the datalandscape[13-15]. In
addition to compromises on identity protection and scientific
progress, deidentification preventsindividualsfrom dynamically
controlling or directly benefiting from the use of their
biospecimens or understanding how they may have benefited
others. Ms Lacks did not live to see the transformative effect
she had on the world, but she had accessto state-of-the-art care
and the physician scientist who granted her cells immortality
informed her of their world-changing potential. She “was glad
her pain would come to some good for someone” [1].

Further harms experienced by obtaining and distributing the
Lacks health data(ie, harvesting her tissue postmortem, seeking
DNA from descendants, and publishing her genome, all without
adequate transparency or consent) represented | ost opportunities
for recognition spanning decades, keeping wounds fresh and
distributing their effects. The Lacks family narrative
demonstrates an intergenerational harm of erasure that
compounds the suffering and loss of illness. Subsequent
engagement of the Lacks family on a National Institutes of
Health review board overseeing Hela cel use in
government-funded research [16] represents a structural
breakthrough in transparency, accountability, and engagement.
This approach acknowledges the intergenerational nature of
tissue and related learning, but has not yet been extended to the
families of other patients whose biospecimens have generated
foundational learning health platforms.
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LikeHel acells, our biospecimens are the substrate of learning
health platforms, and are similarly deserving of respect. Current
paradigms use deidentification to mitigate tradeoffs between
privacy and utility of health data, alowing rapid scaling of
learning platforms in tandem with digitalization. However, the
resulting system effectively imposes the violations Ms Lacks
experienced on all patients. How this resource-intensive model
of engagement scalesis unclear and complicated by uncertainty
regarding future utility, the differential value of patients
contributions, and the diversity of preferences[17]. Irrespective
of whether the Lacks current engagement model should be
normative rather than exceptional, further technological
advancements may be essential for alearning health system that
optimizes individual and collective rights and interests.

Technological Solutions With Blockchain
Technology and NFTs

Aswestriveto fully integrate care and research, advancements
in blockchain technology and related privacy and intellectual
property—preserving innovations may help embed ethical
principles in learning health system architecture [18]. The
decentralization of blockchains provides uniquely strong
assurances of trust in data security, integrity, and use as the
network is surveilled and audited by autonomous “smart
contracts.” The fundamental transparency of the blockchain
could enable individuals to track biospecimen use, and smart
contracts could automate tranglation of potential health or
personal benefits. Auditability of the learning health system
may be crucial for ensuring that past, present, and future uses
of human tissue and other clinically derived data are consistent
with communal values.

Blockchains are communities of stakeholders organized around
interoperabl e open-source building blockswith shared standards
and information, in which sharing is normative, incentivized,
and yields collective benefits. Blockchains' underlying ethos
of peer-to-peer engagement and cooperation could serve asthe
backbone of alearning health system that is designed to engage
patients as proper stakeholders in learning, like the Lacks
current oversight of HelL a cell use. Such a system could drive
learning and trandation by asserting patients values as
contributors and empowering enforceable dynamic consent.
Democratic engagement in system governance could dictate
learning priorities, informed consent requirements appropriate
to specific data use contexts, and operational aspects of
participation. Importantly, advanced cryptography of blockchain
networks allowstransparent public engagement with individuals
without compromising private identity.

Blockchains are often accompanied with their own
cryptocurrency (tokens) to incentivize disparate parties to
organize around a common purpose. Tokenization could
incentivize patients to contribute their excesstissue to learning
activities by providing transparency, trust, and feedback with
adurable digital asset that may accrue in personal and health
value over time. This supports the imperative to legitimize and
democratize citizen science [19] and could provide suffrage and
collective representation for patient advocacy movements[20].
Smart contract infrastructure may enable dynamic patient
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engagement for specific commercial tissue uses. Tokenization
may facilitate devel opment of a system for fairly compensating
and maintaining transparency with individuals whose
biospecimens become the basis of commercial tissue-based
products [21].

NFTs, popularized by application to digital artworks [22],
introduce the capacity to protect patient rights and interests
regarding use of their inherently unique biospecimens and
immortal cell lines by creating a corresponding unique digital
asset that retains value even as the products are copied and
distributed. NFTs could enable exchange of biospecimens to
maximize research utility while retaining the unique signature
of their human source. NFTsmay allow usto capture and prove
the value underlying health data without compromising
individual or collective benefits of learning from biospecimens
or privacy interests. This presents an opportunity for aparadigm
shift in the recognition of nonfungible human beingsasthe basis
of learning health platforms with a potential mechanism for
ensuring a more just distribution of benefits. NFTs should be
explored for their potential to empower provenance of dataand
duty in asystem of learning from care.

Unsolved technical challenges remain for implementing and
scaling NFTs for biospecimens. However, increasing adoption
of decentralized ledger technologiesin health care and beyond,
as well as recent successful scaling operations utilizing
privacy-preserving technologies (eg, federated learning [23]
and homomorphic encryption [24]), support this further
development of an ethical learning health system. Holistically,
these innovations are ethically significant for learning health
systems given their potential to resolve tensions between data
utility and privacy; however, a more detailed discussion is
beyond the scope of this article. Blockchain has since evolved
to incorporate novel architectures to promote equitable
collaborations (eg, Decentralized Autonomous Organizations
[DAQ]) and scalability of resource-intensive decentralized
consensus mechanisms (eg, proof-of-stake algorithms). In the
context of research on biospecimens, the use of these
technologies must also be accompanied by examination of
underlying ethical, legal, and social structures.

Ethical and Socioeconomic Constraints
of Tokenizing Human Tissue

The mora vulnerabilities, legal limitations, and practical
constraints of tokenizing biospecimens are significant.
Tokenization of tumors could incentivize inappropriate health
riskson the part of stakeholders, including patients, physicians,
and health systems. Secondary gain could motivate patients to
delay surgery to allow for larger more valuable tumor samples,
and physicians may be pressured to be lessthorough in clinical
pathologic examinations or more extensive in surgical
interventionsto maximizetissueyield. An ecosystem of human
tissue tokens must anticipate and guard against potential abuses,
including those related to monetization, and further tokenomic
research can inform the optimal market design. Blockchain may
enhance ethical protections for patients and subjects via an
embedded approach to ethical oversight that is continuous,
evolving, decentralized, and auditable.
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In some settings, return of results raises concerns about the
potential harms of disclosing information that may either be
unwanted or have clinical consequences, including psychological
or physical sequelae of subsequent interventions. While these
challenges must be addressed, they do not justify acceptance of
the status quo in which patients remain disconnected from
research results that may be clinically actionable. NFTs could
facilitate incorporation of dynamic consent, allowing patient
preferences to guide tissue use and benefit distribution.
Additional work is needed to determine appropriate informed
consent and engagement of diverse populations. Further
innovations and clinical pathways must be advanced to ensure
safety, quality, and consent for returning results and delivering
health benefits of biospecimen research.

Theimpact of tokenization on patients’ willingnessto contribute
biospecimens must be further evaluated, as some patients have
expressed a preference for no-strings-attached donations,
although this perspective may not account for the potential for
that individual to receive substantial health, personal, or
financial benefits. Toolsare needed to socialize the outlook that
patients can, and should, directly benefit from research on their
tissue, and to communicate the potential for blockchain
technology to resolve ethical and technical barriers. Novel
economic structures, such as curated markets [25], augmented
bonding curves [26], and platform cooperatives [27], could be
employed in combination with underlying technical structures
to optimally align stakeholder incentives, and research into these
methods is ongoing. If tokenization leads to monetization of
biospecimens, market design must optimize the use of rare
uniquely valuable samples and ensure equitabl e distribution of
benefits, and will require the support of updated legal
protections.

Legal and Practical Barriers for an
NFT-Based Learning Health System

Asidefrom how NFTscould work for prospective biospecimens,
retroactive application may be challenged by US regulations
prohibiting reidentification and contact of deidentified research
subjects. Since reconnecting patients with the knowledge and
products from past biospecimen useisamajor value proposition,
devising strategies that do not violate established legal and
ethical obligations will be critical. NFTs may circumvent
prohibitions against rei dentification, regardless of whether broad
consent wasinitially obtained or not mandated for past specimen
usesfor which there was no expectation of contact, asthey could
provide patients an opportunity to opt in for subsegquent
reidentification, while providing discretionary preferences that
could be updated over time. This overcomes the patient-facing
concerns about privacy and autonomy, but does not eliminate
institutional and researcher concerns about obligations or past
lapses in disclosure that may arise.

By comparison with US law, the General Data Protection
Regulation (GDPR) seeks to center individuals' data rights as
amatter of liberal democracy. A major challengefor the GDPR
is the lack of mechanisms for enforcing ethical principles and
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socioeconomic policies for data use. Despite advantages for
consumer autonomy, the GDPR has also been challenged asits
limitations on secondary data use may frustrate efforts to
maximize the individual and collective value of learning from
health data [28]. Endless cookie requests signal consent but
may not constitute meaningful control, especially if acceptance
of cookies predicates access to needed hedth services. In
practice, GDPR requirements resemble broad consent for the
secondary use of biospecimens, aligned with the updated
Common Rule [29]. Critically, the GDPR does not address the
duty to distribute knowledge and products derived from
secondary data and tissue use. Without a means of ensuring a
just distribution of benefits, the underlying power asymmetry
between individuals and third party data users persists.

Acceptability for current institutional tissue “owners’ will be
amajor barrier to theimplementation of NFTsfor biospecimens,
as fears of adverse press, decreased contributions, and legal
repercussions from efforts to tokenize tissue loom large. “ Safe
harbor” for deidentified data and unsuccessful prior attempts
of patientsto obtain rights regarding the commercial use of their
biosamples may reinforceinstitutional inertia[30]. Using NFTs
for biospecimens recognizes their status as assets and may
increase the call for updating definitions regarding rights,
ownership, and value distribution.

Maximizing efficiency, effectiveness, and justice will ultimately
require global collaboration in learning from care. Novel
approaches to data governance must go above and beyond
existing policy protections with an eye toward technological
evolution and international standards. Transparency, auditability,
and smart contract architecture could empower individuals or
their representatives to ensure that data use is in accordance
with policies and preferences while maximizing collective
benefits. Additional measures for enforcing legal compliance,
social democratic governance, and ethical oversight are needed
to guard against potentially exploitative treatment of vulnerable
populations within high income settings and worldwide.

Conclusion

Henriettal acks' story highlightsthe harmsthat may occur when
deidentification separates research on patient tissue from
obligationsto promote respect, beneficence, and justice for that
individual. Continued reliance on deidentification and broad
consent for the “secondary use” of biospecimens may create
platformsfor learning that recapitul ate historically exploitative
practices of integrating research and patient care. Blockchain
technology promises to build unprecedented transparency,
engagement, and accountability into learning health system
architecture. NFTs have the potential to embed the primacy of
clinical ethics into our clinical research supply chains. HeLa
cellsarethe original “use case” for NFTSs, as they demonstrate
the imperative of maintaining the provenance of nonfungible
human-derived assets and the fiduciary duties to respective
patients. Representing biospecimenswith NFTsmay maximize
efficiency, effectiveness, and justice in the future of learning
health systems.
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Abstract

Background: COVID-19, caused by the novel SARS-CoV-2, is considered the most threatening respiratory infection in the
world, with over 40 million people infected and over 0.934 million related deaths reported worldwide. It is speculated that
epidemiological and clinical features of COVID-19 may differ across countries or continents. Genomic comparison of 48,635
SARS-CoV-2 genomes has shown that the average number of mutations per sample was 7.23, and most SARS-CoV-2 strains
belong to one of 3 clades characterized by geographic and genomic specificity: Europe, Asia, and North America.

Objective: Theaim of this study was to compare the genomes of SARS-CoV-2 strainsisolated from Italy, Sweden, and Congo,
that is, 3 different countriesin the same meridian (longitude) but with different climate conditions, and from Brazil (asan outgroup
country), to analyze similarities or differences in patterns of possible evolutionary pressure signatures in their genomes.

Methods: We obtained data from the Global Initiative on Sharing All Influenza Data repository by sampling all genomes
available on that date. Using HyPhy, we achieved the recombination analysis by genetic algorithm recombination detection
method, trimming, removal of the stop codons, and phylogenetic tree and mixed effects model of evolution analyses. We also
performed secondary structure prediction analysisfor both sequences (mutated and wild-type) and “disorder” and “transmembrane”
analyses of the protein. We analyzed both protein structures with an ab initio approach to predict their ontologiesand 3D structures.

Results. Evolutionary analysisrevealed that codon 9628 is under episodic selective pressure for all SARS-CoV-2 strainsisolated
fromthe 4 countries, suggesting it isakey sitefor virus evolution. Codon 9628 encodesthe PODTD3 (Y 14 SARS2) uncharacterized
protein 14. Further investigation showed that the codon mutation was responsible for helical modification in the secondary
structure. The codon was positioned in the more ordered region of the gene (41-59) and near to the area acting asthe transmembrane
(54-67), suggesting its involvement in the attachment phase of the virus. The predicted protein structures of both wild-type and
mutated PODTD3 confirmed the importance of the codon to define the protein structure. Moreover, ontological analysis of the
protein emphasized that the mutation enhances the binding probability.

Conclusions: Our results suggest that RNA secondary structure may be affected and, consequently, the protein product changes
T (threonine) to G (glycine) in position 50 of the protein. This position islocated close to the predicted transmembrane region.
Mutation analysisreveal ed that the change from G (glycine) to D (aspartic acid) may confer anew function to the protein—binding
activity, which in turn may be responsible for attaching the virus to human eukaryotic cells. These findings can help design in
vitro experiments and possibly facilitate a vaccine design and successful antiviral strategies.

(JMIR Bioinformatics Biotechnol 2021;2(1):€25995) doi:10.2196/25995
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Introduction

The ongoing COVID-19 pandemic caused by the novel
SARS-CoV-2 is the most threatening respiratory infection
worldwide and has affected almost every country in the world.
Asof December 30, 2020, over 81 million peoplewereinfected
with COVID-19, and more than 1.7 million deaths were
reported. Many health institutions are attempting to produce
effective vaccines against this virus infection, and several are
now in the final stages of development before their application
to human populations[1,2].

The SARS-CoV-2 genome shares approximately 82% sequence
identity with SARS-CoV and MERS-CoV (Middle East
respiratory syndrome coronavirus) and more than 90% sequence
identity for essential enzymesand structural proteins. Thishigh
level of sequence identity suggests a common pathogenesis
mechanism and, thus, therapeutic targeting. SARS-CoV-2
contains4 structural proteins, including spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins[3]. The structure
and the genome of SARS-CoV-2 are being extensively studied,
but the results seem to be controversial. For example, a recent
study found that the 2 integral membrane proteins (ie, envelope
and membrane proteins) tend to evolve slowly by accumulating
nucleotide mutations on their corresponding genes, but genes
encoding nucleocapsid, viral replicase and spike proteins, which
are regarded as important targets for the development of
vaccinesand antiviral drugs, tend to evolvefaster [4]. However,
other studies have shown that potential drug targets of
SARS-CoV-2 are highly conserved [3].

The genome of SARS-CoV-2 iscomprised of asingle-stranded
positive-sense  RNA. A newly sequenced genome of
SARS-CoV-2 was submitted to the NCBI genome database
(NC_045512.2). The genetic makeup of SARS-CoV-2 is
composed of 13-15 (including 12 functional) open reading
frames (ORFs) containing ~30,000 nucleotides. The genome
contains 38% of GC content and 11 protein-coding genes,
together expressing 12 proteins[3].

The genomic characterization of 95 SARS-CoV-2 genomes
revealed the 2 most common mutations that might affect the
severity and spread of SARS-CoV-2 [5]. Another study
highlighted the crucial genomic features that are unique to
SARS-CoV-2 and 2 other deadly coronaviruses, SARS-CoV
and MERS-CoV. These unique features correlate with the high
fatality rate due to infection with these coronaviruses as well
astheir ability to switch hosts from animalsto humans[6]. As
aresult, it can be specul ated that the epidemiological and clinical
features of these viruses may differ across countries or
continents.

Genomic comparison of 48,635 SARS-CoV-2 genomes has
shown that the average number of mutations per sample was
7.23, and most SARS-CoV-2 strains belong to one of the
following 3 clades characterized by geographic and genomic
specificity: clade G (Europe), clade L (Asia), and G-derived

http://biocinform.jmir.org/2021/1/e25995/

clade (North America) [7]. These results suggest
custom-designed antiviral strategies based on the molecular
specificities of SARS-CoV-2 in patients from different
geographies [7]. Previous studies have also differentiated the 3
variants according to the geographic location (East Asia, Europe,
and America) [8]. A more recent genome-wide analysisrevealed
that the frequency of amino acid mutations was higher in the
genome sequences of SARS-CoV-2 strains from Europe
(43.07%), followed by strains from Asia (38.09%) and North
America(29.64%). However, casefatality ratesremained higher
in the European temperate countries, such as Italy, Spain,
Netherlands, France, England, and Belgium [9].

The aim of this study was to compare the set of SARS-CoV-2
genomes of viral strainsisolated from representative countries
in the same meridian (longitude), namely, Italy, Sweden, and
Congo, which have different climate conditions, to revea
similarities or differencesin the patterns of possible evolutionary
pressure signatures in their genomes.

Methods

Sequence Data

We obtained data from the Global Initiative on Sharing All
Influenza Data (Gl Said) repository and sampled all genomes
available therein to that date (May 5, 2020), including the files
congo-gisaid_hcov-19 2020 05 05 09.fasta with 75 entries,
italy-gisaid_hcov-19 2020 05 05 10.fasta with 69 entries,
sweden-gisaid_hcov-19 2020 05 05 10.fastawith 104 entries,
and also the outgroup file
brazil_gisaid _hcov-19 2020 05 15 04.fasta with 92 entries.
The reference genome with accession number NC_045512.2
was downloaded from the GenBank repository.

Evolution Model Analysis

We used the SARS-CoV-2 Wuhan-Hu-1 genome (Ref Seq Acc.
No. NC 045512.2) as the reference sequence and the
VIRULIGN version 1.0.1 application [10] to perform multiple
seguence alignment, with AliView version 1.26 application for
visualizing the results of the analyses [11]. HyPhy 2.5.8 (MP)
was used to perform recombination analysis by the genetic
algorithm recombination detection method and conduct
trimming, stop codon removal, and phylogenetic tree and mixed
effectsmodel of evolution (MEME) analyses[12]. The MEME
web site was used to read JSON output files and generate
MEME images and tables.

RNA Secondary Structure Prediction

We used the RNA_fold web server (part of the Vienna RNA
Websuite) to predict secondary structures of both the wild-type
and mutated sequences[13], and the Forna package[14] to build
the graph diagrams.

Protein Analysis
Protein disorder analysis was conducted using MFDp2 [15],
NetSurfP-2.0 [16], and SPOT-Disorder2 [17] applications.
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Transmembrane analysis of the protein was calculated using
the TMHMM server v.2.0, MemBrain webserver [ 18], ProtScale
[19], and TMpred [20] (scores normalized for comparison) on
the Expasy website [21].

3D Protein Structure Prediction and Ontologies

Both protein structures were determined with an ab initio
approach by using the Robetta webserver [22], whereas
DeeProtein capsule from OCEAN CODE [23] was used to
predict ontologies of the predicted proteins. 3D images of
protein structures and their ontologies were released using
PyMOL 2.4.0 [24].

Mastriani et al

Results

Codon 9628 Evolved Under Episodic Positive Selection

Mixed evolutionary analysis based on the MEME agorithm
was conducted on the SARS-CoV-2 data from Italy, Sweden,
and Congo (countries from the same geographic meridian) and
Brazil (included as an outgroup). The investigation revealed
codon 9628 was under episodic positive sel ective pressure across
the countries, as depicted in Table 1.

Table 1. Mixed effects model of evolution (MEME_ analysis results showing data obtained from the evolutionary analysis of SARS-CoV-2 from
Brazil, Congo, Italy, and Sweden. The top 3 sites for every country are shown, sorted by P value.

Country (ID)/Site  Partition a B~ p B p* LRT  Pvaue Branchesun- Total branch MEME Fixed effects
der selection  length LogL likelihood LogL

Brazil (BR)

96282 1 0 0 0% 10,000 0.04 16.37 <.001 2 0.65 -27.28  -20.62

9928 1 0 0 08 10,000 0.18 11.12 <.001 4 271 -31.03 -2853

81 1 0 0 004 1032.18 0.96 6.95 .01 5 1.49 -40.77  -40.77
Congo (CG)

06282 1 0 0 09 10000 003 1089 <001 1 0.25 -1818  -1354

2884 1 0 0 045 127345 0.55 351 .08 5 0.60 -42.49  -42.37

6541 1 0 0 097 10,000 0.03 273 A2 1 0.27 -1294 -11.92
Italy (I1T)

15 1 0 0 09% 10,000 0.04 1021 <.001 1 0.73 -1590 -1257

96282 1 0 0 097 1,0000 0.03 1124 <.001 1 0.45 -17.66  -12.95

4 1 0 0 089 10,000 0.11 7.25 .01 0 1.83 -13.11 -1043
Sweden (SE)

96282 1 0 0 0% 961352 0.04 16.03 <.001 2 0.51 -27.43  -21.10

4409 1 0 0 097 4356.70 0.03 7.68 .01 1 0.16 -15.63 -12.33

4732 1 0 0 0% 10,000 0.05 3.85 .07 2 0.74 -19.66 -18.78

8indicates site 9628.

In this context, we use the term “site” as a synonym of codon,
respecting the HyPhy terminology. The asymptotic P valuewas
<.001 for episodic diversification at site 9628. Figure 1 shows
thedistribution of the P value acrossthe sitesfor all 4 countries.
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RenderX

A deep check of the multiple alignment data of the 4 countries
revedled that the episodic positive selective pressure on site
9628 is a consistent mutation of the codon GGG to ACG, as
shown in Figure 2.
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Figure 1. Mixed effects model of evolution site plot. Distribution of the P value over the sitesin Brazil, Congo, Italy, and Sweden. The purple circle
indicates site 9628 that was found to be under episodic selective pressure.
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Figure 2. Part of the multiple sequence alignment from the Italian data showing the site 9628 under episodic selective pressure. The nucleotides mute
from GGG to ACG.

9628

I predicted secondary structures highlighted structura
RNA Secondary Structure Prediction Changes modifications at the top-right ring of the RNA conformation,

The prediction of secondary structure before and after mutation  as depicted in Figure 4, suggesting the GGG to ACG mutation

shows important differences, as shown by the mutation from  was responsible for a significant modification of the RNA
GGG to ACG (Figure 3). The comparison between the 2 secondary structure.

Figure3. Nucleotide mutation over aligned sequences, illustrating the sequence considered to predict secondary structuresin both mutated and wild-type
proteins. Site position isindicated in blue, from the start codon (9578) to the open reading frame (9632).

9578

CAATGCTGCAATCGTGCTACAACTTCCTCAAGGAACAACATTGCCAAAAGGCTT
CAATGCTGCAATCGTGCTACAACTTCCTCAAGGAACAACATTGCCAARAAGGCTT

CTACGCAGAAGGGAGCAGAGGCGGCAGTCAAGCCTCTTCTCGTTCCTCATCACG
CTACGCAGAAGGGAGCAGAGGCGGCAGTCAAGCCTCTTCTCGTTCCTCATCACG

9628 9632
---TCGCAACAGTTCAAGAAATTCAACTCCAGGCAGCAG---JACGIAACTTCTCCTGC
---TCGCAACAGTTCAAGAAATTCAACTCCAGGCAGCAG---IGGGJAACTTCTCCTGC
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Figure 4. Secondary structure prediction. The 2 RNA diagrams exhibit structural modifications affected by the GGG to ACG mutation.

2
CAGCAGAACTTC !
CAGCAGIGGGAACTTC 'y

Protein Analysis

The analysis of the protein conducted for finding its disordered
region turned out the positions from 41 to 59 to be more stable
with the glycine (G) placed at the 50th position. We obtained
results by using 3 different software tools and considering the
average valuefor the probability of disorder, asshownin Figure
5 and reported in Table 2. Further analysis to locate the
transmembrane region in the protein revealed that locations
54-67 were associated with this function. The anaysis,

GGG

conducted by using 4 distinct web applications and by evaluating
the resultant average values, places the glycine (G) as near the
transmembrane region to suppose its involvement. Table 3
reports the data showing the probabilities of each amino acid
acting as the transmembrane. The transmembrane topology of
the sequence (Figure 6) highlightsthe amino acid G at location
50 in the middle of the transmembrane region, and the
distribution of the probabilities (Figure 7) corroborates this
hypothesis.

Figure5. Disorder region analysis. The region 41-59 was found to have the lowest probability to be disordered. The orange lines delimit this region,

and the blue dotted line outlines the position of G on the different curves.
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Table 2. Protein disorder analysis results showing the probability of disorder for each position of the protein. The probabilities have been calculated
using MFDp2, Netsurf, and SPOTD software.

Position Amino acid sequence Disorder probability values
MFDp2 NetsurfP2 SPOTD Average value®

1 M 0.132 0.627823114 0.5607 0.440174371
2 L 0.134 0.347978383 0.5358 0.339259461
3 Q 0.135 0.270706475 0.4945 0.300068825
39 T 0.03 0.010842944 0.1936 0.078147648
40 \% 0.029 0.007660664 0.189 0.075220221
41 Q 0.027 0.004478907 0.172 0.067826302
42 E 0.025 0.00340931 0.1848 0.07106977
43 | 0.025 0.003887762 0.1968 0.075229254
44 Q 0.024 0.003997837 0.1927 0.073565946
45 L 0.023 0.00361518 0.2129 0.079838393
46 Q 0.023 0.004551574 0.2123 0.079950525
47 A 0.023 0.004939525 0.2011 0.076346508
48 A 0.022 0.005752307 0.2133 0.080350769
49 \% 0.022 0.002826149 0.2524 0.092408716
5P G 0.022 0.005828088 0.2013 0.076376029
51 E 0.022 0.001046103 0.24 0.087682034
52 L 0.023 0.000922468 0.2694 0.097774156
53 L 0.023 0.001263275 0.2588 0.094354425
54 L 0.023 0.001187441 0.2539 0.092695814
55 L 0.023 0.000650476 0.2483 0.090650159
56 E 0.023 0.000615434 0.2328 0.085471811
57 W 0.023 0.001080571 0.2302 0.08476019
58 L 0.023 0.000941573 0.2154 0.079780524
59 A 0.023 0.001573079 0.208 0.07752436
60 M 0.024 0.000997698 0.2853 0.103432566
61 A 0.024 0.00227783 0.3026 0.109625943
62 \% 0.025 0.003362786 0.3503 0.126220929

8Average values of the disorder probability for each position.
bAmino acid G placed at position 50, inside the stable region.

http://biocinform.jmir.org/2021/1/e25995/ JMIR Bioinformatics Biotechnol 2021 | vol. 2 | iss. 1 [€25995 | p.13
(page number not for citation purposes)

RenderX


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR BIOINFORMATICS AND BIOTECHNOLOGY Mastriani et al

Table 3. Transmembrane prediction results obtained using TMHMM, MemBrainTHM, ProtScale, and TMpred applications. Results from ProtScale
and TMpred have been normalized for comparison with other probabilities.

Position Aminoacidse-  TMHMM probability MemBrain THM ProtScalenormal-  TMpred normalized Transmembrane proba-

quence propensity ized score score bility, average value?

1 M 0 0.000191 N/AP 0.661425764 0.220538921
2 L 0 0.002851 N/AP 0.661425764 0.221425588
3 Q 0 0.046538 N/AP 0.661425764 0.235987921
49 Vv 0.2594 0.987914 0.646 0.603358942 0.624168236
50¢ G 0.27719 0.987914 0.646 0.629801679 0.63522642

51 E 0.28083 0.991702 0.736 0.660532428 0.667266107
52 L 0.32735 0.993857 0.67 0.594246918 0.646363479
53 L 0.56651 0.993857 0.637 0.778452743 0.743954936
54 L 0.63937 0.994522 0.632 0.73360729 0.749874822
55 L 0.64032 0.990459 0.659 0.818831517 0.777152629
56 E 0.64052 0.96027 0.726 0.835626228 0.790604057
57 W 0.64826 0.946819 0.701 0.822583527 0.779665632
58 L 0.6493 0.947424 0.706 0.895122387 0.799461597
59 A 0.64928 0.947424 0.683 0.905663748 0.796341937
60 M 0.64927 0.970735 0.683 0.947293193 0.812574548
61 A 0.64924 0.970735 0.773 0.955511881 0.83712172

62 \ 0.64903 0.937507 0.831 1 0.85438425

63 M 0.64893 0.892506 0.831 0.960871896 0.833326974
64 L 0.6482 0.846403 0.84 0.942826514 0.819357379
65 L 0.64758 0.781733 0.847 0.924066464 0.800094866
66 L 0.63557 0.670387 0.856 0.661425764 0.705845691
67 L 0.61835 0.539353 0.851 0.661425764 0.667532191
68 c 0.5428 0.455615 0.819 0.661425764 0.619710191
69 Cc 0.51009 0.430385 0.728 0.661425764 0.582475191
70 c 0.44702 0.380525 N/AP 0.661425764 0.496323588

8Average values of the probability for each position.
PThe window size used for the profile computation is 9, so the score is not applicable for positions 1-4 and 70-73.
CAmino acid G placed at position 50, inside the stable region.
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Figure®6. Topology diagram using the MemBrain v3. Theillustration depicts the transmembrane topol ogy of the sequence and highlightsthat the amino
acid at position 50 (G) is positioned into the middle of the transmembrane region. Red: transmembrane helix (TMH); blue: oop.

inside

Topology details
1-19 //Outside
20-69 #TMH (long)
70-73 //Inside

Figure 7. Transmembrane prediction. The region 54-67 was found to be the region with the highest probability to code for the transmembrane, and the
G amino acid is near enough to suppose itsinvolvement. The orange lines delimit this region, and the blue dotted line outlines the position of G on the

different curves.

Transmembrane prediction

0 54 ar

3D Protein Analysis

To characterize the deduced protein PODTD3.1, we predicted
the 3D structures for both the wild-type and mutated protein
seguences using an ab initio approach. According to the
preliminary clue from the secondary structure prediction, the
mutated protein presents aslightly different structure when the
amino acid residue changed from G to T. Figures 8 and 9

http://biocinform.jmir.org/2021/1/e25995/
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illustrate both the predicted models showing that the mutation
would affect thetertiary structure of the protein. The comparison
of residues 45-55 between MUT31136 and MOD30336 showed
that this portion of the protein with the mutation stretches out
with repercussions to the preceding helix. This result suggests
that the mutation of the single amino acid from G to T, with
consecutive stretching cycles on the 3D structure of the protein,
tends to make the protein assume new functions.
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Figure 8. Prediction of the 3D structure for the mutated protein of SARS-CoV-2. The model MUT31136 represents the predicted 3D model of the
protein subject to mutation. (A) Amino acid sequence colored by the spectrum range, with the mutated amino acid indicated in black color at position
50 (T). (B) The protein has been oriented to facilitate the comparison and residue 50 is represented with red dots. (C) Details of the residues 45-55 and
their rotation (D) around the Y-axis and (E) around the X-axis with a step of 90°.
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Figure 9. Prediction of the 3D structure of the unchanged protein. The model MOD30506 represents the predicted 3D model of the wild-type protein.
(A) Amino acid sequence colored by the spectrum range, with the investigated amino acid indicated in black color at position 50 (G). (B) The protein
has been oriented to facilitate the comparison and the residue 50 is represented with the red dots. (C) Details of the residues 45-55 and their rotation

(D) around the Y-axis and (E) around the X-axis with a step of
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Prediction of Protein-Related Ontologies

The analysis of protein ontologies indicates different functions
between the wild-type and mutated proteins, owing to their
changed structures. As shown in Table 4, the wild-type variant
of the protein is linked with a high probability (.978<P<1) to
both catalytic and transferase activities. The mutated variant of
the protein presents a remarkable change in its functionality

Mastriani et al

trend: even if usually the scores below 0.5 are interpreted as
negative predictions, in an evolutionary context, the decrease
in probability of the transferase activity (from 0.98 to 0.375) to
favor the binding function (from 0.004 to 0.132) is not regarded
asnegligible. The contextual inversion of tendency of transferase
to binding activity suggests that the episodic evolutionary
mutation aims to improve the binding ability of the protein.

Table 4. Classification report showing the predicted functions of both (mutated and wild-type) protein sequences and related scores. Only positive

scores are reported.
Gene ontology terms and function Score
Wild-type protein sequence Mutated protein sequence
G0:0003674 Molecular function 1 1
G0:0003824 Catalytic function 1 0.998
GO:0016740% Transferase activity 0.978 0.375
G0:0016829 Lyase activity 0.017 _b
G0:0022891 Transmembrane 0.07 _b
GO:00054882 Binding activity 0.004 0.132
G0:0022892 Transmembrane transport activity ~ 0.001 0.001

%0ntological functions subjected to inverted tendency.
bUnpredi cted function.

Discussion

Principal Findings

SAR-CoV-2, thevirusknown to causethe COVID-19 pandemic,
has many peculiar characteristics, such asrapidly accumulating
mutations, compared to other coronaviruses [25]. Specifically,
the prevalence of single nucleotide transitions as the major
mutational type of SAR-CoV-2 acrosstheworld hasbeen shown
previoudly [7]. Inthis study, we conducted evolutionary anayses
on the mutations to determine whether SARS-CoV-2 genomes
from different countries in the same meridian might have
specific variation patterns. We found that codon 9628 was under
episodic selective pressure for all 4 countries in the same
meridian. This would affect RNA secondary structure and,
consequently, the protein product, with T (threonine) changing
to G (glycine) in protein position 50. This position is located
closeto the predicted transmembrane region. Mutation analysis
revedled that a change from G (glycine) to D (aspartic acid)
may confer a new function to the protein, that is, binding
activity, whichinturn may beresponsiblefor attaching thevirus
to human eukaryotic cells. These bioinformatics findings may
help in better designing in vitro (wet lab) and in vivo (animal
model) experiments to determine protein variants associated
with the virulence of the virus. Therefore, these findings may
eventually facilitate vaccine design and successful antiviral
strategies. For example, the results of this study suggest the
need for site-directed mutagenesis and animal experiments to
validate the anticipated effects.

Mercatelli and Georgi [7] demonstrated that clade G, prevalent
in Europe, carriesaD614G mutation in the spike protein, which
isresponsiblefor theinitial interaction of the viruswith the host
human cell. Other studies have also shown different mutation

http://biocinform.jmir.org/2021/1/e25995/

locations among strains isolated from different continents.
Mutations at positions 2891, 3036, 14408, 23403, and 28881
are predominantly observed in European strains, whereas those
located at positions 17746, 17857, and 18060 are exclusively
present in North American strains of SARS-CoV-2 [26]. Their
findings suggest that the virus is evolving and that European,
North American, and Asian strains of the virus might coexist,
with each characterized by different mutation patterns.

Furthermore, a comparison of viral genomes of SARS-CoV-2
strains from 13 countries identified differences in the
protein-coding sequences. For example, an Indian strain showed
amutation inthe spike glycoprotein at R408l andin thereplicase
polyprotein at 1671T, P2144S, and A2798V, whereas the spike
protein of Spain and South Korean strains carried an F797C
and a S221W mutation, respectively [27]. Moreover, recently
conducted integrative analyses of SARS-CoV-2 genomes of
strains from different geographical locations reveal unique
features that are potentially consequential to host-virus
interaction and pathogenesis [28]. However, the most recent
study of genomic diversity and hotspot mutations in 30,983
SARS-CoV-2 genomesindicatesthat unlike the influenzavirus
or HIV, SARS-CoV-2 has a low mutation rate, which makes
the devel opment of an effective global vaccine very likely [29].
The study determined several hotspot mutations acrossthewhole
SARS-CoV-2 genome. In al, 14 nonsynonymous hotspot
mutations (whose prevalence of mutationsis >10%) have been
identified at different locations aong the viral genome: 8 in
ORF1ab polyprotein (in nsp2, nsp3, transmembrane domain,
RdRp, helicase, exonuclease, and endoribonuclease), 3 in
nucleocapsid protein, and 1 in each of the 3 proteins spike,
ORF33, and ORF8. Moreover, 36 nonsynonymous mutations
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were identified in the receptor-binding domain of the spike
protein with alow prevalence (<1%) across all genomes [29].

Conclusions
All these findings highlight the importance of studying the

Mastriani et al

also be confirmed by phylogenetic tree analysesfor elucidation
of lineages and clusters based on the geographic locations. In
conclusion, this genome evolutionary analysis revealed that
codon 9628 is under episodic selective pressure for
SARS-CoV-2 dtrains isolated from al 4 countries (Italy,

relationship of geographical locations of SARS-CoV-2 isolates
and mutations in their genomes, because the relationship can

Sweden, Congo, and Brazil) of the same geographical meridian.
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