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Professor Dennis Lo, Professor Rossa Chiu 
and their research team are pioneers in the 
fi eld of molecular diagnostics. They are experts 
in translating scientifi c fi ndings into clinical 
application and believe that understanding the 
science behind the biological phenomenon is 
equally important to its application. It is known 
that circulating cell-free DNA (cfDNA) plasma 
consists of short DNA fragments but the 
biological processes generating such fragments 
are not well understood. So, in the reporting year, 
one of the focuses of the research team is to 
study the biology of circulating nucleic acids and 
to elucidate how these short DNA fragments are 
generated as well as their characteristics. 

In 2016 and 2018, Professor Lo, Professor Chiu 
and their research team have shown the 
existence of tissue- and tumour-specifi c 
preferred end sites in cfDNA, which showed 
clinical utility in predicting the fetal DNA 
fractions in maternal plasma and tumour load in 
hepatocellular carcinoma patients. The fi nding 

 Research Progress Summary
demonstrated that cfDNA molecules were not 
randomly fragmented and possessed information 
related to their tissues of origin. The pathology 
leading to death of cells from particular 
tissue resulted in perturbation in the relative 
distribution of DNA from the affected tissues in 
the circulation. Such tissue-of-origin analysis is 
particularly useful in the development of liquid 
biopsies for cancer. This year, the research team 
reported that in open chromatin regions, cfDNA 
molecules showed characteristic fragmentation 
patterns refl ected by sequencing coverage 
imbalance and differentially phased fragment 
end signals. Such cfDNA fragmentation patterns 
preferentially occurred in tissue-specifi c open 
chromatin regions where the corresponding 
tissues contributed DNA into the plasma. 
Quantitative analyses of such signals allowed 
measurement of the relative contributions of 
various tissues toward the plasma DNA pool. 
These fi ndings were validated by plasma DNA 
sequencing data obtained from pregnant 
women, organ transplantation recipients, and 
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cancer patients. Orientation-aware plasma DNA 
fragmentation analysis had potential diagnostic 
applications in non-invasive prenatal testing, 
organ transplantation monitoring, and cancer 
liquid biopsy.

The non-randomness of cfDNA fragmentation 
prompted the research team to scrutinise 
what was causing the fragmentation. They had 
a systematic approach to knockout different 
nuclease genes. Recently, when DNase I-like 3 
(Dnase1l3 ), which was also called DNase 
gamma, was knocked out, there were changes 
in the DNA size profi les. DNASE1L3 is a secreted 
DNASE1-like nuclease capable of digesting DNA 
in chromatin, and its absence causes anti-DNA 
responses and autoimmunity in humans and 
mice. The aberrations in the fragmentation of 
plasma DNA included an increase in short DNA 
molecules below 120 bp, which was positively
correlated with anti-DNA antibody levels. They 
also observed an increase in long, 
multinucleosomal DNA molecules and 
decreased frequencies of the most common 
end motifs found in plasma DNA. These 
aberrations were independent of anti-DNA 
response, suggesting that they represented a 
primary effect of DNASE1L3 loss. Interestingly, 
pregnant Dnase1l3 -/- mice carrying Dnase1l3 
+/- fetuses showed a partial restoration of 
normal frequencies of plasma DNA end motifs, 
suggesting that DNASE1L3 from Dnase1l3-
profi cient fetuses could enter maternal systemic 
circulation and affect both fetal and maternal DNA 
fragmentation in a systemic as well as local 
manner. However, the observed shortening of 
circulating fetal DNA relative to maternal DNA 
was not affected by the deletion of DNASE1L3. 
Collectively, the fi ndings demonstrated that 
DNASE1L3 played a role in circulating plasma 
DNA homeostasis by enhancing fragmentation 
and infl uencing end-motif frequencies. These 
results support a distinct role of DNASE1L3 as a 
regulator of the physical form and availability of 
cell-free DNA and may have important implications 
for the mechanism whereby this enzyme prevents 
autoimmunity. This study has thus linked the fi elds 
of nuclease biology and circulating nucleic acids 
and has opened up avenues for future research.

Moreover, it was observed that cfDNA fragments 
in maternal plasma contained DNA damage and 
might negatively impact the sensitivity of non-
invasive prenatal testing (NIPT). In fact, some 
of the DNA damages are potentially reparable. 
The research team explored the possibility 
to recover those damaged cfDNA molecules. 
cfDNA was extracted from maternal plasma 
samples, repaired using PreCR DNA repair mix 
and sequenced. The results revealed that the 
size profi les of repaired libraries were altered, 
with signifi cantly increased long (>250 bp) cfDNA 
molecules. Single nucleotide polymorphism-
based analyses showed that both fetal-derived 
and maternal-derived cfDNA molecules were 
enriched by the repair. Fetal DNA fractions 
in maternal plasma demonstrated a small 
but consistent (4.8%) increase, which were 
contributed by a higher increment of long fetal 
cfDNA molecules. NIPT of fi ve trisomy 21 samples 
indicated that the Z-score values were improved 
in all samples. Plasma DNA repair effectively 
recovered and enriched fetal and maternal long 
cfDNA molecules in maternal plasma.

Another example of how the understanding of 
biology facilitated the development of molecular 
diagnostics was the methylation analysis of 
plasma Epstein-Barr virus (EBV) DNA. 
Nasopharyngeal carcinoma (NPC) is highly 
associated to EBV. In 1999, Professor Lo and 
his team was the fi rst to develop a molecular 
test to detect EBV DNA in plasma samples for 
non-invasive diagnosis of NPC. The test was 
proved to be useful for early NPC screening in 
asymptomatic persons as reported in the New 
England Journal of Medicine in 2017. Last year, 
the test was evolved into a second-generation 
test with sequencing analysis. EBV DNA 
methylation is a key epigenetic characteristic for 
studying EBV biology. Currently, it is not known 
whether patients with different EBV-associated 
diseases have different methylation profi les of 
circulating EBV DNA. Through whole-genome 
methylation analysis of plasma samples from 
patients with NPC, EBV-associated lymphoma 
and infectious mononucleosis, Professor Lo and 
his team demonstrated that EBV DNA methylation 
profi les exhibited a disease-associated pattern. 

The observation implies a signifi cant potential 
for the development of methylation analysis 
of plasma EBV DNA for NPC diagnostics. The 
research team then further analysed the plasma 
EBV DNA methylome of NPC and non-NPC 
subjects from a prospective screening cohort. 
Plasma EBV DNA fragments demonstrated 
differential methylation patterns between NPC 
and non-NPC subjects. Combining such 
differential methylation patterns with the fractional 
concentration and size of plasma EBV DNA, 
population screening of NPC was performed with 
an improved positive predictive value of 35.1%, 
compared to a count- and size-based only protocol. 
The methylation analysis of plasma DNA, which is 
the third generation of the EBV DNA test, informed 
the etiologies of EBV-associated diseases.

Besides circulating DNA molecules originated 
from the nucleus, the research team was also 
interested in extrachromosomal mitochondrial 
DNA (mtDNA) molecules in plasma. In 2004, 
Professor Lo and Professor Chiu developed 
an assay to quantify mitochondrial DNA in the 
plasma of healthy individuals and to investigate 
its physical characteristics. This year, with the 
advanced sequencing technology, the team 
further investigated the topology of plasma 
mtDNA and demonstrated the coexistence of 
both linear and circular mtDNA molecules. They 
elucidated the topology of plasma mtDNA using 
restriction enzyme BfaI cleavage signatures on 
mtDNA fragment ends to differentiate linear and 
circular mtDNA. MtDNA fragments with both ends 
carrying BfaI cleavage signatures were defi ned as 
circular-derived mtDNA, whereas those with no 
cleavage signature or with 1 cleavage signature 
were defi ned as linear-derived mtDNA. An 
independent assay using exonuclease V to remove 
linear DNA followed by restriction enzyme MspI 
digestion was used for confi rming the conclusions 
based on BfaI cleavage analysis. The presence of 
BfaI cleavage signatures on plasma DNA ends 
in non-hematopoietically and hematopoietically 
derived DNA molecules were analysed by 
sequencing plasma DNA from patients with 
liver transplantation and bone marrow 
transplantation. In patients with liver 
transplantation, donor-derived (i.e. liver) mtDNA 

molecules were mainly linear (median fraction, 
91%; range, 75%-97%), whereas recipient-
derived (i.e. hematopoietic) mtDNA molecules 
were mainly circular (median fraction, 88%; 
range, 77%-93%). The proportion of linear 
mtDNA was well correlated with liver DNA 
contribution in the plasma DNA pool (r = 0.83; P 
value = 0.0008). Consistent data were obtained 
from a bone marrow transplantation recipient 
in whom the donor-derived (i.e. hematopoietic) 
mtDNA molecules were predominantly circular. 
The fi ndings illustrated that linear and circular 
mtDNA molecules coexisted in plasma and they 
might have different tissue origins.

In addition to plasma, urine is another ideal 
medium for non-invasive diagnosis. Previous 
efforts in urine-based detection of bladder 
cancer focused on targeted approaches that are 
predicated on the tumour expressing specifi c 
aberrations. In the recent study, the team aimed 
to noninvasively detect bladder cancer by the 
genome-wide assessment of methylomic and 
copy number aberrations (CNAs). They also 
investigated the size of tumour cfDNA fragments. 
Shallow-depth paired-end genome-wide bisulfi te 
sequencing of urinary cfDNA was done for 46 
bladder cancer patients and 39 cancer-free 
controls with hematuria. Methylomic and copy 
number approaches were synergistically combined 
to detect bladder cancer with a sensitivity of 
93.5% and a specifi city of 95.8%. The prevalence of 
methylomic and CNAs refl ected disease stage and 
tumour size. Sampling over multiple time points 
could assess residual disease and changes in 
tumour load. Muscle-invasive bladder cancer was 
associated with a higher proportion of long cfDNA, 
as well as longer cfDNA fragments originating 
from genomic regions enriched for tumour 
DNA. The essence of the study was that bladder 
cancer could be detected non-invasively in urinary 
cfDNA by methylomic and copy number analysis 
without previous knowledge or assumptions 
of specifi c aberrations. Such analysis could be 
used as a liquid biopsy to aid diagnosis and for 
potential longitudinal monitoring of tumour load. 
Further understanding of the differential size 
and fragmentation of cfDNA could improve the 
detection of bladder cancer.
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Cell-free DNA is a class of biomarkers with 
many current and potential future diagnostic 
applications. Studying the biology of cfDNA laid a 
solid foundation for the development of molecular 
diagnostics. In the reporting period, the team 
published a total of 10 peer-reviewed articles 
and reviews in international journals. With their 
groundbreaking work in molecular diagnostics, 

Professor Dennis Lo and Professor Rossa Chiu 
put Hong Kong on the world map of outstanding 
translational researchers. They have been named 
the “Top 20 Translational Researchers of 2018” 
by the prestigious scientifi c journal Nature 
Biotechnology. They are the only Hong Kong 
scientists on the list and it is the third consecutive 
year for Professor Lo to receive this honour.

 Research and Scholarship

Research Awards and Recognitions

Fellowships

Academic Editorship

Member’s Full Name Details

Dennis Lo 國家教育部2018年度高等學校科學研究優秀成果獎「技術發明獎二等獎」 

Senior Fellow of PHG Foundation

The German Society of Clinical Chemistry and Laboratory Medicine (DGKL) 
Biochemical Analysis Prize 2019

Nature Biotechnology Top 20 Translational Researchers of 2018

Fudan-Zhongzhi Science Award, Fudan University and Zhongzhi 
Enterprise Group

Rossa Chiu Nature Biotechnology Top 20 Translational Researchers of 2018

Member’s Full Name Details

Dennis Lo Hong Kong Academy of Medicine Honorary Fellowship 

Member’s Full Name Details

Dennis Lo Editorial Board Member, Clinical Chemistry 

Editorial Board Member, Disease Markers

Editorial Board Member, Prenatal Diagnosis

Editorial Board Member, BioScience Trends

Editorial Board Member, Fetal Diagnosis and Therapy

Editorial Board Member, Journal of Molecular Biotechnology

Editorial Board Member, Chimerism

Associate Editor, Clinical Chemistry

Editorial Board Member, Journal of Pathology

Editorial Board Member, Philosophical Transactions of the Royal Society B

Editorial Board Member, Journal of Genomes and Exomes

Editorial Board Member, Reproductive BioMedicine Online

Editorial Board Member, Marrow

Associate Editor, Expert Reviews in Molecular Medicine

Review Editor, Molecular Diagnostics and Therapeutics

Review Editor, Frontiers in Molecular Biosciences

Editorial Board Member, The Journal of Precision Medicine

Associate Editor, npj Genomic Medicine

Editorial Board Member, Cancer Communications

Rossa Chiu Editorial Board Member, Clinical Chemistry

Editorial Board Member, Critical Reviews in Clinical Laboratory Sciences

Editorial Board Member, Prenatal Diagnosis

Editorial Board Member, Clinical Biochemistry

Associate Editor, Q&A Articles, Clinical Chemistry

Editorial Board Member, The Clinical Biochemist Reviews

Conceptual framework of cell-free DNA (cfDNA) 
fragmentation analysis. 

(A) Illustration of nucleosomes with wrapped DNA (yellow 
line), linkers (brown line), and open chromatin regions 
(green line). An abstraction of nucleosome positioning 
and illustration of cutting events (scissors) during 
apoptosis were also provided. 

(B) Illustration of cfDNA generated from apoptotic DNA 
fragmentation. DNA wrapped around the nucleosomes is 
preserved, and that in the linkers and open chromatin 
regions will be cleaved into small pieces (gray line) that 
cannot be sequenced effi ciently. 

(C) Illustration of the sequenced reads and extraction 
of the ends. Red and blue represent upstream (U) and 
downstream (D) fragment ends, respectively. 

(D) Genomic coverage. 

(E) U and D end profi les of cfDNA in relation to the 
reference genome. 

(F) Smoothened cfDNA end signals and deduced 
nucleosome positioning. Purple, brown, and green lines 
represent nucleosomes, linkers, and open chromatin 
regions, respectively.

Source: Sun K, Jiang PY, Cheng SH, Cheng THT, Wong J, Wong 
VWS, Ng SSM, Ma BBY, Leung TY, Chan SL, Mok TSK, Lai PBS, 
Chan HLY, Sun H, Chan KCA, Chiu RWK, Lo YMD. Orientation-
aware plasma cell-free DNA fragmentation analysis in open 
chromatin regions informs tissue of origin. Genome Research. 
2019;29(3):418-427. doi:10.1101/gr.242719.118.
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Reviewer of Journal / Conference

Member’s Full Name Details

Dennis Lo Reviewer, Hong Kong Journal of Radiology

Rossa Chiu Reviewer, Clinical Chemistry

Reviewer, Clinical Chemistry and Laboratory Medicine

Reviewer, American Journal of Obstetrics and Gynecology

Reviewer, Obstetrics and Gynecology

Reviewer, Prenatal Diagnosis

Reviewer, The Journal of Obstetrics and Gynaecology Research

Reviewer, Annals of Hematology

Grants and Consultancy 

Name Project Title Funding Source Start Date End Date Amount 
(HK$)

Dennis Lo 
Rossa Chiu

Plasma DNA as a 
Platform Technology for 
Cancer Detection

The Chinese University 
of Hong Kong Focused 
Innovations Scheme C

01/12/2016 30/11/2021 2,093,500

Dennis Lo 
Rossa Chiu

Plasma DNA as a 
Platform Technology for 
Cancer Detection

Research 
Grants Council – 
Theme-based 
Research Scheme

01/12/2016 30/11/2021 28,570,000

Dennis Lo 
Rossa Chiu

Cirina Contract Research Cirina Limited 01/09/2017 31/08/2021 136,500,000

Dennis Lo 
Rossa Chiu

Centre for Research 
into Circulating Fetal 
Nucleic Acids

Research 
Grants Council – 
Theme-based 
Research Scheme

01/01/2016 31/12/2020 37,286,000

Dennis Lo 
Rossa Chiu

Centre for Research 
into Circulating Fetal 
Nucleic Acids

The Chinese University 
of Hong Kong Focused 
Innovations Scheme C

01/01/2016 31/12/2020 5,217,900
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