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Abstract

Aim: The Hong Kong Genome Project (HKGP) is the first large-scale genome sequencing (GS) project in the Hong
Kong Special Administrative Region. The Hong Kong Genome Institute (HKGI) is entrusted with the task of
implementing the HKGP. With the aim to sequence 45,000-50,000 genomes in five years, it is the projectts goal to
provide participants with more precise diagnosis and personalised treatment, and to drive the application and
integration of genomic medicine into routine clinical care.

Methods: The HKGI Laboratoryts hardware and software components were customised to tailor to the needs of the
project. Sample handling and storage protocol, DNA extraction, and PCR-free GS workflow were developed and
optimised. Quality control indicators and metrics for assessing the quality of samples, sequencing libraries and
sequencing data were established.

Results: The Laboratory is designed to facilitate a unidirectional GS workflow to minimise the risk of contamination.
The Sample Manager system handles laboratory data generated from the HKGP samples and biobank. The

E The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0
E International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,

adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as
long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

www.oaepublish.com/jtgg


https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/jtgg
https://orcid.org/0000-0002-7044-5916
https://dx.doi.org/10.20517/jtgg.2023.22
https://dx.doi.org/10.20517/jtgg.2023.22
http://crossmark.crossref.org/dialog/?doi=10.20517/jtgg.2023.22&domain=pdf

Page 197 Chu et al. J Transl Genet Genom 2023;7:196-212 | https://dx.doi.org/10.20517/jtgg.2023.22

Laboratory handles and analyses approximately 350-500 samples per week, the majority of which are whole blood.
During the first 24 months since the launch of the HKGP, 12,937 participants and their family members (6,680
genomes) have been recruited and sequenced. The sequencing capacity of the Laboratory has been further
enhanced to include the latest technologies, such as long-read sequencing and multi-omics in order to meet the
target of the HKGP.

Conclusion: HKGI Laboratory established a robust GS workflow for the HKGP. The clinical utility of GS will bring
precision medicine into routine clinical practice.

Keywords: Hong Kong Genome Project (HKGP), genome sequencing, genomic medicine, precision health,
laboratory establishment

syLhraIsury

Advances in DNA sequencing technologies have fueled the genome sequencing era and led to the initial
draft of the human genome sequence and, more recently, the telomere-to-telomere genome assemblyt,
Disease-risk and treatment response studies®®! provided clinical interpretation of genomic variants and
paved the way for the development of genomic diagnostics and therapiest¥. Substantial improvements in
next-generation sequencing and bioinformatic tools have significantly shortened sequencing times, yielded
higher sensitivity, specificity, and accuracy, better coverage, and reduced cost®®, democratising genome
sequencing from the individual level to the population scale. This is reflected in the launch of national
genome sequencing initiatives around the world, driving genomic medicine and improving healthcare
through the collection, storage, and application of genomic data”. In 2015, China launched its first
Precision Medicine Initiative®, followed by neighboring Asian countries such as Japan® and
Thailand™*, Other national genome projects have also emerged in France®!, the United Kingdom®7,
Denmark®, Australia®?, Canada®, the United States®!, Saudi Arabia®, and Turkey®?l, The scale of
these projects ranges from sequencing twenty-five thousand to one hundred million genomes using various
genomic technologies, including DNA microarrays, RNA sequencing, targeted gene panel sequencing,
exome sequencing (ES), and genome sequencing (GS)"##, spanning four to fifteen years. As more genome
projects are underway, we expect the catalog of human genomic variations and functional annotation to
grow steadily® marking a major step towards embedding genome sequencing into routine clinical care.

Hong Kong has been a Special Administrative Region of the People's Republic of China since 1997. Hong
Kong continues to have its own economic, legal, social, healthcare and welfare infrastructures despite being
a recognised financial hub with modern city standards and a high standard of living. The latest population
forecasts released by the Census and Statistics Department predict an increase in Hong Kong's population
from 7.70 million in 2023 to 8.10 million in 2039E, Over 90% of the population of Hong Kong is of ethnic
Chinese descent, according to the 2016 by-censust®, with other ethnic groups making up the remaining 8%.
Hong Kong is viewed as a prime location to carry out studies on Southern Chinese populations' health due
to this relatively homogeneous population. Shouldering about 90% of the inpatient needs of the entire
community, the Hospital Authority provides a strong public healthcare safety net through 43 hospitals and
institutions, 49 Specialist Out-patient Clinics (SOPCs), and 74 General Out-patient Clinics (GOPCs). With
a well-established dual-track healthcare system, the remaining population also has easy access to privately
funded healthcare.

Hong Kong has embarked on her journey of developing genomic medicine. Following the release of the
Policy Address in 2017, the Hong Kong Special Administrative Region Government established a Steering
Committee on Genomic Medicine®1. Upon reviewing the local landscape, the Committee put forward the
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recommendations for the strategic development of genomic medicine in Hong Kong, including the set-up
of the Hong Kong Genome Institute (HKGI) in 2020 under the Health Bureau, to implement the Hong
Kong Genome Project (HKGP) in 202154, HKGP is the first large-scale GS project in the city to catapult
genetic and genomic services and research®, marking an important milestone in the revolution of the
healthcare system in Hong Kongt"#1. Accelerating the advancement of genomic medicine, HKGP is
conducted in two phases: the pilot phase and the main phase. In the pilot phase, from mid-2021 to late 2022,
efforts were dedicated to developing and streamlining operational workflows for genomic diagnosis, with
the aim to sequence and analyse approximately 5,000 genomes by GS to demonstrate the capability of HKGI
and the feasibility of HKGP"#1, This represents approximately 2,000 cases of patients with undiagnosed
diseases or hereditary cancers and their family members, with the majority of the cases subjected to trio
analysis to assist in genomic data interpretation. Valuable experience and insights gained from the pilot
phase have laid a solid foundation for formulating directions for the main phase, adding zgenomics and
precision healthZ as a new theme, covering other disease and research cohorts, and aiming to sequence
45,000-50,000 genomes (approximately 18,000-20,000 cases) over three years from 2023 to 2025241,

The entire patient journey is the highlight of HKGP, with considerable efforts dedicated to designing and
crafting the protocol and process according to international standards of medical ethics and participantst
rights™. According to the advice sought from the various professional bodies and personnel, this patient-
centered process starts with clinician engagement, and the emphasis that all personnel are fully aware of the
importance of a thorough informed consent process. Another primary and unique process is the element of
genetic counselling. To facilitate the implementation of HKGP through addressing the needs and challenges
of the profession, a representative group of experts and stakeholders in the fields of genetics and genomics
was gathered to standardise genomic counselling practice. While pre-test genetic counselling focuses on the
process of translating complex genetic information into colloquial and relevant information between the
clinicians and the patient, post-test genetic counselling provides an opportunity for participants to
understand the genetic diagnosis and discuss the implications of the findings with genetic counsellors or
clinical geneticists. The project also has clear protocols for withdrawal procedures, in which withdrawal
does not preclude joining the project again, for re-enroliment and consenting procedures were addressed in
the project design.

For a seamless GS operation at the beginning of the HKGP, a sequencing service provider was engaged to
provide the wet-lab process while the HKGI laboratory was designed and built to provide a bespoke GS
workflow with a laboratory information management system. To handle the increasing workload and tight
timeline, a NovaSeq 6000 was installed in the HKGI laboratory in mid-2022 to boost the sequencing
capacity for the project. A bioinformatics pipeline and variant curation workflow were also developed to
assist in the identification of causal variants. Multidisciplinary team (MDT) meeting is an integral part of
the HKGP, allowing exchanges from relevant specialists to attain consensus on a molecular diagnosis and
clinical management plan. By leveraging the collective knowledge and skills of different specialties, such as
clinicians, genetic counsellors, laboratory scientists, genome curators, bioinformaticians, allied health
professionals, and trainees, HKGP has been tackling complex genomic challenges and delivering cutting-
edge advancements in healthcare. This collaborative environment allows for prime integration of diverse
expertise and perspectives, fostering innovative approaches and ensuring comprehensive patient care.

The present paper focuses on sharing the experience in setting up the HKGI laboratory and genome
sequencing workflow, and scaling up the sequencing capability and capacity in the laboratory to handle the
increasing workload for the HKGP. The HKGI laboratory (Laboratory) comprises four major components:
(i) multidisciplinary talents; (ii) laboratory infrastructure tailored for clinical genomics; (iii) scalable semi-
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automation sequencing workflow; and (iv) quality assurance/quality control measures, privacy protection,
and electronic records. By documenting the experiences and challenges in designing the laboratory and
establishing the GS workflow in a tight timeline, lessons learnt might assist international counterparts in
steering their own course in the genomic medicine era.

GaLvot

Participant recruitment

The HKGP starts its operational workflow with the participants: journey, from engaging referring clinicians
in recruitment to ending the diagnostic odyssey with personalised treatment by offering the first end-to-end
GS service in Hong Kong [Figure 1]. Eligible patients and families are recruited by a HKGP team set up in
each hospital (known as the Partnering Centre; PC). The University of Hong Kong/Queen Mary Hospital
(HKU/QMH; HKWC), the Chinese University of Hong Kong/Prince of Wales Hospital (CUHK/PWH;
NTEC), and the Hong Kong Children's Hospital (HKCH; KCC) are PCs in the Pilot Phase. In the main
phase, recruitment has been extended to other cluster institutions of Hong Kong West Cluster (HKWC,
namely The Duchess of Kent Children's Hospital at Sandy Bay (DKCH) and Grantham Hospital (GH) and
New Territories East Cluster (NTEC, namely North District Hospital (NDH) and Alice Ho Miu Ling
Nethersole Hospital (AHNH). Eligible participants are referred to PCs by clinicians after screening and
informed consent is conducted through face-to-face interviews,

Sample collection and transfer

For each participant, 6 mL of blood is obtained and stored in two 3-mL EDTA-containing anticoagulation
tubes. RapidDri Pouch kit (Isohelix) is used to collect cells inside the cheek for buccal swabs, and saliva
samples are collected using the GeneFix Saliva DNA Collection and Stabilization Kit (Isohelix). Specimen
collection is performed at the PCs. The specimens are packed in zip bags and stored at 4 °C until being
transferred to the HKGI Laboratory, or for a maximum of 72 h. The specimens are packed with cooling
packs and temperature-logging devices in the isothermal transfer boxes with combination locks.

Genomic DNA extraction and QC

Following sample registration, blood samples were aliquoted either manually or using the liquid handling
system Freedom EVO100 (Tecan). Genomic DNA (gDNA) was extracted from 400 6L of whole blood using
the QIAsymphony SP system and QIAsymphony SP DNA Midi Kit (Qiagen). For saliva and buccal swab
samples, gDNA was extracted using the EZ2 Connect system and EZ1&2 DNA Tissue Kit (Qiagen). gDNA
concentration was determined using the Qubit dsDNA BR assay kit and was measured with the Qubit 4
Fluorometer (Thermo Fisher Scientific). gDNA purity was determined using a NanoDrop One
Spectrophotometer (Thermo Fisher Scientific). gDNA integrity was assessed for degradation using a 1%
E-Gel precast gel electrophoresis system (Thermo Fisher Scientific). Approximately 100 ng of each gDNA
sample was loaded into the precast agarose gel.

[llumina GS sequencing and QC

PCR-free GS libraries were constructed using the KAPA HyperPlus kit for PCR-free workflow and KAPA
Unique Dual-Indexed adapter kit (Roche) following the instructions provided by the manufacturer. 1 6g of
gDNA is fragmented enzymatically at 37 °C for 15 min, end-repaired, 3idA-tailed, ligated to dual-index
adapters, and size-selected. Reaction cleanup and double-sided size selection steps were performed using
KAPA HyperPure Beads (Roche). For the double-sided size selection, 50 6L of beads were added to the
adapter-ligated library to remove large-sized DNA fragments in the first cut. To remove small-sized DNA
fragments, 8 L of beads were added to the supernatant from the first size cut, resulting in the final library
size range of 400-700 bp.
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Figure 1. The operational workflow of HKGP using the main data managers: clinical FrontEnd stores all clinical-related data and
documents, connected with Sample Manager using de-identified sample IDs. Sample Manager manages the biobank, records the GS
journey of the sample, and works as a reagent inventory.

The GS library insert size was determined using the 4200 TapeStation and D1000 ScreenTape assay
(Agilent). The library concentration was determined using the dsSDNA HS assay kit and measured with the
Qubit 4 Fluorometer (Thermo Fisher Scientific). The libraries were quantified by quantitative PCR using
KAPA Library Quantification kit (Roche) and QuantStudio™ 5 Real-Time PCR system, 384-well or
StepOnePlus™ Real-Time PCR system (Thermo Fisher Scientific). An equimolar library pool containing 24
dual-indexed GS libraries was combined prior to sequencing on the Hlumina NovaSeq 6000 sequencer using
NovaSeq 6000 S4 Reagent kit v1.5 (300 cycles), with 1% spike-in PhiX control (Illumina).

Sequence data analysis and validation

Base-calling was done using DRAGEN version 4.1.5. The secondary analysis workflow followed the best
practice guidelines provided by the Genome Analysis Toolkit (GATK)®!. Reads were aligned to the GATK-
provided reference genome Homo_sapiens_assembly38.fasta using BWA version 0.7.17¢% and duplicates
were removed using Picard version 2.27.457, Base quality score recalibration, variant calling, and variant
filtering were performed using GATK version 4.2.6.1 and in-house tools. Annotation was performed using
Variant Effect Predictor version 104, BCFtools version 1.13, and in-house toolse=,

Following sequence data quality control steps, the bioinformatic pipelines identify and filter a list of variants
for each GS sample. Candidate variants are prioritised based on the phenotype-based Exomiser”, and the
expert crowdsourced reviewed PanelApp softwarel*, Sequence variants are classified according to the
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standards and guidelines of the American College of Medical Genetics (ACMG)®. Post-analysis
multidisciplinary team (MDT) meetings facilitate the exchange of views on the GS findings with respect to
patient clinical indications, refining diagnoses and clinical management plans for individual patients. GS
findings are validated by appropriate orthogonal methods such as Sanger sequencing, RNA sequencing,
long-read sequencing, and digital PCR.

Re-kIguE

Hong Kong genome institute laboratory

Taking references and guidelines from various professional bodies into consideration, the development of
the laboratory data information management system and GS workflow is fine-tuned to meet the
recommendations set out by the Medical Genome Initiative for clinical GS¥-l. One of the critical features
of the Laboratory design is the capability of conducting a unidirectional workflow, and in conjunction with
proper laboratory practices and operation, can minimise the risk of sample contamination. It requires
physical separation of different stages of the procedure, dedicated equipment and supplies for each stage,
and a workflow that prevents samples or laboratory personnel from moving zbackwardsZ to potentially
contaminate upstream workspaces [Figure 2]. In addition, differential air pressure is maintained to prevent
contamination between the rooms. Pass-through chambers with interlocking doors and UV sterilisation
capability enable the transfer of reagents or samples between physically separated rooms without
compromising isolation and minimising cross-contamination. It ensures that reagents and samples pass
through the Laboratory according to the designated route as demarcated in the GS workflow. Briefly, the GS
workflow is divided into six wet-bench processes, in the order of: (i) reagent preparation; (ii) biological
sample reception and registration; (iii) sample processing and biobanking; (iv) nucleic acid extraction; (v)
GS library preparation and quality assessment; and (vi) sequencing. The main steps are performed in six key
rooms, including the Reagent Preparation Room, Sample Reception Room, Sample Processing Room,
Freezer/Biobank Room, Library Preparation Room, and Sequencing Roomt [Figure 2].

The Hong Kong genome project biobank

HKGI developed and employed the data manager, Clinical FrontEnd, to facilitate and standardise the
patient recruitment process and clinical data collection across different recruitment sites, by properly
handling and housing different types of data from the participants [Figure 3]. The interface of this portal
includes an e-consent form and a clinical information collection form for supporting patient recruitment,
while the specimen collection form and GS report provide efficient information exchange between the
HKGI and PCs. The participantsi samples are collected at the PCs, and then delivered to the HKGI
Laboratory, which acts as a central processing hub for registration, processing, and biobanking. After
verification of the participantis identification data in the Clinical FrontEnd, the samples are de-identified to
protect participants; personal data and confidentiality, and a HKGI Laboratory ID, a unique alphanumeric
identifier, is assigned for downstream processing [Figure 3]. The de-identified HKGI Laboratory IDs are
handed over to the LabKey Sample Manager, which is an independent environment for handling laboratory
data generated from the HKGP samples and biobank. Its logical data structure, fine-grained security
management of data access, and intuitive user-friendly interface facilitate the tracking of samples and
reagents in the Laboratory [Figure 3].

The Laboratory routinely handles and analyses approximately 350-500 samples per week of various natures
ranging from whole blood, buccal swab, saliva, and tissues. Sample processing uses a hybrid of manual and
automated approaches; details of the operations such as date and time, operator identifiers, and location are
logged in the Sample Manager system. To minimise repeated freeze-thaw cycles and potential sample
degradation and contamination, samples are first divided into aliquots, barcoded, and transferred to the
ultra-low temperature archives of the HKGP biobank [Figure 3]. The system maintains audit logs
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Figure 2. The HKGI genomic laboratory is designed for a unidirectional workflow, with differential air pressure to prevent contamination
between the rooms. Pass-through chambers with interlocking doors allow the transfer of reagents or samples between physically
separated rooms without compromising isolation and minimising cross-contamination. The movement of biological samples, reagents,
and laboratory personnel strictly follows the unidirectional workflow, from the ENo DNA& room to ELow DNA copyé rooms, and finally
to the EHigh DNA copyé room. The Reagent Preparation room holds positive pressure, keeping environmental contaminants from
entering, while the Library Preparation and Sequencing rooms hold a negative pressure to contain potential contaminants within the
rooms and reduce the risk of contaminating corridors and other rooms.

containing detailed linked records of the sample type, number and volume of aliquots, storage location,
sample status, derivatives of each aliquot, and associated assay data. As HKGP has a relatively tight timeline
with reference to the number of genomes to be sequenced, optimising and enhancing the throughput of
high-quality GS is a priority for the laboratory. Automation is integrated into the labor-intensive workflow
to maximise productivity, reduce human errors, and increase consistency and reproducibility. Laboratory
personnel organise and monitor the automation systems, performing quality assessments of extracted
genomic DNA and sequencing libraries, while standard operating procedures (SOPs) and pre-formatted
data worksheets guide routine operations. All controlled laboratory documents, including quality manuals,
laboratory safety manuals, equipment maintenance records, SOPs, and staff training records, are managed
in the Laboratory Document Management System for up-to-date distribution and access by authorised
personnel.

The genome sequencing workflow and quality metrics

Taking reference from the Medical Genome Initiative, the Laboratory established a list of stringent quality
control indicators and metrics for assessing the quality of the samples and sequencing libraries [Figure 4
and Table 1]. The Laboratory developed and optimised protocols to process different sample types and
prepare a PCR-free GS library for the HKGP. To promote genomics research in Hong Kong, the Laboratory
further co-developed the GS protocol and established related quality metrics with the DNA sequencing core
facility at the University of Hong Kong, Centre of PanorOmics Sciences (CPOS), for the sequencing of
HKGP samples. While the role of the sequencing service provider remains critical for the project, the
sequencing capacity of the Laboratory has been further enhanced and will take on the responsibility of the
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Table 1. Summary of quality metrics for genome sequencing (GS)

Metric Threshold or expected valugt*! Mean of 240 GS data performed by HKGI
Yield of data 0 Q30" 080Gb 162 Gb
Mean coverage® 030X 41.0X
Base 0 Q30 %° 085% 90.0%
Clusters passing filter %" 070% 80.9%
Sample identity® Match/not match All match
Contamination %' 02% 0.0055%
Mapping rate %° >95% 99.9%
10X percentage (%)" 095% 95.7%
Gene passed 15X %' 0 90% 99.3%
Adapter-dimer % <0.2% 0.0014%
Duplication %" <15% 14.4%
Mean insert size' > 300 bp 496bp

®Total yield of data with O Q30 scores; ®Mean coverage across the human reference genome, after all filters are applied; “Percentage of bases that
meet Q30 scores; YA cluster is considered to pass the filter when its chastity value is below 0.6 in the first 25 cycles. Cluster passing filter % is the
percentage of clusters with passing filter; °“Concordance with genotype when family structure is available; "Estimated level of sample cross-
individual contamination based on a genotype-free estimation; “Percentage of unique reads that mapped to the human reference genome;
hPercentage of bases in human genome with sequencing depth of 0 10X; 'A measure of completeness. Percentage of genes with sequencing depth
of 0 15X; 'Fraction of pass-filtered reads that are unaligned and match to a known adapter sequence; kF‘ercentage of mapped sequence that is
marked as duplicate; 'Median insert size for all paired-end reads where both ends map to the same chromosome.

sequencing workload in the next few years. During the first 24 months since the launch of the HKGP,
12,937 participants and their family members (6,680 genomes) have been recruited and sequenced by the
end of July 2023. As expected, the majority of the cases are from the undiagnosed disease category and a
smaller cohort (~12.1%) from hereditary cancer. In order to illustrate the performance of the GS workflow,
ten sequencing runs carried out at the Laboratory consisting of 240 samples will be presented in the
following sections.

After a series of pilot studies on the method of genomic DNA (gDNA) extraction, two automated magnetic
bead-based protocols were established for the extraction of DNA: a high-throughput system for whole
blood samples, and a medium-throughput system for saliva, buccal swab, and tissue samples. The extracted
DNA is eluted in a slightly alkaline buffer, 10 mM Tris-HCI, pH 8.0, and EDTA is omitted as it interferes
with enzymatic reactions in the downstream sequencing library preparation. The extracted gDNA is
assessed for degradation using agarose gel electrophoresis. Each DNA sample migrates as a high-molecular
weight band without any smearing or signs of degradation, indicative of intact gDNA of high quality and
integrity [Supplementary Figure 1]. The purity of extracted DNA is evaluated using the NanoDrop
spectrophotometer. A typical pure gDNA has an A260/A280 absorbance ratio of 1.7-2.0 and an A260/A230
ratio of 1.8-2.5. All extracted gDNA samples showed an absorbance ratio of A260/A280 and A260/A230
within the acceptable range, denoting the absence of protein, carbohydrate, salts, and other contaminants.
In addition to using UV absorbance, gDNA is quantified using the Qubit fluorometer. Figure 4B shows the
concentration and total yield for the 240 gDNA samples. On average, 400 6L of whole blood yields ~6 6g of
gDNA, at a concentration ~122 ng/6L. As indicated, all 240 blood samples resulted in high-quality gDNA,
sufficient for GS coverage of 30X.

The GS library preparation protocol has been optimised for both manual and automated operations.
Figure 4C shows the quality metrics for the 240 GS libraries. Using 1 6g of gDNA as input, the average final
library concentration is about 15.5 nM (in 25 6L volume), which is more than sufficient to reach 30-100X
genome coverage. The insert size of the GS libraries is analysed on an automated electrophoresis system
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Figure 3. HKGI biobank and data management in Sample Manager for tracing sample lineages, storage, laboratory data, and relevant
information during the genome sequencing process.
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